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EXHIBITORS PROFILES

3D PRINTING SYSTEMS SA
3D Printing Systems SA has been bringing the UP portable desktop 3D printer range to the South 
African market since 2013. The UP range includes the UP mini 2 ES, the UP BOX+ and all new 
UP300 3D printers.  This year we will be showing RAPDSA delegates the X5: A break-through in 
production 3D printing and designed for reliability and repeatability. Capable of automatically 
loading up to 12 build plates and reloading during printing, the X5 provides a seamless 3D 
printing experience with unmatched throughput and minimal operator intervention. This is high 
quality production printer at a very competitive price, and is a first in desktop printing. Come and 
see this printer at our stand during the course of the conference. 
www.3dprintingsystems.co.za

3D SOLIDS AMT
In February 2003 3D Solids Software Solutions became the Distributors for Stratasys Rapid 
Prototyping Systems and Dimension 3D Printers. In January 2009 the company name was 
changed to 3D Solids Additive Manufacturing Technology. A name reflecting its core business 
focus, for the sales and support of the Stratasys FDM Systems – Fortus F380mc; F450mc & 
F900mc, and Stratasys F123 Series of FDM Industrial Grade 3D Printers. Russell Oosterlaak is the 
sole owner and CEO of the company 3D Solids AMT has been a Stratasys partner for the past 20 
years. New offices were built in August 2011, situated in Pretoria. The web Sites of the American 
Products we market in the Southern African market : www.Stratasys.com
The South African website is : www.3dsolids.co.za

AEROSUD
Aerosud Aviation is an internationally recognised company established in 1990 and is a design 
and manufacturing contributor to major OEM’s such as Airbus and Boeing.  The company formed 
Aerosud Technology Solutions (ATS) in 2015 as a specialist company focusing on advanced 
structural composites. With the formation of Aerosud OCTi in 2018, the business expanded its 
offering into the Industry 4.0 domain, with capabilities in Advanced Manufacturing (AM), Product 
Lifecycle Management (PLM), Business Process Modelling (BPM) and Systems Integration 
(SI) based on Theory of Constraints (ToC) principles and practices as key building blocks. New 
and emerging technologies are leveraged, such as System Automation, Artificial Intelligence, 
Industrial Internet of Things, Virtual Reality/Augmented Reality and Robotics. Integration with 
3D Printing Service Bureaus, Additive Manufacturing Technologies, and provision of AM Design 
Optimisation and Engineering services are amongst the new offerings.
www.aerosud.co.za

ALTAIR
Altair transforms design and decision making by applying simulation, machine learning and 
optimization throughout product life cycles. Our broad portfolio of simulation technology and 
patented units-based software licensing model enable Simulation-Driven Innovation for our 
customers. With more than 2,000 employees, Altair is headquartered in Troy, Michigan, USA and 
operates 71 offices throughout 24 countries. Altair serves more than 5,000 customers across 
broad industry segments. We are making progress.
www.altair.com 
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AM VENTURES
AM Ventures establishes the industry-leading ecosystem to build scalable value chains that 
enable serial production of advanced applications! 
AM Ventures Holding GmbH is an independent, strategic investor based in Munich, Germany. The 
company has established an ecosystem consisting of sustainable strategic investments and a 
strong partner network to utilize advanced manufacturing technologies, in particular additive 
manufacturing, for serial production.  The unique ecosystem consists of hardware, software, 
material and application ventures as well as production hubs around the world besides various 
partnerships with large corporations focusing on the production of disruptive applications. The 
market leaders in additive manufacturing (EOS Group), laser scanning technology (Scanlab) and 
the newly founded AM manufacturing expert (AM Global) are sister companies of AMV. 
www.amventures.com 

BESTBIER SOLUTIONS
Bestbier Inspection Solutions is a South African company focused on high quality inspection 
solutions for the manufacturing industry. We specialize in high production x-ray systems and 
state of the are visual inspection equipment.
We distribute the following brands:
Bestbier – Custom Digital X-Ray systems, GE Inspection Technologies – X-Ray Generators, 
GE Inspeciton Technologies – Digital X-Ray Equipment, GE Inspection Technologies – X-Ray 
Systems, GE Inspection Technologies – Borescopes & Videoscopes, Force – Ultrasound Systems
VisiConsult – X-Ray Systems, Kowotest – X-Ray Accessories, Tessonics – Ultrasonic Spot 
Weld Inspection Equipment, Dolphitech – Ultrasound Cameras, Rohmann – Eddy Current Test 
Equipment, Ash Vision – Digital Microscopes.
www.bestbier.co.za

BUILD VOLUME
BuildVolume is all about bringing 3D printing into the lives of regular people. Due to the fast 
development of 3D printers, 3D scanners and 3D modelling software, 3D printing is becoming 
more and more interesting and affordable for personal users.
BuildVolume offers you a steadily growing selection of everything you need from your DIY 3D 
printing projects to your high-end industrial Additive Manufacturing needs. BuildVolume will 
ensure you find the right 3D application that suits your needs.
www.buildvolume.co.za 

BUNNYCORP
BunnyCorp is a Product Development Company focusing on Medical Product Development 
for Animals and Humans, with almost two decade’s worth of experience in the 3D Printing 
Industry and a wide variety of projects in both human and animal medical fields which includes 
prosthetics and implants. Our experience allows us insight into in the Design Advantages and 
Restrictions that comes with each of these technologies. We also specialize in Design, CAD 
Modelling & Digital Sculpting for Additive Manufacturing & CAD Training.
www.bunnycorp.co.za
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CALDEAZ
Caldeaz was established in 2007. Our company represents three International companies 
KREON 3D from France, Aberlink from the UK and WIIBOOX from China. KREON manufactures 
Articulated Arms and laser scanners. Aberlink manufactures Coordinate Measuring Machines 
(CMM’s). WIIBOOX manufactures 3D Printers and scanners. Caldeaz supplies measuring and 
reverse engineering equipment and software to the Manufacturing Industry. We can supply 
Articulated Arms with laser scanners or with touch probes as well as CMM’s for the very accurate 
measurement of components. The Arm can go down to 38 microns accuracy with the laser 
scanner or 22 microns with the touch probe. The CMM’s can go down to 2.4 microns, CNC 
operated or manually. The 3D printers range from hobbyist printers up to big steel Laser Printers. 
www.caldeaz.co.za

CSIR
The Council for Scientific and Industrial Research, commonly known as the CSIR, is a world-
class African research and development organisation established through an Act of Parliament 
in 1945. The CSIR undertakes directed, multidisciplinary research and technological innovation 
that contributes to the improved quality of life of South Africans. The organisation plays a key 
role in supporting government’s programmes through directed research that is aligned with the 
country’s priorities, the organisation’s mandate and its science, engineering and technology 
competences. www.csir.co.za

CUT
CUT is proud to have been chosen as the host of RAPDASA Conference 2019. Hosting this 
conference is a huge honour for CUT and CRPM, as it brings about many huge opportunities for 
our students and academics to work with some of the brightest minds in the business and we 
are extremely pleased that we have been chosen as the host for this conference.  This is based 
on many years of investment that CUT has put in CRPM. Today there is more scope for innovation 
and development than ever before, and those who set foot on Free State soil for this conference 
will soon be examining how best to use 3D printing technology to further improve the quality of 
life for people across the globe. Big thanks to our partners; much of this work cannot be achieved 
without their support. The university remains committed to strengthening the research and 
innovation capacity in this field so that we see an increase in the production of world-class 
postgraduate programmes and high-quality outputs for research and commercialization 
activities.    
www.cut.ac.za 

EOS
EOS is the world’s leading technology supplier in the field of industrial 3D printing of metals 
and polymers. Formed in 1989, the independent company is a pioneer and innovator for 
comprehensive solutions in additive manufacturing. Its product portfolio of EOS systems, 
materials, and process parameters gives customers crucial competitive advantages in terms 
of product quality and the long-term economic sustainability of their manufacturing processes. 
Furthermore customers benefit from deep technical expertise in global service, applications 
engineering and consultancy.
www.eos.info 
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IMP
Innovative Solutions for Your Laboratory Requirements.
IMP has been providing complete solutions for the analytical, biological, industrial /
materialographic, pharmaceutical, mining, metallurgical, coal and construction industries since 
1987. Our vision and goal are to constantly add value by supplying premium products, spares 
holdings and back-up support, increasing footprint in African market, and improving quality of 
laboratory results.
www.imp.co.za

MENTIS 3D
From its beginnings, 65 years ago, as a precision engineering workshop in Johannesburg, 
the Mentis name has always been synonymous with innovation and uncompromising quality. 
Mentis 3D is the first online additive manufacturing as a service company in Africa featuring 
the continent’s most advanced 3D printing.Through the provision of fast, reliable and cost-
effective 3D printing services and solutions, Mentis 3D, aims to serve established large-scale 
manufacturers, industry disruptors, budding entrepreneurs and hobbyists alike. The Mentis 3D 
team is ready to assist you throughout the design and manufacturing process, offering world 
class service and support to ensure that your company’s needs are met.
www.mentis3d.com

METAL HEART
Metal Heart was established with the core purpose of providing South Africa with the first of 
its kind manufacturing HUB focusing mainly on “Metal Additive Manufacturing”.  Founded with 
a strong emphasis on using high technology manufacturing methods, Metal Heart will deliver 
components and solutions to clients at competitive pricing structures.  Our aim is to change the 
way you see and understand the manufacturing world forever. www.metalheart.co.za

MSC SOFTWARE
MSC Software develops simulation software technology that enables engineers to validate and 
optimize their designs using virtual prototypes. Customers in almost every part of manufacturing 
and product development use our software to eliminate physical trail-and-error processes to 
make their products better and getting them to market faster.
www.mscsoftware.com

MULTITRADE 3D SYSTEMS
Multitrade Distributors is a wholly owned South African company that supplies tungsten carbide 
cutting tools as well as holding tools to the engineering and manufacturing industries. Founded 
in Port Elizabeth in 1983, the main objective of the company is to introduce and maintain total 
tooling solutions to these industries. At Multitrade Distributors we pride ourselves in the quality 
brands that we represent. The level of expertise of our management and staff is our biggest 
asset, including the full backing of our technical applications department; providing guidance 
on basic tooling requirements to full CNC programming in many disciplines, including turnkey 
projects.
www.multicarb.com 
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PDTS
At the Product Development Technology Station (PDTS) we take new or existing ideas and 
convert them into products. We have a team of creative and skilled professionals, based at the 
Central University of Technology in Bloemfontein, with close to two decades of experience. Our 
services developed to assist clients, innovators, and entrepreneurs with a variety of solutions 
and concepts to effectively get their ideas to the market. We do this as a Technology Innovation 
Agency (TIA) station by providing a comprehensive product development service. This includes 
a variety of services, ranging from CNC Machining, Injection Moulding, 3D scanning, Vacuum 
casting, 3D printing, producing CAD designs, electronic and firmware development, and even 
branding and design. The PDTS assists in two ways. We either provide a specific service as part 
of the production process or can help develop a new product from start to finish. We see product 
development as an adventure and journey we walk with our clients.
www.cut.ac.za/pdts 

RAPID 3D
Rapid 3D is a business, originally founded by a family of engineers, is thriving due to a strong 
focus on workeable, reliable 3D printing solutions. Solutions that make good business sense. 
Rapid 3D is proud to be the official distributors, in Southern Africa, for the world’s leading 3D 
printing and Additive Manufacturing brands. These principal brands include EOS (Electro Optical 
Systems GmbH), EnvisionTEC, Markforged, 3D Systems, 3D Platform and Zortrax.  Additive 
Manufacturing (AM) and 3D printing are relevant to many industries.  As such, one vendor cannot 
excel in all industries. It is for this reason that Rapid 3D have carefully chosen the best-in-class 
vendors for each of the industries we serve. This strategy allows us to offer best-fit technology 
to each of our customers, without having to compromise due to vendor technology lock-in. 
www.rapdid3d.co.za and www.rapid3dparts.co.za

SIEMENS DIGITAL INDUSTRIES SOFTWARE
We help companies of all sizes around the world to transform their business and develop 
innovative products and services. Amid unprecedented change and the rapid pace of innovation, 
digitalization is no longer tomorrow’s idea. We take what the future promises tomorrow and 
makes it real for our customers today. We provide companies with an integrated design, data 
and process chain to accelerate the industrialization of Additive Manufacturing.
www.siemens.com/additive-manufacturing

SIMTEQ ENGINEERING
SIMTEQ Engineering represents the top analysis software developers of the world in Southern 
Africa. We sell the technology, provide engineering support and training as well as specialised 
consulting services on all the key products from MSC Software.  We have helped manufacturing 
customers save time and money and enabled innovative and successful product development 
across all industries.
www.simteq.co.za 
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SOLID EDGE TECHNOLOGY
Solid Edge Technology is a market leader in bringing the latest 3D technology to Southern Africa. 
solid Edge Technology has been involved with 3D printing well before its inception. As 3D Solids 
Software Solutions, we built on our Solid Edge CAD Software resellership and in the early 2000s 
this provided us the opportunity to introduce the first Stratasys 3D Printing machines to our 
clients. In 2009 Solid Edge Technology was established and a new era of technology was born. 
Continuing with Solid Edge, we have introduced South Africa to; KeyShot 3D Rendering and 
Modo Software, and offered a unique service of Computer-Generated Imagery, 3D visualization, 
animation and rendering, producing content for web, video, and 3D Print material. Solid Edge 
Technology is embracing the future and living up to our legacy of pioneering new 3D technology 
to South Africa and has proudly partnered with HP and is now launching the New HP Multi Jet 
Fusion 3D Printer range. With “Superior”, consistent part quality, breakthrough productivity and 
lower cost per parts, we are the future.
http://www.setech.co.za

VOLUME GRAPHICS
By choosing Volume Graphics, you can rely on more than 20 years of experience in the 
development of software for non-destructive testing based on industrial CT. Our software 
covers all your requirements related to metrology, defect detection and assessment, material 
properties, or simulations. Join users around the world, who choose Volume Graphics software 
for quality assurance in product development and production. Get the decisive advantage: The 
ability to gain reliable insights and make better products.
www.volumegraphics.com 

VUT
The VUT Southern Gauteng Science and Technology Park is a strategic technology hub in the 
Southern Gauteng region and is based in Sebokeng in the Vaal. It is supported by a multi-
disciplinary skilled workforce, with 172 hectares of land and boasts world class technology 
programmes in Advanced Manufacturing, all geared to support industrialisation and job creation. 
To capitalise on our unique value proposition, we will make an impact in the region through 
focusing our capabilities in driving two flagship programmes, one in Advanced Manufacturing 
and the other in Agriculture Revitalization. The Advanced Manufacturing Precinct focuses on 
advanced product design and manufacturing for industries, particularly in the foundry and 
pioneering manufacturing sector. The facility functions as a service bureau, supporting local 
industry and entrepreneurs, as well as providing research support to local and international 
researchers. We offer a range of prototyping and manufacturing technologies, including binder 
jetting (BJ), fused deposition modelling (FDM) and laser sintering (LS). The facility has the 
ability to create useable prototypes and final components quickly and accurately, in a range of 
materials.
www.vut.ac.za 

WEARTECH
Weartech offers a comprehensive range of products for the use, in wear, corrosion and hardfacing 
applications, as well as maintenance and fabrication. We have three divisions that offer different 
products, but often compliment each other in the industries we serve. This allows us to offer 
our customers single supplier simplicity. One of our divisions, is the Speciality Metals Division, 
which offers Nickel, Cobalt, Iron and Titanium Powders for Additive Manufacturing. Weartech is 
a family business and was founded in 1984 and currently operates from Johannesburg, Durban 
and Cape Town.
www.weartech.co.za
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FOREWORD AND WELCOME
MESSAGE BY THE CHAIRPERSON

(Prof Andre van der Merwe)

This year the RAPDASA 2019 conference celebrates 20 years of association of rapid prototyping 
stakeholders in South Africa. The wisdom of RAPDASA founder members has embraced 
an emerging technology and made it one of the most developed in the world. The original 
layer manufacturing technique developed into opportunities in rapid prototyping of various 
dimensionally complex shapes, otherwise impossible with conventional manufacturing. This 
opened the minds of designers and evolved into an additive manufacturing industry, well 
established here in South Africa, with wide international recognition and ISO certification of 
advanced manufacturing products.

The RAPDASA conference is the yearly platform for reporting our success stories, and the forum 
for disseminating gained knowledge. Our focus is to serve industry, to truly ensure that the triple 
helix of  Industry, Research institutes and Government works to better the global competitiveness 
of our additive manufacturing industry.

We invite you to join in discussion to build existing and new partnerships at the RAPDASA 
conference at Emoya Bloemfontein.

Prof. André van der Merwre
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FOREWORD
MESSAGE BY THE CHAIRPERSON

OF THE RAPDASA 2019 CONFERENCE
ORGANIZING COMMITTEE

(Prof DJ de Beer)

It is my privilege to welcome everyone to the 20th (consecutive) RAPDASA Annual International 
Conference, focussing on “Creating the Future of Manufacturing – Layer by Layer”. The request 
to consider being the hosts for the 20th Annual Conference was seen as both a significant 
honour for the CUT team, but also an equally difficult request, as over 20 years, RAPDASA has 
built up a reputable standard – hard to achieve and almost impossible to improve on.

Our local organising committee, the RAPDASA Management Committee and co-workers have 
put in a special effort to add a series of papers and presentations created to do justice to a 
technology that continuously disrupts the ways in which we think about, plan and execute 
the problems of tomorrow, with equipment that did not exist or was not available yesterday. 
Therefore, we take it one layer at a time to continue to innovate and disrupt – even if it means 
one layer at a time.

The Annual International RAPDASA Conference makes a significant contribution to achieving 
this, by creating a platform for government, industry leaders, researchers, academics, students 
and the public, to gather and be informed by world-renowned leaders in this field, but also to be 
informed about the significant progress achieved locally, and strategies to take AM into Africa 
(AM 4 Africa?). 

Of course this would be but a dream if we did not have the support (intellectual capital and 
funding support) from the local and international fraternity. You are all helping to create the 
future (Human Capital, Technology and Applications) for AM to fulfil the expectations created in 
the 4IR environment – even if it happens one layer at a time.

A special word of thanks to all the sponsors as mentioned in the programme. This would not have 
been possible without your support. In addition, we would like to acknowledge the continuous 
support from the Department of Science and Innovation (DSI) – not only for the conference 
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support, but also for believing in a few pioneers, read our proposal and decided to fund the 
Collaborative Programme on Additive Manufacturing, following their funding support for the 
development of SA’s own AM Strategy. DSI’s support puts AM in SA in a very competitive position, 
worldwide.

I would also like to thank the CUT’s Executive Management for their unwavering support of 
AM in general, but specifically support for the conference. This year’s RAPDASA will include a 
special workshop to get stakeholder input on the possible expansion of CPAM, so as to grow the 
participating institutions.

To the local organising team: Thank you for accepting the challenge set to us! Without the 
local organising team’s efforts, this conference would not have been possible. I would, therefore, 
like to mention the following people: Prof Willie du Preez, Dr Kobus van der Walt, Prof Michéle 
Truscott, Dr Gerrie Booysen (and the CRPM team), Ms Miralde Kotze, Mr Adam Imdaadulah, Mr Ian 
van Zyl, and Mrs Bronwen Harmse.

I would also like to thank Mrs Jenny van Rensburg, Mrs Rynete Coetzer and Mrs Pauline Bullock for 
their continuous support!  Thank you to Prof Anton du Plessis and the sponsors that enabled him 
to develop a special track for Biomimetic Engineering, and Mr Ian van Zyl and Adam Imdaadulah 
for their efforts with the design competition.

This year’s programme posed a significant challenge, as the abstracts received led to 3 extended 
and 6 full papers for the pre-conference seminar. In addition, 35 full papers and 36 extended 
abstracts were received for publication, of which 4 papers were accepted for publication in the 
SA Journal for Industrial Engineering. I would like to highlight Dr Kobus van der Walt’s meticulous 
management of the call, submission and review process, and to turn these into a formidable 
conference! Kobus, thank you for the significant task achieved. Thank you also to all the reviewers 
that were prepared to support us in the review process. 

Of course, the conference branding is exceptional! A special word of thanks to Miralde and her 
team – they have done a great job. 

Welcome to our 16 international speakers, and thank you for the time taken to travel to South 
Africa, and your continuous support. As South Africa’s AM community, we would like to thank the 
OEMs present, those exhibiting, those presenting and also those sponsoring! 

It all helps significantly to position RAPDASA – now being acknowledged as Proudly South 
African! 

I would like to express my sincere thanks to CRPM, who graciously offered to design and 
manufacture all the gifts!

My last thank you is to the staff at Emoya Estate, who helped to make this a memorable event.
I trust that you all enjoy the conference!

Kind regards

Prof. Deon de Beer
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SUBMISSION FOR REVIEW PROCESS
A formal “Call for papers” for the 20th Annual International RAPDASA Conference was issued in 
April 2019 to submit an ‘Extended Abstract’ within the identified conference themes. Extended 
Abstract submissions were subjected to an internal reviewing process, whereby successful 
submissions were notified and invited for presentation to the conference. Authors were 
subsequently invited to submit an optional ‘Full Paper’, which was published as a conference 
proceeding. Both the Extended Abstracts and Full Papers were submitted online through the 
RAPDASA submission page submissions@rapdasa.org where after acknowledgement of receipt 
was sent to authors. Authors were informed that a double-blind review process will be applied 
to Full Paper submissions.

The following dates were set by the technical committee:

• Call for papers     15th April 2019
• Submission of extended abstracts (2 pages) 10st  May 2019
• Notification of acceptance of abstracts  10th  June 2019
• Submission of full papers   12th  July 2019
• Feedback on paper reviews   31th July 2019
• Revised paper submissions   6th  September 2019
• Selected papers to be submitted to SAJIE  30th  September 2019

Extended Abstracts were required to be a maximum length of 2 pages. Full Papers were required 
to be between 5000 and 6000 words and a maximum length of 15 pages. Both Extended Abstract 
and Full Paper submissions had the following formatting guidelines:

• Trebuchet font at 9-point size.
• Single spacing and a page margin of 20 mm along the sides, 20 mm at the top and 25 along 

the bottom.
• A gutter of 10 mm position left, with full justification.
• B5 paper size.
• A header and footer layout of 15 mm.

A double-blind reviewing process was used for the Full Paper submissions. As such, both the 
reviewer and author identities were concealed from the reviewers, and vice versa, throughout 
the review process. Each Full Paper submission was sent to a minimum of two reviewers, with a 
third reviewer being requested in case of non- consensus between the first two reviewers. The 
reviews were completed by national and international academics, and experts in the respective 
field, listed on the Technical Committee page.

A total of 37 local and international reviewers participated in the review process, each reviewing 
on average between two and three papers. Reviewers were asked to review submissions 
according to the following criteria and were encouraged to provide recommendations and 
suggestions.

• Does the title reflect the contents of the paper?
• Does the paper relate to what has already been written in the field?
• Do you deem the paper to be proof of thorough research and knowledge of the most recent 

literature in the field of study?
• Is the paper clearly structured, easy to read and with a logical flow of thought?
• Are the arguments employed valid and supported by the evidence presented?
• Are the conclusions clear and valid?
• Does the paper conform to accepted standards of language and style?
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• Any other recommendation(s)?
• Select reviewer recommendation: ‘Accept Submission’, ‘Revision Required’, or ‘Decline 

Submission’

Reviewer feedback was saved on the submission system, where acceptance emails together with 
review comments were sent to the authors, allowing them to revise the submission. The authors 
were given between 2 and 4 weeks to incorporate changes, after which the final document was 
submitted for approval and publication as a conference proceeding.

The ISBN number as allocated by the National Library of South Africa for this year’s 
conference is 978-0-6398390-0-4 RAPDASA 2019 Conference proceedings

RAPDASA conferences are focused on specialists in the field of rapid product development and 
full papers were accepted under the following themes:

Aerospace
Medical and Bio-medical
Automotive
Sport & Leisure
Architecture

Papers were also accepted on topics covering all aspects of the rapid product development 
chain such as:

• Computer-aided Design
• Product Engineering
• Reverse Engineering
• Simulation and Modelling
• Process Modelling
• Structural Analysis
• Material Selection for Design
• Materials Engineering
• Materials Processing
• Tooling Design and Development 

For the first time, RAPDASA presented a special track on Biomimetic Engineering for Additive 
Manufacturing in 2019 and full papers were accepted under the following themes:

• Biomimicry and learning from nature on various levels
• Simulation, design and production of complex parts using any AM method
• Practical aspects of incorporating complexity into AM
• Organic and freeform design
• Simulation-driven design (topology optimization)
• Lattices and cellular structures
• Build simulation and residual stress for complex geometries
• X-ray computed tomography and characterization methods
• Microstructure, porosity and surface roughness implications
• Structural mechanics simulation (finite element methods)

Four papers were selected from the papers submitted to the conference and were submitted to 
the South African Journal of Industrial Engineering (SAJIE) to be published as Journal Papers. 
These papers were removed from the conference proceedings and subject to SAJIE’s own 
review process.
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KEYNOTE SPEAKERS
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Dr. Terry Wohlers,
Wohlers Associates, Inc., U.S.A

Terry Wohlers is president of Wohlers Associates, Inc., an independent 
consulting firm he founded 31 ye ars ago. He has authored more than 
400 books, articles, and technical papers on product development 
and manufacturing and has given 150 keynote presentations on five 
continents. Wohlers was a featured speaker at manufacturing-related 
events at the White House in 2012 and 2014. He has appeared on many 
television and radio news programs, including Al Jazeera, CBS Radio 
News, Bloomberg TV, CNBC, CNN, Fox Business, MSNBC, NPR, and 
Australia’s Sky News. Wohlers is a principal author of the Wohlers Report, 
the undisputed industry-leading report on additive manufacturing and 
3D printing worldwide for 23 consecutive ye ars. 

In 2016, he became an adjunct professor at RMIT University in Melbourne, Australia. Wohlers was 
elected to the SME College of Fellows in 2005. In 2004, he received an Honorary Doctoral Degree 
of Mechanical Engineering from Central University of Technology in Bloemfontein, South Africa.

Keynote Topic: Scaling AM into Production

Prof Eric MacDonald, 
Youngstown State University, U.S.A.

Eric MacDonald, Ph.D. is a professor of electrical and computer 
engineering – with a joint appointment in manufacturing program 
and is the Friedman Chair for Manufacturing at Youngstown State 
University.  Dr. MacDonald received his B.S. (1992), M.S. (1997) and Ph.D. 
(2002) degree in Electrical Engineering from the University of Texas 
at Austin. He worked in industry for 12 years at IBM and Motorola and 
subsequently co-founded a start-up - Pleiades Technologies, Inc. - 
specializing in self-test circuitry and CAD software and the startup was 
acquired by Magma Inc. (San Jose, CA).  Dr. MacDonald spent 2003 to 
2016 at the University of Texas at El Paso as the associate director of 
the W. M. Keck Center for 3D Innovation and held faculty fellowships at 
NASA’s Jet Propulsion Laboratory, SPAWAR Navy Research (San Diego) 

and a State Department Fulbright Fellowship in South America.  His research interests include 
3D printed multi-functional applications and closed-loop control in additive manufacturing with 
instrumentation and computer vision for improved quality and yield. Recent projects include 3D 
printing of structures such as nano satellites with electronics in the structure (one of which was 
launched into Low Earth Orbit in 2013 and a replica of which is on display at the London Museum 
of Science).  He has over 50 refereed publications, several patents (one of which was licensed by 
Sony and Toshiba from IBM).  He is a member of ASEE, senior member of IEEE and a registered 
Professional Engineer in Texas. 

Keynote Topic: 3D Printed Bionics: Electronics in Additive Manufactured 
Structures
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Prof Alain Bernard, 
Centrale Nantes, France

Prof. A. Bernard, 59, graduated in 82, PhD in 89, was associate-
Professor, from 90 to 96 in Centrale Paris. From Sept. 96 to Oct. 01, 
he was Professor in CRAN, Nancy I, in the “Integrated Design and 
Manufacturing” team. Since 0ct. 01, he has been Professor at Centrale 
Nantes and Dean for Research from 07 to 12. He is researcher in LS2N 
laboratory (UMR CNRS 6004) leading the “Systems Engineering –
Products-Processes-Performances” team. His research topics are 
KM, PLM, information system modeling, interoperability, enterprise 
modeling, systems performance assessment, virtual engineering, 
additive manufacturing.  He supervised more than 30 PhD students. 
He published more than 150 papers in refereed international journals 
and books. He is vice-President of AFPR (French Association on 

Rapid prototyping and Additive Manufacturing), vice-chairman of WG5.1 of IFIP (Global Product 
Development for the whole product lifecycle) and member of CIRP Council. He is the Chairman 
of a Collaborative Working Group on Additive Manufacturing that involves the ten Scientific and 
technical Committees of CIRP. He co-coordinated and co-authored two books in French in the 
field of Additive manufacturing: Le prototypage rapide (Hermès, 1998); Fabrication additive 
(Dunod, 2015).

Keynote Topic:  A systemic approach of the AM-based value chain - 
challenges and future trends

Markus Glasser, 
Senior Vice-president of EOS

Markus Glasser joined EOS in January 1998 and since 2017, is Senior 
Vice President in charge for the EOS business in Europe (excluding 
Germany), Africa, Middle East and South America. As part of his role, 
Marcus has been developing the Export region for EOS since joining 
in 1998, as well as introducing and implementing distribution partners 
in various countries. Before this, as a Regional Director, Markus was 
responsible for the establishment of EOS subsidiaries in Europe, and 
expansion into new markets and industries in the region. Prior to 
joining EOS, Markus was Area Manager in Europe and Asia for Kettner, 
an equipment manufacturer in the packaging industry. Markus is a 
graduate engineer in the field of manufacturing engineering.

Keynote Topic:  Future and digitalization of manufacturing - impact to 
a healthy planet
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Olivier Diegerick, 
Portfolio Development Executive at Siemens PLM

Results-driven International Sales Professional with over 15 years of 
success in international account management, business development 
in international/export markets in Europe, the Middle East and Asia. 
Excellent 3D printing industry knowledge in Europe and the Middle East.
Experienced in direct and indirect sales in technical software solutions 
and services. 

Keynote Topic:  From prototyping to manufacturing. 
Siemens’ vision on how to industrialize additive 
manufacturing

Prof Amir Zadpoor, 
Deft University of Technology, Netherlands 

Amir Zadpoor is Antoni van Leeuwenhoek Distinguished Professor 
at Delft University of Technology (TU Delft) and holds the Chair of 
Biomaterials & Tissue Biomechanics. Prior to that, he was Associate and 
Assistant Professor in the same university where he also obtained his 
PhD (cum laude) at the interface of materials science and mechanics of 
materials. Amir is the founder and director of the Additive Manufacturing 
Laboratory at TU Delft. He specializes in development of advanced 
additive manufacturing techniques for fabrication of metamaterials 
with unprecedented or rare mechanical, physical, or biological 
properties. Moreover, he is a world recognized expert in origami and 
kirigami-based (bio)materials that are made by combining shape-

shifting (e.g. self-folding) with additive manufacturing. Prof. Zadpoor has received many awards 
including an ERC grant, a Veni grant, and the Early Career Award of the Journal of the Mechanical 
Behavior of Biomedical Materials. He has served on the editorial boards of international journals, 
on the review panels of funding agencies, and as a member of award committees.

Keynote Topic:  Porous metallic biomaterials and metamaterials
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Prof Frank Brückner, 
Technische Universität, Dresden, Germany

Prof. Frank Brueckner studied automation and control engineering as 
well as business administration at the Technische Universität Dresden. 
He finished his PhD about theoretical aspects of laser cladding. Now he 
leads the business unit of Additive Manufacturing and Printing at the 
Fraunhofer IWS Dresden. Together with his team working at the Additive 
Manufacturing Center Dresden AMCD, he mainly focuses on nozzle-
based, powder-bed based processes as well as printing technologies. 
In addition, he supervises PhD candidates at the Luleå University of 
Technology.

Keynote Topic: Natural inspired Additive Manufacturing and related 
applications

Prof Nataliya Kazantseva,
Russian Academy of Sciences, Russia

Doctor of physics and mathematics, Chief Researcher of Institute 
of Metal Physics, Ural Division of Russian Academy of sciences, 
Ekaterinburg, professor of Ural State University of Railway Transport 
(Ekaterinburg). 

Scientific fields: TEM, structure and phase transformation in intermetallic 
and alloys, severe plastic deformation, additive technology. 

N.V. Kazantseva works at the Institute of Metal Physics Ural division of 
RAS since 1988. She has got her PhD in 1998 and doctor of science 
in physics and mathematics in 2012. Starting from 2001, she worked 
as senior researcher, leading researcher (2015), chief researcher 

(2017) in the laboratory of magnetic structural analysis. Since 2001, she has part-time position 
of assistant professor (till 2014) and professor of Ural State University of Railway Transport 
(Ekaterinburg). She took part in the international exchange Program for the best scientists of 
USA and Russian Federation in 2010 and 2013 years. She has a Best Publication Diploma from 
Pleiades Publishing, Inc. and Russian Academy of Sciences, 1996. She has two Certificates of 
Guest researcher (National Institute of Standarts and Technology, USA,10.01.2010 - 03.31.2011) 
and (National Institute of Standarts and Technology, USA, 06.01.2012-10.30.2013). She is a 
permanent member of Minerals, Metals & Materials Society (TMS) and Association of Medical 3D 
Printing Specialists (Russia). Research activity of Kazantseva N.V. is related to TEM studies of 
the defects, structural and phase transformation in the materials. N.V. Kazantseva is the author 
of over 90 scientific works, including two monograph and parts in five international collective 
monographs.

Keynote Topic:  Comparative analysis of the structure and properties of 
titanium and cobalt medical alloys manufacturing by 3D printing.
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Prof Ian Gibson, 
University of Twente, Netherlands

Ian Gibson is Professor of Industrial Design Engineering and Scientific 
Director of the Fraunhofer Project Centre at the Univrsity of Twente 
in the Netherlands. This is a return to Europe for this Scotsman after 
spending nearly 25 years in Hong Kong, Singapore and Australia. He 
is probably best known for co-authoring the very successful Springer 
book “Additive manufacturing technologies” and for co-founding 
the Rapid Prototyping Journal, which is the most well-established 
academic journal in 3D Printing or Additive Manufacturing. He has been 
working in this area since 1992 when he was part of a pioneering group 
at Nottingham University led by Phill Dickens and long before the world 
got to know about 3D printing as we see it today. His research interests 
are varied but his current focus involves how to bridge the gap between 

current AM technology and adoption within the mainstream manufacturing industry.

Keynote Topic:  Taking AM seriously: The move towards mainstream 
industrial manufacturing

Prof Paulo Bartolo,
University of Manchester, U.K.

Paulo Bartolo holds a PhD degree in Polymer Physics from the University 
of Reading (UK, 2001), a Master of Science in Mechanical Engineering 
(1996) and a Licenciatura in Mechanical Engineering (1993), both from 
the Technical University of Lisbon (Portugal). Paulo Bartolo is Chair 
Professor on Advanced Manufacturing at the School of Mechanical, 
Aerospace and Civil Engineering (MACE), University of Manchester 
(UK); Visiting Professor at Nanyang University (Singapore), Professor 
of Biomaterials (Cathedra UNESCO) at the University of Habana (Cuba); 
Collaborator Professor of both the Advanced Manufacturing Group 
at the Tecnologico de Monterrey (Mexico) and CIAUD (The Research 
Centre for Architecture, Urbanism and Design) a Centre of Excellence 
of the Portuguese Foundation for Science and Technology based at the 

University of Lisbon (Portugal). At the School of MACE, he is the Head of the Manufacturing Group.  
At the University of Manchester is the Industry 4.0 Academic Lead, member of the Management 
Board of the EPSRC & MRC Centre for Doctoral Training (CDT) in Regenerative Medicine and 
theme leader of the “Industry 4.0” Societal Challenge area within the Digital Futures.He is a 
Fellow of CIRP (The International Academy of Production Engineering), Chairman of the CIRP 
Scientific Technical Committee on Electro-Physical and Chemical Processes (STC E) and served 
as Vice-Chairman of STC E (2013-2016) and Vice-Chairman of the CIRP Collaborative Working 
Group on Biomanufacturing (2010-2012). Paulo Bartolo is also Advisor of the Brazilian Institute 
of Biofabrication (INCT-BIOFABRIS) funded by the Brazilian Government, and member of the 
Manufuture High Level Group the governing body of the MANUFUTURE Platform responsible for 
set-up the strategy related to maintaining European leadership in Maufacturing. He was also 
member of the Additive Manufacturing Platform (a sub-platform of the MANUFUTURE Platform).
Since 2002, Paulo Bartolo has been engaged in around 90 research projects funded by the UK 
Engineering and Physical Sciences Research Council (EPSRC), Innovate UK, Bill and Melinda 
Gates Foundation, the Royal Society, the Portuguese Foundation for Science and Technology, 
the Portuguese Agency for Innovation, the European Commission and Industry. 

Keynote Topic:  Shaping the future through digital technologies
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SPEAKERS
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Dr. Chris Broeckhoven, 
University of Antwerp, Netherlands 

Chris Broeckhoven is a postdoctoral research fellow at the Functional 
Morphology Lab, University of Antwerp. He received his Ph.D. in Zoology 
at Stellenbosch University and Masters degree in Evolutionary and 
Behavioural Biology at the University of Antwerp. His main research 
interest lies in biomimicry, specifically how evolutionary concepts 
can be used to improve the current biomimetics approach. To answer 
these questions, he studies the evolution, functional morphology and 
mechanical behaviour of natural body armour in various animal species.

Topic:  Biological inputs into biomimetic design for AM

Mr. Ravi Kunju,
Altair, U.S.A. 

Ravi Kunju is the Sr VP Business Development & Strategy – Simulation-
Driven Design at Altair. Ravi has been active in the area of advanced 
engineering analytics for over 20 years, promoting and delivering 
lectures on advanced simulation methods around the world. His 
publications have covered the application of unique numerical 
optimization methods to solve manufacturing problems. He earned 
a master’s degree in mechanical engineering from Wayne State 
University, and an MBA from the University of Michigan, Ann Arbor

Topic:  Latest developments in biomimetic simulation-driven design

Arno Held,
AM Ventures 

Arno Held is managing director of AM Ventures Holding GmbH and 
responsible for investments into start-up companies in the field of 
additive and advanced manufacturing. He did several investments in 
the field of additive manufacturing such as  Munich-based hardware 
company DyeMansion that created its own technological segment of 
post-processing technologies and such as  3YOURMIND that provides 
AM-specific industrial software solutions for additive manufacturing.

Before setting up AM Ventures, Arno spent 7 years in various positions 
of EOS. For example, he had worked as assistant to the CEO before 
becoming business development manager thereafter. Arno was in a 
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leading role to develop Shapeways, one of the big successful startups in AM from a team in 
an incubator to EOS’ biggest customer within 5 years. He started his professional career as a 
service engineer with TRUMPF, fixing industrial laser systems around the globe. Arno holds a 
diploma degree in Industrial Engineering and Management from University of Applied Sciences 
Karlsruhe. 

Arno completed his studies in Shanghai, China and Capetown, South Africa. In addition, Arno 
currently undergoes the executive MBA-program from University of St. Gallen, Switzerland.

Arno is married to Kristina and has two sons (Max and Leo). In his spare time, Arno’s passion lies 
in downhill mountain biking and mountaineering.

Topic:  Start-Ups in the AM world: where are they from and what makes 
them successful? 
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PRE-CONFERENCE
SEMINAR

ON DESIGN AND
ADDITIVE

MANUFACTURING
OF TITANIUM  PARTS

Tuesday,
05 November 2019

www.rapdasa.org

Hosted by the
Central University of Technology, Free State (CUT)

08:30 - 15:00
Japie van Lill Auditorium

CUT Bloemfontein Campus
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www.rapdasa.org

PROGRAMME: PRE-CONFERENCE SEMINAR
ON DESIGN AND ADDITIVE MANUFACTURING 

OF TITANIUM PARTS
Tuesday, 05 November 2019  |   Japie van Lill Auditorium, CUT, Bloemfontein

Programme Director: Dr Maina Maringa

08:30 Registration, Tea and Coffee

09:00 Welcoming Address by Dr Maina Maringa, CUT

09:10 Opening Address by Mr Sechaba Tsubella, Acting Director: Advanced Manufacturing  
 Technologies, DSI

09:30 Determining the effect of surface roughness and porosity at different inclinations of  
 LPBF parts
 M Shange, I Yadroitsava, S Pityana, I Yadroitsev (abstract on page 35)

09:50 Dynamic mechanical properties of high speed selective laser melting at 4.5 kW 
 L Motibane, L Tshabalala, N Mathe  (abstract on page 38)

10:10 Microstructural influence on tensile and fatigue properties of Ti6Al4V (ELI) produced
 through direct metal laser sintering
 NM Baloyi, P Mendonidis, WB du Preez, API Popoola (abstract on page 41)

10:30 TEA

11:00 Wrought Ti6Al4V as an alloy for high velocity impact applications 
 TC Moleko, M Maringa, WB du Preez (abstract on page 44)

11:20 Optimum process parameters for DMLS in-situ alloying of a Ti-10(60Al40V) powder  
 blend
 LA Ramosena, BS Parker,TC Dzogbewu, WB du Preez, DC Blaine (abstract on page 47)

11:40 Mandibular implants: numerical simulation and experimental tests with artificial  
 porosity
 JA Wessels, I Yadroitsava, J Els, A du Plessis, I Yadroitsev (abstract on page 49)

12:00 Tailoring residual stress profiles and surface finish of aeronautical additive   
 manufactured parts by laser shock peening 
 L Nayager, C Polese (abstract on page 52)
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12:30 LUNCH

13:30 Towards the 4th Industrial Revolution commercial readiness of South African additive  
 manufacturing
 Prof AF van der Merwe (abstract on page 56)

14:00 Innovation and commercialisation opportunities for AM in Sub-Saharan Africa (SSA)
 Prof DJ de Beer  (abstract on page 59)

14:30 Phase 3 of the Collaborative Program in Additive Manufacturing (CPAM)
 Prof WB du Preez

15:00 CLOSURE

15:00 Tours of the CRPM facilities

Science and Innovation  
Department:

REPUBLIC OF SOUTH AFRICA

science & innovation 

Hosted by the Central University of Technology, Free State 

Supported by the Department of Science and Innovation
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07:30 REGISTRATION

09:00 Welcome and opening – Chairperson RAPDASA 2019 conference organizing committee - Prof Deon de Beer

PLENARY SESSIONS: Cheetah 1

09:15 Welcoming by CUT management: Prof Alfred Ngowi – DVC Research Innovation and Engagement

09:45 Dr Terry Wohlers - Wohlers Associates, Inc, USA: Scaling AM into Production

10:30 TEA BREAK

11:00 Prof Eric MacDonald - Youngtown State University, USA: 3D Printed Bionics: Electronics in Additive Manufactured Structures

11:40 Prof Alain Bernard - Central Nantes, France (Skype presentation) - A systemic approach of the AM-based value chain - challenges and future trends

12:20 Markus Glasser (Vice-president of EOS): Future and digitalization of manufacturing - impact to a healthy planet

13:00 LUNCH BREAK

TECHNICAL PRESENTATIONS (3 BREAKAWAY SESSIONS)
VENUE: CHEETAH 1 VENUE: CHEETA 2A VENUE: CHEETA 2B

Session Chair: Prof Willie du Preez Session Chair: Prof Anton du Plessis Session Chair: Dr Gerrie Booysen

Theme: AM process development and material 
evalutaion

Theme: Biomimetic engineering for AM Theme: AM business development 

14:00 Implications of porosity, residual 
stress and microstructure on the 
structural integrity of Selective 
Laser Melting produced Ti6Al4V

T.H. Becker
(62)

Invited talk - Biological inputs into 
biomimetic design for AM

C. Broeckhoven Additive Manufacturing - 
reinventing the supply chain

H.L. van der 
Merwe

(81)

14:20 Influence of prior-beta grain texture 
on deformation isotropy in SLM-
produced Ti6Al4V

G.M. Ter Haar
(65)

Bone regeneration on lattice 
structures of titanium alloys 
produced by LPBF

I. Yadroitsava
(73)

Powder management strategy for 
additive manufacturing

A. Ellis
(85)

14:40 Effect of laser power on hardness 
and wear rate of additive 
manufactured hybrid TI6AL4V MMCS

F. Ochonogor
(68)

Biopolymer development suitable 
for additive manufacturing and 
bone tissue engineering

J. Fourie
(76)

Transitioning from ISO 13485 
to AS 9100D for an additive 
manufacturing organisation

D.W. Gibbons
(87)

15:00 The validation of SLM Ti64 builds 
through small part testing: 
microstructure and surface 
morphology length-scale thresholds

N. Macallister
(71)

Mechanical properties of complex 
structured Zr-based bulk metallic 
glass fabricated by laser powder 
bed fusion

J. Wegner
(78)

Viva la revolution! - How South 
Africans can embrace the fourth 
industrial revolution

C. Plekker
(89)
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Session Chair: Ian van Zyl Session Chair: Malika Khodja Session Chair: Prof André van der Merwe

Theme: AM process development and material 
evalutaion

Theme: Biomimetic engineering for AM Theme: AM business development 

15:40 Analysis of melt pool during the laser 
powder bed fusion of tungsten

A.T. Sidambe
(91)

CT metrology comes to additive 
manufacturing

G. Schwaderer
(104)

Additive manufacturing for 
sustainable custom-designed 
implants

G.J. Booysen
(114)

16:00 Powder mixing and microstructure 
simulation techniques for titanium 
alloys formed in-situ using SLM

M.R. Botete
(95)

Laser powder bed fusion limitations 
and how these affect complex 
biomimetic geometries

I. Yadroitsev
(107)

Human expertise in additive 
manufacturing digitalization

A. Ellis
(119)

16:20 Mechanical testing of TI6AL4V 
produced on the Aeroswift platform

D. Louw
(98)

Design cycle of AM prismatic and 
biomimetic aerospace components

N. Britz
109)

Qualification and control of metal 
laser powder bed fusion systems for 
aerospace

D.W. Gibbons
(122)

16:40 Sinter-infiltration of TI-6AL-4V P. Govender
(101)

Biomimetic design of stiff beam 
using meso and macro topology 
optimization

A. du Plessis
(112)

The business impact of adopting 
additive manufacturing in spare 
part provisioning

H. Harmse
(124)

17:00 CLOSING

18:30 COCKTAIL FUNCTION
Keynote: Arno Held - AM Ventures
Start-Ups in the AM world: where are they from and what makes them successful?”
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PLENARY SESSIONS: Cheetah 1

08:15 Olivier Diegerick – Siemens: From prototyping to manufacturing. Siemens’ vision on how to industrialize additive manufacturing

09:00 Prof Amir Zadpoor - Delft University of Technology, Netherlands: Porous metallic biomaterials and metamaterials

09:45 Prof Frank Brückner - Technische Universität Dresden, Germany: Natural inspired Additive Manufacturing and related applications

10:30 TEA BREAK

11:00 Prof Paulo Bártolo - University of Manchester: Shaping the future through digital technologies

TECHNICAL PRESENTATIONS (3 BREAKAWAY SESSIONS)
VENUE: CHEETAH 1 VENUE: CHEETA 2A VENUE: CHEETA 2B

Session Chair: Dr Malan van Tonder Session Chair: Heinrich Moller Session Chair: Dr Jacques Combrinck

Theme: AM material, process monitoring and 
modelling

Theme: Biomimetic engineering for AM Theme: Product development

11:40 Invited talk - Digital Material - 
At the Crossroad of Additive 
Manufacturing.

R. Meshel Invited talk - Latest developments 
in biomimetic simulation-driven 
design

R. Kunju
(Skype 

Presentation)

Development of a nozzle for 
introducing a multi-component 
adhesive into a rock anchor using 
additive manufacturing

M. Delport
(138)

12:00 Constitutive numerical modelling in 
additive manufacturing: Challenges 
in predicting the yield strength and 
flow properties of alloys

A.M. Muiruri
(126)

Production of large topologically 
optimised structures using freeform 
wire + arc additive manufacture

S.W. Williams
(134)

Static testing of large polymer 
article

L. Mamushiana
(141)

12:20 Acoustic emission for LPBF single 
track formation at different layer 
thickness

D. Kouprianoff
(129)

An organic & optimized AM solution 
to a custom braking support 
structure

C. Hands
(136)

Ferro alloy powder spherodisation 
by thermal plasma treatment

H. Bissett
(144)

12:40 Development of an integrated 
powder bed fusion additive 
manufacturing monitoring system: 
A concept

F. Du Rand
(132)

An affordable & customizable AM-
enhanced alternative to a SCARA 
robot application

C. Rossouw
(137)

Next generation directed energy 
deposition additive manufacture 
processes

S.W. Williams
(147)

13:00 LUNCH BREAK
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Theme: AM material evaluation and post 
processing

Theme: Biomimetic engineering for AM Theme: Product development

14:00 The fatigue life of direct metal laser 
sintered     TI-6Al-4V analysed 
through an alternative non-
destructive test

S. Botha
(150)

A unique lightweight optimized 
AM titanium solution to a high-
end competition mountain biking 
challenge

B. Blakey-
Milner
(161)

Development of Wire + Arc Additive 
Manufacture system for large scale 
metallic structure

J. Ding
(166)

14:20 Wire and arc additive manufacture 
of highly conducting pure copper

S.W. Williams
(152)

Comparison of regular tessellated 
lattice and simulation-optimized 
lattice

N. Minnaar
(162)

The development of additive 
manufactured components for 
application in organic Rankine cycle 
systems

G.G. Jacobs
(169)

14:40 Improving the microstructure of 
high speed selective laser melted 
Ti6Al4V components by varying 
residence time during heat 
treatment

P.M. Lekoadi
(155)

An ergonomic & light-weight AM 
steering wheel with integrated 
driver controls & telemetry feedback

Z. Imraan
(164)

Development and characterisation 
of a Ti6Al4V additive manufactured 
compact counter-flow heat 
exchanger for application in organic 
rankine cycles

S.C. Venter
(172)

15:00 Microstructure and microhardness 
of heat treated of 17-4 PH stainless 
steel produced by LENS technique

I. Mathoho
(158)

The importance of finite element 
analysis simulation tools in additive 
manufacturing

M Khodja
(165)

Industry case study: Process 
chain for manufacturing of large 
hybrid tools with conformal cooling 
channels

D. Hagedorn-
Hansen

(175)

15:20 TEA BREAK

Session Chair: Dean Kouprianoff Session Chair: Dr Ina Yadroitsava Session Chair: Dr Maina Maringa

Theme: AM process development and post
processing

Theme: Biomimetic engineering for AM Theme: AM process development and material 
evaluation (polymers)

15:40 A method for selecting residual 
stress management techniques in 
selective laser melting

L. Mugwagwa
(178)

Deformation mechanisms of laser 
powder bed fusion (L-PBF) Ti6Al4V 
diamond and octet truss lattice 
structures

G. Tshikwand
(183)

Development of a method of 
additive manufacturing by material 
extrusion along 3-dimensional 
curves

D.M. Kirkman
(194)

16:00 Optimum process parameters for 
Nitinol (Ni-55%Ti-45%) by laser 
powder bed fusion

T. Mphafudi
(181)

Linear static prediction of the 
behaviour of anisotropic structures

E. Fourie
(186)

Open source process optimisation 
with fused filament fabrication

G.P. Greeff
(198)

16:20 Numerical simulations of metal 
AM processes and geometry 
optimisation

M. Pereme Designing a full ossicle implant 
based on the middle ear bones 
using freeform CAD and micro 
printing.

P. van der Walt
(188)

Determining optimal scanning 
speed for laser sintering of CP75 
polypropylene powder

J. Nsengimana
(200)

16:40 Evaluation of lattice structures 
as cooling channels in Alumide® 
inserts for the injection moulding 
process

W.A Kinnear
(191)

Recycling of polypropylene powder 
used in laser sinter additive 
manufacturing – A literature review

F.M. Mwania
(203)

17:00 RAPDASA ANNUAL GENERAL MEETING

19:00 GALA DINNER
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PLENARY SESSIONS: Cheetah 1

08:15 Prof Nataliya Kazantseva - Russian Academy of Science, Russia: Comparative analysis of the structure and properties of titanium and cobalt medical 
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Session Chair: Prof Michele Truscott Session Chair: Prof Didier Nyembwe Session Chair: CP Kloppers

Theme: Medical application of AM Theme: AM for casting and tooling Theme: Design for AM

11:40 The use of nano-modification 
towards osseointegrative capacity 
of Ti-based implants: A systematic 
review

N. Nhlapo
(209)

Establishment of a quality 
assurance framework methodology 
for additive manufacturing chemical 
coated sand

P.J.M. van 
Tonder
(219)

Benefits of reinforced meshing and 
materials testing of 3D printed parts 
to assist mechanical design in the 
railway infrastructure environment

A.D. Toth
(229)

12:00 Changing world of external 
maxillofacial prosthesis 
manufacturing

I. van Heerden
(211)

Cost effectiveness of direct metal 
laser sintered Maraging steel inserts 
for the plastic injection moulding 
process

J. Combrinck
(221)

Design for additive manufacturing: 
An introduction to design rules and 
constraints for high speed SLM

D.C. Bester
(231)

12:20 Minimal invasive treatment of orbital 
hydatid cyst in paediatric patient 
using 3D printed positioning guide

J. Els
(214)

Application of Six Sigma framework 
to rapid sand casting

A.C. Sithole
(223)

Preservation of culture in a 3D 
printed future

J. Bresler
(233)

12:40 Feasibility of additive manufacturing 
for patient-specific knee 
replacements

B.D. Nortje
(217)

Comparison of slurry formulations 
for gel-casting of titanium

J. Piek
(226)

Optimisation of support structures 
in high speed selective laser melting

D.C. Bester
(235)

13:00 ACKNOWLEDGEMENTS: Chairperson of RAPDASA 2019 - Prof André van der Merwe

13h20 CLOSING - LUCKY DRAW Sponsored by BUILD VOLUME

13h30 LUNCH
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3D DESIGN COMPETITION

DESIGN-ABILITY
Design that improves the quality of life

UP Mini 2

3D PRINTERS AND PRINTING VOUCHERS TO BE WON

UP300 UP Mini 2
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The winners of the Design Competition will be announced during the
Conference Gala Dinner on Thursday, 07 November 2019

www.rapdasa.org
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DETERMINING THE EFFECT OF SURFACE ROUGHNESS AND POROSITY AT DIFFERENT 
INCLINATIONS OF LPBF PARTS

M. Shange*, 1, I. Yadroitsava2, S. Pityana1 I. Yadroitsev2 and A. du Plessis3

1 Laser Enabled Manufacturing, National Laser Centre, CSIR, Pretoria, 0001, South Africa

2 Department of Mechanical and Mechatronics Engineering, Central University of Technology, 
Free State 9301, South Africa

3 CT Scanner Facility, Stellenbosch University, Stellenbosch, South Africa

ABSTRACT

The current study investigated the relationship between the inclination angle, porosity and 
surface roughness as a resultant of overhanging during the manufacturing of parts from 
Ti6Al4V material through the Aeroswift laser powder bed fusion platform. It is known that 
surface roughness and porosity are among the main drawbacks for parts manufactured by 
laser powder bed fusion. From the study, X-ray microCT and optical microscope were used 
to characterise the resulting surface roughness and surface porosity. The obtained values of 
roughness were plotted against the angle for the manufactured parallelepipeds. It was 
observed that angles with a high surface roughness resulted in high porosity levels. This
difference is attributed to the build orientation of the samples.

1. INTRODUCTION 

Laser powder bed fusion (LPBF) is an additive manufacturing technique that entails a 
consolidation of pre-deposited powder layers by laser beam to form 3D objects. The key 
objective of LPBF process is to create dense components with minimal defects [1]. Fully 
dense objects can be produced on the LPBF technique with mechanical properties 
corresponding or even higher than those created by traditional methods. But manufacturing 
overhanging parts in LPBF without supports can lead to deformation, redistribution of 
powder layer during processing that, in turn, results in flaws on edges and increased 
roughness of the surfaces. The aforementioned defects affect the product life cycle of the 
produced components.

Previous studies have indicated that changing any of the processing parameters or properties 
of powder contribute to the formation of pores [2], [3]. Herzog et al. [4] explained that 
pores act as linkages if fatigue cracks are introduced on the surface. Qiu et al. [5] studied 
the relationship between surface texture and porosity on Ti6Al4V cube samples fabricated at 
varying scanning speeds and powder layer thicknesses. Tian et al. [6] found that surface 
roughness is improved by increasing scanning speed, whereas Calignano et al. [7] found that 
decreasing hatch distance and low scanning speed improves surface finish. Wang et al [8]
investigated defects caused by process parameters for inclined surfaces by fabricating tubes 
with different angles. Yadroitsev et al. [3], Aboulkhair et al. [9] studied different processing 
parameters required to fabricate fully dense parts using LPBF platform. In [10] and [11] it 
was determined through x-ray microCT that although HIPing process can close pores, the 
size of the pores affects the efficiency of the process in eliminating porosity. In addition, 
the fatigue life and behaviour of AM parts depend on surface roughness, porosity, material 

                                                            
* The author is enrolled for an M. Eng. degree in the Department of Mechanical and 
Mechatronic Engineering, University of Central University of Technology, Free state, South 
Africa
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and microstructure, amongst others [12] [13] [14]. All these characteristics, in turn, depend 
on employed powder, process parameters, scanning and building strategies, etc. Thus, the 
performance of LPBF components are linked with the specific material and equipment used 
for manufacturing. Therefore, surface characterization for the specific AM process and 
powder is necessary to assess the fatigue performance of LPBF parts. It is well established 
and understood that surface roughness with effective notches in the surface, act as stress 
concentration sites leading to crack initiation under cyclic loading conditions. This, coupled 
with the requirement to produce complex parts where surfaces cannot be machined or 
smoothened on hidden surfaces, makes it important to optimize the surface finish. The aim 
of this research is to identify a relationship between roughness and porosity for samples (in 
the form of a parallelepiped) manufactured at different angles by the Aeroswift platform
(Figure 1). This is the basis in fabricating complex objects with different inclination angles 
without the need of supports on the Aeroswift system.

2. METHODOLOGY

The LPBF platform used to produce samples is the Aeroswift platform which uses Ytterbium 
fibre laser with a maximum power output of 5 kW. The powder used is pre-alloyed gas 
atomised Ti6Al4V alloy (grade 5) supplied by TLS Technik. Spherical powder had equivalent 
diameters d10=22-27 µm, d50=35-40 µm and d90=51-56 µm. Samples were processed in an 
argon filled environment. The powder layer thickness during the processing of the samples
was maintained at 50 µm. The manufactured test samples are parallelepipeds with 
inclination angles from 25° to 90° with 5° increment. This study consisted of two different
set of samples (A and B) which were orientated in the Y-Z direction (set A) and X-Z
direction (set B), see Figure 1. Surface roughness in general depends on powder material, 
delivering system and processing. Variability of surface roughness is more pronounced at 
the periphery of the build platform where gas inlet/outlet is placed and close to the start 
of recoating process than at the centre [15]. Back-and-forth or bi-directional scanning 
strategy was used during laser processing, i.e. laser beam scans samples along Y axis; the 
scanning starts closest to X = 0 and moves in the positive X-direction. In other words, 
scanning starts closest to the extraction and moves away from it. This is because the 
protection gas flow is in the negative x-direction and causes the process “smoke” –
evaporated material and small particles from spattering - to move in the same direction 
that defeats the purpose of the extraction. It must be pointed that only hatching was used 
to build samples, contouring was not used in this study. 
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Figure 1: Parallelepiped samples with inclination angles from 25° to 90.

Samples A and B have been manufactured on two solid baseplates: samples with 25-55°
inclination angles and with 60-90° – on another baseplate (Figure 1). As-built samples 
connected through these baseplates were removed from the baseplate and analysed (Figure
2). The baseplates of the test artefact, in turn, was attached to the larger Aeroswift build-
plate using block type support structures. The block type support structures were previously 
studied in [18]. After completion of the building process, samples were characterised in an 
as-built condition using microCT. MicroCT was previously used in [10], [11] and [16] to 
define the possibilities of using this tool as a quality measuring instrument for parts 
produced by additive manufacturing process. In addition, microCT was also found to provide 
ease of gathering data especially for hard to reach surfaces [16].

For this study microCT was used to measure surface roughness parameter, arithmetic mean 
height (Sa) for each downward facing surface on area of 6 mm×12 mm. Sa can be 
represented by the following equation:

Sa = 1
A
∬ |𝑍𝑍𝑍𝑍(x, y)|dxdy (1)

where Z(x, y) is deviation of manufactured surface from designed values. 

Root mean square deviation Sq evaluated over the complete 3D surface was also analysed to 
discriminate between surfaces produced at angles from 25 to 90 degrees (2):

Sq = �∬ 1
𝐴𝐴𝐴𝐴
𝑍𝑍𝑍𝑍2(x, y)dxdy 

 (2)

Largest peak height (Sp) and valley depth (Sv) within the definition area were evaluated as 
(3):

Sp = max
𝐴𝐴𝐴𝐴

𝑍𝑍𝑍𝑍(𝑥𝑥𝑥𝑥,𝑦𝑦𝑦𝑦) Sv = min
𝐴𝐴𝐴𝐴

𝑍𝑍𝑍𝑍(𝑥𝑥𝑥𝑥,𝑦𝑦𝑦𝑦) (3)
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Skewness of the surface (Ssk) that represents the degree of symmetry of the surface heights 
measured correspondingly designed surface was calculated from deviation Z(x,y) as (4):

Ssk = 1
SSq3

[1
𝐴𝐴𝐴𝐴
∬ 𝑍𝑍𝑍𝑍3(x, y)dxdy] (4)

It is important to note, that the sign of the skewness indicates on predominance of peaks 
(Ssk>0) or valleys (Ssk<0) of the surface.

Porosity was estimated by microCT scans on the area 20% near the edges (most of middle of 
flat surface) with resolution of 20 µm to find correlation between porosities and inclination 
angles (Figure 2).

Furthermore, surface pores and surface roughness on the samples was qualitatively 
characterised using Olympus optical microscope BX51M which uses stream essential 
software.

Figure 2: Example of microCT scans of manufactured LPBF samples where porosity was 
analysed.

3. RESULTS

3.1 Deformation of as-built samples

High residual stresses resulted in the deformation of the samples as shown in Figure 2 
during LPBF and after separation from the solid baseplate. The blue colour overlay of the 
design file shows the actual parts have higher deformation for sets A. As known, maximal 
principle stress in LPBF samples develops along scanning direction [19].

Accumulation of residual stress in samples from set A that were scanned along the long side 
(Y direction in Figure 1) caused higher deformation in comparison with the set B after 
separation from the solid baseplate: maximum warping of 3.92 mm in Z direction was in set 
A versus 0.76 mm in set B.
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(a) (b)

(c) (d)

Figure 3: MicroCT scans of manufactured LPBF samples at different inclination angles
versus designed shape coded with blue colour, from left to right– set A: 25-55° (a), 60-90°

(b); set B: 25-55° (c), 60-90° (d).

3.2 Surface roughness characterisation

A representation of the surface roughness of downskin surfaces for sets A and B are shown 
in Figure 4 as colour heights map. An angle 25° for both sets had deviations from the CAD 
design; set A had higher roughness for all angles (Figure 4, Table 1).

(a)

(b)

Figure 4: MicroCT reconstruction of surfaces versus an inclination angle: set A (a) 
and set B (b).
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Table 1: Area roughness of downskin surfaces obtained from CT scans 

Inclination 
angle

Sa, µm Sq, µm Sp, µm Sv, µm Ssk

set A set B set A set B set A set B set A set B set A set B

90° 41 23 48 28 192 154 158 84 0.2 1

85° 52 23 60 29 155 91 218 123 -1.0 0.1

80° 41 24 48 29 168 147 195 112 -0.7 0.8

75° 36 24 43 29 140 142 176 130 -0.6 0.4

70° 35 25 41 30 151 110 173 117 -0.6 0.4

65° 35 26 42 32 187 117 188 151 -0.3 0

60° 37 23 44 28 164 86 171 129 0 0.1

55° 35 20 43 26 158 130 189 105 -0.3 0.5

50° 45 22 52 27 177 143 201 98 0.1 1.0

45° 49 28 57 35 224 186 218 124 0.3 1.0

40° 56 27 64 33 239 140 266 140 0.2 0.9

35° 68 36 74 43 243 205 279 141 0.1 0.7

30° 73 39 79 46 262 209 320 152 0.4 0.2

25° 83 54 90 60 347 195 304 185 0.4 -0.3

The measured surface is the downskin which has been previously identified to possess the 
worst surface roughness in comparison with the top LPBF surfaces where special scanning 
strategies were used [7], [18]. Furthermore it can also be noted that the Sa and Sq values
improved as the inclination angle increase (Figure 5). An angle 25° for both set A (90 µm) 
and set B (60 µm) had the worst surface roughness with a linear decrease of Sq which can 
be observed up to an angle of 55° (Figure 5).

Figure 5: MicroCT measured root mean square deviation Sq evaluated over 3D surfaces 
versus inclination angle.

The formation of the decreasing roughness with an increasing angle can be attributed to 
factors such as improved stair stepping effect and diminishing heat dissipation into loose 
powder (Figure 6a). In addition, Poyraz et al. [18] stated that poor surface quality in 
overhanging objects can be attributed to the lack of heat dissipation for overhanging 
objects. On the other hand, set A Figure 5 shows trend in wherein the surface roughness 
increased at 85° significantly and set B after angle increment from 40° had roughness that 
was independent on inclination angle. However, the expected/normal was regained at 25°
to 55° where the surface roughness decreased due to increase of the building angle.
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(a)

(b) (c)

Figure 6: Stair stepping effect with inclination angle (a); scanning strategy for set A (b) and 
set B (c)

Another important observation is that the orientation of the samples also had an effect on 
the results. When comparing the difference in roughness for set A and B (Table 1), at an 
angle of 25° set A had a roughness value Sq of 90 µm compared to set B which had a 
roughness value of 60 µm at the same angle of 25°. A similar observation can be made at 
higher angles i.e. 55° reports roughness of 3 µm for set A while set B reports 26 µm at the 
same angle of 55°. For vertical samples, Sq also for set A was 1.7 times higher in 
comparison with set B. This difference can be attributed to the scanning strategy that was 
used for manufacturing these samples. For set A, downskin roughness was formed by lateral 
sides (Figure 6b) and “bottom parts” of the scanned tracks; in set B, start-stop surfaces of 
single tracks formed layer were associated with downskin surface (Figure 6c).

Interesting observation was done when skewness of the surface was analysed: set B had 
predominant peaks (except 25°) – positive values of Ssk – with minimum at 65° inclination 
angle (Figure 7). For set A, from 25 to 50 degrees, peaks prevailed, then from 55°, valleys 
started to predominate and Ssk had negative values up to 85°. Notch-like surface features 
of AM samples (such as valleys) can act as stress-concentration sites when a sample is 
loaded and it is related to poor fatigue properties [12]. Conversely, peaks are not expected 
to act as stress concentrators. Maximum height of the surface that summarizes the peak 
and to valley height (Sz=Sp+Sv) is shown in Figure 8. By microCT scans, Sz values of 300-
600 µm were found for set A samples, and 200-400 µm for set B. 
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Figure 7: Ssk evaluated over 3D surfaces versus inclination angle for sets A and B.

 

Figure 8: Maximum height Sz evaluated over 3D surfaces versus inclination angle for sets A 
and B.

For a chosen laser power, scanning speed and layer thickness, lower roughness in set B was 
found and thus it is preferred to build at X-Z orientation in order to improve the surface 
finish. Sz values can be used from a tolerance point of view - for estimating how much 
material needs to be removed in the case of machining, for example. 

3.3 Porosity 

In general, porosity of samples near downskin surfaces was less than 0.1%: from 0.008% to 
0.06% for set A and 0.002-0.017% for set B as microCT scans analysis showed. Porosity
tended to decrease with an angle of inclination for set A; negative correlation coefficient 
between porosity and inclination angle for set A was found –0.726. Figure 9a presents 
porosity near the down skin surface area and Figure 9b shows maximal pore size with 
inclination angles received by µCT scans. Maximum pore size was found of 400 µm for set A 
and 200 µm for set B. Figure 10 shows a comparison of surface roughness together with 
surface pores obtained using optical microscope between the inclination angles of 25° and 
55° for sets A and B. Surface roughness is represented in the form of rugged contour 
profiles on the edges. This kind of a profile is referred to in [6] as contour profile which 
becomes more pronounced on the downward facing surface as a result of building with 
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lower heat exchange for overhanging part of the sample and, correspondingly, higher 
rugged profile on the downward surface and increased level of surface roughness. 

(a)

(b)

Figure 9: Porosity of the samples near the surface and maximum pore size versus
inclination angle for sets A and B.

Furthermore, large surface pores seen in Figure 10(a) closer to the surface edges, which are 
in agreement with the attained level of surface roughness for an angles of 25-45°. This 
suggests that the orientation of a part combined with the low overhanging angle was not 
only found to contribute to high surface roughness, but also to the formation of pores closer 
to the surface. The formation of these defects also can be attributed to the high laser 
power and scanning speed used by the Aeroswift platform to increase LPBF productivity.
The capillary instability of molten metal as a result of the high scanning speed can lead to 
non-continuous tracks and creates splashing of liquid droplets thus affecting next layer 
deposition resulting in uneven layer of powder layers leading to the formation of pores [9].
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(a) (b)

(c) (d)

(e) (f)

Figure 10: Optical microscope cross sections of downskin surfaces for Sample A (a; c & e) 
and for Sample B (b; d & f) at different inclinations of (25; 55 & 90) respectively.

 

4 CONCLUSIONS

This study compared the effect of inclination angles on downskin surface roughness and 
porosity of LPBF parts near downskin edges produced by high laser power Aeroswift system
from Ti6Al4V powder with fixed process-parameters. From the study it was determined that 
a relationship exists between an angle and surface roughness. The overall best surface 
roughness for downskin in terms of Sa and Sq was determined to be at 55-60° for both tested 
samples (set A and B). Porosity of samples was less than 0.1% and slightly decreased with 
inclination angle for set A. It can be concluded that angle below 55° should be avoided when 
building parts using the LPBF system.
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ABSTRACT

Selective Laser Melting (SLM) is a promising manufacturing method for the production of 
components in the aerospace and other industries. This is due to the high complexities and 
ability of the machine to print difficult to manufacture materials such as Ti-6Al-4V. In high 
speed selective laser melting the higher laser power allows for processing at high speeds,
thus ensuring a quick production time. However, the higher laser power affects the 
microstructure and mechanical properties of the produced specimen. Therefore, in this 
study, a 4.5 kW laser on the Aeroswift machine was used to produce specimen for fracture 
toughness and fatigue crack growth rate testing in the as-built condition. The results obtained 
are comparable to those of other SLM systems and poorer than conventional manufacturing 
methods while not far from adhering to aerospace client requirements.

The Author was enrolled for a MSc Materials Engineering in the Department of Mechanical 
Engineering, University of Cape Town
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1. INTRODUCTION

Selective Laser melting is an additive manufacturing method that uses a laser to selectively 
fuse layers of metal powder into a solid 3D component [1-5]. The layer by layer approach 
gives the process advantages over conventional methods such as geometrical complexity,
made to order components and short design and manufacturing times [1, 3, 5]. Inherent to 
the process are high temperature gradients resulting in rapidly solidified non-equilibrium 
microstructures and residual stress development [4, 5, 6]. The non-equilibrium 
microstructure and residual stress adversely affect static and dynamic mechanical properties 
of produced components. The benefit of SLM then, can only be realized when the mechanical 
behavior of the final product is at least able to be matched to conventionally produced 
components of the same material [1]. Process parameters such as scan strategy, energy 
density, scan speed and preheating can be optimized to produce competent parts [6]. Pre 
and post heat treatments can also be employed to relieve stresses and alter the 
microstructure for favorable mechanical properties.

The titanium alloy grade 5 (Ti6Al4V) has found great use in the aerospace industry for 
structural applications. It is titanium’s high specific strength ratio that makes it attractive to 
the aerospace industry where light but strong components with good and high temperature 
corrosion resistance are required, [7]. 

The fracture mechanics of Ti6Al4V in SLM have been studied by a number of researchers,
where the porosity, microstructure, residual stress, build direction and preheating have been 
shown to have a marked influence on fracture toughness and crack propagation [3-5]. Pores 
act as stress raisers in a component and promote crack initiation while a fine microstructure 
leads to a large number of grain boundaries acting as obstacles points for crack propagation
[2, 4]. Residual stress influence crack growth while fracture toughness is improved by good 
ductility of the material [3]. The anisotropy in residual stress development makes build 
orientation an important consideration on both fracture toughness and fatigue crack growth 
rates [1,4,5]. The preheating temperature also impacts crack growth rates [5].

In this work, the fracture toughness and crack growth properties of as-built Ti6Al4V specimen 
produced on the Aeroswift machine are compared to the properties obtained from
commercial SLM systems, conventional methods and aerospace industry specific standard.

2. METHODOLOGY

2.1 Materials

. The specimen were manufactured on the Aeroswift high speed Selective Laser Melting 
machine at the CSIR National Laser Center using TLS GmbH Ti-6Al-4V. The laser power used 
was 4.5 kW under an argon filled atmosphere and a preheating temperature of 200˚C. The 
densilty of the specimen was > 99.5%. Specimen were tested in the as built condition.The 
specimen were machined according to ASTM E399-17 for Fracture Toughness and ASTM E647-
15 for Fatigue Crack Growth Rate. This direction is designated by the ASTM E399 standard
and shown in figure 1. The specimen geometry only differs in the thickness B of the specimen. 
Fracture toughness specimen had a B= 10 mm while fatigue crack growth rate specimen had 
a thickness of B= 6 mm.
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Figure 1: Specimen orientation and labelling according to ASTM E399-17 ,the lines 
represent successive layers [1].

2.2 Mechanical Properties Testing

The direction of the build was based on a previous study by Cain et al. [1] where the worst 
performing direction was ZX and is the direction of specimen used in this study. Fracture
toughness and fatigue crack growth rate testing was carried out on a 30kN Instron 1342 
machine. Fracture toughness testing was done according to ASTM E399-17, a pre crack of 
7mm was introduced by reverse cyclic loading at 15Hz after which the fracture toughness 
was measured in tension. Fatigue crack growth rate testing was carried out according to the 
ASTM E647-15 standard, a1mm long pre-crack was developed and testing was done using a 
cyclic load in tension with R = 0.1 at a constant load. The Paris relationship (equation 1) is 
plotted to determine the Paris Constants for fatigue crack growth rate.

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 𝐶𝐶𝐶𝐶 (∆𝐾𝐾𝐾𝐾)𝑚𝑚𝑚𝑚 eq. 1

where da/dN is the crack growth rate, ∆K is the stress intensity amplitude and C and m are 
material constants.

2.3 Metallography

The Jeol JSM-6110 plus Scanning Electron Microscope  and the Olympus SZ40 Stereo 
microscope were used for metallographhic analysis.

3. RESULTS

3.1 Fracture Toughness

A microscopic study of the fracture surface was carried out using the SEM. Figure 1a shows 
the stereo microscope images of the fractured surface showing a classic thumbnail crack 
growth front. The SEM image in figure 1b showed dimples indicating ductile fracture of the 
surface. Some pores were also observed which could have impacted the fracture toughness 
negatively.
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Figure1: Fracture surface a) A picture of the crack growth front under the stereo 
microscope X5 b) SEM image at X200 magnification

The fracture toughness results of the as-built specimen from the Aeroswift machine are 
presented in Table 1 and compared to those of commercially available systems, Airbus 
specifications and conventional manufacturing methods. While the Aeroswift specimen 
fracture toughness is lower than that of Vaccum Arc Remelted titanium, a conventionally 
manufacturing method, it is comparable to the Airbus standard and that of the work by Van 
Hooreweder [2]. However, the results obtained showed more crack growth resistance 
compared to It is much better than the result of Cain et al.[1].

Table 1:  Fracture Toughness Results.

3.2 Fatigue Crack Growth Rate

The Paris curve for the Aeroswift specimen is illustrated in figure 2. The ∆K threshold for this 
sample is 6.8 MPa√m which is comparable to values in literature [4]. The Paris constants for 
these specimen are C= 3x10-8 and m= 3.0521. Fast fracture occurs after a stress intensity 
factor of 30 MPa√m. 

Figure 3 compares the Paris curve steady region crack growth of the Aeroswift produced 
specimen to those of conventional manufacturing methods, commercial systems and industry 
standard. The Vacuum Arc Remelting method [2] produces significantly better crack
resistance than Aeroswift. The crack growth rates of the commercial SLM systems used by 
Cain et al.[1] and Van Hooreweder et al. [2] are noticeably slower than that of Aeroswift, 
while the crack growth rates of the commercial systems of Edwards et al. and Jiao et al. are 
comparable to the crack growth rates of the Aeroswift machine. Of great interest is the fact 
that the Aeroswift crack growth rate is slightly slower than required in industry by Airbus. 
The corresponding Paris equation constants for figure 3 are shown in table 2. 

Manufacturing Method K1C  

(MPa.m1/2)
Aero Swift 45.97±1.65
SLM Solutions - Cain et al.[1] 16.00±1
SLM Solutions -Van Hooreweder et al.[2] 52.40±3.48
Airbus Material Specification (AIMS) 50
Materials Handbook: Titanium [2] 64.9
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Figure 2: The Paris Curve for as-built Aeroswift specimen.

Figure 3: Steady state crack growth rate curves.

          Table 2: Constants for the Paris equation.

C m

Aeroswift
3.0E-

08 3.05
SLM Solution -Cain et 

al.[1]
2.08E-

12 4.41
SLM SLM MTT250Edwards & 

Ramulu[4]
1.20E-

07 2.37
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4. CONCLUSION

The fracture toughness and fatigue crack growth rates of specimen produced by the Aeroswift 
machine at 4.5kW were benchmarked against those of commercial systems found in the 
literature, conventional methods and industry standards. While the results vary when 
compared to different SLM commercial systems, the Aeroswift specimen dynamic mechanical 
properties are below conventionally manufactured methods but are comparable the 
aerospace industry requirement of AIMS in the as-built condition. Post build processing and 
preheating are available avenues to better these results and produce comparable propeties 
to those of convetional methods.
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ABSTRACT

Microstructure of Ti6Al4V (ELI) components manufactured in two orientations (Vertical-Z and 
Horizontal-X) from direct metal laser sintering (DMLS) were transformed to equiaxed (Z) and lamellar 
(X) by heat treatment below the beta transus at 950oC. The hardness, tensile and fatigue properties 
showed direction correlation; with vertically built (~843 MPa) samples having lower tensile properties 
than the horizontal samples (~895 MPa). However, the fatigue properties favoured the lamellar 
microstructure over the bimodal microstructures.

1 INTRODUCTION 

Ti6Al4V extra low interstitial (ELI), or grade 23, has a low content of impurities such as oxygen, 
nitrogen, and carbon. Due to improved mechanical properties, biocompatibility and corrosion 
properties, this alloy is continuously used as a replacement of hard tissues (e.g. femoral stem) [1].
Unfortunately, not everything about Ti6Al4V is advantageous. Reports on prostheses failure of the 
alloy are published regularly, such as [1,2,3]. Most premature failures are directly related to 
component fatigue properties.

Microstructure in metals defines properties such as tensile strength, fatigue and toughness. With 
Ti6Al4V (ELI) the α + β arrangement controls microstructure transformation depending on the heat 
treatment employed [4]. These methods are known as: (1) cooling from the 𝛽𝛽𝛽𝛽 phase-field or (2) 
recrystallization and globularisation process, yielding lamellar or equiaxed microstructures,
respectively . Lamellar microstructures as reported by [5] are characterised by lower strength, lower 
ductility and better fatigue propagation when they are compared to equiaxed microstructure [5].
This is because lamellar structures have a greater α/β surface and more oriented colonies which 
delay the crack initiation stage, while the equiaxed type is dominated by primary α grains which
stimulate coalesce of micro-cracks [6,7].

Failure of material under fluctuating stresses at a stress magnitude which is lower than the ultimate 
tensile strength of the material is called fatigue failure. The contributing stresses to fatigue failure 
are low and the failure process consists of: (1) crack nucleation, crack growth and (3) final fracture
(Figure 1). This indicates that metals fatigue properties are either crack initiation or crack 
propagation controlled. The nature of the process involves cyclic motions that subject metal
components to atomic deformation which could result in micro-plastic deformation [8]. Cracks could
initiate at the surface due to the micro-plastic deformation propelled by high-stress concentration 
near the surface. Another way of crack initiation could be from the impurities, pores and/or 
inclusions within the area of the metal, especially produced through DMLS [9].

___________________________________
*Corresponding author
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Figure 1: Stages of fatigue [10]

Characterisation of fatigue properties of components built through DMLS used in the biomedical 
application is continuously improving; specifically, to reduce the reports on failing Ti6Al4V 
prostheses [1]. DMLS is ideal to produce customised components and saving of material. Challenges 
with the process include porosity, from the layer by layer fashion built and uncontrolled 
microstructure [10]. These two setbacks increase the difficulty to understand fatigue properties of 
Ti6Al4V (ELI). Therefore, this investigation aims at investigating the influence of microstructure on
the fatigue properties when DMLS components are built at different orientations.

2 METHODOLOGY 

Blank rectangular blocks of length (I) 12 mm, width (w) 12mm and height (h) 75 mm were produced 
from Ti6Al4V ELI powder via an EOS M280 machine. They were produced along both vertical (Z) and 
horizontal (X) build direction. Processing parameters such as; laser power: 170 W, spot diameter: 
80 µm, scanning speed: 1200 mm/s, hatch spacing: 0.1 mm, layer thickness: 30 µm, build rate: 3.75
mm3/s and the part density: 4.41 g/cm3, were kept constant. Layers were built in a zigzag scanning 
pattern which was changing with scanning direction at 67o from layer to layer. The chemical 
composition of the powder, both as specified by the supplied (TLS Technik GmbH) and the laboratory 
analysed varied within the acceptable limits of the ASTM F3001 (Table 1). The average particle size 
of 26 µm and 90% passing at 37 µm, which promote consistent building rate.

Table 1: Powder chemical properties
ASTM F3001 / F136 Supplier Analysed [11] Reused [11]

Elements Composition (%) Composition (%) Composition (%) Composition (%)
Nitrogen 0.05 0.006 0.018 - 0.022 0.014 – 0.021
Carbon 0.08 0.016 --- ---
Hydrogen 0.012 0.002 --- ---
Yttrium 0.005 <0.001 --- ---
Iron 0.25 0.25 0.16 – 0.17 0.16 – 0.23
Oxygen 0.13 0.082 0.11 – 0.12 0.11 – 0.12
Aluminum 5.5 – 6.5 6.34 5.93 – 6.04 5.85 – 6.15
Vanadium 3.5 – 4.5 3.94 3.84 – 3.92 3.91 – 4.07
Titanium balance Balance 90 90

It is common for DMLS produced Ti6Al4V ELI parts to pass through post processing treatments such as 
stress relieve and annealing. Stress relieve treatment was done at 650 OC for 4 h in an argon furnace 
to reduce the oxidation of Ti6Al4V ELI. This was to remove stresses induced by the layer 
manufacturing, and to successfully remove the parts off the building platform without deformation.
To homogenise the mechanical properties, high temperature annealing (HTA) was employed at 950
OC in a vacuum atmosphere furnace, and cooling was done in the α + β region. This process helped 
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to decompose the needle type acicular α’ martensitic microstructure from the DMLS fast cooling 
behaviour.

To meet the mechanical testing standards, samples were machined following ASTM E8 and ASTM E466 
for tensile and fatigue specifications, respectively. Tensile testing was performed using a 1342 Instron 
servo hydraulic testing machine equipped with a class B1 extensometer on a 25 mm gauge length 
with a 4.4 mm gauge diameter specimen. Fatigue life was set at 2 million cycles on a constant 
amplitude load control using a sinusoidal wave form at a frequency of 10 Hz and a load ratio (R-ratio) 
of 0.1. The applied load was estimated from the ultimate tensile strength data and was between 650 
MPa - 540 MPa load. The microstructure and fractography were observed using optical microscopy 
(OM) and scanning electron microscopy equipped with energy dispersive spectroscopy (SEM/EDS). 

Figure 2: Hardness sectioning and indentation procedure

The hardness of the material was measured using the Vickers microhardness method. The samples 
were sectioned to evaluate the difference between build direction and scanning pattern hardness
values following the procedure demonstrated in Figure 2. Six/eight (depending on the dimensions of 
the sample) consecutive indentation points at a distance of 150 µm where achieved using a 1000g 
load for 15 seconds dwelling; to fulfil the parameters of equation (1).

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 = 1.854𝐹𝐹𝐹𝐹
𝑑𝑑𝑑𝑑2

………………………1)

3 RESULTS AND DISCUSSION

3.1 Microstructure analysis and Vickers hardness measurement

Microstructures were investigated in order to measure the success of the HTA heat treatment. 
Ti6Al4V ELI manufactured by DMLS have microstructural instability induced by the fast cooling nature 
from the process [12]; besides, the alloy is a mixture of two phases (α + β). Ti4Al4V ELI produced 
from DMLS is primarily composed of acicular α’ martensitic microstructure which influences the 
fatigue properties negatively. Therefore, transformation is done to attain specific morphology, 
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size and texture of the constituent phases [6]. HTA is introduced to decompose this α’ → α and 
from α → β which endorse equiaxed or duplex microstructures [9].

Figure 3 illustrates the microstructure observed from the two samples (Z and X). Figure 3 (a & b) 
show the SEM microstructures with Z-xy view resembling the equiaxed type while the X-yz type 
microstructure are similar to lamellar. The figure shows the different in concentration of the white 
/dark phases. The white phases are denoted β – phase while the dark phases as the α – phase. The 
equiaxed microstructure have a fair distribution of the phases than the X type which shows longer 
lath. This is common, as the equiaxed is the β containing microstructure than the lamella; which 
are α lath dominated.

Fig. 3: SEM microstructure of (a) vertically (Z) grown, xy view; (b) horizontal (X) grown, yz 
view.

Figure 4: Hardness measurement; Z and X denote building direction and xy & yz are sectioning 
view; x, y & z are hardness profile measurement (e.g Z-xy:x; Vertical grown, sectioned in the

xy direction and measured in the x-direction).

Hardness was conducted to check the variation within the samples; sectioned in both the xy and the 
yz direction.  Data was collected from 6/8 profiles along the reference x, y and z and the results 
were reported in Figure 4. HV1 varied with orientation and it also showed homogeneity in the cross 
sections within the same orientation. Other measured profiles (Z-xy:y; X-xy:x) represented by wide 
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error bars, seemed to be composed of indentations recorded from individual stripes in a layer. 
Generally, the HV1 of X samples measured the highest (∆HV1 325) than that of Z (∆HV1 308) and it 
also showed the highest variation HV1 ± 12 (lowest HV1 273.4 & highest HV1 372.6) and  Z was ± HV1

5 (lowest HV1 291.6 & highest HV1 350).

Tensile tests were conducted on the 25 mm gauge length and 4.4 mm gauge diameter, and the 
results are tabulated in Table 2. The results resemble those reported in [13]; comparing the effect 
of heat treatment to the mechanical properties. Tensile properties show similar trends to the
hardness profiles.  Horizontal samples recorded the higher values (Ys, UTS & E) than Z samples. The 
heights data scattering within the orientation was recorded on the Z samples, with yield strength, 
Ys ± 15 MPa; while ± 7 MPa was for X samples. Whilst the UTS and elongation was comparative. This 
results shows improvement on DMLS reproducibility; nonetheless there is still orientation difference 
of 75 MPa Ys (Xmax - Zmin).  The results correspond with the standard for the annealed wrought [4]
and they are also common in the Hot isostatic pressing (HIP) products as recorded by [15].

Table 2: Tensile properties
Specimen 
label

Ys (Offset 0.2 %) E UTS % Elongation % Reduction of 
Area (MPa) (GPa) (MPa) (%)

Z1 827 112 952 15 42
Z2 852 116 960 16 40
Z3 849 115 964 17 43
X1 888 120 968 17 43
X2 893 119 969 16 42
X3 902 121 982 17 45
Ave Z 843±15 114±2 959±6 16±1 42±1
Ave X 895±7 120±1 973±8 16 43±1

Fatigue life properties of Ti6Al4V ELI was investigated on the hour glass polished specimen for high 
cycle fatigue of 2 000 000 cycles (N). Collected data was reported in Figure 5, presenting the failed 
and run-out(Nf) specimens. The fatigue life was achieved at 560 MPa (Z) and 600 MPa (X); which is
reported by the wrought products as the fatigue limit at very high fatigue cycles (108) [16]. The 
horizontal samples could not gather conclusive data; they show run-out on both the minimum and 
maximum stresses (560 and 600 MPa). Fatigue failure for Z-type varied from 540 – 650 MPa with 
increasing Nf value.

Fracrography investigation help understand the mechanism pertaining to the failure. Unlike tensile 
properties, fatigue is influenced by: 1) crack nucleation and 2) crack propagation. These mechanisms 
are inclined to the microstructure and the defects in the metal. Crack nucleation in many fatigue 
failed components is assumed to be due to surface cracks or dirt or porosity if the parts are built via 
DMLS [7]. The other importance of fractography is to show the mode of failure and also to enlightens 
on the three regions of fatigue which are crack initiation, stable crack growth and the fast crack 
area. Crack initiation of most Ti6Al4V originate at the edge of the sample [6, 8, 9, 17]. Whilst the 
other method; the fish eye is dominant when the surface of the sample has been hardened [18] or 
the microstructure been duplex (920 °C/1 h + air-cooling and 550 °C/4 h + air-cooling) [19].

Ti6Al4V ELI produced for biomedical implants is mostly heat treated in the vacuum furnace to 
eliminate the formation of the alpha case, TiO2 [20] which form during air cooling and influence the 
mechanical properties negatively. 
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Figure 5:  Fatigue properties at frequency of 10 Hz and ratio 0.1.

Defects are not the only driving factor to crack initiation in Ti6Al4V ELI components. Even though 
fatigue does not induce plastic deformation on the material, it is not exempt for microscopic 
straining [7]. When a material is subjected to cyclic loading, dislocations are introduced and they 
are not reversible.  This process could act as a form of strengthening mechanism and the more the 
cycles increases, the dislocations entangle and create microslip onto the surface of the components 
and eventually the crack initiate [21]. Sometimes in the case of DMLS produced components, the 
dislocation can meet a pore or un-melted particles which act as stress raisers and there, the crack 
initiate.

Once the crack nucleated, it becomes easier for the crack to propagate because of the energy on 
the crack tip [6, 8]. If the surface has a facture and a perpendicular load is applied to the direction 
of the crack, it grows in relation to the load ratio. With Ti6Al4V ELI, composed of α + β 
microstructure, the type of microstructure will influence the crack propagation.

Fractrography of all (Z and X) the failed samples showed that the crack initiated on the surface 
(Figure 6) [10]. The failure behaviour resembled the standard fatigue stages as shown Figure 1. In 
Figure 6 (a & b), as pointed by the arrow, the indication of a crack initiation point and region of 
interest highlighted. The stable crack propagation area, determines the rate at which the crack was
growing. It appears to be small for the Z and large for the X type sample, the unstable area is large 
for the Z and small for the X; also the final fracture is small for the Z and large for the X. Figure 6
(c & d) show the high magnification details of the crack stable crack area. 

Dimple structures where observed at high magnification of the stable crack propagation area of the 
Z samples (Figure 6 c) and fibrous structures were seen on the X samples. The dimple fracture is 
similar to the structure observed on the unstable or final fracture region [15], while the fibrous is 
characterized by low values of stress intensity factor. Dimples are associated with bimodal/equiaxed 
and are praised for superior fatigue resistance, as they promote dislocation slip length [22, 23,24].
A comparison of Z to X type, of the fracture samples with the microstructure suggests that the Figure 
6d fracture features correspond to individual α laths.
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Figure 6: Fatigue fractography; (a) Z grown samples failed at 600 MPa, Nf 184895 and (b) X
grown samples failed at 600 MPa, Nf 1367868; (c) Z grown high magnification on the stable 
crack propagation area and (d) X grown high magnification on the stable crack propagation 

area

Based on the above data, it was obvious that the expected properties of Ti6Al4V ELI are compromised 
due to the variety in microstructures. As Kumar [24] stated that to improved Ti6Al4V DMLS component 
properties, post processing to decompose the acicular α’ structures from the AM is inevitable. Whilst, 
the dual alloy could result with either the α/β lamellar, equiaxed or bimodal structures.
Consequently, lamella’s form via the X-types and the Z-type appeared to describe mixed 
microstructure; equiaxed. Unfortunately, the two microstructures perceive different fatigue 
properties. The former is resistant to crack propagation while the latter resist crack initiation during 
cyclic loading. 

CONCLUSION

Investigating microstructure of multidirectional Ti6Al4V from DMLS was done. The alloy was first 
thermal processed via high-temperature annealing. The aim was to achieve homogenised
microstructure; instead lamellar were dominating the X-yz view samples while equiaxed favoured
the Z-xy view samples. Hardness was conducted on the same view and an average of X- HV1 325(± 
12) and Z- HV1 308 (± 5) were recorded. Cup-cone 0.2% offset yield were X- 895 MPa (±7) and 843 
MPa (±15) are connected to the lamellar and equiaxed microstructure. The fatigue originated at the 
edge of the surface; which is common to Ti6Al4V ELI alloys. The orrientations varied with the nature 
of crack propagation; the Z-dimples and the X- showed fibrous tearing.  The better fatigue properties 
are from the lamellar microstructures because of the α lathes that resist fast crack propagation.
The fatigue properties showed a direct relationship to the microstructural and tensile strength. 
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ABSTRACT

Choosing materials for high velocity applications is complicated by the fact that they have to meet 
many requirements, including weight, strength, ductility, hardness, impact resistance and cost. 
Although Rolled Homogeneous Armour (RHA) steel and aluminium 5083 are still in use today they do 
have short comings in their respective applications, including the low values of strength of welded 
joints, which do not exceed 300 MPa for aluminium 5083, and high weight for RHA. This paper covers 
preliminary testing on wrought Ti6Al4V as a prelude to considerations of additively manufactured 
Ti6Al4V (ELI) as an alternative to RHA and aluminium 5083 for high velocity impact applications.
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1. INTRODUCTION

Over the past 100 years, many metals have been evaluated for use in armour for protection against 
ballistic attacks. During the 1950s and 1960s an aluminium alloy AA 5083, and also RHA (Rolled 
Homogeneous Armour) were developed and have been widely used as ballistic armour ever since 
[1][2].

Although RHA and AA 5083 are still in use today, they do have some short comings in their respective 
applications [2]. In the military the use of RHA in main battle tanks and other combat vehicles makes 
the vehicles heavy and this in turn increases the requirements in the strength of the roads and 
bridges on which they travel [2][3]. Furthermore, the high weights arising from the use of RHA in 
main battle tanks in the military industry increase the requirements for power and therefore fuel 
consumption [2].

In the manufacturing of complex parts from RHA and AA 5083 in the military industry welding is 
normally used to join parts together in order to achieve various desired shapes [3][4]. Welding joints 
are problematic because they act as stress concentration sites that can eventually bring about 
fatigue cracking of the manufactured parts [2]. Additive manufacturing has the advantage of being
able to achieve complex geometries that are otherwise difficult, if not impossible to produce using 
conventional methods of manufacturing without resorting to welding [5][6].

The major disadvantages of AA 5083 are its low specific strength of 130 MPa-cm3/kg and the low 
values of strength of its welded joints, which do not exceed 300 MPa [2]. RHA on the other hand,
has a higher specific strength of 150 MPa-cm3/kg, but this comes at an expense of significantly 
increased weight due to its high density of 7.86 g/cm3 [2][3]. However, the most widely used 
titanium alloy, Ti6Al4V possesses a relatively low density of 4.45 g/cm3, whilst having a specific 
strength that is much higher than that of both RHA and AA 5083 at a value of 244 to 271 MPa-cm3/kg
[2][3]. Furthermore, the alloy has a ballistic mass efficiency that is higher than that of both RHA 
and aluminium 5083 at a value of 1.5 [2].

The unique combination of high specific strength and ballistic mass efficiency of Ti6Al4V makes it 
an attractive alternative for armour designers [2]. Limited research has been conducted on the high 
velocity impact properties of additively manufactured Ti6Al4V (ELI) due to cost considerations. 
Preliminary tests can however be conducted on the wrought Ti6Al4V as a starting point to determine 
the necessity for further work on additively manufactured Ti6Al4V (ELI). Such preliminary tests are 
able to create a better understanding the fracture characteristics of the alloy as well as determine 
the optimum thicknesses of the alloy to stop a projectile at a specific impact velocity. 

South Africa was ranked fifth in the world based on mining production of titanum mineral 
concentrates [7]. The Collaborative Program in Additive Manufacturing (CPAM) funded by the South 
African Department of Science and innovation has embacked on a journey to create a better
understanding of the behaviour and mechanical properties of the additive manufactured Titanium 
alloy Ti6Al4V (ELI). 

2. THE IMPACT PHENOMENA AND FAILURE

In mechanics impact is defined as a force or shock load created over a short time period when two 
or more bodies collide [1]. The effect of impact depends on several factors, including the relative 
velocity of the colliding bodies to one another, the relative mechanical properties of the two bodies
and the relative behaviour of the two colliding bodies upon contact [1][2]. The impact phenomena 
can be characterized in numerous ways according to the impact angle, the geometry and material 
characteristics of the target or projectile, as well as the striking velocity [2][3]. With reference to 
the striking or initial velocity (𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖), multiple categories of ballistic impact loading can be defined 
depending on the application [1][2].

High velocity impact is normally simulated through ballistic testing, which is the firing of a high 
speed projectile at a target, followed there-after by investigation of damage on the target [1][8].
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This category of impact is characterized by a projectile travelling in a velocity range of 50 to 1500 
m/s [2].

Essentially, to identify an armour material prior to testing as having good ballistic performance the 
material should have a high hardness that would blunt the projectile and also high ductility to absorb 
the energy from the projectile during impact [2][9]. Nevertheless, not all materials with high tensile 
yield strength are suitable for shock loading because high strength normally comes with high 
brittleness [1].

Failure under ballistic impact is due to the interaction of a variety of mechanisms, including fracture 
due to the initial stress wave, fracture growth in the radial direction, spalling, scabbing, plugging, 
discing, dishing, front and rear petaling, fragmentation in the case of brittle targets and ductile 
hole-enlargement [1][10]. It has commonly been observed in ballistic experiments that plugs tend 
to form in hard thick plates, dishing and petalling occurs in thin ductile plates, and ductile hole-
enlargement and spalling occur in softer thick plates [10]. A combination of ductile failure and 
spalling is characteristic of perforation in thick plates [2][10]. Figure 1 shows various failure
mechanisms in impacted plates.

Figure 1: Some failure mechanisms in plates impacted by high velocity projectiles [2].

Penetration of a target due to high velocity impact occurs in four phases including, the transient, 
primary penetration, secondary penetration and recovery phases which occur in this listed order 
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[10]. The first phase, which is the transient phase is characterized by a short but also intense 
pressure spike that occurs when the projectile first comes in contact with the target it strikes
[2][10]. The ensuing phase which is the primary penetration phase is described as the period during 
which the projectile acts as a propulsive force, and therefore gives off its kinetic energy to the 
target in a hydrodynamic manner [2][9].

The next phase is the secondary phase also referred to as cavitation phase, and begins after the 
projectile exits the system and therefore stops being a source of energy [2]. In this stage the 
deformation is not caused by the kinetic energy of the projectile but instead the energy density 
behind the shock wave, which continues to deform the material. Lastly comes the recovery phase
in which the crater, now formed from through penetration of the projectile recovers or contracts 
slightly [2]. Figure 2 shows these four phases of penetration and the attendant relative magnitudes 
of pressure.

Figure 2: The pressure versus time profile of the four phases of high velocity impact 
penetration [2].

In the case of penetration of a target, the projectile leaves a hole with a fractured surface [11]. It 
is important in this case to determine whether the fracture formed is ductile or brittle so as to get 
insight into the behaviour of the target material [11].  A ductile fracture is a type of fracture that 
is characterized by extensive plastic deformation [12][13]. The term ductile rupture refers to the 
failure of highly ductile materials. When this type of failure occurs, the material pulls apart forming 
dimples, micro-cavities and voids before failure instead of failure through cracking [11][13].

On the other hand brittle fracture is characterized by little or no plastic deformation prior to failure, 
which is denoted by formation of cracks, chevron and cleavage marks as surface features on the 
fractured surface [11][14]. Chevron marks are normally created due to a fracture which rapidly 
progresses through the structure and in their arrangement point to the origin of the failure [11][14].
Figure 3 shows a SEM micrograph exhibiting dimple and cleavage rupture mechanisms at a fracture 
zone, while Figure 4 is a micrograph of ductile fracture surface dimples.
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Figure 3: SEM micrograph exhibiting dimple and cleavage rupture mechanisms at a fracture 
zone [15].

Figure 4: Ductile fracture surface dimples [16].

3. MATERIALS AND METHODOLOGY

3.1 Specimens

Thirty specimens of Wrought Ti6Al4V plates with dimensions 100 mm by 100 mm were acquired for 
high velocity testing in this work. The specimens were acquired with five sets of different 
thicknesses, six plates for each thickness, thus plates of 6 mm, 10 mm, 12 mm, 14 mm and 18 mm 
thicknesses.

The plates were then labeled by punching of a numbering system on them to ensure traceability 
throughout the study. In this way each plate was allocated its own unique number, for example 6-1 
for the first 6 mm thick plate and 6-2 for the second one and so forth.

3.2 Measurements and measuring equipment

Gun chronograph: The chronograph shown in Figure 5 was placed at a distance of 2m in front of the 
target and was used to measure the velocity of the bullet at that point, accompanied by a 
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subtraction of 1.82m/s on the chronograph reading to get the actual striking velocity on the target. 
The value of 1.82m/s was arrived at from the fact that the bullet had a velocity drop of 0.91m/s 
per meter. 

Mild steel plates: A system of 15 mild steel witness plates, each 1 mm thick, was used to measure 
the residual velocity of the projectile in case of through penetration. The plates were spaced 20
mm apart in a jig, placed behind the target, and the residual velocity in each case of through 
penetration was calculated based on the number of plates the projectile penetrated after going 
through the target. Figure 6 is the testing setup schematic showing the placement of the various
pieces of equipment used for testing while Figure 5 is an image of the testing setup.

Figure 5: Image of the testing setup

Figure 6: Schematic of the testing setup

3.3 Testing equipment and procedure

3.3.1 Testing equipment
Rifle: A high caliber rifle was used to propel the projectile or bullet towards the target, at 
approximately 900 to the front face of the target. The outlet of the barrel of the rifle was placed 30 
m from the target upon advice of the personnel at the testing range that pointed to the fact that at 
this distance the bullet would have stabilized and would therefore impact the target with little or 
no yaw.

Projectile: The bullets used for the tests were of dimensions 7, 62 x 39 mm, and were of the 
incendiary type.
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Mounting jig: A mounting jig fabricated in the Product Development Technology Station (PDTS) 
workshops of the Department of Mechanical and Mechatronics Engineering of Central University of 
Technology Free State (CUT) was used to mount the target and to secure the 1 mm thick mild steel 
witness plates. The jig was further mounted onto an existing frame at the testing range.

Witness protection plate: The witness protection plate served as protection during testing, in case 
the projectile or fragments bounced off the target, to avoid injury of the people that were 
participating in the tests.

3.3.2 Testing Procedure

Table 1 shows the testing matrix that was used for the tests to ensure the correct testing order.

Table 1: Testing matrix used during ballistic tests

Testing 
order

Target thickness 
(mm)

Number of 
targets

Number of shots 
per target

Number of shots 
per target 
thickness

1 18 6 1 6
2 14 6 1 6
3 12 6 1 6
4 10 6 1 6
5 6 6 1 6

Total number of shots 30

The first step was to sort the test plates according to their respective thicknesses and labeling to 
ensure the correct testing order according to the matrix in Table 1. The next step was to mount a 
dummy target on the mounting jig and fire a few shots in order to adjust the telescope of the rifle 
to ensure the best accuracy. During this process the functioning of the chronograph was also verified. 
Prior to each test shot, each test piece was mounted on the jig and secured by tightening the clamps 
of the jig to keep the test plate in place. The witness plates were then placed in their respective 
slots.  All personnel at the testing range were then evacuated from in front of the rifle and located 
behind the witness protection boards. Upon verifying all personnel were in a safe location, shooting 
then started. Following onto this, the first set of shorts were fired on the first six 18 mm thick plates. 
With every shot that was fired, the velocity of the bullet from the chronograph was recorded. In the 
case of through penetration the number of mild steel witness plates that the bullet went through
was recorded and the penetration holes in each witness plate marked clearly.

The subsequent sets of tests were carried out on the 14 mm, 12 mm, 10 mm, and 6 mm thick plates 
in this specific order, following the process explained in the previous paragraph.

4. RESULTS AND DISCUSSSION

The average impact velocity recorded for the conducted tests was 701.18 m/s, which falls within 
the range of high velocity impact. Furthermore, the standard deviation of the impact velocities is 
5.56 m/s which gives rise to a coefficient of variation of 0.793% that is well below the limiting value 
of 5%. The impact angle of the projectile on the front face of the targets remained at 0o for all the 
tests. The variation between the minimum and maximum striking velocity 𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖 for the 18 mm, 14mm, 
12 mm, 10 mm and 6 mm thick plates were small being 6 m/s, 4 m/s, 17 m/s, 16 m/s and 12 m/s, 
respectively.

The focus of this paper is on the analysis of the projectile hole surfaces, therefore the analysis and 
further discussion of results are limited to those plates where there was through penetration of the 
projectile. The projectile did not penetrate through the 18 mm and some of the 14 mm thick plates.

Through visual inspection of the 6 mm thick plates it can be deducted that the plates behaved brittle 
with respect to the projectiles. This is based on the regular holes punched through the plates, with 
minimal or no shear deformation visible. Furthermore, the fact that the fracture surface on the hole 
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is almost perpendicular to the direction of the force applied by the projectile also supports this 
conclusion. Figures 7(a and b) are images of a typical hole in the 6 mm thick plates, while Figure 
7(c) is a schematic showing the direction of the radial forces in a fracture hole and with regard to 
the fracture surface.

Figure 7: (a and b) Images of a typical hole in the 6mm thick plates; (c) Schematic showing the 
direction of the radial forces in a fracture hole and related to the fracture surface.

The 10 mm, 12 mm and 14 mm thick plates, on the other hand exhibited both ductile and brittle 
behaviour. This observation is supported by the observed formation of petals on the projectile exit 
side of the plates and bulging on the entry side of the plates. The existence of petals indicates the 
presence of plastic deformation before fracture of the plate, which is a characteristic of ductile 
materials. It was observed that the size of the petals formed increased with an increase in the plate 
thickness. Furthermore, the 14 mm thick plates in some cases showed an extreme case of the petals 
breaking off, while others actually stopped the projectile.  Figure 8 shows a typical image of the 
rearward petalling of plates.

Figure 8: Typical rearward petalling of a 10mm thick plate

To further understand the deformation behaviour of the 6 mm, 10 mm, 12 mm and 14 mm thick 
plates, analyses of their fracture surfaces were conducted using a scanning electron microscope 
(SEM). The analyses of the plates were conducted with the plates tilted at an angle in the SEM to 
investigate the insides of the holes. Figure 9(a) is a micrograph of a typical 6 mm thick plate at the 
entry point of the projectile hole while Figure 9(b) is a micrograph at the exit point of the projectile 
through the same plate.
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Figure 9: (a) Micrograph of a 6 mm thick plate at the entry point of the projectile hole; (b) 
Micrograph at the exit point of the projectile hole through the plate.

Figure 9(a) shows circular beach marks that were formed due to the rotational motion of the 
projectile as it passed through the plate. In Figure 9(b) a clear network of cleavages marks that 
were formed on the fracture surface can be seen. The cleavages that formed on the surface suggest 
a brittle fracture and this supports the earlier observation made from the visual inspection of the 
plates.

For the 10 mm, 12 mm and 14 mm thick plates micrographs were taken of the projectile hole 
entrance, middle and exit points through the plates. The exit sides of the projectile holes though 
the target plates were analyzed with the plates flipped over. Figure 10 shows micrographs of a 12 
mm thick plate at the entrance side of the projectile hole through the plate. These micrographs are 
also typical for the observations made on the 10 mm and 14 mm thick plates.

Figure 10: Micrograph of a 12 mm thick plate at the entrance of the projectile hole through 
the plate.

Dimples are visible in the micrographs in Figure 10, which is an indication that the metal fractured 
in a ductile mode at this plate thickness. The dimples were formed as a result of a tensile load 
induced in the radial direction as the projectile penetrated the plates. Furthermore, there was a 
noticeable variation per respective plate thicknesses of the thickness of the layer over which ductile 
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fracture occurred. The thickness of this layer was seen to increase with an increase in the plate 
thickness. 

Figure 11 shows micrographs of the surface at the middle of the projectile hole through a 10 mm
thick plate. These micrographs are also typical of the observations made for the 12 mm and 14 mm 
thick plates.

Figure 11: Micrographs taken at the middle of the projectile hole through the 10 mm thick
plate.

Surface features, such as a radial cracks, circumferential cracks and cleavage marks, are visible on
this part of the hole as can be seen in Figure 11. These surface features indicate that on this part of 
the hole the plates experienced a brittle fracture. 

In Figure 12 micrographs of a 10 mm thick plate at the exit side of the projectile hole through the 
plate can be seen. These are also typical for the 12 mm and 14 mm thick plates.

Figure 12: Micrographs of a 10 mm thick plate at the exit side of the projectile hole through 
the plate.

The predominant surface feature on this micrograph is dimples, which suggests a ductile fracture. 
It is clear from Figures 10 and 12 that dimples are more pronounced on the projectile exit side than 
on the entrance side. This is probably due to the effect of reflected tensile shock waves on the exit 
side, which tend to cause layers of material to peel off and form petals.

The 6 mm thick plates exhibited brittle fracture, with a projectile hole whose edges were 
perpendicular to the direction of penetration, whilst plates of greater thickness exhibited a 
combination of brittle and ductile behaviour.

The 10 mm, 12 mmm and 14 mm thick plates all showed petalling on the exit side of the projectile 
hole, which is a sign of ductile deformation. Features of both ductile and brittle failure were 
detected at different locations in the projectile hole of the test specimens that experienced through 
penetration of the projectiles. On the projectile exit side of the test specimens a higher prevalence 
of dimples was observed on the fracture surfaces, signifying tensile ductile failure, which was 
attributed to reflected tensile shock waves. On the inner surfaces of the holes that penetrated 
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through the test plates, the thickness of the layers exhibiting dimples was seen to increase with 
increasing plate thickness.

Though Ti6Al4V is normally classified as a ductile metal under normal loading conditions, the tests 
conducted here showed this not to be the case for high velocity impact of plates with different 
thicknesses. The brittle behaviour observed here can be attributed to the very high rate at which 
the deformation of the plates took place in response to impact that does not allow opportunity for 
plastic deformation to occur before failure.

According to the military standard MIL-A-12560H (MR), it normally takes a 11.43 mm thick  RHA plate 
with a hardness of 241 to 388 BHN to stop a 7, 62 x 39 mm projectile also called a .30 caliber 
travelling at about 700 m/s. Moreover, according to the military standard MIL-DTL-46027K (MR), it 
normally takes an AA 5083 plate with a thickness greather than 19.812 mm having a hardness of 241 
to 388 BHN to stop for projectile the same projectile travelling at the same velocity. In the present 
work a 14 mm thick plate of wrought Ti6Al4V with a hardness of 300 BHN was observed to partially 
stop a 7, 62 x 39 mm projectile moving at an average velocity of 701.18 m/s. Given the lower density 
of wrought Ti6Al4V of 4,200 kg/m3, this implies a weight saving of about 1.4 over RHA with a density 
of 7,800 kg/m3.

5. CONCLUSIONS

The tests conducted were successful as they provided insightful information on the fracture 
behaviour of wrought Ti6Al4V under high velocity impact as an initial basis to further testing of 
additively manufactured Ti6Al4V (ELI). 

In the velocity range of about 700 m/s the preformance of the wrought Ti6Al4V used for the 
preliminary testing does not fall too short from that of RHA and is better than that of AA 5083. 
Morever the wrought Ti6Al4V alloy gives a weight advantge of 1.4 over the RHA. Additively 
manufactured Ti6Al4V (ELI) with its higher value of hardness (326 BHN) is expected to perform better 
by providing more effective blunting of the projectile and hence achieving better resistance to 
penetration.  Its higher value of strength (1250 MPa) compared to that of wrought Ti6Al4V (950 Mpa) 
implies a higher capacity to absord energy during deformation and therefore a higher capacity to 
stop the penetration of a projectile.
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ABSTRACT

This preliminary investigation forms part of a continuing study into the in-situ alloying of 
blended elemental powders of titanium (Ti), aluminium (Al) and vanadium (V) to produce 
the Ti6Al4V alloy. The Ti6Al4V alloy is by far the most common and widely used titanium 
alloy mainly due to its unique and attractive combination of characteristics and properties 
such as corrosion resistance, light weight and high strength. However, the conventional 
production routes of this alloy involve additional processes that result in an expensive alloy, 
which then limits its ability to be used to manufacture components for less critical 
engineering applications. For this reason, new alloying approaches for the production of the 
Ti6Al4V components need to be investigated. In this paper, the feasibility of in-situ alloying 
blended powders of CP Ti and a 60Al-40V master alloy in the Direct Metal Laser Sintering
process to produce Ti6Al4V single tracks was investigated. The objectives of this study are
to determine the optimum blending requirements and process parameters that can be used 
to manufacture Ti6Al4V single tracks from a Ti-10(60Al:40V) powder blend through the Direct 
Metal Laser Sintering process. The powder was characterised to ensure the blend was 
suitable for use in this process. Single tracks were produced with the EOS M280 machine and 
the blended powder using a range of process parameters. The produced single tracks were 
then analysed to determine the optimum process parameters suitable for this manufacturing 
approach. The optimum process parameters were obtained at laser powers of 100W and 
200W at corresponding scanning speeds of 0.6m/s and 1.2 m/s respectively. These single 
tracks with optimum geometric characteristics were then analysed using a Scanning Electron 
Microscope (SEM) to determine their chemical composition.

1 The author is enrolled for a Master of Engineering in Mechanical Engineering degree in the 
Department of Mechanical and Mechatronics Engineering, Central University of Technology, 
Free State.
*Corresponding author
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1. INTRODUCTION

Many Titanium (Ti) alloys have been explored since the discovery of the metal, however none 
of them have seen any significant use as compared to the Ti6Al4V alloy due to its unique 
combination of properties. For this reason, Ti6Al4V is known as the workhorse of the Ti 
industry. Ti6Al4V is unique because it combines attractive properties such as high strength, 
lightweight, formability and corrosion resistance which make it a desirable material for 
applications in many industries [1]. However, the conventional methods used for the 
manufacturing of this alloy, involve multi-step and energy-intensive thermomechanical 
processing routes which increase the cost of production thus making it expensive and 
unjustifiable for use in common engineering applications [2,3]. The inherently high cost of 
the conventional Ti6Al4V production process warrants the development of potential 
alternative and cost-effective methods to be employed.

The Direct Metal Laser Sintering (DMLS) process is an Additive Manufacturing (AM) process 
that forms part of the Laser Powder Bed Fusion (L-PBF) category. DMLS has been used to 
manufacture Ti6Al4V components with characteristics and mechanical properties 
comparable to the wrought counterpart [4–6]. The feedstock that has been traditionally 
used in this AM process to produce Ti6Al4V components is of a pre-alloyed (PA) nature. In a
PA powder feedstock, each individual powder particle has the target alloy composition that 
is required in the final part therefore producing a component with a homogeneous 
distribution of alloying elements [1]. Research into the feasibility of employing blended 
elemental (BE) powders as feedstock in the DMLS process to produce Ti alloys, such as 
Ti6Al4V through in-situ alloying is still in its infancy stage, therefore the potential of this 
manufacturing approach remains unknown. However, a recent study by Zenani et al [7] on 
Ti6Al has explored the feasibility and manufacturing suitability of this approach. This
technique of blending elemental powders will lay the foundation for BE powders to be used 
in the DMLS process. It is vital that the chemical and physical properties of the powders used 
are fully understood to ensure their repeatability and suitability for use in the DMLS process.

In this paper, a mixture of spherical CP Ti and a 60Al-40V master-alloy has been used to 
produce a Ti6Al4V alloy through the DMLS process, which differs from the traditional use of 
PA Ti6Al4V powder in the DMLS process. The production of the PA powders involves a chain 
of processes including conventional manufacturing and atomisation processes [3]. On the 
contrary, CP Ti powder can be blended with either elemental powders or a master-alloy (MA) 
of Al and V. Using a MA of Al and V is considered as a variant of the BE route, even though it 
would still require the use of conventional wrought and atomisation processes to produce 
the MA powders [8]. However, this would be justified for the production of the Ti6Al4V alloy 
as this MA eliminates problems that could arise with the evaporation of the Al powder by 
increasing its low melting point through alloying it with the V powder to achieve a higher 
melting point of the alloy. The melting point of elemental Al powder is 660°C, while that of 
elemental Ti and V are 1667°and 1890°C, respectively [8]. It can already be predicted that 
the Al powder will melt first and eventually evaporate as the sintering temperature increases 
towards the melting point of the Ti and V powders. Pre-alloying Al  with V leads to a MA
powder with a melting temperature ranging between 1650-1725°C [8], therefore ensuring 
that the chemical composition of the resulting alloy will be more homogenous because
evaporation of Al is prevented. Blending elemental CP Ti together with a 60Al-40V MA powder 
to produce a Ti6Al4V alloy would reduce the cost to manufacture this alloy and thus making 
it economically viable for additional applications. Most of the high-quality metal powder 
used in AM in South Africa is sourced from overseas at an exorbitant price. If local sources 
of high-quality Ti powder become available, the aforementioned BE or elemental-MA powder 
mixing strategies can be employed to create various Ti alloys for use in DMLS, which would 
then translate to a reduction in feedstock material cost. Savings in cost between 20 and 50%
have indeed been reported when producing the Ti6Al4V alloy through powder metallurgy 
(PM) processes using BE powders [1,2,9].
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2. MATERIALS AND METHODS

2.1. Powder mixing
Two powders, commercially pure (CP) grade 1 Ti and a 60Al:40V master alloy (MA) with a 
chemical composition range of 13-60 wt% Al, 36-86 wt% V, were mixed together in a 
Ti:10(60Al40V) ratio to form a Ti6Al4V powder blend, referred to as the blend throughout 
this paper. The powders were mixed at Stellenbosch University (SU) using a 3D Turbula®-like 
mixer, driven by a SEW-Eurodrive motor and Movitrac controller. A total of 400g of powder 
was mixed for 40 minutes at 250 rpm.

2.2. Powder characterisation
The gas-atomised CP Ti, supplied by AP&C, Canada, has a specified size of 20- 45 µm. The 
60Al:40V MA powder is produced by aluminothermic smelting and then ball milled; it is 
supplied by Reading Alloys, PA, USA, and has a specified size of 20-80 µm. The individual CP
Ti and MA powders, as well as the blend were characterized in terms of both chemical and 
physical properties. A summary of powder characteristics, testing methods, and apparatus 
has been tabulated below.

Table 1: Powder characterisation details.

Powder 
Characteristic Equipment Test Details

Chemical 
Properties Bruker D2 Phaser XRD pattern data collection. MAUD 

software was used to fit patterns.
Particle 
Morphology

Zeiss Merlin FESEM with an 
EDS detector SEM imaging

Particle Size 
Distribution

1. Saturn DigiSizer 5200 
V1.12 (light scattering)
2. Minor sieve shaker M200 
with Endecott Sieves (sieving 
analysis)

1. ASTM B822 [10]
2. ASTM B214 [11]

Apparent 
Density

1. Hall flowmeter
2. Carney flowmeter

1. Free-flowing powders: ASTM 
B212 [12]
2. Non-free-flowing powders: ASTM 
B417 [13]

Flowability

1. Hall flowmeter
2. Carney flowmeter
3. Camera, Tripod, and MS 
Paint

1. Free-flowing powders: ASTM 
B213 [14]
2. Non-free-flowing powders: ASTM 
B964 [15]
3. Angle of Repose measurement

2.2.1. Chemical analysis
The chemical composition of the powders was obtained from the supplier specifications. The 
crystal structure and molecular formula of the powders were obtained using x-ray diffraction 
(XRD). MAUD software [16] was used to fit XRD patterns gathered from the Materials Project 
Database [17].

2.2.2. Powder morphology
The morphology of the individual powders and powder blend was obtained using a Zeiss 
Merlin FESEM with an EDS detector. The powders were mounted on double sided carbon tape 
and placed inside the scanning electron microscope (SEM). The shape and surface topography 
of the individual powders as well as the blend were obtained. Powder was sampled from the 
top, middle and bottom of the blend using a modified powder sampler.
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2.2.3. Particle size distribution (PSD)
The PSD was determined using light scattering and sieving analysis. The light scattering was 
conducted with a Saturn DigiSizer 5200 V1.12. This method is used to determine the volume 
frequency and surface area of the powder. It assumes the powder particles to be spherical 
and may lead to an inaccurate PSD of irregular shaped powders. The powders were suspended 
in distilled water with a flow rate of 12 l/min and sonicated for 60 s before measurement. A 
refractive index of 2.22 was use for CP Ti and the blend, and 1.741 was used for the MA. The 
Mie theory model was applied to process the data.

The sieving analysis was conducted using a Minor sieve shaker M200 with 100, 75, 63, and 45 
µm Endecott sieves. This method formulates a weight distribution versus size. This PSD is 
skewed towards the larger and heavier particles when compared to the volume distribution 
analysis [17]. 

2.2.4. Density
The apparent density of the powders was measured using ASTM B212 [12] standard for free-
flowing powders and ASTM B417 [13] standard for non-free-flowing powders. The tests were 
conducted on the raw powder as well as powder that had been oven dried at 120 °C for four 
hours. The specified density was obtained from the respective material safety data sheets 
(MSDS).

2.2.5. Flowability
The flow rate (FR) and angle of repose (AoR) were measured. The Hall flow rate (FRH) was 
used for free-flowing powders (ASTM B213 [14]), and the Carney flow rate (FRC) was used for 
non-free-flowing powders (ASTM B964 [15]). The flowability of the powder is a key 
characteristic in DMLS printing to allow for complete and uniform deposition of powder on 
the substrate.

Figure 1: a) Static AoR, α [11] b) Determination of the AoR of the MA powder

The AoR is the angle that a powder rests prior to slip motion, due to inter-particle friction. 
The static AoR, α, was determined using the fixed funnel method. The powder was allowed
to freely flow through an appropriate funnel (either Hall or Carney, which has a larger orifice 
diameter) onto a flat surface. The AoR of the powder heap can be determined using a 
suitable image analysis tool, such as MS Paint, and equation (1). The powder is termed very 
free-flowing, free-flowing, fair to passable flow, and cohesive if the AoR is <25°, 30-38°, 38-
45°, and 45-55°, respectively [18].
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2.3.Direct metal laser sintering
In the DMLS process, a three-dimensional component is built by first depositing single tracks 
parallel to each other at a certain distance (hatch distance) from each other to form a layer. 
The single track deposition then continues on top of the previously deposited layer to form 
a new layer and this process is repeated until the component has been built. It can therefore 
be said that the quality of DMLS produced components depends on the quality of each 
produced single track [19]. It is therefore imperative that the process parameters that affect 
the quality of each individual single track are determined and documented in order to build 
a defect-free component with process repeatability.

In order to determine the most suitable process parameters for the Ti-10(60Al40V) powder
bend, single tracks were produced with the EOSINT M280 machine in an argon atmosphere in
the Centre for Rapid Prototyping and Manufacturing (CRPM) at the CUT. A layer thickness of 
60µm was deposited on a 3mm thick Ti6Al4V substrate and selected process parameters 
(laser power, scanning speed) were used to produce the single tracks on the Ti6Al4V 
substrate. The results were analysed according to procedures found in literature[7,20,21].
For each scanning speed and corresponding laser power, three single tracks 20 mm in length 
were produced. Each of these produced tracks were observed for continuity on the top 
surface using an optical microscope and Zeiss software. The continuous tracks were analysed
to observe the track width, track height and penetration depth. This analysis lead to the 
determination of a set of process parameters suitable for the production of single tracks,
layers and the subsequent production of 3D objects. The chemical composition of the single 
tracks produced at the chosen process parameters was determined through Energy-dispersive 
X-ray spectroscopy (EDS) analysis to validate the condition of the produced alloy.

3. RESULTS AND DISCUSSION

3.1. Chemical composition
The chemical composition of the powders from the supplier are represented in Table 2.

Table 2: Chemical composition of powders

Chemical Composition (%)

Base 
Element Ti Al V Fe O C N H

Trace 
Elements 
(each)

Trace 
Elements 
(total)

Ti Bal - - 0.05-
0.2

0.1-
0.18 0.1 0.02 0.01 0.1 0.4

60Al:40V 
MA - 54-

60
40-
45 0.5 0.1 0.1 0.05 0.015 0.5 max -

The crystallographic structure of the individual powders was obtained using XRD and MAUD 
software. Online databases were used to gather phase information. To confirm the presence 
of these phases in the samples, the phase peaks were matched with the XRD data, seen in 
Figure 2. The CP Ti, Figure 2(a), is purely comprised of hexagonal close packed (HCP) α-
phase, and the MA, Figure 2(b), consists of monoclinic Al8V5 and tetragonal Al3V.

3.2. Morphology
The CP Ti powder particles Figure 3(a-b) had a mostly spherical shape with small sub-grains 
present. Very few subsurface irregularities were observed. The MA powder particles shown 
in Figure 3(c-d) had an irregular angular structure. There was a significant presence of sub-
micron particles which were likely to have flaked off during the ball-milling process. The 
blend in Figure 3(e) shows a well homogenised distribution of the MA in the CP Ti. It was 
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observed that finer MA and CP Ti particles agglomerated on the larger CP Ti particles as 
shown in Figure 3(f). This was attributed to the electrostatic forces and weak Van der Waals 
forces present during the powder mixing process [22].

Figure 2: The XRD patterns of the powders: a) CP Ti b) MA

3.3. Particle size distribution 
The PSD of the CP Ti, MA, and the powder blend can be seen in Figure 4. The volume 
frequency percent versus particle diameter (Figure 4(a)) of the CP Ti and the powder blend 
follow a typical Gaussian distribution [23] with the MA having a broader distribution with an 
abnormally high number of finer particles. The cumulative volume percent versus particle 
diameter of the light scattering and sieving analysis of the three powders, respectively, is 
presented in Figure 4(b) on separate axes. A sieving analysis is typically restricted to 
measuring a minimum particle size of 45 µm as smaller particles stick to and clog finer sieve 
sizes. Given that light scattering results indicated that 90 % of both the CP Ti powder and 
the powder blend were below 45 µm Table 3. Comparison between the two PSD methods is 
limited. As expected, the light scattering PSD of the blend is seen to be a combination of 
the PSD of both the CP Ti and the MA as the line of the blend falls in-between the two lines 
regardless of the particle diameter (Figure 4(a-b). This is not the case with the sieving 
analysis. This difference is highlighted in Figure 4(b) of the powder blend at 45 µm in the 
sieving analysis. It was discovered that fine agglomerates formed on the outside of the 
spherical CP Ti particles Figure 3(f), which would have prevented the powder particles from 
passing through the finer 45 µm  sieve and hence the sieving analysis indicated around 58 %
of the particles being less than 45 µm. During the light scattering analysis, the powders are 
sonicated in distilled water prior to size measurement which would have dislodged the finer 
agglomerates from the larger particles, and therefore indicates that 92 % of the powders are 
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below 45 µm. The D10, D50, D90 and average particle size obtained via light scattering is
presented in Table 3.

Figure 3: SEM images of raw powder: a-b) CP Ti powder, c-d) MA powder, e-f) powder blend. All 
scale bars represent 10µm.

Table 3: PSD of CP Ti, MA and blend via light scattering

Powder D10 (µm) D50 (µm) D90 (µm)
Average 

Particle Size 
(µm)

CP Ti 20.32 32.81 43.72 32.31 ± 0.03
MA 10.02 31.53 52.40 31.38 ± 0.09

Blend 18.49 32.47 44.79 31.91 ± 0.10
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Figure 4: PSD of CP Ti, MA, and blend a) Volume frequency percent via light scattering b) 
Cumulative volume frequency via light scattering and sieving analysis

3.4. Density
The apparent density of the spherical CP Ti powder is higher than the MA powder due to its 
small size and its spherical shape, which is favourable to packing [24].  It was seen that the 
apparent density increased slightly when the powders were dried in an oven prior to testing. 
Drying the powders reduced the inter-particle friction and allowed for tighter packing and 
better flow. 
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The relative and apparent densities of the powders are reported in Table 4.

Table 4: Powder density

Powder Reative Density
Apparent Density 
(g/cm3)
Raw powders

Apparent Density 
(g/cm3)
Dried powders

CP Ti 4.5 2.55 ± 0.00 2.56 ± 0.00
MA 3.94 - 5.61 1.22 ± 0.01 1.26 ± 0.01
Blend 4.44 – 4.61 2.24 ± 0.01 2.27 ± 0.02

1Specified density is presented as reported in the supplier specifications.

3.5. Flowability
The FR and AoR are given in Table 5. The powders were first tested with the Hall flowmeter 
to obtain the Hall flow rate (FRH). If the powders did not flow, the Carney flowmeter with a 
larger orifice was then used to determine the Carney flow rate (FRC).

Table 5: Flow characteristics of raw and dried powders.

Powder FRH (s/50g) FRC (s/200g) AoR (°)
CP Ti 42.84 ± 0.79 N/A 29

Master-alloy No flow No flow 45
Blend No flow No flow 38

CP Ti (Dried) 34.00 ± 0.46 N/A 26
Master-alloy (Dried) No flow No flow 44

Blend (Dried) No flow 110.38 ± 2.90 35

The spherical CP Ti had a good flowability and very low AoR which both improved after 
drying. The CP Ti can therefore be classified as very free-flowing [18]. The MA had a high 
AoR and was no-flow with both flowability tests regardless of nature. The highly irregular 
morphology of MA coupled with the aforementioned flow characteristics classifies it as 
cohesive. The blend was able to flow after drying and additionally improved AoR. The blend 
can be classified as free-flowing. Moisture inhibits the flowability of powders due to the 
capillary forces between the powder particles [22,25]. Powders are typically oven dried prior 
to DMLS and it is therefore of value to conduct these tests on dried powder.

3.6. Single track analysis
Laser powers of 100,150,170 and 200 W were used in this experiment. For the 100 W laser 
power, scanning speeds ranging from 0.4 to 1 m/s with an increment of 0.1 m/s were used. 
For 150, 170 and 200 W laser powers, scanning speeds of 0.6 to 1.8 m/s were used with an 
increment of 0.2 m/s. The criteria used to determine the optimum process parameters was 
to identify single tracks with optimum geometrical characteristics by first identifying
continuous tracks (top view analysis) and then performing a cross-sectional (side view) 
analysis to determine the track height, track width and the penetration depth of those 
continuous tracks. These continuous tracks will then be analysed through scanning electron 
microscopy to determine the chemical composition of the tracks after in-situ alloying. An 
example of both continuous and non-continuous tracks are shown in Figure 5.The single 
tracks produced at 100 W laser power (Figure 5(a)) were continuous, however with unstable 
geometric characteristics, at the corresponding speeds of 0.4-0.6 m/s. For scanning speeds 
above 0.6 m/s the tracks had an irregular track width and pre-balling started to occur. At 
150 W, the single tracks produced (Figure 5(b)) were continuous at a scanning speed range 
of 0.6 to 1.2 m/s. Scanning speeds above 1.2 m/s produced tracks with irregular track width 
and the effect of surface tension started to be evident. The continuity of the tracks produced 
at 170 W (Figure 5(c)) ranged from 0.6 to 1 m/s, before the track irregularities shown in 
(Figure 5(e)) took place. At the highest power of 200 W, the single tracks (Figure 5(d)) are 
continuous for scanning speeds of 0.6 to 1.2 m/s. Scanning speeds above 1.2 m/s resulted in 
irregular tracks that exhibited pre-balling (Figure 5(f)).
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Figure 5: Continuous single tracks produced at (a) 100 W, 0.6 m/s. (b) 150 W, 0.8 m/s. (c) 170 W,
0.8 m/s. (d) 200 W, 1.2 m/s and (e, f) non-continuous tracks produced at 170 & 200 W at 1.8 m/s,

respectively.

The linear energy density (power per selected speed) is higher at a lower scanning speed for 
any given laser power [7]. Therefore, the powder is exposed to the laser irradiation for a 
longer period at a lower scanning speed than at a higher scanning speed. The melt pool 
temperature will thus be higher at lower scanning speeds resulting in a low melt pool 
viscosity and surface tension between the melt pool and the substrate, therefore, thick, 
deep penetrated continuous tracks are produced [21]. As the scanning speed increases for 
the same laser power, the melt pool temperature decreases and the surface tension and 
melt pool viscosity increases. The increased melt pool viscosity and surface tension tend to 
promote the production of thin and irregular single tracks that appear to be broken into 
different sections (pre-balling) as shown in Figure 5 [20].
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Figure 6 illustrates the relationship between the linear energy density and the track width.
As the linear energy density decreased, the track width decreased.

Figure 6: Plot of linear energy density vs track width

The relationship between the scanning speed and the track width can be seen in Figure 7.
At low scanning speeds, the track widths are at their maximum and they decrease with an 
increase in scanning speed. An increase in scanning speed results in a decrease in linear 
energy density and melt pool temperature, with a consequent increase in surface tension 
and melt pool viscosity, therefore decreasing the widths of the tracks.

Figure 7: Plot of Scanning Speed vs Track Width
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The cross-sectional views of the single tracks produced at maximum energy density for each 
laser power are shown in Figure 8.

Figure 8: Cross-sectional views of single tracks produced at (a) 100 W, 0.4 m/s. (b) 150 W, 0.6
m/s. (c) 170 W, 0.6 m/s and (d) 200 W, 0.6 m/s.

The penetration depth of the melt pool into the substrate can be observed by the formation 
of a semi-keyhole shape [7,26]. The depth of this keyhole shape penetration is greater at a
laser power of 200 W (Figure 8(d)) when compared to that of 100 W (Figure 8(a)), therefore 
it can be said that the penetration depth increases as the laser power increases, at a constant 
scanning speed. This keyhole shape penetration is a direct result of the excessive laser 
irradiation that the powder was exposed to when producing these particular tracks; a greater 
volume of powder was melted thus resulting in a deeper penetration into the substrate. This 
keyhole effect is undesired in DMLS produced components, because it leads to the formation 
of pores and irregular single tracks [20]. The effect of the excessive laser irradiation can also 
be seen in Figure 8(b) where a heat affected zone has formed around the keyhole shape. 
This heat affected zone is a direct result of the combination of a high laser power and a low 
scanning speed, a combination that results in the excess heat being transferred to the 
surrounding area, thus forming the heat affected zone[7,20].

The relationship between the penetration depth and scanning speed is shown graphically in 
Figure 9. For any given laser power, the penetration depth is greater at a low scanning 
speed and it decreases with an increase in scanning speed. The penetration depth is also 
dependent on the laser power - a higher laser power at a slow scanning speed will result in 
a much deeper penetration depth. 
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Figure 9: The relationship between scanning speed, penetration depth and the laser power.

Careful consideration has to be taken when selecting the optimum process parameters for 
the DMLS process. The chosen parameters need to be optimum to ensure the production of 
defect free components. Through analysis of the results obtained, the combinations of laser 
power and scanning speed that produced the optimum process parameters were found to be
100 W with corresponding scanning speed of 0.6 m/s (Figure 10(a)) and 200 W at a
corresponding scanning speed of 1.2 m/s (Figure 10(b)). At these process parameters, the 
single tracks that were produced were continuous with a stable track width. The penetration 
depth of these tracks into the substrate resembled a semi-secular U-shape which is 
mandatory in the DMLS process for defect free components with good bonding into the 
substrate [7,20,26].

Figure 10: Single tracks produced at (a) 100 W & 0.6 m/s and at (b) 200 W & 1.2 m/s.

The preferred process parameter set suitable for the production of single tracks with 
optimum track characteristics from CP Ti and a 60Al-40V master alloy powder blend is 200
W and 1.2 m/s. Using these process parameters, the track width is more stable and the track 
height is slightly greater than at 100 W and 0.6 m/s, which means that components will be 
built faster with these parameters. The higher power of this process parameter set is 
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expected to result in more homogeneous mixing of the alloying elements in the melt pool. 
The secondary process parameter set of 100 W and 0.6 m/s can still be used for the 
production of components. However, dimensional accuracy may be a problem due to the 
unstable track width and the production time will increase due to the height of the tracks 
producible at these parameters. The difference in height of the tracks produced at different 
process parameters is shown in Figure 11. It can be seen from this graph that there is no 
obvious relationship between the track height, scanning speed and laser power. 

Figure 11: Plot of scanning speed vs track height at various laser powers

At 150 and 170 W, the cross-sectional analysis of the continuous single tracks revealed 
undesired geometric characteristics, such as an unsuitable substrate penetration 
accompanied by a heat affected zone and the humping effect [26,27], therefore they were 
not considered as feasible although they were continuous from the top view analysis.

ASTM standard F3001-14 specifies the acceptable chemical composition that the produced 
alloy should possess after processing in order for it to be considered to be Ti6Al4V [28].
According to this standard, the alloy should contain aluminium in the composition ranging 
from 5.50 to 6.5 wt% with a permissible variation of ±0.4 and vanadium in the composition 
range of 3.5 to 4.5 wt% with a permissible variation of ±0.15. The chosen single tracks that 
displayed the optimum geometric characteristics were analysed through Energy-dispersive 
X-ray spectroscopy (EDS) and the obtained results are shown in Table 6.

Table 6: Comparison between ASTM standard F3001-14 acceptable Ti6Al4V composition and the 
results obtained from EDS analysis of the produced alloy.

Parameter Set Acceptable Ti6Al4V 
composition (wt%)

Produced Alloy 
Composition (wt%)

Deviation

100W & 0.6 m/s Al: 5.5-6.5 (±0.4) Al: 5.07 -0.03 below permissible 
composition range.

V: 3.5 – 4.5 (±0.15) V: 4.76 +0.11 above permissible 
composition range.

Ti: Remainder Ti: 90.17 Remainder
200W & 1.2 m/s Al: 5.5-6.5 (±0.4) Al: 5.10 Within permissible 

composition range.
V: 3.5 – 4.5 (±0.15) V: 4.12 Within range
Ti: Remainder 90.78 Remainder
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As expected, the higher laser power of 200W resulted in a more homogeneous mixing of the 
alloying elements. According to the ASTM F3001-14 standard, the single track produced at 
the process parameter set of 200W and 1.2m/s contained the correct chemical composition 
required for Ti6Al4V as it can be seen in Table 6. The single track produced at the 
corresponding parameter set of 100W and 0.6m/s had an aluminium content below and a 
vanadium content above the permissible composition range. However, due to the favorable 
geometric characteristics of the tracks produced at this process parameter set, it can still 
be considered as optimum.
In AM processes, the substrate, including the initial layer of single tracks deposited into the 
substrate, is usually removed during post processing [29]. Therefore, the chemical 
composition of the single tracks obtained from the two optimum process parameters sets 
will be further analysed and confirmed in a subsequent study where they will be used to 
produce single and double layers. The analysis on the layers will allow us to obtain a true 
reflection of the chemical composition of the produced alloy without the possible 
interference of the substrate material. 

4. Conclusion
The feasibility of producing the Ti6Al4V alloy from blended powders of elemental Ti and a 
60Al-40V MA was investigated. The results suggested that single tracks can be produced at 
100 W, 0.6 m/s and 200 W, 1.2 m/s. The chemical composition of the produced single tracks 
was determined and they suggested the possibility of producing the Ti6Al4V alloy from this 
approach. Single tracks lay the foundation for the selection of the optimum process 
parameters for the production of components in the DMLS process. The successful 
determination of the combination of process parameters that can produce good quality 
defect-free single tracks will ensure the production of single layers and fully functional 3D 
components. This paper has illustrated the potential of producing the Ti6Al4V alloy through 
the DMLS process using a powder blend of Ti and a 60Al-40V MA powder however, further 
research into the production of single layers and 3D components is required in order to 
validate this manufacturing approach.
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ABSTRACT

Additive manufactured hybrid Ti6Al4V composites are an interesting research area with potentials 
to advance structural applications of Ti6Al4V in aeronautical engineering, for instance in turbine 
engine components. Experimental research has demonstrated that adding wear resistance particles 
during additive manufacturing is a sure way of improving the mechanical properties of Ti6Al4V alloy 
for better applications where surface coatings are carried out. This paper investigates the effect of 
laser power on hybrid Ti6Al4V metal matrix composites (MMCs). Microstructure, hardness and wear 
rate analyses were carried out and meticulously reported.

3 kW Nd: YAG laser power was used for coatings which involved the combination of particles of 
Ti6Al4V, B4C and BN on Ti6Al4V alloy substrate at laser power variation of 1400 W and 2000 W, 
respectively. Results of microstructure showed well distributed BN - B4C particle free from cracks 
and pores thus contributing to an excellent overall result. 50% overlapping multiple coating tracks 
were cut to specification for the microhardness test and the wear test was carried out using the dry 
sliding technique, under dry sliding conditions of 2 mm stroke length at room temperature with a 
WC ball counterbody. The response of the effect of laser power on the hardness and wear of the 
manufactured part was reported as observed by SEM and X-ray diffraction spectroscopy.
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1. INTRODUCTION 

This paper focuses on additive manufacturing (AM) as applied to metal-ceramic hybrid coatings built 
on a Ti6Al4V alloy substrate. It addresses AM challenges and strategies for improvement as they 
relate to the development of new material for industrial AM applications. 

Additive manufacturing is being used as a new coating technology that results in very fast and reliable 
production process.  It allows for greater design flexibility, which may increase thermal control 
during the manufacturing process [1]. AM of metal-ceramic hybrid coatings are explored in relation 
to laser power and other important AM processing parameters. Manufacturing companies have 
continued to benefit from adapting their work flow to include AM. A good example is the Canadian 
jewellery company (Vowsmith) that was able to cut its production and delivery time by 50% as a 
result of moving to AM. Additive manufactured materials have demonstrated that they possess 
mechanical properties that are sufficient to withstand harsh environments equally, if not better than 
materials produced by other traditional manufacturing processes [2 -4]. This innovative technology 
has been predicted to increase lifespan and also reduce environmental impact of functional 
composite materials more sustainably [2 & 4]. Additive manufacturing has been shown to be effective 
in improving the mechanical properties of existing parts of turbine engines, as a valuable 
maintenance technique for repairing damaged camshafts, Valve, piston pins, crank shafts, Valve 
tappets, spring retainers and connecting rods, and also in improving friction parts for automotive
applications, such as brake pads [5-8].

Additive manufactured Ti-Zr-BN composites was developed with superior mechanical properties 
compared to pure Ti substrate, additives such as Zr and BN were used to improve surface and bulk 
properties of Ti substrate. The combined addition of Zr and BN produced a Ti-Zr alloy matrix with 
BN particle and in situ phase-reinforced microstructure that showed improved mechanical 
properties. Results obtained from their investigations demonstrated that reactive-deposition based
additive manufacturing creates unique coatings and net-shape alloyed structures with enhanced 
surface and bulk properties of titanium for standard engineering applications [9].

Musibau et al (2017) conducted a research on Ti6Al4V alloy - B4C system. Microhardness analysis 
showed that the composites deposited at a laser power of 2000 W exhibited the highest hardness 
value of HV 445 compared to the composites deposited with 800 W. Further characterization revealed
that at laser power of 800 W, wear loss and wear rate of 35.2 × 10–3 mm3 and 6.42 × 10-4 mm3/Nm
were obtained respectively [10]. Although, the motivation to improve the material properties of 
Ti6Al4V alloy was achieved compared to the as received Ti6Al4V alloy, a hybrid system of Ti6Al4V 
alloy - B4C – BN is however, proposed in this paper to perform better in terms of hardness and wear 
resistance for more advance application.

2. METHODOLOGY

2.1. Materials and equipment

Ti6Al4V alloy powder and B4C and BN powders as reinforcement particles were used to produce metal 
matrix composites (MMCs) coatings deposited onto wrought Ti6Al4V alloy substrates in order to 
produce samples for examination. The Ti6Al4V powder is gas-atomised with particle size 45-90 µm
the BN powder has a particle size 150-200 µm and the B4C powder 32-45 µm. The wrought TiAl4V 
alloy substrates were cut to dimensions as 102 mm x 102 mm x 7 mm, sandblasted and the surface 
was cleaned with acetone to enable good bonding of the AM deposited hybrid coating of Ti6Al4V 
embedded with B4C and BN reinforcement particles. The AM MMC coated samples were prepared for 
metallography using typical preparation methods for titanium and etched using Krolls reagent. 
Microstructural examination was carried out using optical microscope (OM). 

Scanning electron microscopy (SEM) and Energy Dispersive Spectroscopy (EDS) were used to 
characterize the fabricated materials. 
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Hardness examination was carried out using Vickers hardness tester on samples for microhardness 
profiling. A load of 500 g was used at a dwelling time of 15s, and the distance between the 
indentations was 10 µm, according to ASTM E384 - 11e1 standard [9, 12].

Dry sliding wear experiment was done on a microtribometer module (CETR UMT-2) tribometer with 
operating linear reciprocating motion drive, produced by Centre for Tribology, Inc. FESEM, JSM-
7600F, Jeol, Japan). 2 samples of 20 × 10 mm of hybrid MMC coated samples were cut to size and 
tungsten carbide ball of 10 mm diameter was used as the counterbody and the tests were done in 
ambient air environment without lubrication. This method allows the use of flat lower sample and 
a ball-shaped upper specimen made of WC ball which slides against the samples and moves relatively 
to one another in a linear motion under a prescribed set of condition. Dry wear experiment was 
repeated on the two samples using 25N and 15N load respectively. These loads were applied 
uprightly downward through the ball specimen which automatically moves perpendicular against the 
horizontally mounted samples with a stroke length of about 2.0 mm. 5 Hz Frequency, 5 mm/s speed 
and test duration of 1000 seconds. The coefficient of friction (COF) and wear depths were monitored 
continuously under dry sliding condition in which wear track were measured using debris analysis. 
Wear rates of composite material under applied load were further calculated according to Archard’s 
wear model equations [11, 12 and 13] which are generally expressed as:

Wear Rate: A general equation for wear rate is (Archard, 1953).

𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖 = 𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖𝐹𝐹𝐹𝐹 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿               (1)

𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖 = 𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖
𝐹𝐹𝐹𝐹 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

              (2)

Where Vi– the wear volume and ki the wear rate (index i identifies the surface considered), F is 
applied load, s the sliding distance or stroke length Ls.

2.2. Additive manufacturing experiment

AM of the MMC coating was carried out with the aid of a laser metal deposition system with a 3 kW 
Nd:YAG laser to create a melt pool [14] while the Ti6Al4V powder along with the reinforcement 
phase ceramic particles were simultaneously supplied through a three hopper feeder system [15,16 
and 17]. Argon is used as a protective process gas to ensure an oxygen and nitrogen free process 
environment. The powders were fed through a continuous coaxial deposition nozzle, with laser beam 
diameter of 4 mm. The mechanism involves the nozzle creating a stream of particles to enable their 
flow into a spot of the focused laser beam [18, 19]. Variations in laser power of 2000W and 1400 W 
were evaluated. The composition of the powder feed was kept constant as 3.6 Ti6Al4V -3BN-0.3B4C
vol. % in order to create a consistent metal matrix composite coating. The processing parameters 
for the experiments are reported in Tables 1-3.

Table 1:  Processing parameters / Hardness Investigation.
Sample Laser 

power 
(W)

Scanning 
Speed 

(g/min)

Powder 
flow rate, 
Ti6Al4V 
(m/min)

Powder 
flow rate, 

BN 
(m/min)

Powder 
flow rate, 

B4C 
(m/min)

Hardness 
Value 

(Hv0.5)

Average 
Hardness 

Value 
(AHv0.5)

S1 2000 1.0 3.6 0.2 0.2 659.3 543.9
S2 1400 1.0 3.6 0.2 0.2 628.8 476.4
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Table 2: Wear Experiment, Process Parameters, Load (N), COF (μ), Wear Depth (μm), Wd
(μm), Wear track radius, Rp (μm), Stroke length, Ls (μm), Width, W (μm).

Sample Laser 
power 

(W)

Scan 
Speed 
(g/min)

Powder 
flow 

rate,Ti
6Al4V 

(m/min)

Loa
d

(N)

COF 
(μ)

Wear 
Depth
,  Wd 
(μm)

Wear 
track 

radius, 
Rp (μm)

Stroke 
length,  
Ls (μm)

Width
, W 
(μm)

W1 2000 1.0 3.6 25 0.11 66 881.39 1146.83 669.29
W2 2000 1.0 3.6 15 0.03 12 1080.82 1684.30 321.22
W3 1400 1.0 3.6 25 0.01 35 886.45 983.27 493.26
W4 1400 1.0 3.6 15 0.02 40 654.22 1696.58 450.50

Table 3: Calculated wear rate from experiment.

Samples Wear rate (K) x 10-4 (mm3 /Nm)
W1 22.2
W2 23.8
W3 5.1
W4 5.7

3. RESULTS

3.1. Microstructure investigation

Figure 1 shows the microstructure of well distributed particle of Ti6Al4V - B4C - BN MMCs at 2000 W 
revealing few dark sports of un-melted particles. The spectrum shows that there is nitrogen and 
boron which also confirms the addition of Boron Nitride from the experiment.

Figure 1: SEM / EDS: 2000 W, 3.6 Ti6Al4V - B4C - BN MMC showing dark sport.

The dark sports were confirmed by EDS to be predominantly Nitrogen and Boron with nitrogen having 
a higher percentage.

Figure 2 also shows a dark spot of an un-melted particle. EDS spectra confirms an un melted Boron 
and Carbide with Boron as the predominant element.
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Figure 2: 1400 W, 3.6 Ti6Al4V + 0.1 B4C + 0.1 BN MMC.

3.2. Hardness evaluation of hybrid Ti6Al4V MMCs

Figure 3 represents a comparison of average hardness value and Hardness Value of the hybrid MMC 
coatings. Hardness value and the average hardness value of MMCs was directly related to the laser 
power, increasing as the laser power increases from 1400 W to 2000 W. The average hardness value 
of all the indentation value from the coated region to the substrate was considered and represented 
in figure 3 as well.

Figure 3: Comparison of average hardness value and hardness value of Ti6Al4V - B4C - BN 
MMCs at 2000 W and 1400 W.

3.3. XRD Evaluation of fabricated hybrid Titanium MMCS

3.3.1. XRD Evaluation of Ti6Al4V - B4C - BN MMCs at 1400 W Laser Power
Figure 4 presents the XRD of the developed hybrid Ti-B4C-BNMMC coating. At 1400 W, it was observed 
that phases within the coating region where characterized as β phases which contained mainly TiN 
(Osbomite), Boron Nitride, TiB, Band N compound. These compounds are intermetallic compounds 
with remarkable mechanical properties of hardness close to that of diamond [20-22].
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Figure 

4: XRD pattern of 3.6 Ti6Al4V - BN - B4CMMCs fabricated at 1400 W.

3.3.2. XRD Evaluation of TI6Al4V - B4C - BN MMCS at 2000 W laser power
Figure 5 show XRD of the developed Hybrid Titanium MMC for 3.6 Ti - 0.2 B4C - 0.2 BN MMC system. 
It was also observed that phases within the coating region where predominantly characterized as 
different phases containing N, TiN, Ti and BN compound. The XRD spectra of 3.6 Ti - 0.2 B4C - 0.2 
BN MMCs revealed the phases in the cladded zones of the modified Ti6Al4Valloy.
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3.4. Wear rate characterization of Ti6Al4V - BN - B4C MMCs

Wear volume / loss WV/L, was calculated using the stroke length, width and depth of wear obtained 
from experiment. The wear rate was characterized by irregular behaviour as the reinforcement 
particles increased with load [23].

WL = Ls [Rp
2 sin-1 ( W

2Rp
) - W

2
(Rp-Wd)] + π

3
Wd

2 (3Rp - Wd) (3)

Where WL is the wear loss calculated from the length of stroke (Ls), width (W) and wear depth (Wd)
measured from the wear region respectively.

Wd= Rp – (Rp
2 –W2/4)1/2 (4)

Where the pitch radius (Rp) can be calculated [19]. The wear depth was obtained from the wear 
result analysis and the width of wear scar was used to evaluate the pitch radius (Rp) as seen in 
equation (5) below.

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =   4Wd2+ W2

8Wd
(5)

Figure 6 shows the wear behavior of samples (W 1- W 4). It was however noted that the wear rate 
was higher for W2 due to effect of lower load. However, the effect of laser power was very obvious.

W3 and W4 at lower laser power of 1400 W showed lower wear rate compared to W1 and W2 
fabricated at 2000 W. The wear rate therefore increased with reduction in applied load and laser 
power.

Figure 6: Wear Rate of Ti6Al4V - BN - B4C MMCs with response to laser power and load 
variation.

CONCLUSION

Microstructural result showed well distributed Ti6Al4V - BN - B4C particles that formed a hybrid 
MMCs. Proper control of process parameter like the flow rate, laser power, particle distribution and 
volume percent concentration contributed to the excellent result of the Hybrid MMCs system.

Laser power had a direct effect on the fabricated Ti6Al4V - BN - B4C MMCs. It was however 
demonstrated that lower laser power had better hardness result which was attributed to a well 
distribution of hard phase of the hybrid fabricated MMCs.  Hardness results of MMCs were noted to 
decrease as the laser power decreased and increased as the laser power increased from 1400 W to 
2000 W respectively.
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Wear rate increased with reduction in applied load and laser power. It is clear that the AM fabricated 
MMCs could function better with good wear property at low laser power and low applied load. 
Parameters like Wear Depth (μm), Wd(μm), Wear track radius, Rp(μm), Stroke length, Ls (μm), Width, 
W (μm) where established as important factors in the determination of wear rate which informed 
the wear mechanism of the hybrid MMCs. From calculations, Wear parameters had direct effect on 
the overall wear mechanism of the hybrid system. Understanding their individual effect did however 
help to understand the wear mechanism of the AM system.

In conclusion, going by the result obtained from this paper, it is clear that, the hardness and wear 
properties were better compared to a single additive system of Ti6Al4V - B4C and Ti-Zr-BN MMCs 
reviewed earlier. This means that the hybrid MMCs developed from this experiment demonstrates 
better applications due to the combined effect of strengthening and hardening effects induced by 
B4C and BN. These additives enhanced the surface and bulk properties resulting to a well refined 
Ti6Al4 grains.
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ABSTRACT

The principle advantage of Additive Manufacturing (AM) is that it permits the manufacturing of 
components and ranges of products directly from the digital format from solid modelled CAD data, 
without the need for conventional tooling or the requirement of any other setup prerequisite or 
investment. The potential democratisation of the supply-chain is a topic that is often deliberated, 
although it is not investigated as one of the lucrative opportunities of AM to create a cost-effective 
and agile attribute for production units for innovating consumers (frequently nowadays referred to 
as “prosumers”). The objective of this paper is to explore the contribution of AM as a focused “end-
use” enabler of production for end-user success, market structure, and economic dynamics. The 
paper debates the use of proper scrutiny and accurate assessment and concentrates on a perspective 
to quantify the trade-offs required between the financial advantage of instant availability of fully 
functional goods (products and components) and the efficiency gained through realising economies 
of scale. As proof, standard products produced in a central facility were investigated. To bring this 
analysis in perspective, established models linked to innovation and spatial contesting are utilised. 
The model used in this paper is the Hotelling model developed in 1929 to illustrate the desire for a 
customer to purchase a product from a source nearest and most convenient supplier. A customer 
will always consider price time of delivery and quality when deciding to purchase a product and the 
Hotelling model take these factors into account.  The paper advocates the localised commercial 
advantage in a local manufacturing set-up for a consumer user. The product of choice in this paper 
was a bearing bracket with a mass of 3kg and a case study for Aloa Fasteners was used. The company 
simulated the manufacture and processing of a bearing bracket. The company did not take into 
account the logistics involved in the delivery of goods to the end-user, so the paper addressed the 
gap and information from logistics companies was gathered to fil up the missing information. 
Furthermore, the opportunity for the economic viability of introducing additive manufacturing is re-
iterated. The analysis leads to several propositions concerning the effects of additive manufacturing 
on market structure and will use the hotelling to illustrate the economics of centralising production 
by taking advantage of the market share available in South Africa.
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1. INTRODUCTION

The general convenience of AM is already proven in modern manufacturing planning. In some fields 
AM manufacturing and production is a certainty, and not exclusive for custom designed products [7]. 
AM minimises time and costs including the design phase right through to manufacturing since there 
is no need for investment in pre-production or production tooling or moulds, which therefore negate 
the need for designing tools, moulds or commissioning the fabrication of the necessary tooling and 
fixtures. Nevertheless, the financial gain, efficiency growths and process improvements in design, 
analysis, testing and manufacturing are far more significant. With regard to time, a further AM 
advantage is that once the part design is released, the production begins immediately. Delays due 
to the fabrication of moulds, fixtures or tooling that usually take several weeks of work, are avoided. 
However, delays are costly, and the norm in instances where tooling is involved. Eliminating those 
lead times save time, with considerable financial benefit.

Additive manufacturing technologies (often also referred to as “3D printing”) are regularly described 
as the mechanism that could potentially disrupt the manufacturing business structure [1],[2]. In this 
paper, the intention is to investigate the economic consequences of AM from the perspective of a 
consistent framework. A framework with which to explain several relevant facts in AM, such as the 
time-invariance of a decision-making mechanism using a modelling strategy to look at the stability 
of a mixed technology approach, and the co-existence of head-on competition and diversification of 
technology platforms of different manufacturing entities.

Even after omitting such statements by considering the confines of the existing abilities of AM 
technology considering production throughput, mechanical properties, part accuracy, or quality 
validation, AM undoubtedly has substantial implications for the manufacturing industry and the 
planning of supply chains. Present-day students are already using AM and understand how to leverage 
these new skills. By having access to this disruptive technology, a new generation of engineers are 
already creating innovative changes in the workplace.  In 2018 95% of the hearing aid enclosures 
sold were manufactured from Additive Manufacturing. These figures give an example of how the 
additive manufacturing business is slowly gaining ground in the manufacturing business.
The outlook in 2018 was that one of the eight technologies shown in table 1 would be the correct 

fit for any company. Gartner (2015) stated that late adopters of AM are delaying the purchase of AM 
technology based on the cost of technology and manufacturing.  

Various companies have already incorporated AM report savings. Some of the advantages reported 
include product development cost reduction from 2.9 to 3 %; inventory cost decreasing from 3 to 4% 
and manufacturing cost-reducing to 7%. The present research shows a trend of AM democratisation 
in parallel with revolutionary designs.  Hybrid production is used to repair used parts, and AM has a 
strong presence in the component replacement market. The integration of the South African 
manufacturing sector with the global manufacturing industry has introduced challenges with 
implementing the National Development Plan in the industrial area.  The facts that should be faced 
is that globalisation, strong-handed competition and a change to a buyers’ market are aspects that 
need to be considered.  Flexible and effective manufacturing practices have always been the 
foundation of successful enterprises. Gartner (2015) indicates that the international supply chain 
managers are prospecting for sustainable, affordable, innovative quality products. In the modern 
world, industrialists are dealing with a decreased economic lifespan of consumer products, with the 
requirement of a shorter time to market and the pressure to have more short development cycles.  
These fast development and short life cycles are further complicated by the growing demand for 
mass customisation.  Supply chain functionaries cannot wait for factory or consulting service 
estimators to prepare quotations anymore.  Appropriate to its technical characteristics, AM 
technologies listed in Table 2 have been labelled the hypothetical catalyst of “the fourth industrial 
revolution” by, amongst others, the New York Times, The Economist, or Business Week [2][3][4]. 
Even after discounting such statements by considering the limitations of the current state of AM 
technology about production throughput, mechanical properties, part accuracy, or quality 
validation, AM indisputably has strong implications for the manufacturing industry and the redefining 
of the supply chain.
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1.1 Benefits of Additive Manufacturing

Given a small manufacturing firms flexibility to decentralise production since the technology is 
moveable. Other benefits are product customisation, improved resource efficiency and reduced 
inventory which are described in this section.
1.2 Decentralized production –

Additive manufacturing technology is universally deployable, and thus this can enable businesses to 
take production to local markets and consequently, the manufacturing unit can move away from 
centralised production and take the production to where it is needed. South African businesses can 
bring production locally rather than relying on imports. In a global market where, geopolitical 
tensions can arise in form of trade-war, cost can manage down by making part locally especially in 
cases where components are too highly priced [10].

1.3 Drive for product customisation

Additive manufacturing has no standard tooling requirements and can result in an improved and 
agile supply chain. Product design and distribution can be merged into a single supply chain and 
there is greater client involvement in additive manufacturing and resultant in the application -
freedom of design. Owing to it being a tool-less process there is more freedom to customise a 
product to suit the client. [12] In AM there is no direct relationship between product complexity and 
manufacturing cost unlike in traditional processes which have a close relationship. In traditional or 
subtractive manufacturing processes the complexity of the product design will drive complexity for 
tooling and assembly labour. In AM Free-moving parts, for example, ball and socket joints can be 
printed in a single agile structure that does not require any assembly afterwards [1].  Figure 1 
illustrates the optimisation of a bearing bracket for additive manufacturing. The original envelope 
is more straightforward for manufacture using conventional manufacturing while the optimised part 
may take longer to manufacture due to complexity. AM overcome the manufacturing of the intricate 
part without any restrictions or additional cost.  The optimised part allows manufacturer to produce 
a lighter and stronger part than the norm in conventional manufacturing and there is less tooling for 
parts when using additive manufacturing. 

Figure 1: Comparisons between optimised and unoptimised part 
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1.3.1 Reduce complexity and improve time-to-market

The number of processes required in additive manufacturing is less than in conventional 
manufacturing and can reduce cost by cutting production cost, reducing lead times and improves on 
time to market. 

1.3.2 Improve resource efficiency

Additive manufacturing reduces material wastes by +/- 90 per cent because a high percentage of 
unused material can be recycled unlike in subtractive manufacturing, where material removed 
becomes scrap. 3D printing offers an environmentally friendly process since products made applying 
AM leave a smaller carbon footprint than traditional manufacturing processes. The AM process 
achieved better results because there are less tooling and processes, and the reduction in 
transportation cost [11].

1.3.3 Streamline inventory and logistics

Additive manufacturing will have a significant impact on warehousing and logistics and will have the 
potential to overcome tariffs associated with warehousing as there is less need for inventory because 
this is an on-demand process [9]. The need to transport good across countries and cities is also 
reduced. Additive manufacturing enables organisations to bypass the traditional supply chain and 
thus can manufacture a product by themselves with distribution centres in proximity. With the fewer 
assembly steps there is a further decrease in production costs and fewer assembly steps and thus 
resulting in lower labour cost [8]. Freedom of design can result in fewer simpler parts in the design 
as well and can also add to the decrease in assembly cost [12]. Figure 2 summarises how resource 
utilisation can be cut down by using additive manufacturing and also decentralizing manufacture.

Figure 2: Illustration of reduction of resource input

Table 1: AM technologies Defined courtesy Gartner online webinar [5].

The Originals “Print-Like” Metals and More Paper, Metals and…
Material Extrusion Binder Jetting Direct Energy 

Deposition
Sheet Lamination

Stereolithography Material Jetting Powder Bed fusion Multi Jet Fusion

THE OBJECTIVE OF THIS PAPER IS TO EXPLORE:

1. Explore the contribution of such “end-use” focused AM enabled production on an end-user:
a. prosperity, 
b. market structure, and 
c. economic dynamics. 
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2. Quantify the trade-offs required between:
a. the financial advantage of instant availability of fully functional goods (products 

and components) and 
b. the efficiency gains of realising economies of scale with the aid of proper scrutiny 

and the accurate assessment,

2. METHODOLOGY

Firstly, it is clear that conventional manufacturing offers low diversity and, in many cases, express 
an inability to match the customer’s specific need. AM, customisation is provided without any 
penalty.
Secondly, the further shortcoming results from the time lag from the digital concept to the physical 
product that is needed already.  The aforementioned applies specifically to those products with a 
very high inventory cost that is only available from a centralised supplier.
As proof, products produced in a central facility will be investigated vs end-user customised need, 
clearly indication customer preference using the Hotelling model.  Specific case studies will be 
perused.  Time-consumed and workman skills required crafting a unique customised product the 
contribution to innovating users that can provide significantly better and affordable products are 
considered to give better results. 
The results and comparisons will be reduced to the graphs to illustrate the competitive situation.
• To bring this analysis in perspective, established models linked to:

• - innovation and 
• -spatial contesting is utilised.

3. APPLYING THE HOTELLING MODEL IN ADDITIVE MANUFACTURING DECENTRALIZATION

The aim of this paper if you compare centralised manufacturing with decentralise manufacturing in 
the era of additive manufacturing.  The advantages of centralised production are typically 
economies of scale economic. Economies of scale in production covering both static factors such as 
fixed cost specialisation of workforce, all vertical linking economies and dynamic factors such as 
experience or learning effects and growth of the company. The advantages of centralised production 
are typically the reduction of buffer-stock. Centralised procurement can be organised more 
efficiently in the centralised production system. Buyers negotiating power is increased, with lower 
input cost as the nett result.  On the other hand Am office the distant future do we place locally 
next to the potential customer. Am allows private consumers to design and produce their own 
products strengthening the idea of the prosumer. 

In this paper the Hoteling Linear City model, which was developed by Harold Hotelling in 1929 is 
used to illustrate the economic benefits of decentralising the manufacturing using airline companies 
as a case study scenario. In the hypothetic model an air bracket is to be purchased, and one will be 
ordered from Seattle in USA, and one will be manufactured from VUT science park using the VX500 
jet printer to create a part for investment casting.  The model aims to highlight the benefits of 
having a spare part manufactured locally compared to ordering from the USA and aim to be an eye-
opener to the benefits of decentralising manufacturing not only to South Africa but to the rest of 
the world. Additive manufacturing offers a better opportunity for flexible manufacturing and 
decentralising manufacturing. In the model the notion of locational equilibrium in which two firms 
choose their location by taking into consideration the customer distribution and transportation costs. 
For the study, transportation cost will be calculated as a function of time and opportunity cost in 
addition to the courier cost as it will not be accurate to compare shipping by air and by road. The 
average cost will be given as a single figure for transportation for both cases. The three variables 
which will need to be evaluated are competitors’ location, customers’ distribution and 
transportation costs (opportunity cost, courier and certification).

The model has two approaches which are the static model and the dynamic model. The static model 
involves choosing location and prices simultaneously before considering the customer and the second 
model is the dynamic models which involves choosing price after determining the location.  The 
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study for additive manufacturing uses the dynamic model because it is flexible and manoeuvrable. 
Consumer will always choose a product with three factors in consideration which are cost, time and 
quality. 

𝐷𝐷𝐷𝐷1 = 𝑥𝑥𝑥𝑥 = 𝑃𝑃𝑃𝑃2−𝑃𝑃𝑃𝑃1
2𝑡𝑡𝑡𝑡

+ (1−𝑏𝑏𝑏𝑏)+𝑎𝑎𝑎𝑎
2

…………………………………………………...1

• P2 -price for price ordered from Seattle
• P1 – price from locally producing our own product
• B - distance from Seattle to equilibrium location multiplied by cost per unit; 
• a - Distance from Johannesburg to equilibrium location multiplied by cost per unit distance;

a and b are simply a percentage of the whole distance to be covered so the distance covered by 
both first must be added up then each for distance will then be divided by the total.  The same will 
apply for prices on the market

• t - is the transportation cost and cost of production
• D1 – is the market share accessible to local producers.

It is important to note that the market share referred to in equation 1 is the percentage of the 
population that will find it cheaper and beneficial to purchase local products which may include 
customers from the SADC region. If local producers can produce products at a cheaper rate than the 
international market, we can increase our market share.   According to the equation increase in 
transportation cost will bring the equilibrium distance closer to the location where the customer is, 
which is Johannesburg. P1 (cost of producing locally) will factor in cost of purchasing the machine, 
certification (non-destructive testing and iso certification costs) and production costs [13]. 

The equilibrium location or centre will not be the actual physical equilibrium because there are 
different modes of transportation and opportunity cost will vary; thus these are considered in our 
transportation cost. 

We can further modify the equation to consider quality to become 

Ѳ𝑐𝑐𝑐𝑐 = 𝐹𝐹𝐹𝐹𝑐𝑐𝑐𝑐+(𝑀𝑀𝑀𝑀𝑢𝑢𝑢𝑢−𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐+µ).𝑞𝑞𝑞𝑞
𝑞𝑞𝑞𝑞.𝑡𝑡𝑡𝑡

…………………………………………...2

Mu and Mc are the customer marginal cost and manufacturer marginal costs respectively. The 
marginal costs Mu and Mc also consider the transportation costs and production costs. Fc are the 
fixed costs. From the equations 1 and 2 it can also be seen that for items with low production costs 
it makes more sense to produce the goods locally and the equations show that the optimal distance 
for lower price items is closer to the customer than the manufactured. When applying hotelling in a 
manufacturing value chain one finds the optimal market share is the potential revenue that the unit 
can generate from decentralising production.  The hoteling model can also be modelled locally in 
South Africa by simulating installation of multiple additive manufacturing plants in different
provinces in South Africa and then comparing them to conventional manufacturing. Both equation 1 
and 2 can be used to calculate the market share but for the purposes of this study the authors will 
use equation 1 because it will give the percentage market share that can access in the market.
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Figure 3: Bearing Bracket

Figure 3 shows a bearing bracket which is an aircraft part and is manufacturable by 3D printing. In 
the study the part manufacturing process was simulated at the VUT Southern Gauteng Science Park 
AM technology. The results in Table 2 show the costs of printing the part from the printing of the 
pattern to the delivery of the part to Johannesburg international airport. It also shows the cost for 
producing the product locally. These costs are simulations done at the Vaal University of Technology.

Figure 4: Bearing Bracket optimisation

Table 2: Calculating price for producing locally

Activity Service provider Amount
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VUT Printing VUT R9000
Transport within the Vaal 
for processing 

R1000

Casting VUT R6000
Filling optimisation VUT R6000
Stress and distortion tests VUT R8000
Total cost /time R30000

The part manufacturing process was simulated from St Petersburg (USA) to be delivered to 
Johannesburg international airport. The company name is Alcoa Fastenings Systems and rings. The 
simulations for the parts were done using Workbench and to illustrate the forces that the part will 
experience when functioning. Subsequent completing the casting simulation, the printing process 
was simulated where after the total cost of the part was calculated. The material to be used for 
manufacturing is assumed to be aluminium.  Figure 2 illustrates the simulation of the part, and under 
the forces it would experience, and it was concluded that part would be functioning well. 

Figure 5: Simulation of forces applied to bracket

Table 3 shows the cost of the part shipped from Seattle to South Africa. 

Table 3: Cost of shipping from Seattle

Supplier Price
Shipping Cost Courier R1650(courier)

Purchase of Bracket Alcoa R20000
Total cost R21650

The distance from Seattle to Johannesburg is 16000km while the distance from Vaal university of 
technology to Johannesburg is 50km. The ratio of the distance will be given by 320:1. Considering 
that air travel is approximately 8 times faster than road the ratio will reduce to 40:1. 

From the data collected we find that our market share becomes 

𝐷𝐷𝐷𝐷1 = 𝑥𝑥𝑥𝑥 =
21650 − 30000

2(1900 + 30000) +
�1 − 1

41� + 40
41

2 = 84%
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According to the results from this simulation our market share is 84% of the population between 
Seattle and Johannesburg. This figure assumes that the population density is evenly distributed. One 
also needs to consider that there are opportunity costs, primarily when the products are produced 
locally. This is because it may be time-consuming to cast the part in South Africa and thus there is 
need to implement additive manufacturing in South Africa in order to be competitive and in order 
to harness the market for AM parts within South Africa and beyond. It is still more expensive to 
produce the part in South Africa so optimisation of the South African printing process is important 
and need to be done to give a competitive advantage internationally.

CONCLUSION

The paper advocates the localised commercial advantage in a local manufacturing set-up for a 
consumer user. The outcomes will indicate integration of AM in a conventional setup and the 
resultant solutions obtained from this approach. The opportunity for the economic viability of 
introducing additive manufacturing is re-iterated. It can also be seen that there is a potential market 
share that can be harnessed and increase profitability for local industry by bringing additive 
manufacturing locally and reinventing the South African supply chain to improve logistics. It is also 
worth noting that products should be standardised to minimise differentiation of products with 
similar functions. The methodology will also allow for compatibility of similar products across the 
globe thus allow it to be easier to decentralise. 
The analysis leads to several propositions concerning the effects of additive manufacturing on 
market structure. There is a clear expectation that one consumer user will affect several vertical 
centralised manufacturers concerning the potential band-with of operation.
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ABSTRACT

A Ti6AL4V powder management strategy for Additive Manufacturing (AM) is based on the analogy of 
systems used in the flour industry. Additive manufactured parts for medical and aerospace must 
adhere to quality standards. The need for a powder management system for titanium powder used 
in AM is identified. Flour management quality systems have been refined over many years by the 
flour supply chain and food industry. Both titanium powder and flour are very sensitive to exposure 
and requires an accurate traceability. Therefore, a titanium powder management strategy is
proposed based on existing systems within the flour industry. 
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1. INTRODUCTION

The flour supply chain industry has been around for years and has refined their quality management 
systems over this time. The issues identified from literature within the flour industry include 
insufficient suppliers, lack of inspection, storage of the flour to reduce mite infestation, employee 
health with regards to respiratory problems and the traceability of the flour in order to keep track 
of the origin of the flour when multiple batches are mixed.  
Five main quality parameters have been identified for this industry: Suppliers, Inspection, Storage, 
Safety and Traceability.
Each one of these parameters will be investigated and the management strategies associated with 
them will be extracted from literature. These items will be used to formulate management 
strategies for powder used during additive manufacturing. Ti-4AL-6V powder is used to manufacture 
medical implants using Selective Laser Sintering (SLS). Arguably the largest risk with titanium 
powder is the traceability thereof. To mitigate this risk a full quality management system must be 
implemented. This system must ensure the generation and storage of data relevant for traceability.
This paper suggests a full management strategy for the traceability of titanium powder based on 
lessons learned from and systems developed in the flour supply chain industry.

2. SUPPLIERS

Japan produces 4.5 million tons of flour a year, a third of that flour is used in the noodle industry. 
The Japanese flour milling and noodle industry is very large and rely on reliable and quality suppliers 
and implements various inspection test during the manufacturing process. The idea is to 
manufacturing noodles with a smooth surface. This surface texture is directly correlated with the 
quality of flour used. Great attention is thus given to finding the best suppliers and conducting in 
process inspection tests through the entire process. In the flour industry two predominant quality 
factors have been identified namely size of the grain and the percentage starch. These factors are 
focused on when selecting a supplier. The Australian Standard White (ASW) originating from Western 
Australia is the main Supplier wheat of the Japanese Food Agency (JFA) due to the suitability of this 
wheat to produce top-quality wheat [1].

The need to manufacture 3D printed parts using titanium powder is growing rapidly and with this 
growth more suppliers are entering into the market. The powder form different suppliers can have 
different quality grades same as different flour used for different products. The grade indicates 
what the powder can be used for [2]. Due to this, careful consideration should be given to choosing 
the suppliers of the titanium powder. Companies must ensure the powder is to standard for its 
intended use and that all the supporting documents for the powder are provided. The supporting 
documents should include the following [3]: Identification details, hazard identification, 
composition, first aid measure, fire-fighting measures, accidental release measures, handling and 
storage, personal protection, chemical properties, stability and reactivity, toxicological 
information, ecological information, disposal, transport and regulatory information. If the powder 
is delivered without the supporting documentation it should not be accepted. If there is an issue 
with the part, a company would want to prove that the powder used was to standard. Suppliers must 
also be validated before a company can fully commit to using their powder. This validation can 
include testing of a powder sample and comparing the results to the composition report provided by 
the supplier. The validation should test the AL, V, Fe, N, O and Ti weight percentage in the powder 
and compare that to the ASTM F3001 Ti6Al4V (ELI) standard [4]. The standards can be seen in the 
Table 1 below and are the standards that medical implants must adhere to:

Table 1: ASTM F3001 Ti6Al4V (ELI)

Aluminum Vanadium Iron Nitrogen Oxygen Titanium
5.5-6.5 3.5-4.5 0.25 0.05 0.13 89

The information regarding the suppliers of the powder must be stored onto a database that can later 
be accessed for traceability purposes. Each time a supplier delivers a batch the details about the 
delivery and the batch must be logged onto a system. This is the traceability origin of the printing 
process. Powders get mixed when a small amount is left over from a previous job. Ideally, we would 
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want to trace all powders in a mixture back to the suppliers.  A manufacturer must be able to 
identify all suppliers that contributed to a certain part. As seen in Figure 1 below the container has 
the name of the supplier, the batch number, the quantity per batch and the manufacturing and 
packaging date. All this data along with the data of the delivery must be stored for traceability 
purposes. In the case where there are multiple containers in one batch and there is no individual 
number on each container, we can assume that the powder in each container is homogenous. 

3. INSPECTION 

The unwanted presence of enzyme activity within the flour can affect the quality of the flour. There 
is certain quality test for flour to track the changes in the composition as its exposure to certain 
elements increases. This exposure is mainly due to the handling during usage within the factory.
One element that needs testing is the protein level of the flour and the amount of enzyme activity 
within the flour. Exposure can lead to more active enzymes within the flour and the potential 
infestation of mites. Within the bread manufacturing industry, the loaf volume is directly 
proportional to the protein content of the flour. Thus, the protein content is tested before the 
baking commences. This is a once off test. Using a sieve, the mites within flour can be detected and
this test is conducted using random samples on the factory floor, this is a continuous testing method. 
The mites grow in flour which is inadequately stored or left open for an extended time and makes 
the flour unusable for baking, strict guidelines are set out for the employees to ensure proper 
handling and storage of the flour to ensure minimal exposure. Bakeries do random sieving test of 
their flour to ensure the purity of the flower before it is used in the baking process [5].

Titanium powder used in additive manufacturing must adhere to the standards for its intended use. 
As an example, the manufacturing of medical implants will be used. The values of the composition 
of the powder can be seen in Table 1 above. A study was done in 2015 by H.P Tang et al that 
evaluated how the oxygen level of the powder increased after various cycles [6]. The study 
concluded that the oxygen level increased from 0,08% to 0,19% in 22 cycles. The article further 
states that there was no significant change in the Aluminum and Titanium levels of the powder after 
22 reuses. The powder is usually used for multiple cycles and with each cycle the oxygen content 
of the powder rises. The issue is that most manufacturers are uncertain about the oxygen content 
of the used powder. For medical implant manufacturing the operator needs to be sure that the 
oxygen level of the powder is below or equal to 0,13. A solution to this is having an in-house oxygen 
testing facility  to test the powder composition before use. This continuous testing will help 
manufacturers keep track of the quality of the powder and give an indication if a batch should rather 
be used for lower grade items. The oxygen level of a used powder can also be improved by mixing 
it with powder that has not been used yet. Thus, companies do not necessarily need to discard of 
powders that exceed the maximum oxygen level.

For traceability, the data from the tests can be stored onto a database. This will form a link between 
the quality of the powder and the supplier used for traceability purposes. This information can then 

Figure 1: Powder Container
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also be used to validate the quality of the final product. Once enough data is collected concerning 
the aging of powder it can be used to create a predicative model of aging. This will help companies 
identify and predict when powders will be unusable. If the composition test is conducted before it’s 
placed in the machine and that value is saved it can be used to prove that the printed part is to 
standard. This information can also aid in supply chain management and business decisions. 

4. STORAGE

The inadequate storing of flour can have a major impact of the baking properties of the flour. This 
is not an issue for domestic use of flour but once we start looking at big industries using flour storage 
becomes a concern. Flour is also highly flammable, when not stored correctly it can have devastating 
consequences.  Generally, flour has a moisture content of 14% and every time the container is 
opened this content decreases along with making the flour more susceptible to infestation and fungal 
growth [7]. There is a big need for visibility of flour within the storage unit without opening it. A 
solution for these issues is to use plastic containers with a visibility strip. The plastic is water 
resistant and keeps moisture out [8]. The workers in factories also receive adequate training on how 
to handle and store the flower to reduce exposure. 

The two main concerns associated with powder storage is the workers’ exposure to the powder and 
the degrading quality of the powder. Titanium powder is usually stored in a plastic container. These 
containers vary in size depending on the need of a company. Every time a container is opened it is 
exposed to oxygen and other elements that can degrade the quality of the powder. Every time the 
powder is opened small particles are released into the air. These particles stick to surfaces and can 
also impact the safety of the workers. These containers are sometimes only opened to check the 
amount of powder inside. This issue can be resolved by collaborating with the suppliers for 
alternative storage containers that can clearly indicate the level of powder, the same concept used 
with the visibility strip used in flour. For example, in Figure 2 below is a container that stores powder 
between uses but the operator can’t see the amount of powder leading to the container being 
opened unnecessarily. This makes it safer for the worker and keeps the quality of the powder stable.
Also, companies must determine the exact amount of powder needed and look at alternatives in 
terms of container size. The smaller the container the less powder is exposed every time the 
container is opened. Fewer containers can help with not only reduction in floorspace used but also 
decreasing the probability that the powder gets exposed to oxygen due to employees accidentally 
opening it. Supply chains should be customized to ensure ha the exact amount of powder needed is 
available. This is to ensure minimal handling of the powder.

One traceability element that can be introduced to the storage system is employees logging when 
they have opened the container and the reason for opening and the location of storage. If there is 
a quality issue with the completed part, it can be traced back to the container it came from and 
show the amount of times the container was opened to locate the root cause of the faulty part.  This 
data can be used to validate the results of the oxygen tests conducted on the powder and refine a
prediction algorithm that can possibly be developed. The data related to the quality tests and the 
storage data can be used to develop a digital twin of the aging process of the powder.

Figure 2: Metallic 
container for titanium
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5. EMPLOYEE SAFETY

Not only is flour in the air flammable but it also poses great risk regarding the respiratory health of 
workers. Workers who are diagnosed with asthma due to airborne flour dust can only safely return 
to their work after 6 years [9]. This left many factory workers unemployed. The only way to make a 
measurable difference in the lives of the workers is to reduce the exposure of the particles 
significantly. Multiple interventions have been formulated to improve the working environment of 
the workers. In a case study done in a Supermarket Bakery in South Africa the following solutions 
were tested: Redesigning the lid of the mixture tub. Thus, when the flour is dispensed into the mixer 
the lid will reduce the particles exiting the mixer. The second intervention is training workers to 
adequately handle the bags or using an industrial vacuum with a high efficiency air filter. Another 
intervention is equipping the workers protective gear and training them on how to effectively use it
[9]. All these intervention methods were tested and have proven very effective in improving worker 
safety. 

The titanium powder used during manufacturing is a very fine powder with particles that can stay 
in the air and results in respiratory problems for the workers. The hierarchy of controls defines a set 
of steps to follow in order to remove or reduce the hazard within a certain working environment.  
When looking at the hierarchy of controls for resolving the powder exposure issue we will start with 
seeing if we can’t eliminate or substitute the hazard, this is not practical considering the powder 
can’t be taken away or substituted. The next step is looking at engineering controls. Engineers 
control includes anything that can be done in the environment around the hazard to reduce it. A 
possible solution could be to install an air flow system within the printing room. Air will be blowing 
into the room from the ceiling and this will force the powder particles within the room to the floor. 
A grid structure floor can then be installed for the powder particles to accumulate under the floor. 
The next step is administrative controls. This includes training the employees on how to work with 
the powder in such a way that minimal particles end up in the air. Further administrative controls 
include training employees to use an industrial vacuum correctly to minimize exposure. The last 
option is using Personal Protective Equipment (PPE) like masks and gloves when working with the 
powder. Although PPE is mentioned as a last resort it should be used even if one of the other solutions 
are implemented to reduce the number of “invisible” particles a worker is exposed to. Adequate 
cleaning systems should also be put in place. A surface might look clear but when wiped with a damp 
cloth powder is still present. 

6. TRACEABILITY

Understanding and monitoring the steps of the flour processing system is very important to ensure 
safety and traceability.  Because flour is not just a main food but also a component to make 
numerous other food items with, the quality and safety of flour is a worldwide concern. There is 
thus a need for a decent traceability system to ensure safety and reduce the amount of recalls that 
the industry experiences. ISO 22005 Food Traceability Standards states that companies must hold 
information regarding their suppliers and their customers on the principle of one-up and one-down 
at least. All identities and transformations of traceable units must be recorded. The development 
of such a traceability system is important for the supply chain management and the quality assurance 
of the flour.

A system developed to increase the traceability of the entire manufacturing process includes the 
use of RFID tags and barcodes. Flour has many origin points and its quality is subjective to time and 
exposure of which relevant data must be captured. The National Engineering Research Center for 
Information Technology in Agriculture in Beijing developed a Wheat Flour Milling Traceability System 
(WFMTS) that uses RFID technology and QR codes to trace the origin of the flour manufactured. 
Traceability can be defined as the ability to consistently track the physical location of a product or 
retrieve the history of that product throughout the supply chain. RFID and QR codes are both 
technologies used for identification and data collection [10]. The flour supply chain in China was 
analyzed and the following traceability solution was designed.
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Raw Material encoding: A serial number with 14 digits is generated at this stage. Where the first two 
numbers indicated the origin of the wheat, next two is associated with the raw material depot 
followed by 6 digits related to the date of receival. The next 2 digits is the product category and 
the last 2 is connected to the batch serial number. 
Processing batch encoding: For this process, a 16-digit code is generated. First 2 digits is linked to 
the raw material depot (this code links to the above-mentioned Raw material encoding) then 
followed by 1 digit that identifies the process assembly line. 3 digits identifies the processing weight 
and the next 6 identify the date of processing. 2 digits describe the category of the product 
associated with the category code specified in the Raw material code. The last 2 digits is the 
processing serial number. 
Traceability batch encoding: This code contains information regarding the raw materials and 
processing. This code has 20 digits. 6 digits to indicate the date of packaging, 12 digits indicating 
the compressed processing batch, 1 digit for the grade and one digit for the check code. 
The traceability code then gets saved in a QR code that is placed on the packaging. Other relevant 
information regarding the product is also saved in the QR code like the testing parameters and 
composition of the product. A Uniform Resource Locator (URL) website link is also stored on the QR 
code so that consumers can see the full history of the product. The QR code can hold up to 150 
characters of information including numbers, letters and Chinese characters. The flour gets stored 
in bins containing multiple packets. RFID tags are used to label the bins and they hold all information 
regarding the packets inside [10].

During the additive manufacturing process powder from one batch can be used or the batches can 
be mixed. This calls for a traceability system that can track the exact origin of the powder used. 
With a few adjustments the bar-coding system developed for the flour industry can be used to for 
additive manufacturing as well. It creates a traceability barcode that can be placed on the packaging 
of the final part and tells the entire life story of the completed part. The above-mentioned quality 
management strategies contain information that must be logged onto a system. All the information 
associated with suppliers, tests and storage can be saved using QR codes that link that information 
directly to the product.

7. RESULTS

With certain adaptions the tracebility system design for the flour industry a basic tracebility system 
for additive manufacturing can be seen in Figure 3 below. There are 6 basic data tables that contains 
information regarding suppliers, operators, machines, mangement, storage and test results. These 
ID’s are used to formulate the  handling, testing and processing code for each printing job. This is 
then combined in a tracebility code that can be saved to a barcode that is then placed on the part. 

The tracebility barcode links directtly to all the data in the data tables above and gives all the 
information regarding the products. This system has the capability to store a lot of data due to the 
fact that the barcode can save numbers, letters and chinese characters.  
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Figure 3: Traceability barcode

8. CONCLUSION 

The flour supply chain industry was used to identify five areas of risk within its quality management 
strategies. The three areas focused on are: supplier selection, inspection and traceability of the 
flower. Certain principles used in the flour industry that could be applied to the additive 
manufacturing industry were identified and discussed. Although quality strategies for suppliers and 
inspections were discussed the main aim of this paper was to create a traceability strategy for 
additive manufacturing that incorporates data from these two aspects. The data associated with the 
suppliers, testing and storage can be used, along with other relevant processing data to create a 
traceability strategy. Similarities in the data were used to develop a traceability system using 
barcodes. With industry specific adoptions the barcode system developed for the flour industry can 
be applied to a powder management systems.
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ABSTRACT

The research question investigated in this paper is to determine the requirements of a quality 
management system for an aerospace additive manufacturing company. This paper consists of two 
main sections, firstly a presentation of a gap analysis comparing ISO 13485 medical and AS 9100D 
aerospace quality management system standards to identify the critical gaps between the two 
standards and highlighting the areas of potential nonconformances to AS 9100D, secondly an 
evaluation of each main clause of AS 9100D is provided in terms of additive manufacturing. The 
importance of gaining the relevant quality management system certification for an additive 
manufacturing company and an explanation as to how becoming certified aids an additive 
manufacturing company in becoming marketable to original equipment manufacturers is provided. 
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1. INTRODUCTION

Within industry, it is agreed that certification and qualification of additive manufacturing (AM) parts 
and processes are currently the main challenges to the broader adoption of AM [1]. Certification is 
especially important within the aerospace industry due to the stringent safety specifications and 
needs for high-quality products, this too is of importance within the medical industry. Standards are 
used as a universally accepted baseline on which to measure manufactured products, these 
standards contain various rules, guidelines and characteristics that need to be adhered to in order 
to achieve a product of desired quality and repeatability [2]. Due to the infancy of AM, various 
standards are currently in development or are still required, therefore certified quality control and 
management within the AM industry is of importance [3]. The natural starting point for a company 
to ensure quality products and prove to their customers or original equipment manufacturers (OEM) 
that the manufactured products meet their requirements is to implement a quality management 
system (QMS) and to obtain certification on this QMS by a recognized certification authority. The 
QMS aids companies in proving that they have the ability to consistently supply a product or service 
that meets the relevant legal, statutory, customer and regulatory requirements and provides a 
framework to ensure that these requirements are met in a systematic and documented means [4].
Obtaining AS 9100D certification by a registrar recognized by the International Aerospace Quality 
Group (IAQG) is recognized by the National Aerospace and Defense Contractors Accreditation 
Program (Nadcap) as an acceptable quality system. Obtaining this certification is a requirement for 
Nadcap accreditation. Nadcap accreditation is recognized as the leading accreditation program
within the aerospace industry and offers improved access to industry OEMs [5]. The QMS for an AM 
organisation forms the basis for an AM part certification framework and it is agreed within industry 
that obtaining the relevant QMS certification is the minimum needed to become marketable to 
industry OEMs.

2. GAP ANALYSIS BETWEEN ISO 13485 AND AS 9100D

ISO 13485 specifies the requirements for a QMS suited for a company involved in the various stages 
of the lifecycle for manufacturing of medical devices. This standard is used to assess a company’s
ability to fulfil regulatory and customer requirements stated by the relevant medical OEMs [6]. The 
aerospace industry equivalent to ISO 13485 is the AS 9100D standard published by SAE International. 
The AS 9100D standard states that it aims to provide standardised requirements for an aerospace 
QMS, and that this standard is applicable to all levels of the aerospace supply chain. AS 9100D also 
aims at fulfilling customer and regulatory requirements and improving product and service quality 
as well as customer satisfaction [7]. Both ISO 13485 and AS 9100D highlight that the QMS 
requirements stated in these standards are complementary to customer, regulatory and statutory 
requirements, and in the case of a conflict arising between these two categories of requirements,
the latter must take precedence [6][7].

A gap analysis is performed on these two standards to identify critical gaps between them. The aim 
of this analysis is to highlight areas of importance for AM companies currently certified to 
manufacturer medical devices under ISO 13485 that are planning on expanding their business to 
manufacture parts for the aerospace industry. The gap analysis technique presented in the TOGAF 
standard version 9.2 was applied. This gap analysis technique is used in the TOGAF Architecture 
Development Method to validate the system architecture being developed by highlighting the gaps 
between the baseline or As-Is architecture and the target or To-Be architecture [8]. For this study, 
ISO 13485 is analysed as the baseline architecture as it is the As-Is state of the system and AS 9100D 
is analysed as the target architecture as it is the To-Be state of the system. For each requirement 
in AS 9100D, the corresponding requirement is identified within ISO 13485 if there exists one. These 
requirements are summed for each main clause of AS 9100D and a percentage of conformance is 
calculated for the main clauses. This conformance score is calculated as the number of requirements 
within AS 9100D that have a matching requirement in ISO 13485 out of the total requirements for 
that main clause in AS 9100D. These conformance scores are summed to provide a total conformance 
score for each main clause in AS 9100D. A nonconformance score is then calculated as one hundred 
minus the total conformance score. These scores rounded to the nearest whole number and 
comparisons are presented in Figure 1, where the nonconformance scores are ranked according to 
the criteria presented in Table 1.
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Figure 1: Gap matrix comparison of ISO 13485 and AS 9100D main clauses

Table 1: Nonconformance score criteria

Description Indicator Score range

Fulfilled x = 0

Very Low 0 < x <= 20

4 Context of the organization

4.1 Understanding the organization and its context

4.2 Understanding the needs and expectations of interested parties

4.3 Determining the scope of the QMS

4.4 QMS system and its processes

5 Leadership
5.1 Leadership and commitment

5.2 Policy

5.3 Organizational roles, responsibilities and authorities

6 Planning

6.1 Actions to address risks and opportunities

6.2 Quality objectives and planning to achieve them

6.3 Planning of changes

7 Support

7.1 Resources

7.2 Competence

7.3 Awareness

7.4 Communication

7.5 Documented information

8 Operation

8.1 Operational planning and control
8.2 Requirements for products and services

8.3 Design and development of products and services

8.4 Control of externally provided processes, products and services

8.5 Production and service provision

8.6 Release of products and services

8.7 Control of nonconforming outputs

9 Performance evaluation

9.1 Monitoring, measurement, analysis and evaluation

9.2 Internal audit

9.3 Management review

10 Improvement

10.1 General

10.2 Nonconformity and corrective action

10.3 Continual improvement
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Low 20 < x <= 40

Medium 40 < x <= 60

High 60 < x <= 80

Very High 80 < x < 100

Gap x = 100

From Figure 1 it can be seen that the areas of highest nonconformance are the support and operation 
sections of AS 9100D. The main clauses where the highest nonconformance occurs are awareness, 
communication, operational planning and control, control of externally provided processes, products 
and services and production and service provision. Complete gaps between the two QMS standards 
were identified within the sub-clauses, these are presented in Table 2. Special consideration should 
be taken by an AM medical device company planning on manufacturing parts for aerospace with 
respect to these sub-clauses. 

Table 2: Complete gaps between sub-clauses of ISO 13485 and AS 9100D

Clause Clause name

7.1.2 People

8.1.1 Operational risk management

8.1.2 Configuration management

8.1.3 Product safety

8.1.4 Prevention of counterfeit parts

8.5.1.1 Control of equipment, tools and software programs

8.5.1.2 Validation and control of special processes

8.5.1.3 Production process verification

3. REDUCING THE RISK OF NONCONFORMANCE TO AS 9100D WHEN TRANSITIONING FROM ISO 
13485

To reduce the risk of nonconformance to AS 9100D, the AM company will need to address the gaps 
between their current medical device QMS and the target QMS for aerospace. This can be done by 
ensuring the AM company meets the requirements of AS 9100D that do not correlate to requirements 
in ISO 13485.

3.1 Redefining the context of the AM company

The redefining of the AM company’s context is an important starting point as the company is aiming 
at expanding into a different market. The company will need to determine the new internal and 
external factors that could have an effect on the company by entering into the aerospace market as 
well as what products and services the AM company plans on providing to the aerospace industry.
Identification of all interested parties such as aerospace OEMs, AM powder suppliers, equipment 
manufacturers and aerospace regulatory authorities and determining what their needs and 
expectations are from the AM company must be determined. From here the scope of the AM 
aerospace QMS can be developed and documented. Due to AM’s infancy, many companies implement 
industry best practices where standards for the AM process don’t exist, these best practices must 
be clearly defined in the QMS scope. Monitoring, review and improvement of the AM aerospace QMS 
on a regular basis is of importance as AM evolves at such a rapid pace [9].

3.2 Leadership and commitment within the AM company

Top management should ensure they communicate the importance of a QMS and conformity to the 
requirements set out in AS 9100D, they should also demonstrate leadership and commitment to the 
QMS by ensuring that the quality policy and objectives are correctly established and in line with the 
AM company's business strategy. Management should have adequate knowledge of AM equipment, 
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types of processes and the different materials needed and promote a continuous improvement 
approach and risk-based thinking [10]. Management should focus on the customer and ensure 
conformity of the AM products and services to customer requirements and monitor customer 
satisfaction. It is a requirement of AS 9100D that top management appoints a representative to 
ensure the AM company’s QMS conforms to AS 9100D, to liaise with all external parties and to 
promote a customer focus throughout the company [7]. Management must ensure the quality policy 
includes the relevant best practices when dealing with AM specific equipment, processes and 
materials and that these best practices are accepted by aerospace OEMs.

3.3 QMS planning requirements within the AM company

The AM company will need to perform adequate planning to provide assurance that the QMS can 
achieve the promised results. Planning is needed to identify the inherent risks involved at a company 
level with using AM processes and equipment to manufacturer aerospace parts and how the QMS can 
prevent these risk and enhance customer satisfaction. Here the company and QMS risks involved 
with entering into the aerospace market must be addressed. Measurable quality objectives must be 
established with targets and planning must be documented on how to achieve these objectives. The 
planning for changes requirements in AS 9100D correlates fully to those in ISO 13485, it is noted that 
these should be reviewed in an aerospace and AM context [7][6].

3.4 AM support requirements for aerospace

As identified in the gap analysis in Section 2 of this study, the support requirements for aerospace 
are areas of importance when an AM medical device company is planning on expanding their business 
into the aerospace sector. The company must provide the relevant resources needed for the 
establishment, implementation, maintenance and improvement of the AM aerospace QMS [7]. These 
resources shall include: 

• Personnel trained and knowledgeable on AM, aerospace and the company QMS
• Adequate infrastructure for the effective operation of the AM company
• A safe work environment suitable for AM and aerospace processes
• Adequate monitoring and measuring resources to ensure AM products and services meet 

customer and aerospace requirements, records of this must be kept safely
• Retention of company knowledge such as work manuals and OEM requirements

The competency of employees in the relevant AM or aerospace fields must be measured,
documented and reviewed periodically. These employees must be made aware of the quality 
objectives, their contribution to the QMS, changes to the QMS and the risks of not conforming to 
aerospace OEM requirements and high-quality standards. The QMS must be documented along with 
all relevant company documentation according to the requirements stated in AS 9100D. Reviewing 
and updating of this documentation is needed on a regular basis as the AM field is evolving and 
improvement constantly. Archiving of out of date or obsolete documentation must be kept safely 
for a period defined by the AM company's aerospace stakeholders for adequate traceability [7].

3.5 AM operation requirements for aerospace

The operation section of AS 9100D is highlighted as an area of high importance when transitioning 
an AM medical device company to the aerospace industry, in the gap matrix presented in Figure 1 
in Section 2, the operation set of requirements in AS 9100D is determined as having the highest 
nonconformance score as well as the most complete gaps between the sub-clauses of ISO 13485 and 
AS 9100D as presented in Table 2 in Section 2. The AM company must establish criteria for AM process 
control and acceptance of AM products and services based on requirements set by aerospace OEMs, 
aerospace statutory and regulatory bodies, internal company requirements and other specific 
requirements either stated or unstated. The AM company must also identify product attributes that 
are affected by the AM manufacturing process and establish best practices to control these attributes 
[11]. These requirements must be documented and the aerospace customer must agree to them 
before acceptance of the contract [10]. Management of AM operational risk must be performed in 
accordance with the ISO risk management guidelines stated in ISO 31000 and relevant aviation 
authority guidelines [12]. These AM operational risks must be communicated to the aerospace 
customer and agreed upon. The AM company must establish and implement processes necessary to 
identify the critical physical and functional AM product attributes and ensure consistency throughout 
its lifecycle, this aids in proving reliability to aerospace OEMs. Product safety and prevention of 
counterfeit parts is of high importance within the aerospace industry, AS 9100D makes specific 
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mention of controlling and monitoring product safety throughout the entire product lifecycle and 
establishing and implementing controls to prevent counterfeit parts [7]. AS 9100D defines a 
counterfeit part as a false positive part. AM parts detected or suspected of being counterfeit must 
be quarantined or disposed of and documented accordingly to ensure that the part doesn’t re-enter 
the supply chain. Methodologies for detection of counterfeit AM parts must follow relevant industry 
standards and best practices and must be approved as acceptable detection methodologies by 
aerospace OEMs. Any external parties involved in the AM product lifecycle such as powder suppliers 
or external quality testing companies must be certified according to AS 9100D as well. The AM 
company must monitor all external parties compliance with AS 9100D and conduct periodic reviews
to ensure all external parties are in line with the AM company’s QMS [7].

Design and development of AM products and services for aerospace must be performed in a 
systematic approach consisting of various clearly defined and documented phases. The inherent risks 
involved with AM processes and all the required AM process stages must be taken into account when 
planning for the design and development of AM products and services. The inputs to the design and 
development phases must be determined from company requirements, aerospace and AM industry 
standards, regulations and best practices, assessment of previous counterfeit parts and outputs from 
risk identification techniques. A system for control must be established and periodically reviewed 
to verify and validate the AM design and development processes at each phase and authorise 
progression to the next phase. The AM design and development outputs must be compared to the 
input requirements, relevant acceptance criteria such as aerospace customer requirements and be 
signed off by authorised personnel. Any changes during or subsequent to the design and development 
of AM products and services must be documented and communicated to the aerospace customer for 
their acceptance before the implementation of these changes [7].

AM equipment, tools and software programs must be validated by an aerospace accreditation body 
and calibration and maintenance must be performed and documented periodically. The AM process
and operators to be used to manufacture aerospace parts must be accredited by Nadcap. First Article 
Inspection (FAI) must be used on each production batch and if any changes are made during the 
production of batches. NIST proposes using a standardised test artefact to test the reliability of AM 
equipment and processes [13]. Appropriate statistical sampling must be performed according to 
industry standards and aerospace OEMs and documented accordingly. For AM product provision, full 
traceability must be provided to the aerospace customer including all processes followed throughout 
the product lifecycle as well as other product preservation processes followed such as handling, 
storage, cleaning, hazardous material control, labelling and removal of foreign objects.

Post-delivery activities of the AM product such as instructions for use, intended lifetime, potential 
risks associated and relevant warranties must be provided and customer feedback must be 
documented. The AM product can only be released to the aerospace customer once there is 
documented evidence that the product conforms with the relevant acceptance criteria. The AM 
company needs to establish and implement a system for the handling of nonconforming products
and services identified either internally or by external parties such as the aerospace customer. The 
AM company must address the nonconformance by correcting the non-conformance, informing the 
aerospace customer and performing corrective action on the relevant AM processes to ensure the 
nonconformance doesn’t reoccur. All nonconformities, corrective actions and personnel involved in 
handling the nonconformance must be documented [7].

3.6 Performance evaluation of the AM company and QMS

The performance of the AM company and it’s QMS must be evaluated and documented regularly. 
The AM company must consult the aerospace OEMs to determine which aspects of the QMS and 
company should be analysed and how often. This is critical to the success of an AM company as often 
AM companies have determined unique AM specific parameters that provide the best results for their 
company [10]. The AM company must analyse aerospace customer satisfaction along with data from 
monitoring and measurement processes to evaluate the performance of the QMS, external parties,
degree of aerospace customer satisfaction and AM product and service conformity. Internal audits 
of the AM company’s QMS must be performed on a regular basis to ensure conformity to the latest 
aerospace and OEM standards and requirements, as well as any relevant AM standards and best 
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practices. Top management must perform reviews periodically to ensure the QMS is still aligned with 
the AM company’s strategic direction and to reevaluate resource needs, opportunities and risks [7].

3.7 Continual improvement of the AM company

AS 9100D highlights implementing a continuous improvement plan based on the plan-do-check-act 
(PDCA) cycle, this plan should aim at improving quality within the parts manufactured and aerospace 
customer satisfaction. In the case of nonconformities occurring, a root-cause analysis must be 
performed to determine where in the product lifecycle the nonconformity started and adequate 
corrective action must be taken to ensure this phase of the lifecycle is improved accordingly. The 
QMS must be set up in such a way that traceability reaches as far back as raw material suppliers in 
order to successfully locate any areas of nonconformance if necessary. Any rectification actions 
taken must be documented [7].

4. CONCLUSION

For an AM medical device company looking at expanding into the aerospace market, implementing 
an aerospace QMS in accordance with AS 9100D and obtaining certification from a registrar 
recognised by the IAQG is a must. This will aid the AM company is providing full traceability of the 
product lifecycle to aerospace OEMs and ensure the AM processes and quality control processes
followed by the company are up to the stringent aerospace standards and regulations.
Implementation of an aerospace AM QMS will aid in reducing the risks associated with AM processes
and make the manufacturer more marketable to aerospace OEMs. These benefits aid in encouraging
further adoption of AM within the aerospace industry.
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ABSTRACT

Laser powder bed fusion is a leading additive manufacturing technology which has been used in this 
study to melt pure tungsten powder onto a titanium substrate. A strategy for the powder bed fusion 
was carried out by creating a process map in which the effect of laser energy density on the melt 
pool was studied. Our approach was to consider the laser focus offset as a control parameter in the 
experimental work, with melting carried out before and after the Gaussian laser beam profile was 
optimised. The optimal focus offset was achieved at 1 mm, yielding a laser beam diameter (the 
effective gaussian laser beam radius at which the maximum irradiance is decayed to 1/e2 or 13.5% 
of the peak value) of 43 μm at the target surface. Before laser beam focusing, the beam diameter 
was 50 μm. The selective laser melting of the tungsten powder on the titanium substrate was carried 
out by melting single layer melt tracks using laser power ranges of 100, 150 and 200W and laser 
speeds ranging from 50 to 400 mm/s before and after the Gaussian laser beam profile was optimised. 
The results showed that optimised parameters were able to melt the W and create a strong bond on 
a CPTi substrate. Keyhole mode and conduction mode were observed under different linear energy 
densities. 
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1. INTRODUCTION

Laser powder bed fusion (LPBF) is an additive manufacturing (AM) process used by various industry 
sectors to lower the cost of production for high value low volume manufacturing and for complex 
shapes. LPBF is emerging as an alternative to conventional methods such as machining and casting 
(Sidambe et al. [1]). In LPBF, a high-powered laser is used to fuse metal powder into a solid 
component using data from a sliced 3D CAD file, one layer at a time. The layer thickness is typically 
in the range of 30 µm to 50 μm. More details of LPBF have been published by Sidambe [2].

Tungsten (W) is a metal which is ideally used in ultra-high temperature and shielding applications
within many technology fields such as military, electro vacuum, crucible, heating elements and 
pinhole collimators (Deprez et al. [3], Sidambe et al. [4]). The processing of pure tungsten using
LPBF is difficult because tungsten has a high thermal conductivity, high melting temperature and a 
ductile-to-brittle transition temperature which renders tungsten susceptible to cracking (Braun et 
al. [5],Wang et al. [6], Li et al. [7]).

Table 1 shows the physical properties of tungsten, and of particular interest are the comparatively 
high viscosity, high density, high melting point and the high thermal conductivity which are expected
to contribute to the difficulties of processing tungsten via LPBF. In comparison, the thermal 
conductivity of titanium is 16.4 W.m-1.K-1 and that of stainless steel is 15 W.m-1.K-1. The high melting 
point of tungsten has been reported to contribute to a high cohesive energy and high surface tension,
which in turn leads to high melt viscosity in LPBF (Zhou et al. [8]), whereas the ductile-to-brittle 
transition temperature (DBTT) renders tungsten susceptible to cracking from the build-up of residual 
stresses (Zhou et al. [8], Wang et al. [9]).In addition to the above mentioned properties, the 
processing of tungsten using LPBF is also made difficult by the complexity  of  the  LPBF process  and  
its  non-equilibrium  nature  which requires an in-depth understanding of the process (Rombouts et
al. [10]).

Table 1:  Physical properties of tungsten.

Physical Properties Tungsten

Density at 25 °C (g/cm3) 19.2

Liquid Density (g/cm3) 17.6

Melting Point (°C) 3422

Thermal Conductivity (W.m-1.K-1) 174

Surface tension Force (N/m) 2.361

Melt viscosity (mPa.s) 8

Ductile-to-brittle transition temperature (°C) 250-400

Surface tension force (N/m) 2.361

However, although technically challenging, processing of tungsten via LPBF is expected to lead to 
an advantage in the high value manufacturing sectors such as medical implants, rocket nozzles and 
support hardware because LPBF has the ability to manufacture complicated shaped tungsten parts 
with small dimensions, something which cannot be achieved using traditional metal working 
techniques such as milling, casting or pressing because of the hardness and strength of tungsten
(Deprez et al. [3], Zhou et al. [8], Wauthle et al. [11], Müller et al. [12]).

In order to overcome the challenges of manufacturing tungsten components using conventional 
methods, there have been a number of studies carried out to investigate the use of additive 
manufacturing. In an early investigation, Ebert et al. [13] used pulsed-laser micro sintering and
demonstrated that the final density of tungsten parts increased with the applied laser energy. A 
year later, Deprez et al. [3] successfully fabricated a more complex MR-compatible collimator with 
a large number of oblique pinholes from pure tungsten powder using LPBF. More recently (Zhou et 
al. [8], Nie et al. [13], Bai et al. [14], Ivekovic et al. [15], Tan et al. [16], Yang et al. [17], Guo et 
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al. [18]), the intrinsic physical properties of tungsten properties and the laser processing parameters 
have been established as being important in determining the properties of parts produced by the 
LPBF process. These studies also identified oxidation as a phenomenon that can hinder successful 
tungsten LPBF processing, which must be avoided. Gear et al. [19],[20] showed that the LPBF 
processing parameters such as the scanning strategy can have an influence on the radiation 
attenuation properties of pure tungsten used in pinhole collimators.

In this study, we expand on the results from our developmental work (Sidambe et al. 
[1],[4],[21],[22]) to carry out an analysis of the melt spreading and solidification of tungsten in 
relation to LPBF parameters and explain the mechanisms in terms of the tungsten melt pool and the 
titanium substrate properties. By discussing the mechanism of the formation of the melt pool during 
the LPBF of tungsten, we elaborate on the effect of the tungsten properties. According to studies 
that have been published on the formation of the melt pool and the relationship with mechanisms 
such as surface tension (Karapatis [23], Niu et al. [24], Kruth et al. [25], Guo et al. [26]), the 
selection of the laser parameters should be such that the length to diameter ratio of the molten 
pool is as small as possible. Our study considered the use of low and high scan speeds in combination 
with a range of laser powers, and we report on the effect of these combinations on the formation 
of the tungsten melt pool on a titanium base plate.

2. METHODOLOGY

A Renishaw AM125 laser powder bed fusion machine was used in this study. Due to the challenges in 
melting tungsten it is essential to achieve the maximum irradiance of the laser during processing. 
Our approach was therefore also to consider the laser focus offset as a control parameter, with 
melting carried out before and after the Gaussian laser beam profile was optimised. The optimisation 
of the Gaussian laser beam (or laser spot) profile was carried out using an Ophir Photonics Spiricon 
SP620 beam profiler. Figure 1 shows the irradiance and laser beam diameter distribution during the 
laser beam profiling. The optimal focus offset was achieved at 1 mm, yielding a laser beam diameter 
(the effective laser beam radius at which the maximum irradiance is decayed to 1/e2 or 13.5% of the 
peak value (Alda [27])) of 43 μm. At the laser focus offset of 0 mm, laser beam diameter was 50 μm.
The Gaussian power density distribution of the laser beam irradiance and the beam diameter at 
200W during the beam profiling is illustrated in Figure 2. The calculations showed that there was an 
increase of 25% in the peak intensity due to the smaller laser beam diameter of 45 µm.

Figure 1: Irradiance and laser beam diameter distribution during the laser beam profiling
(Sidambe et al. [22]).
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Figure 2: Gaussian power density distribution showing the laser beam diameter of 43 μm 
at 1mm offset, and 50 µm at 0 mm offset.

Figure 3: (a) Scanning electron micrograph showing the highly spherical morphology of the 
tungsten powder, (b) powder particle distribution for tungsten.

The tungsten power used in the study was Plasma-spheroidised, hence it was highly pure and highly 
spherical. Figure 3 (a) shows the highly spherical morphology of the tungsten powder and also shown 
in Figure 3 (b) is the powder particle size distribution. The tungsten powder melting was carried out 
under an argon atmosphere with an initial residual oxygen content of less than 800 ppm (0.08%) on 
the Renishaw AM125 system. A commercially pure titanium (CPTi) Grade 4 substrate was used for 
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the LPBF experiments. Careful considerations were given in selecting titanium because the substrate 
and its thermal properties have been reported to have a significant effect on the LPBF process, 
particularly by influencing the nucleation of the melt pool and the solidification rate in initial layer
(Müller et al. [12], Guo et al. [26]). The melting of the first layer of metallic powder in LPBF requires 
the melting of the substrate, leading to the mixing of the alloys within the melt pool. The usual 
practice is to use the same material for the substrate as the powder. However, it is considered to 
be commercially not viable to use a tungsten substrate in LPBF. Furthermore, because of the high 
melting point of tungsten makes it difficult to create a strong bonding on such a substrate.

Single layer melt tracks were melted using laser power range of 100, 150 and 200 W and laser scan 
speeds ranging from 50 mm/s to 400 mm/s (at increments of approximately 5 mm/s) before and 
after the laser beam profile was optimised. The two dimensional (2D) linear input laser energy
(defined as the laser power per laser scan speed per line area) was calculated by combining laser 
power, laser scan speed and laser beam diameter (Brown [28]).

ℇ𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐 =  𝑷𝑷𝑷𝑷𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳 �𝝊𝝊𝝊𝝊𝑳𝑳𝑳𝑳𝒔𝒔𝒔𝒔𝑳𝑳𝑳𝑳𝒔𝒔𝒔𝒔  .𝝓𝝓𝝓𝝓𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺�⁄                         Equation 1                                    

ℇ2D = 2D linear input laser energy density, Plaser = laser power, 𝑣𝑣𝑣𝑣scan = the laser scan speed and ϕSpot

= laser beam diameter. The resultant 2D linear laser energy density ranged from 5 J/mm2 to 93 
J/mm2. The melt track and melt pool width, depth and overlap were analysed and quantified using 
the light optical microscopy (LOM) and ImageJ image processing software. 

3. RESULTS

3.1 Melt Width

Figure 4, Figure 5 and Figure 6 show the results of the laser melting of single track, single layer 
tungsten powder on the titanium substrate. Figure 4 shows the quantification of the melted track 
width for the tungsten/CPTi as a function of the 2D linear laser energy density and shows the range 
of the line width (100 μm to 470 μm). It was confirmed that the geometrical dimensions of the melt 
tracks were dependent on the linear energy density as shown in Figure 4. The optimised laser beam 
had the effect of increasing the achievable maximum laser energy density as expected. At the lower 
energy densities, the melt track width was less varied when the laser beam diameter of 43 μm was 
used than when the laser beam diameter of 50 μm was used to melt the tungsten powder on titanium.
Conversely as the laser energy density increased, the melt tracks were wider at the focus offset of 
1 mm than at 0 mm. This was attributable to the melt viscosity which is thought to have been within 
the range that prompts sufficient melt spreading via a mode of heat transfer. The results indicate
the presence of the well-known phenomenon where the surface tension coefficient as well as the 
melt viscosity decrease with increasing temperature induced by an increasing laser energy density
(Yadroitsev et al. [29]). This useful information can be used to define the threshold for the energy 
density and study the effects on surface tension during the LPBF process.

Figure 5 is a plot of the laser power as a function of the laser speed for the optimised laser beam, 
(i.e. laser beam diameter = 43 μm and focus offset = 1 mm). Figure 5 shows that the geometrical 
dimensions of the melt tracks were dependent on scan speed and laser power. The optical 
micrographs in Figure 6 show an example of melt pool breakup with balling (left) and radially 
flattened (right) and broad tungsten and titanium (W+Ti) pool, (i.e. laser beam diameter = 43 μm 
and focus offset = 1 mm). When the 2D linear energy density was insufficient, i.e. when the laser 
power was lowered and the laser speed increased; this resulted in poor spreading of the melt tracks 
accompanied by melt break up which led to discontinuous melt tracks. With the increase of energy 
input which was achieved by increasing the laser power, lowering the laser scanning speed and 
decreasing the spot size, continuous melt tracks of increased width were formed. When the linear 
energy density was increased, the heat affected zone was increased, thereby eliminating the 
breakup of the melt leading to an increase in melt track width.
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Figure 4: Melt pool width vs 2D linear laser energy density for tungsten powder on Ti before 
and after laser beam profile optimization.

Figure 5: Range of melt track widths for tungsten on Ti achieved for the laser beam diameter 
of 43 μm.
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Figure 6: Optical micrographs showing an example of melt pool break up with balling (left) and 
radially flattened and broad tungsten pool (right) on a titanium substrate.

3.2 Melt Pool Height

Figure 7, Figure 8 and Figure 9 show the results of the penetration depth and melt pool height (heat 
affected zone - HAZ) for the tungsten power melted onto the titanium substrate. Figure 7 shows the 
quantification of the melt pool height for the tungsten/CPTi as a function of the 2D linear laser 
energy density and shows the range of the melt pool height (60 μm to 740 μm) for the laser beam 
diameter = 43 μm and focus offset = 1 mm.

The geometrical dimensions of the melt pool were also dependent on the linear energy density, but 
to a lesser extent compared to the dependence of the melt track width (Section 3.1). In this case, 
high levels of penetration depth and melt pool height were also achieved at lower energies of 40 
J/mm2. This can be explained by higher penetration depths and melt pool heights being also 
obtained where the scanning speed was high. The penetration depths and melt pool height 
measurements and results were recorded after the optimization of the laser beam. However, it is 
expected that the focus offset optimization should have the effect of increasing the penetration 
depth and melt pool height because the achievable maximum laser energy density was increased,
as mentioned earlier. In the results, keyhole melt pool morphology mode and conduction mode were 
observed under different linear energy densities.

Figure 8 shows the range of melt pool height achieved for the laser beam diameter of 43 μm at laser 
powers of 100W, 150W and 200W as a function of the scanning speed. The conduction mode melt 
pool formation was mainly observed for the heights of 218 µm to 343 µm and the keyhole mode was 
observed where the melt pool penetration depths and height ranged from 347 µm to 740 µm.

Figure 9 shows the melt pool cross-sections after melting a layer of tungsten powder on a titanium 
substrate (laser beam diameter = 43 μm and focus offset = 1 mm). Increasing the laser energy density 
increased the melt pool total height and penetration depth, with the occurrence of some porosity 
in the keyhole mode. The effect of melting in titanium was that the tungsten is not completely 
melted initially but the titanium acts as a catalyst for initiating the melting of tungsten for the 
subsequent layers.
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Figure 7: Plot of the melt pool height vs 2D linear laser energy density for tungsten powder
after laser beam profile optimization (focus offset=1).

Figure 8: Range of melt pool height achieved for the laser beam diameter of 43 μm as a 
function of the laser power and scanning speed.
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Figure 9: Optical micrographs showing the melt pool cross-sections after melting a layer of 
tungsten powder on a titanium substrate (focus offset=1 mm).

Figure 10: Optical micrographs showing melt pool overlap during LPBF. When the hatch 
spacing is taken into account the 2D linear laser energy density is converted into 2D area laser 

energy density.

When using the LPBF process for the fabrication of 3 dimensional components, the hatch spacing, 
and layer thickness must be taken into consideration as showed in Equation 2. The range of the melt 
pool width and height obtained, in combination with a melt track overlap are conditions that 
promote sufficient remelting of a section the previous layer, thereby expected to break down of the 
oxide films and remove contamination (e.g. Figure 10 (a)). The parameters may also be selected for 
a smooth surface topography, otherwise melt break up will take place. Figure 10 (f) indicates that 
insufficient overlap of the scan tracks could result in fusion defects or porosity (satellite particles). 
This would render it difficult to deposit subsequent layers leading to defects such as porosity and 
hence decreased part density.
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ℇ2D Area =  PLaser
υscan . SHatch

                                              Equation 2

Where Shatch = hatch spacing

4. CONCLUSION

The parameters were optimized so that the laser energy was able to create a strong bond of tungsten 
layer on a CPTi substrate. When the conditions were inadequate, there was breaking up of the melt 
pool and “balling”, probably as a result of additional reduction of the surface free energy.  By 
melting the tungsten powder on the CPTi substrate, the melting point was lowered to that of the 
CPTi and the thermal conductivity was expected to be lowered by not more that 25% as reported by 
Lukáč (Lukáč et al. [30]), which also contributed to the melt pool spreading. The increase of 2D 
linear energy density that was accompanied by an increase in the melt track width indicated that 
the melt flow dynamics analogous to the Marangoni effect were significant. At the maximum 2D 
linear energy density of 93 J/mm2, the melt pool width was ~470 μm.  The increase of 2D linear
energy density was also accompanied by an increase in the melt pool height and penetration depth, 
but there was less correlation because the keyhole and conduction modes also depended on scan 
speed. The increased 2D linear energy densities yielded a melt pool total height was ~700 μm.  The 
thermal effects of melting single layer and single track melt pools took into consideration the 
properties of CP-Ti and tungsten.
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ABSTRACT

This paper presents a study to determine the mechanical properties of parts manufactured on the 
Aeroswift platform. After processing samples were stress relieved and annealed in a vacuum furnace.
Testing included tensile, high cycle fatigue, and fatigue crack growth rate, done according to the 
relevant ASTM standards. Anisotropic effects was observed for all 3 tests that was conducted which 
is created by the inherent physics of the manufacturing process. Tensile results show an average 
yield, UTS, and elongation of 860 MPa, 960 MPa, and 15% respectively. High cycle fatigue as well as 
fatigue crack growth rate results were similar to values reported in literature for Ti6Al4V produced 
by laser powder bed fusion. The study shows that Ti6Al4V components can be produced at faster 
manufacturing speeds by the use of a higher laser power without sacrificing material properties.
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1. INTRODUCTION

Additive manufacturing(AM) is a promising technology to manufacture complex designs and 
geometries in a layer by layer approach [1], [2]. One of the inherent advantages of AM is that it 
gives freedom to design complex parts that include internal features that cannot be performed by 
conventional processes [1], [2]. Laser Powder Bed Fusion (LPBF) is a type of additive manufacturing 
technology where the component is formed in a powder bed by repeatedly consolidating thin layers 
of powder on top of each other. In comparison to other AM technologies LPBF is characterised by 
high dimensional accuracy and good surface finish. 
Ti6Al4V components produced by LPBF are relatively brittle in the as-built condition and contain a 
small amount of porosity [3]. An appropriate post process annealing heat treatment can transform 
the microstructure of the material to be more ductile and a Hot Isostatic Pressing treatment can be 
used to close the porosity present [4]. In this way a component with mechanical properties similar 
to wrought Ti6Al4V components can be produced.

A drawback of LPBF is the high capital cost of the equipment combined with slow manufacturing 
rates which results in high manufacturing costs. The Aeroswift platform address this drawback by 
utilizing a higher laser power in order to increase the manufacturing speed. Conventional LPBF 
machines utilize laser powers up to a maximum of 1kW while samples were produced for the current 
study at a laser power of 2kW. 

It is important that the mechanical properties of components produced by the higher laser power 
together with the accompanying unique process parameters is comparable to that of conventional 
LPBF machines. Therefore, the aim of the current study is to compare the mechanical properties of 
Ti6Al4V components produced by the unique process parameters to values in literature for Ti6Al4V 
components produced by conventional LPBF. In order to achieve this three types of tests were 
conducted. Namely, tensile tests, axial fatigue tests and fatigue crack growth rate (FCGR) tests.

2. METHODOLOGY

Samples were manufactured on the Aeroswift platform using standard laser processing parameters 
under various build orientations. Spherical Ti6Al4V powder with particle size between 20 and 60µm 
was used. For each of the three type of tests samples underwent two heat treatments before 
machining was done. Both heat treatments was performed under vacuum. Firstly a stress relief heat 
treatment at 720°C for two hours followed by furnace cooling. Thereafter an annealing heat 
treatment at 950°C for 2 hours also followed by furnace cooling. The tensile and axial fatigue 
specimens were manufactured in the same shape as the specimen required for testing but with an 
extra 1mm of material to allow for machining. The samples for FCGR were produced as solid blocks 
from which the required specimen with the notch and holes were machined. 

Tensile testing was done on cylindrical specimens in accordance with ASTM E8 M on a 50kN Instron 
1342 machine operated in displacement controlled mode at 0.5mm/min. A gauge length of 30mm 
was used. Elongation to break was measured by placing the broken pieces next to each other and 
measuring the elongation of gauge marks that was made before testing. In order to compile a stress-
strain curve an extensometer was used and yield strength was determined at a 0.2% offset strain. 
Machining of tensile specimens was done according to Figure 1(a) below. Material produced by 
additive manufacturing typically has anisotropic mechanical properties. Consequently, to 
characterise the anisotropy of the material produced in the current study it was decided to test 
tensile properties along 5 different orientations as indicated in Figure 1(b). 5 repeat samples was 
tested for each orientation.
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Figure 1 – (a) Dimensions used for tensile samples. (b) Orientation of the various samples 
relative to the build and scan directions. Layers were built along the Z-direction and scanning 

was done along the Y-direction.

High cycle fatigue testing was done according to ASTM E466-15 with an R ratio of 0.1 and a frequency 
of 15 Hz. The tests were performed on a 50kN Instron 1342 machine. The dimensions to which the 
fatigue samples were machined are shown in Figure 2. Axial fatigue samples were only produced 
along the z and x orientations as defined in Figure 1 (b). 9 samples was made for each orientation.

Figure 2 - Axial fatigue sample dimensions

Fatigue crack growth rate was measured according to ASTM standard E647. An R ratio of 0.1 in 
combination with a loading frequency of 15Hz was used. The orientations of the samples relative to 
build directions are shown in Figure 3 (a). As shown the samples were produced so that testing could 
be done in three different orientations. The crack growth was measured with a crack opening 
displacement (COD) gauge and measurements were taken at every 0.025mm displacement that the 
gauge measured. The equipment used was a 30kN Instron 1342 machine. The samples were 
manufactured as solid blocks on the Aeroswift platform at 2mm oversize and EDM (electrical 
discharge machining) processed to final dimensions as shown in Figure 3(b).
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Figure 3 – (a) Build orientations and labels used for fatigue crack growth rate samples. Layers 
were produced along the z-direction and scanning was done along the y-direction. (b) 

Specimen dimensions after machining.

3. RESULTS AND DISCUSSION

3.1 Microstructure and tensile results

The microstructures of the samples that was tested are shown in Figure 4 (a) and (b). The build 
direction is from bottom to top in the microstructures. Elongated alpha grains (the dark phase) with 
thicknesses less than 10µm are seen with white beta phase along the grain boundaries. This 
microstructure forms when the as-built martensitic microstructure is heated to temperatures close 
to the beta-transus. This microstructure has greater ductility but slightly lower strength than the 
as-built material [3].
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Figure 4 – (a) Microstructure of samples as it was tested (b) Higher magnification image of 
microstructure (c) Lack of fusion observed on fracture surface of outlier sample that failed 

prematurely (d) Fracture surface on sample that did not fail prematurely. 

Out of the total of 25 tensile samples which was tested, 2 failed at much lower than average 
elongation to break. The fracture surface of one of the samples that failed at low elongation to 
break is shown in Figure 4(c) and one that failed at the average elongation to break is shown in 
Figure 4(d). The presence of significant amounts of lack of fusion defects is observed in Figure 4(c)
while much less of these defects are observed in Figure 4(d). It was decided to exclude the two 
results from the rest of the analysis since it was clear outliers that was due to processing conditions 
on the Aeroswift platform. The occurrence of such defects emphasizes the necessity for non-
destructive evaluation on critical parts and also points to the usefulness of elongation to break for 
quality control [5].

The measured tensile results for samples produced with different orientations are summarized in 
Table 1. The ranges between the minimum and maximum of the 5 repeat samples are shown. Note 
that the reported tensile properties are roughly similar to typical yields strengths of ~900MPa , 
Ultimate tensile strengths of ~1000MPa and elongations to failure of ~15% that is found for Ti6Al4V 
produced by LPBF after heat treatment in literature. It is difficult to compare the measured results 
to values available in literature due to the fact that various different post processing heat 
treatments have been used by different authors. The results reported from Leuders et al[4] are for 
samples heat treated at 1050°C for 2h followed by furnace cooling, in this case testing was also 
done in the z-direction. Note that the Yield Strength and Ultimate tensile strength is very close to 
the range of results measured in the current study. The lower elongation to failure that is reported 
by Leuders et-al may be due to the fact that a different heat treatment was used than in the current 
study. Studies done on Ti6Al4V samples heat treated at lower temperatures typically showed higher 
yield strengths but lower ductility [3].

(b)(a)

(c) (d)
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Table 1 - Summary of tensile results for different orientations.

Sample 
orientation as per 
Figure 2

Yield 
strength 
(MPa)

Ultimate 
tensile 
strength 
(MPa)

Elongation 
to break (%)

Modulus 
of 
elasticity 
(GPa)

Z 770-795 936-955 14-16 112-114
X 890-892 971-976 16-17 122-124
Y 858-874 937-965 15-16 120-126
XY 894-896 974-987 16-17 121-122
ZX 875-889 970-977 15-17 119-120
Z (Leuders et 
al.)[4]

798 945 12 Not 
reported

From the table it can be seen that the samples produced along the z-direction clearly had a lower 
Yield Strength and Modulus of Elasticity. The same effect has been reported by other researchers
[6], [7], [8]. The anisotropy in Yield Strength and Modulus of elasticity is due to the preferred 
orientation created by the manufacturing method which continuously add heat to the top of the 
sample and causes the prior-beta grains to grow epitaxial between layers. Since crystalline materials 
solidify faster along certain crystallographic directions the fact that heat is always added from the 
top means that the fastest growth direction will tend to be perpendicular to the built plate. This 
preferred orientation in the crystals that make up a sample means that the shear stress on the
closest packed planes along the closest packed directions will be different if the specimens tested
in different orientations. This due to the fact that dislocation motion which affects the yield strength 
of a material is produced by shear stresses on closest packed planes along closest packed directions
which are influenced by the orientation along which it is tested. Another possible cause for the 
anisotropy is the occurrence of pores that are flattened horizontally as in the case when lack of 
fusion between layers occur. However, in the latter case one would expect to see the same effect 
on the measured ductility in the different directions. 

3.2 High cycle fatigue results

The fatigue cycles to failure for 9 samples in the Z direction and 9 samples in the X direction at
different values of maximum stress are shown in Figure 4 (See Figure 1 for illustration of directions). 
For comparison values obtained from literature for material that was also exposed to a post-process 
anneal heat treatment are superimposed on the results as well as data for a mill-annealed Ti6Al4V 
casting. Note that specimens built along the Z direction typically shows inferior fatigue strength 
compared to samples built along the X-direction. The more to the left and bottom of an S-N curve a 
sample lies the poorer its fatigue strength is. This orientation dependence of fatigue strength is 
likely due to the same reason that the tensile strength is also less along the Z-direction seen in Table 
1. The fatigue results along the X direction is similar to fatigue strength of a mill-annealed casting
[9] as well as to values from Leuders et al [4] and to values from Kasperovich for HIPed material 
[10]. The results for the z-direction on the other hand is similar to values from Gϋnther et al. [11]
that also did testing on samples oriented along the Z-direction. Due to slightly different heat 
treatments that was used for the values from literature as well as different R ratios applied for the 
tests it is not possible to make exact correlations. The tendency of the data points from Gϋnther et 
al. to lie slightly to the left and below the data points for the Aeroswift Z-direction samples may be 
due to the use of an R value of 0.1 for the Aeroswift material while an R value of -1 was used by 
Gϋnther et al. An R ratio of -1 typically results in less cycles to failure than for an R ratio of 0.1 for 
the same maximum stress [5]. It is generally accepted that parts produced by LPBF which are to be 
used in demanding applications needs to undergo HIPing to remove residual porosity. The effect 
thereof can be seen by looking at the literature results from Kasperovich et al [10] for HIPed material
that was also tested along the z-direction. It should again be noted that an R ration of -1 was used 
which typically shifts the data points down and to the left compared to an R ratio of 0.1. The HIPed 
samples generally lie to the right and the top of the non-HIPed samples. Some of the Aeroswift data 
points overlap with the HIPed samples, this may be due to the lower R ratio that was used and the 
fact that these samples were oriented along a different direction. 
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Figure 5 S-N curve of tested Aeroswift samples as well as data points from literature.

3.3 Fatigue crack growth rate results

The measured crack growth rate as a function of stress intensity factor range is shown in Figure 6.
For simplification only the fitted curves are shown and not the data points. In order to quantify the 
goodness of fit between the fitted curves and the raw data the R2 values are also shown. Note that 
the crack growth rate for the sample with orientation defined as XY is slightly inferior to the samples 
along the remaining two orientations. On a crack growth rate vs stress intensity factor range graph 
data points that lie to the lower right corner have superior properties since that indicates that for 
the same stress intensity factor range the crack growth rate is slower. These results compare well 
with results from Cain et al [7]. which show the XY heat treated sample as slightly inferior. Anisotropy 
in mechanical properties was consistently observed for all 3 mechanical tests performed in this study 
and is due to the anisotropy inherited from the manufacturing process. The exact microstructural 
causes of this anisotropy after heat treatment remains a subject for debate [7]. Figure 6 further 
shows slightly superior properties measured in the current study compared to that reported by Cain
et al[7] which may be due to different heat treatment that was used. Comparison of the data to the 
work of Hooreweder et al [12] show that the Aeroswift samples performed slightly better at similar 
stress intensity levels however the samples of Hooreweder et al. [12] were not heat treated. Leuders 
at al [4] and the Aeroswift results are generally comparable at the 20 to 40 MPa.m1/2 stress intensity 
range levels. It must be noted that it is generally difficult to compare samples across the different 
authors as testing parameters and heat treatment conditions vary from references [4,7, 12]. The 
results show that the Aeroswift high power and high speed process can produce comparable results 
compared to those results reported in literature which uses low powers. 

σ m
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Figure 6 - Fatigue crack growth rate vs. stress intensity factor range.

4. CONCLUSION

The goal of the Aeroswift system is to produce parts at higher build rates than conventional or 
commercial systems. This is accomplished by the deployment of a high power single source laser. 
However the ability to process at high laser powers still requires parts produced to undergo stringent 
quality control measures to qualify the process and parts for industrial use. The results show good 
comparatibility with tensile, axial fatigue results and fatigue crack growth rate from literature, but 
some tensile samples had gross defects that caused it to fail prematurely. This indicates that 
reproducibility of the process still requires further optimisation. It is generally also required to HIP 
parts produced on additive manufacturing platforms to reduce porosity and defects which can 
improve the consistency of results. 

Based on the results obtained the following conclusions can be drawn:
• The tensile, high cycle fatigue and fatigue crack growth performance of the Aeroswift 

material is roughly similar to Ti6Al4V parts produced by conventional low power laser 
powder bed fusion. 

• The manufacturing speed of producing Ti6Al4V on a LPBF machine can be increased by 
increasing the laser power up to 2kW without sacrificing mechanical properties. 

• Anisotropy of mechanical properties is important to take into consideration.
• Process reproducibility need to be improved so that no unexpected gross lack of fusion 

occurs.
• Non-destructive evaluation needs to be performed on critical components to ensure no lack 

of fusion occurred and material properties are consistent.

R2=0.93

R2=0.94

R2=0.87
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ABSTRACT

The hypothesis of the study is the design cycle process for prismatic and biomimetic aircraft 
components that will be manufactured, mainly focusing on Additive Manufacturing (AM). This design 
cycle will also be used for additional methods of manufacturing and not only limited to AM. Many 
factors have to be taken into account during the process; thus, the design cycle will be split into 
various phases. Each phase will be investigated individually, as well as the design cycle as a whole. 
This is done to ensure that the component complies with the OEM requirements and is fully optimised 
for the desired outcome.
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1. INTRODUCTION: 

1.1 Background

The popularity of topology optimisation methods in structural design has increased in recent years, 
since the rapid development of Additive Manufacturing (AM) technology [1]. AM is making it possible 
to manufacture more biomimetic shapes generated by the topology optimisation process, as opposed 
to a prismatic perspective where specific parameters are required for Traditional Manufacturing 
(TM) techniques. Biomimetic refers to organic or natural shapes that occur in nature similar to bone 
or trees, the load path generated when topology optimisation is applied mimics the behaviour of the 
natural shapes. Prismatic shapes are also generated using topology optimisation, but it is necessary 
to set specific parameters, for example, the draw direction and symmetry planes. 

Topology optimisation is rapidly developing and with the maturation of topology theory[1]. With the 
increased number of tools, it has become an active method in the design of components. Surface 
porosity, checkboard design, mesh dependency, radii, holes and chamber minimums, and other 
design and manufacturing aspects must be considered when a component is conceptualised. If not 
taken into consideration, it will lead to non-manufacturable topology that cannot be accepted in 
the traditional manufacturing processes, for example, machining [1]. The possibility to solve 
problems has imporved as AM has fewer limitations than traditional manufacturing methods. 
However, although AM significantly opens up the design freedom , it is not entirely a free-form 
manufacturing technique[2]. For example, to be able to evacuate the unmelted powder, enclosed 
voids in structures should be avoided in powder-based processes such as selective laser melting 
(SLM).

A significant factor of the design cycle includes the manufacturability of the component. Important 
factors that affect the manufacturing qualities of additive manufactured components are building 
accuracy, interlayer mechanical properties and surface finish. Support structures must be taken to 
into account because it has added advantages, for example, its keeps AM components from 
collapsing if the overhang angle becomes too high, it will also dissipate heat into the build platform 
to avoid local distortion of the component. Component cost and surface finish quality is 
compromised by manufacturing supports. Correct design and post-processing can reduce the effects 
of these issues[3]. Many factors and parameters still need to be considered when optimising a 
component even if it is manufactured using AM.

Although optimisation and manufacturability validation have significant roles in the design cycle 
process, there are many other contributing factors in developing aircraft components. 

1.2 Problem statement and methodology 

The purpose of the study is to investigate each of the proposed phases in the pursuit of developing 
a comprehensive design cycle process. In Figure 1 the proposed phases for the additve manufacturing 
design cycle for aerosspace components are:

• Computer-Aided Design (CAD)
• Optimisation
• Internal Features and Surfacing
• Manufacturability
• Qualification and Certification

The primary objective of the design cycle is to design a component that meets airworthiness 
requirements and customer specifications.

The design cycle is an iterative process; thus, the component may not conform to all the 
requirements in the first iteration. Each phase of the design cycle will be investigated individually. 
At the end of the study, a process manual of the design cycle will be created. The process manual 



151ISBN 978-0-6398390-0-4

will give design rules and methodology that will standardise AM design for aircraft components. the 
quilification part of the study is still underway and will be added to future publications.

Figure 1: The design cycle for additive manufactured aerospace components

1.3 Computer aided design (CAD) 

The primary use for Computer-Aided Design (CAD) in this design cycle is to conceptualise components 
and to designate the design space for the topology optimisation process. The design space is the 
area in which the topology optimisation is carried out.[4] In Figure 2, the design space is shown in 
blue and the fixed space as green.

Figure 2: Design space

The CAD phase will be used in conjunction with several of the phases to perform changes to the 
geometry. In conceptualising components, it is key to generate the initial shape for the application,
which entails defining interface planes and points. This will ensure that the maximum design space 
is used in the operation or working space of the component. In some cases, the topology optimisation 
software requires certain file types, which are exported from CAD. It is not necessary to export the 
data when using one platform. A platform refers to a software package that has more than one 
function. For example, Finite Element Method (FEM) with the capability to do topology optimisation 
and Finite Element Analysis (FEA). Any CAD software can be utilised for the exportation of the 
following file formats:
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• STEP
• IGES
• STL

In addition, existing components will be optimised requiring the geometry to be re-evaluated. This 
refers to removing features, such as fillets and chamfers, and consolidating components if possible. 
This process is defined as volumetric re-evaluation of the component in preparation for FEA. 

1.4 Optimisation

1.4.1 Topology optimisation
Topology optimisation is one of the structural optimisation methods[4]. The distribution of the 
material is optimised based on a set of loading and boundary conditions while adhering to the 
structural requirements of the component. Topology optimisation techniques are conducted using a 
combination of engineering knowledge, CAD and FEA concepts, while taking the manufacturing 
technique into consideration. The volumetrically re-evaluated data will then be used in the FEA 
software to calculate the stress and displacement throughout the component. The primary objective 
in topology optimisation investigations is the removal of material not subjected to load, however, 
structural integrity must be maintained

Since Bendsoe and Kikuchi's study[5] has triggered renewed interest in topology optimisation, the 
popularity of using the methods in the design phase has increased rapidly. Topology optimisation 
has rapidly developed with an increase in the number of tools, and the evolution of the theory, it 
has become a notable addition to design methodology[1]. With reference to section 1.1, specifically
prismatic and biomimetic structures, it is pertinent to note the limitations and requirements of the 
component for optimisation. This will determine the manufacturing constraints, design objectives 
and design constraints. 

1.4.2 Prismatic structure

Prismatic refers to a parametric shape, geometrical features that are defined by parameters, and 
the manufacturing process. As mentioned in section 1.1, many stumbling blocks are caused by 
topology optimisation for TM methods. Complex geometries created are either manufactured at 
uneconomical rates or not manufacturable using TM. According to Chen et al. to conceptualise 
components that conform to the TM, efforts have been made to integrate manufacturing constraints 
into the optimisation process[6]. The following factors based on several studies are denoted as the 
main aspects that must be taken into consideration for effective outputs to be achieved from a 
topology optimisation process:

1. Minimum feature size and geometric symmetry as manufacturing constraints:

Topology optimisation is a concept design method; thus, it is essential to keep in mind that 
there are limitations in the manufacturing process. Zuo et al. state that minimal hole size for 
machining tools are generally not taken into consideration in the topology optimisation process, 
but minimal hole size is seen as a characteristic that affects casting and the symmetry property 
of the function of a component [1]. The minimum feature size should thus be taken into 
consideration as a manufacturing constraint during the topology optimisation process to avoid 
non-manufacturable geometry. With the latest software, manufacturing constraints are now a 
general part of setting up the optimisation.

2. Cost of manufacturing in the optimisation process:

According to Chang et al. in the automotive and aerospace industries, engineers are challenged 
to create and design parts that take certain load cases that are strong enough to sustain 
substantial impact. The geometry of said load-bearing components are usually complicated due 
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to efficiency requirements, efficiency referring mainly to strength and weight. These 
requirements usually come at a high price because the more complex a component, the more 
time it takes to manufacture, and this increases the cost of the component[7].

1.4.3 Biomimetic structure

Since the development of the additive manufacturing industry, the ability to design components 
with a certain sense of manufacturing freedom has made topology optimisation a lot more relevant. 
The general meaning of biomimicry is “innovation inspired by nature”, in other words, to use nature 
as the inspiration for any natural or organic shape in the design[8]. Structural biomimetic 
components are a result of the geometry generated by the topology optimisation that eliminates the 
material that is not situated on the load path. The shapes generated, emulates the growth of tree 
branches, but this is only inherent to the path based on the loading and boundary conditions. In an
ideal world, AM would be able to satisfy any design, but the current state of the technology still has 
limitations, for instance:

1. Surface quality

For excellent surface finish, post-processing is generally required, and these processes will 
come at a high cost. Surface finish will influence the fatigue life of a component as the poor
surface condition most likely will induce cracks due to defects such as porosity[9].

2. Overhang angle

Overhang angle is a well know constraint in the AM industry. The typical overhang angle for 
metal AM is 45 degrees and lower. If this angle is exceeded, support structures are required,
and as mentioned in the previous section, support structure are not ideal for surface finish[9].

1.5 Internal features and surfacing

1.5.1 Internal features

This section will focus on features that affect the internal structure of an AM component and the 
surface clean-up of the topology optimisation facet geometry.

1. Lattice structures:
The basic description for "Lattice" is described as a framework or structure of crossed woods or 
metal strips and can be implemented to a geometrical arrangement of points or objects over a 
designated design space[10].

For this study, a peripheral view of lattice structures will be investigated for additively
manufactured aerospace components. There is yet a way to qualify and certify the components as 
flight airworthy due to the variability of the lattice beams and the multitude of load paths that 
would exist within a lattice. The Siemens NX lattice structure capability was investigated. It was 
found that the software has an extensive list of lattice options and will be beneficial to future studies 
in the lattice field. 

Hussein et al. completed a study investigating new steps for the design and manufacture of a more 
effective support structure using a lattice structure with minimum volume[11]. Support structures 
will only be investigated in the manufacturability phase of the design cycle.

2. Bamboo Structures:
This is still a very new concept as there is little to no literature where it has been used for Additive 
Manufacturing in tube-like structures. In Figure 3, is an example of the bamboo structure generated 
by Kranz et al. [12].
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Figure 3: Bamboo structure to save weight[12]

1.5.2 Surfacing 

Surfacing or in better terms refers to surface clean-up of the faceted geometry created by the 
optimisation process, an example of this can be seen in Figure 4. The shapes generated from the 
topology optimisation process is facet geometry, alternatively termed a “dumb solid”. Facet 
geometry is not directly compatible with subsequent CAD tools. Non-uniform rational B-spline 
(NURBS) are preferred in this conversion method because they represent the geometry more 
efficiently and accurately. However, converting third-order meshes to NURBS is difficult and time-
consuming. 

Figure 4: Facet geometry created from the TOP process[13],[14].

In 2016, SolidThinking addressed this problem by developing a solution called PolyNURBS[13].
According to SolidThinking, this new modelling method allows the user to easily trace over the 
facet results from the topology optimisation process to create a smoother, watertight NURBS 
version of the facet geometry. An example out of the help file can be seen in Figure 5. This 
PolyNURB model can be exported to other CAD systems and prepared for the next phases of the 
design cycle. 

BAMBOO STRUCTURE
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Figure 5: PolyNURB geometry[13],[14]

1.6 Manufacturability

The AM industry has made a lot more free-form designing possible. However, as with any 
manufacturing process, limitations or constraints must be taken into consideration. There are 
several processes for manufacturing metals using AM. The technology used in this study is Powder 
Bed Fusion (PBF), and the process is Selective laser melting (SLM). Many parameters affect the build.
Some of the parameters are listed below[15]:

• Beam width
• Laser power
• Laser velocity
• Hatching strategy 
• Material type
• Layer thickness
• Powder size and morphology;
Bugatti et al. refers to the manufacturability phase as “Process optimisation”. The process relies on 
the results of expensive experimental campaigns. This approach is advantageous as it is the most 
accurate solution as the results come directly from the machine. However, this is an iterative 
process that is very time consuming and can be overly expensive because it relies on quality 
measurements of the components[15]. Due to the high cost of this process, utilising a new process 
that is driven by simulation and minimal experiments will lower the cost tremendously. This will 
invoke the thought process of “first time right”, by identifying or making supervision during the 
simulation for any problems with the build.

The residual distortion of a component is a significant technical challenge when using PBF[16].
Excessive distortion can lead to build failure, cracks and loss in structural integrity. Due to the 
inherent heating and cooling of the AM process, residual stresses can rarely be avoided[16]. By using 
simulation software to do accurate distortion prediction, it is an effective way of ensuring 
manufacturability and build quality. Simufact Engineering has developed Simufact Additive software 
for the simulating of metal additive manufacturing. This software simulates all the critical process 
steps in the AM process. These process steps are:

• A component build 
• Heat treatment
• Cutting from the build plate
• Removal of support structures
• Hot isostatic pressing (HIP)
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Simufact Additive predicts the final distortion and residual stresses of the metal parts. The inherent 
strains are determined through several iterative calculations using an experimental calibration 
process. The inherent strains, associated to the calibrated machine, are then used in simulating a 
component. The software can then accurately determine where the distortion and stress will accrue 
during the build after it has been cut from the bed, and all the support structures have been 
removed. 

2. CASE STUDY

The case study is defined as the Continues Fiber Reinforced Thermo Plastic (CFRTP) Rudder AM 
component. The brackets of the rudder are designed by means of the proposed AM design cycle. The
goal of this study is to achieve an AM manufactured part that conforms with all the airworthiness 
requirements and can sustain the desired loading. In Figure 6, the component is shown in the 
assembly of the rudder and where all the interface planes and points are defined. The loading 
conditions for this bracket are specified as ultimate loads. When the ultimate loads are applied, the 
rules are as follows: 

• No buckling 
• Von Mises is smaller or equal to the ultimate tensile stress of the material

Figure 6: The Rudder assembly for the bottom bracket [17].

3. RESULTS

Figure 7 is the summary of all the results achieved by each of the phases for the AM design cycle 
based on the case study. Each of the sections to follow will give an explanation on what particulars 
have been achieve for that specific phase of the design cycle. 
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Figure 7: The results of the AM design cycle

3.1 CAD 

In the first phase, the component is altered by means of the re-evaluation process. The difference 
between the current geometry and the re-evaluated geometry can be seen in Figure 7. The re-
evaluated geometry encapsulates the complete design space the component can utilise. The 
designated design space is used to allow the most efficient load path to be defined by the topology 
opposition simulation without limiting or forcing a defined path.

3.2 Optimisation

For the optimisation phase, the investigation spreads across a variety of software packages as the 
results obtained from the optimisation process were inadequate, due to the lack of development of 
the software and lack of knowledge. The following software packages were used:

• Patran/Nastran, 2014.1 and 2018 (MSC. Software Corporation)
• NX, 12(Siemens)

° Topology Optimization for Designers
° Sol 200 NX Nastran Topology Optimization

• Inspire, 2018.2 and 2019 (Altair Solid Thinking)

In Figure 7, the various results from the topology optimisation can be seen. The desired outputs 
were not achieved from the MSC.Patran/Nastran and the Siemens NX software packages. This 
outcome is due to insufficient time to develop the skills required to effectively use these software 
packages for topology optimisation. The Solidthinking Inspire software package yielded the best 
results from the topology optimisation investigation.

3.3 Internal Features and Surfacing 

Inspires PolyNURB functions have been used to clean up the geometry from the optimisation process. 
This improves the aesthetics of the part and converts the CAE data to usable CAD data. In Figure 7,
the results for both designs can be seen. 
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3.4 Manufacturability

Simufact Additive was used to determine if the component that is generated in the topology 
optimisation phase can be manufactured without the risk of build failure or significant distortion.
To do this evaluation with an accurate output, a calibration experiment was conducted. The 
calibration procedure is necessary to capture all the build parameters that have been used to print 
the cantilever test sample. The samples are cut at a defined height, and the deflection in the z-
direction is measured. These values are captured by the software and used to determine the inherent 
strain values. A machine profile is now defined and will be used for all component manufactured on 
the specific machine using the defined parameters

3.4.1 Calibration Results
In Figure 8, calibration samples have been distributed across the build plate to ensure the whole 
build plates inherent stain is calculated. Simufact interpolates from the four data points for the 
inherent strain value at any given point in the print space. The calibrations samples where 
manufacture using a Concept laser M2, the material used for this build was Ti-6Al-4V grade 23. 

Figure 8: Distributed Samples across the build plate

In Figure 9, the displacements of the cantilever samples are shown after the samples have been cut 
at a certain height. The displacement in the Z-direction was measured with a calibrated depth 
gauge.

(96.5, 62.5) (96.5, 187.5)

(221.5, 187.)(221.5, 62.5)

X

Y

Print space
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Figure 9: Cantilever samples after Cutting

Table 1 presents the experimental data that was measured compared to the convergent values 
simulated by the software. In Figure 10, the maximum deviation is seen for part 2, with a deviation 
of 2.94766%. This implies that the simulation outcome of the calibration is accurate to the maximum 
percentage achieved 

Table 1: Output data from Simufact
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Figure 10: Bar graph of the Comparison between measured and simulated data

3.4.2 Component Assessment Results

The manufacturing assessment was conducted using the calibrated Simufact machine profile card. 
If there is any deviation in the build parameters, the simulated data will be inaccurate, thus it is 
recommended to redo the calibration process if the parameters are altered. There is also a function 
in Simufact to optimise the build orientation to minimise the volume of support. However, this may 
not give you the best residual; distortion result. In Figure 11, the component is fixed to the build 
plate, the component was cut from the build plate, and all the support structures were removed
this can be seen in Figure 7. The legend on the side of the part indicates the displacement for the 
contour plot. The displacement increases when the component is cut from the build plate, and the 
supports are removed. The displacement represents the residual distortion that occurs due to the 
internal stress caused by the AM process. 

Figure 11: Manufacturability Results – Optimal Build Orientation
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4. CONCLUSION

The literature has shown that there is minimal emphasis on the design cycle process when creating 
components for AM. This design cycle will make it possible to achieve components that conform to 
the airworthiness requirement and achieve the optimal design for the application. The aim of this 
study is to develop a design cycle that will be implemented by means of process manuals.

In this sense, the software used for the optimisation phase was briefly investigated, and with little 
to no exposure, the best result was achieved for each in the set time frame. It is important to note 
that MSC and Siemens software, using Nastran as a solver requires a vast amount of exposure and 
knowledge to generate topology from any given geometry. Inspire is a well-developed topology 
optimisation software package and has all the necessary tools to generate the desired geometry with 
ease. Thus it is evident that the other two counterparts require further development due to the fact 
that they are not easy to use without a fast amount of experience in FAE. Inspire also catered for 
the clean-up phase of the design cycle with the PolyNURB wrap function that “wraps” the facet 
geometry. PolyNURBS can be manipulated to a large degree. Thus we can generate both prismatic 
and biomimetic components. 

The design cycle ensures that the component adheres to the manufacturing constraints and is 
manufacturable using the specific AM process. This reduces the cost of the build as the software 
emphasizes where the component might cause the build to fail. It also gives insight into the residual 
distortion and how to rectify this issue using the inverse of the displacement vector as a solution.
The qualification phase investigation of the design cycle is still currently underway. This concludes 
the current iteration of the design cycle, and with minor alterations, in the orientation, the part 
can successfully be manufactured. The design cycle will make it possible to achieve optimised 
components that meet the manufacturability requirements of the build process as well as the 
requirements for the component to be airworthy. 

REFERENCES

[1] K. T. Zuo, L. P. Chen, Y. Q. Zhang, and J. Yang, 2006, “Manufacturing- and machining-
based topology optimization,” Int. J. Adv. Manuf. Technol., vol. 27, no. 5–6, pp. 531–536.

[2] W. Gao et al., 2015, “The status, challenges, and future of additive manufacturing in 
engineering,” CAD Comput. Aided Des., vol. 69, pp. 65–89.

[3] W. Zhang and L. Zhou, 2018, “Topology optimization of self-supporting structures with 
polygon features for additive manufacturing,” Comput. Methods Appl. Mech. Eng., vol. 334, 
pp. 56–78.

[4] A. W. Gebisa and H. G. Lemu, 2017, “A case study on topology optimized design for additive 
manufacturing,” IOP Conf. Ser. Mater. Sci. Eng., vol. 276, no. 1.

[5] M. P. Bendsøe and N. Kikuchi, 1988, “Generating optimal topologies in structural design 
using a homogenization method,” Comput. Methods Appl. Mech. Eng., vol. 71, no. 2, pp. 
197–224.

[6] Q. Li, W. Chen, S. Liu, and L. Tong, 2016, “Structural topology optimization considering 
connectivity constraint,” Struct. Multidiscip. Optim., vol. 54, no. 4, pp. 971–984.

[7] K.-H. Chang and P.-S. Tang, 2001, “Integration of design and manufacturing for structural 
shape optimization,” Adv. Eng. Softw., vol. 32, no. 7, pp. 555–567.

[8] A. du Plessis et al., 2019, “Beautiful and Functional: A Review of Biomimetic Design in 
Additive Manufacturing,” Addit. Manuf., vol. 27, no. March, pp. 408–427.

[9] B. G. Ben Redwood, Filemon Schoffer, 2017, The 3D Printing Handbook. 2017.
[10] Y. Tang, G. Dong, Q. Zhou, and Y. F. Zhao, 2017, “Lattice Structure Design and 

Optimization With Additive Manufacturing Constraints,” IEEE Trans. Autom. Sci. Eng., pp. 1–
17.

[11] A. Hussein, L. Hao, C. Yan, R. Everson, and P. Young, 2013, “Advanced lattice support 



162RAPDASA 2019 Conference Proceedings

structures for metal additive manufacturing,” J. Mater. Process. Technol., vol. 213, no. 7, 
pp. 1019–1026.

[12] K. Prof, 2013, “Structural Optimization and Laser Additive Manufacturing ( LAM ) in 
lightweight design : barriers and chances,” no. April.

[13] “Altair InspireTM 2019.” .
[14] SolidThinking, “PolyNURB Tutorial.”
[15] M. Bugatti and Q. Semeraro, 2018, “Limitations of the inherent strain method in simulating 

powder bed fusion processes,” Addit. Manuf., vol. 23, no. June 2017, pp. 329–346.
[16] Q. Chen et al., 2019, “An inherent strain based multiscale modeling framework for 

simulating part-scale residual deformation for direct metal laser sintering,” Addit. Manuf.,
vol. 28, no. December 2018, pp. 406–418.

[17] A. Manufacturing, 2015, “16 INTERNATIONAL CONFERENCE Bronze,” no. November.



163ISBN 978-0-6398390-0-4

HUMAN EXPERTISE IN ADDITIVE MANUFACTURING DIGITALIZATION 

A. Ellis1* & A.F. van der Merwe2

1* Department of Industrial Engineering, University of Stellenbosch, South Africa, ashleighellis4@gmail.com

2 Department of Industrial Engineering, University of Stellenbosch, South Africa, andrevdm@sun.ac.za

ABSTRACT

Additive Manufacturing (AM) as an emerging technology of Industry 4.0 requires systems 
management on 3 layers: Physical, Device and Information. Companies must fully equip themselves 
for the 4th industrial revolution by implementing management strategies to better control the 
complexities associated with the introduction of new systems. This paper provides a framework for 
the implementation of new systems that can improve the maturity of current processes within an 
organization. The introduction of new complex systems requires seamless integration between the 
three layers through the adoption of reliable software and devices. Although reliable devices and 
software has the capability to fully digitalize the AM process, human expertise is still required. The 
technology readiness level (TRL) of such system components is addressed to conclude the systems 
readiness level of AM. 
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1. INTRODUCTION

Industrial production systems are entering a new paradigm called the fourth industrial revolution or 
better known as industry 4.0 [1]. Industrie 4.0 is a current research initiative for the implementation 
of the German high-tech strategy in 2020 [2] note the spelling of the German brand. However 
Industrie 4.0 has also been adopted as a brand outside of Germany. The first revolution started with 
the introduction of steam power and hydro power, the mechanization of production systems. The 
second revolution entailed the use of electrical energy to achieve mass production. The third 
revolution started when automation excelled with the introduction of the electronic systems and 
digitalization. The fourth revolution focuses on advanced digitalization that integrates internet 
technologies with future orientated technologies [1]. The main concept of this revolution is the 
implementation of smart systems that integrates cyber-physical systems to create inter-system 
communication and automated system operation. 
This emerging revolution forces companies to start looking at management strategies on three 
levels: Physical, Device and Information. The successful adoption of these technologies and systems, 
that enhances automation, requires a full understanding of these three levels. This paper will start 
with a methodology for determining the maturity of the current technologies within an organization 
and how to approach the introduction of new systems to improve the maturity. Management 
strategies for each layer will be explained. 
A practical example looks at the process chain of additively manufactured medical implants at CRPM.

2. TECHNOLOGY READINESS LEVEL (TRL)

A full understanding of the maturity of the systems within a company must first be established before 
a management strategy can be implemented to improve such systems. One way of quantifying the 
maturity of a system is the use of Technology Readiness Level (TRL) of the components in the system.
The concept of TRL was first introduced in the 1970’s by the National Aeronautics and Space 
Administrator (NASA) and consisted of various levels that indicated the maturity of a technology [3].
The levels were refined and strengthen in 1995 which led to a detailed seven level maturity 
assessment tool being designed. This tool allowed for more effective assessment of technology as 
well as aiding in the clear communication of the current maturity of certain technologies. The one 
challenge most managers face when using this measurement tool is the correct allocation of TRL 
values to various technologies within an organization and how to use the tool further as a 
management strategy. There are nine Technology readiness levels starting from one indicating that 
the technology is at the stage where only the basic principles are researched and reported. If a 
technology is awarded a TRL level of nine it indicates that the technology is capable of successfully 
functioning as a system [3].
In order to successfully justify that an implemented systemic change actually improved the system, 
an as-is state its must be quantified before such change implementation. This quantification can be 
done by tracking the changing in TRL as the systemic change is being implemented and executed. In 
industry, companies must first identify the elements within their process flow chain that poses the 
most risk. Often the elements with the lowest TRL are still in the development phase and not yet 
mature, posing more risk.
Once the TRL’s are determined and the highest risk elements have been identified a management 
strategy is formulated to address these risks. Theory of Constraints (TOC) is often applied to 
systematically improve the TRL’s. TOC was developed by Eli Goldratt in the mid 1980’s and is a 
framework for efficiently allocating resources within an organization [4]. TOC acknowledges the fact 
that a company has limited resources at their disposal [5]. TOC is based on the concept that every 
process chain has at least one constraint. If a process chain had zero constraints the company should 
be able to produce an infinite number of products and generate and infinite amount of profit. The 
TOC process starts with identifying the largest constraint in the current system and focusing 
resources on that constraint. The current constraint is a bottleneck and thus it determines the 
throughput of the entire process. Following this logic, if more resources are allocated to improve 
this constraint to its desired performance level the throughput of the system also increases. Once 
the largest constraint is improved another constraint within the process will determine the 
throughput. Resources must then be allocated to that constraint and the entire procedure is 
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repeated. This is a continuous improvement method that systematically addresses all constraints 
within an organization [4].
This methodology is used to improve the TRL’s of elements within a process chain. The focus is first 
shifted to allocating resources to the element with the lowest TRL. Once that element reaches the
desired TRL, resources are allocated to the element with the next lowest TRL. This process is 
repeated till all the items within the process chain has reached the desired TRL. An element can 
move from one level to the next by showing a quantifiable difference in its output or management 
can use judgement or expert opinion to decide if the TRL of the item can be improved. 
Once a constraint has been identified management focuses more resources on that element. With 
Industry 4.0 the focus is not only on the physical layer component of that element, but also the 
information layer component. Ideally the element on the information layer is the digital twin of the 
element on the physical layer. But, things change on the physical layer, and the information layer 
needs to be kept up to date. So we introduce the device layer in Table 1. The device layer is just 
for vertical communication, with devices sending info from the physical layer up to the information 
layer. Such sensing devices are called sensors. Decision making on the information layer is then done 
taking into account all systems parameters. The decision is then sent down to the physical layer by 
devices called actuators, changing the physical state of the process. Ideally all decision making will 
happen on the information layer, which means that all systems parameters can be monitored by 
sensors and all decisions can be actuated by robotic or machine actuators.

Table 1: Three-layers

But in reality the human operator is still a component in this system. The human can act as a sensor, 
or as an actuator or both. In this case the human is considered an agent.

In preparation for Industry 4.0 a seamless integration between these three layers is required. The 
working and integration of these three layers are fundamental to understand and implement process 
chains in Industry 4.0 and their systems.

3. PHYSICAL LAYER

The physical layer is where the physical activities in the process chain takes place to create a 
product. When improving the TRL of an element in a process chain, change is introduced on the 
physical level. Change often includes adopting new technology and/or systems and training 
operators. However, management will be monitoring the newly introduced change, to ensure 
systems integration and prove that the TOC constraint has moved to another element. The data 
generated on the physical layer by the sensors on the device layer is then passed on to the 
information layer. But, before the next two layers can be introduced there are a few things must be 
considered. The new system or new process must work fully manually on physical level before the 
next two layers are implemented. A newly introduced system element must work without the aid of 
software or devices. Operators must fully understand what they must do and why they are doing it. 
Change management must be applied to the physical layer to ensure the workers fully accept and 
understand the reason for the change. Change management starts with the adoption of a company 
culture where continuous learning and agile thinking is promoted [6]. Only when a process chain can 
be executed manually, the process can be automated.
The refinement and testing of the physical layer ensures that the process will still be fully functional.
Then other technologies are integrated and if the software or devices fail, isolating the problem to 
the newly introduced elements. When the processes in the physical layer can function completely 
independent from the next two layers, can software and devices be introduced.  

Information layer
Device layer

Physical layer
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Remember that although the TRL of the newly introduced technology or system may be higher than 
what it replaces, its integration into the process chain may result in a lower systems TRL initially.
However, we know that the change was introduced to reach a higher TRL, hence the systems monitor 
and control requirement of the device- and information layers.  

4. DEVICE LAYER

The device layer creates a bridge for information to move from the physical layer to the information
layer. Agents are used to move the information between the layers. These agents that collect data 
from the physical layer and saves it in the information level. Decisions made on the information 
layer is executed by agents on the physical layer. Agents could be humans, but also electronic 
sensors and actuators. Agents act as interpreters between the language used on the physical layer 
and the coding used on the information layer. This transfer of data must be seamlessly. The agents 
used in the device layer is usually the employees within a company that moves information from the 
physical layer to the information layer. 
One risk associated with this level is that if the device fails there is no communication between the 
two layers that can result in the delaying of certain processes. When a device failure occurs a
business must be able to switch back to doing a task manually until the problem is resolved.  

5. INFORMATION LAYER 

All documents, numerical indicators and relevant data associated with the processes in the physical 
layer are saved in the information layer. This data is then used for decision making. The decision 
making can be by human expertise, machine learning algorithms or clone a digital twin.  Data from 
processes can also be compared to industry standards to ensure that a business is operating within 
industry standards.
All documentation can be saved in the information system. Data mining can be applied to the source 
documents to extract values and information that is used for indicators and calculations. The benefit 
associated with the information layer is that it increases the traceability of the processes within an 
organization because there is some form of digital tread being created that contains evidence of all 
operations performed and documentation received. If all decision making is done on the information 
layer, full traceability can be ensured. of the system because all documentation must be uploaded. 
Decisions to effect process changes on the physical layers are then handed to the device layer agents 
for their execution on the physical layer. 
There is a continuous movement of information between the layers and a time component associated 
with each element. For each element of the different phases of additive manufacturing these layers 
can be applied to. This paper will investigate the application of the three-layer concept to additive 
manufacturing to determine the systems readiness level as well as its contribution to Industry 4.0.  

6. APPLICATION USING CRPM 

The Centre for Rapid Prototyping and Manufacturing (CRPM) manufactures titanium implants through 
additive manufacturing [7]. The concepts explained in this paper was applied to CRPM to establish 
the requirements for an enterprise resource planning (ERP) system. The first step was to establish 
what processes within their process flow chain for additive manufacturing must be focused on. 
Design, Manufacturing and Post-processing were chosen due to the critical impact these processes. 
The three areas can be seen in Figure 1. 
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A study was done in 2017 to establish the commercial readiness for Medical Additive Manufacturing 
[8]. In this study the TRL levels of each item within the Design, Manufacturing and Post-processing 
processes were determined. The study also further evaluated what the desired TRL for each element 
is and how this desired TRL can be reached. An extract from the report showing the TRL’s can be 
seen in Table 2 below. The items highlighted in red are the items in this section of processes with 
the lowest TRL’s. This means that they are the items that poses the most risk for the company. The 
processes in red are the constraining processes. The item with the lowest TRL for this specific 
example is the powder aging, with a TRL of 3.

Table 2: TRL values

The 

desired TRL for the powder aging is 8, as established in a study done in 2017. Upon further 
investigation is was established that the TRL could be improved by having an in-house powder testing 
facility capable of determining the oxygen level of the powder. The oxygen level of the powder 
determines the quality of the powder, the oxygen level in the powder increases every time the 
powder is opened or goes through a printing cycle. According to ASTM F3001 the maximum oxygen 
content of titanium powder is 0,13% for medical implants [9].
Once the current problem is fully understood and a possible solution has been formulated the 
improved process can be placed into the three layers discussed. The results can be seen in Figure 2
below. The figure shows the activities associated with the implementation of the new system and 
the data that is stored in the information layer. 

Process Technology involved TRL
Manufacture the Implant from titanium EOS machine 9
CT scan calibration and maintenance Manual 9
Recoating EOS machine 4
Platform control Manual 9
Powder handling X-ray powder diffraction 7
Mixing and sifting Manual 9
Certificate of analysis of powder delivery Manual 9
Powder aging Manual 3
Support generation 3Matic software 8
Monitoring and setup Manual 9

Figure 1: Process flow chain
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Figure 2: Powder testing

Figure 2 shows how the three-layer concept can be applied to the receiving and testing of the 
titanium powder. All information relevant to the process is stored in the information layer and all 
activities are on the information layer. The device layer holds agents that move information between 
the physical and information layer. In this example the agents are the employees that type the 
information into a database. They move the data from one layer to the next. There is a continuous 
movement of information between the layers. The second last block in the information layer states 
that an authorisation notification is generated for an employee. This is a checkpoint where human 
judgement is needed before the process can continue. This is to ensure that the correct information 
is logged and that there are no red flags in the existing information. These red flags are issues that 
could cause a ripple effect of problems that can influence downstream activities. Only when an 
employee with experienced knowledge of the activities has seen and approved values can the 
process continue. 

The data needed for the information layer is determined by establishing what information is needed 
to ensure the oxygen level is within standard. Data mining is applied to source documents to extract 

Figure 3: Data mining [10]
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the values needed for the ERP system. In this example there are two points of data extraction. The 
data to be extracted are the supplier name, batch number and the original oxygen level. The method 
of extracting values or data mining from a document of reference is seen in Figure 3. These values 
are compared to the in-process parameter values to ensure the standards conformance. Ideally the 
information layer communicates to the physical layer in the case that the powder falls outside the 
standard. The process may not start until all the information regarding suppliers and tests are 
uploaded to the system. This ensures proof of all processes executed and aids in the traceability of 
the system. After data mining the source document is saved to the ERP system to further improve 
traceability of the system.

It is expected that the process TRL improves when the new process is seamlessly integrated with the 
existing elements in the process chain. Further confidence comes from the sustained reliability of
elemental analysis. When the desired level is reached for an element, TOC guidelines suggest that
resources can be shifted to the next item with a low TRL. The same methodology can be repeated.
The ERP system does not discard the previous item, the spotlight just shifts to the next constraint.

7. CONCLUSION 

In this paper a method for implementing a new system, that can  improve a constraint within the 
process flow chain, was formulated. The method started with idenfitying the critical processes 
within the process flow chain of an organisation. Then the TRL of every element in that process is 
determined. The item with the lowest TRL is the constraint. A possible solution must be formulated 
and decribed using the three-layer concept. Freeze windows where employee authorisation is 
needed before the process can continue is needed within the three-layer concept. From this the 
data needed for the information layer becomes clear. Data mining from source documents can be 
used to extract data for the information layer. The progression of the TRL must be tracked and once 
it reaches the desired level resources can be shifted to the next element. 
The three layer approach can be applied to elements of post processing as well. Digital twinning 
remains in the information layer, fed by the device layer, monitored on the physical layer. Machine 
learning on the information layer would adjust process parameters effecting predicted adjustments 
on the physical layer.  
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ABSTRACT

The aim of this study is to investigate the qualification and control requirements for metal laser 
powder bed fusion additive manufacturing systems for applications in the aerospace industry. The 
laser powder bed fusion process is reviewed and its application within the aerospace industry is 
provided. A qualification and control procedure for metal laser powder bed fusion systems in 
aerospace is presented based on industry standards, best practices and literature. This procedure 
includes requirements for operator training, operating environment and system installation, pre-
build system setup and checks, print process control and in-process monitoring, part removal and 
system calibration and maintenance. 
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1. INTRODUCTION

Additive Manufacturing (AM) is becoming an ever more popular manufacturing technique within the 
manufacturing industry. This is largely due to the various benefits AM offers when compared to 
traditional manufacturing techniques. Some of these benefits include the ability to manufacturing 
geometrically complex parts, reduction of material waste, reduction of time and cost when 
manufacturing small batches and manufacturing of whole assemblies in one build [1][2]. There exists 
a wide range of AM processes that can manufacture parts in various materials. Of these materials, 
metal AM is of high interest as it offers high value and superior material properties due to the 
potential for manufacturing functional components [3]. This has lead metal AM to become 
increasingly more popular in the aerospace and medical industries [2]. Within the aerospace 
industry, the materials used are often metal alloys as performance, strength and heat resistance are
of importance even if at a high cost [4]. Directed energy deposition (DED) and powder bed fusion 
(PBF) are two of the most popular AM technologies within aerospace, with PBF often being preferred 
due to its ability to produce parts with greater accuracy [4][5]. PBF processes can be characterized 
by the energy type used in the melting or sintering of metal powder, with laser PBF (LPBF) being 
more widely used than electron PBF (EBPF) according to a NIST report [6]. Within industry different 
terminology for classifying the same AM processes are often used, LPBF is commonly referred to as 
selective laser melting (SLM) or direct metal laser sintering (DMLS). One of the main challenges 
hindering the full adoption of AM within the aerospace industry is the lack of industry standards and 
procedures for ensuring quality parts are manufactured [1]. A contributing factor to this is the lack 
of industry agreed-upon qualification procedures for AM systems to ensure the repeatability and 
reliability of parts manufactured by these systems [7]. Therefore, the aim of this study is to provide
further research to improve the qualification and control of AM systems for aerospace.

2. LPBF PROCESS FOR AEROSPACE

2.1 Overview of the LPBF process

The natural starting point for any qualification and control processes is to understand the subject 
matter. In the LPBF process, metal powder is stored in a powder delivery system and raked across 
by a recoater arm to form a thin layer, for metal typically 30 to 60 microns thin, on the machine 
bed [8]. A laser is programmed to aim at the scanner which directs the energy onto the powder bed 
melting or sintering the metal powder as required. Another thin layer of powder is raked over the 
bed and the process is repeated until the desired component is manufactured [5]. Figure 1 presents 
a generic LPBF process as presented in ISO 17296-2 [9].

Figure 1: Generic LPBF process [5]
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Most metal LPBF systems need a build platform onto which the part is built and must be removed 
from after the print. This is to reduce part warping caused by the high residual stresses faced due 
to large temperature changes [2]. Post-processing such as stress-relieving heat treatment is 
performed on the build before the build platform is removed from the parts to reduce residual 
stresses in the parts. The laser radiates enough heat to melt or sinter the metal powder in the 
machine bed causing a melt pool. As the laser is moved away from this melt pool the molten metal 
solidifies to form a track of solid metal [10]. Typically a Ytterbium fibre laser of 200 watts is used 
in LPBF systems manufacturing Ti-6 Al-4 V parts [11]. LPBF systems require an inert gas atmosphere 
as parts manufactured by these systems are prone to oxidation which tends to have negative effects 
on the mechanical properties of the parts. Nitrogen gas is used when manufacturing steel parts and 
argon gas is used when manufacturing titanium and cobalt-chromium parts [12].

2.2 LPBF in the aerospace industry

Due to LPBF systems’ ability to manufacture parts of high quality and accuracy, it is an ideal match 
for the aerospace industry [13]. Other benefits of LPBF for aerospace applications are that LPBF
systems have the ability to manufacture high-strength materials that are used for aerospace 
components such as titanium, steel, aluminium and nickel-based alloys. Titanium alloy Ti-6 Al-4 V 
is of particular interest within the aerospace industry due to its corrosion resistance and ability to 
withstand high temperatures [14][15]. An example of LPBF being used within the aerospace industry 
is GE Aviation using EOS metal PBF machines to manufacture engine components via the DMLS 
technique [16]. Currently, the main challenge hampering the full adoption of metal LPBF within the 
aerospace industry is the lack of standardization and quality and control methods for ensuring
product quality and process repeatability [7].

3. QUALIFICATION AND CONTROL PROCEDURE

This section aims at presenting a qualification and control procedure for metal LPBF systems for the 
aerospace industry based on industry standards, best practices and relevant literature. There are 
various focus areas of LPBF systems that should be addressed individually. Figure 2 presents these 
various focus areas as direct or indirect processes, each of which must be documented in the 
organizations Quality Management System (QMS) in accordance with AS 9100D [17].

Figure 2: LBPF system qualification focus areas

3.1 Operator training

LPBF systems are highly complex and require operators with in-depth training to be able to identify 
errors, manufacture parts of high-quality and reduce waste. In the standardization roadmap for AM 
developed by America Makes & ANSI AM Standardization Collaborative (AMSC), machine operator 
training and qualification was highlighted as a gap and it was recommended that standards and 
guidelines need to be developed [18]. Operators should have a good understanding of the LPBF 
processes and periodic workshops should be held by the organization to ensure the operators are 
knowledgeable about the latest aspects of LPBF. A training program must be developed and 
implemented and adequate proof of operator compliance with this program must be documented. 

3.5 AM Process

3.5 In-Process 
Monitoring

3.4 Pre-Build 
Checks

3.2 Operating 
Environment

3.3 System 
Installation

3.1 Operator 
Training

3.6 Part 
Removal

3.7 Maintenance 
& Calibration

QMS3.8 FAI Approval



174RAPDASA 2019 Conference Proceedings

Both the ASTM F3303 and NASA MSFC-SPEC-3717 standards state that the LPBF machine manufacturer 
must be consulted when developing this program and to ensure correct implementation is followed
[19][20]. The training program must identify all operator responsibilities and provide adequate 
information to enable the operator to fulfil these responsibilities safely and reliably, including 
procedural training on visual inspection to ensure the operator can correctly visually inspect features 
such as surface roughness and dimensions [21]. Evaluation criteria must also be provided along with 
a schedule for periodically evaluating operator competence, the ISO/ASTM 52942 standard highlights 
additional tests and qualification procedures for LPBF machine operators that should be followed by 
the organization [20][22]. The training program must include relevant health and safety training and 
the operator must be made aware of all potential dangers [23]. A qualified person from the LPBF 
machine manufacturer must be assigned the responsibility of providing certification to the operator. 
A record must be kept of the operator's on-the-job history including a clear description of any 
nonconformances that occurred due to operator negligence. All relevant information to the 
competency of the operator including qualification, training, experience, workshop attendance, 
health and safety training and operational history must be recorded in the organizations QMS. The 
organization should obtain the relevant operator accreditation from Nadcap [21].

3.2 Operating environment

The environment that the LPBF machines and operators work in must be controlled. The operating 
environment’s effect on part quality is highlighted as a gap in the AMSC standardization roadmap 
for AM [18]. The ASTM F3303 – 2018 standard states that the LPBF machine must be in a controlled 
operating environment to prevent contamination from other processes within the organization [19].
In order to ensure this, each LPBF machine should be placed in an isolated environment with 
temperature and humidity controls. Temperature and humidity conditions must be in accordance 
with the machine manufacturer’s specifications and recorded on the manufacturing plan. Operators 
must wear adequate protective gear such as gloves, hairnets and respirators to ensure no organic 
matter contaminates the LPBF system and the operator is protected from potential hazardous gases 
and particles [19]. The operating environment must be cleaned on a regular basis and documented, 
a method for cleaning and cleaning materials to be used must be established with the oversight of 
the LPBF machine manufacturer. Preventative action plans must be established by the organization 
and implemented to prevent contamination of the LPBF system [20].

3.3 LPBF system installation

Installation of the LPBF machine must be conducted by the machine manufacturer and the 
installation procedure followed must be documented. The machine manufacturer must be consulted 
when installing the relevant auxiliary systems such as gas systems and dust filtration systems, the 
installation procedure and type of systems installed must be approved by the machine manufacturer 
and documented. The ISO/ASTM 52941 standard also highlights taking shock and vibrations into 
consideration when planning where to install the system [24]. All relevant documentation of the 
operating environment and system installation must be recorded on the organizations QMS in 
accordance with AS 9100D [17].

3.4 Pre-build checks

The pre-build checks must be performed by the LPBF system operator prior to each build and
confirmation that each of these checks was performed must be recorded on the manufacturing plan 
for that specific build. The main aim of the pre-build check is to validate the LPBF system parameters 
correlate to the parameters specified in the manufacturing plan for the aerospace part that is to be 
manufactured. Table 1 presents the minimum required Pre-build checks stated by the ASTM F3303 
and MSFC-SPEC-3717 standards.

Table 1: Pre-build checks [20][19]

Category MSFC-SPEC-3717 ASTM F3303 - 2018

Equipment
Machine make, model and serial Maintenance and qualification record

Machine configuration Required feedstock quantity
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Software and firmware version Build platform serial and installation 
procedure

Recoater material, configuration and 
speed

Visually inspect build platform for 
defects

Build platform material, configuration 
and pre-heat temperature

Recoater blade compatibility and 
clearance

Nominal powder dosing Visually inspect recoater blade for 
defects

Build 
chamber

Purge/ventilation gas composition Ensure adequate flow of protective gas 
filters

Ventilation gas flow rate and diffuser 
configuration

Chiller temperature and flow of heat 
transfer fluid

Dew point/moisture control Parts nesting

Oxygen and temperature limits Part orientation and location on the build 
platform

Process 
parameters

Layer thickness Feedstock, machine and process 
parameters

Laser power, spot size and shape Laser beam power verification

Scan speed

Hatch and contour spacing/overlap

Laser timings and scan strategy

Auxiliary 
systems

Type, function and cleanliness of 
auxiliary systems

Part files revision

The checks presented in Table 1 and powder feedstock quality assurance checks along with any other 
checks required by aerospace OEMs and the LPBF machine manufacturer must be performed prior to 
each build cycle and recorded on the manufacturing plan and the organization’s QMS to ensure the 
LPBF machine parameters match those defined in the manufacturing plan. Nadcap requires the 
organization to have documented procedures to control build plate cleanliness, build plate 
geometrical tolerance and material requirements and a predefined sequence of operations for the 
operator to follow [21].

3.5 Print process control and in-process monitoring

Print process control and in-process monitoring are essential for ensuring the manufactured part is 
free from defects, both internally and externally. Most LPBF systems come with their own in-process 
monitoring systems, such as EOS’s EOSTATE system [25]. This system includes a melt pool monitoring 
system which precisely locates any process deviations that occur, and an exposure optical 
tomography system which is a camera that monitors light in the near-infrared spectrum which 
records an image per layer built and automatically analyses these images for nonconformances [25].
Such systems should be installed in accordance with the LPBF machine manufacturer’s guidelines.
The LPBF machine manufacturer and aerospace OEMs must be consulted to determine tolerances for 
determining nonconforming parts. 

The ASTM F3303 standard requires sensors installed in optimal locations, as defined by the LPBF 
machine manufacturer, to effectively monitor the oxygen levels of the part bed. This standard also 
requires the following in-process monitoring criteria are within the LPBF machine manufacturer's 
tolerances:

• Laser characteristics 
• Laser power at build platform extremities 

The ISO 17296-3 standard suggests monitoring process temperature, environmental conditions, time-
lapse and process speeds, laser beam parameters and emitted radiation. The aerospace OEM along 
with the LPBF machine manufacturer should be consulted to determine the scope of the in-process 
monitoring and control [26].
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Nadcap requires that the organization has documented procedures for identifying any build 
interruptions and perform adequate corrective actions with accordance to aerospace OEM and LPBF 
machine manufacturer’s requirements [21]. If in-process monitoring systems detect 
nonconformances the build cycle must be stopped and any parts manufactured in that build cycle 
must be quarantined. Corrective action must be performed to determine and correct the cause of 
the nonconformance and the LPBF machine must be requalified. All data captured from in-processing 
monitoring systems must be recorded on the manufacturing plan including other data such as build 
time, date of build, machine and laser serial number, part number, software versions and all other 
relevant data needed for traceability and adequately documented in the organizations QMS.

3.6 Part removal from LPBF machine

Once a build cycle is complete, all unmelted or unsintered powder feedstock must be removed from 
the LPBF machine. The machine manufacturer must be consulted on the best practice for removal 
of powder feedstock from their specific LPBF machine, this process must be documented and 
measures must be taken to ensure the operators follow this process. Once all the powder feedstock 
is removed it must be stored in a labelled container to ensure it does not contaminate virgin powder 
feedstock. Other powder feedstock processes of importance involved in the recycling of used powder 
include powder sieving, ageing and blending with virgin powder. Recycling of powder feedstock is 
an external process and a standard operating procedure must be developed in tandem with the 
machine and powder manufacturer and approved by the OEM. Brushing, vacuuming and compressed 
gas are often used to remove powder feedstock [19]. Adequate procedures must be in place to 
ensure all powder feedstock is removed prior to the further processing of the part, as not ensuring 
this can lead to damage to post-processing machinery and reduced part quality [27]. Removal of 
parts from the build platform and removal of support structures occurs after stress relieving which 
is a post-process and therefore not covered in this study.

3.7 LPBF system maintenance and calibration 

Maintenance and calibration is of vital importance to ensure the LPBF system is operating as desired. 
The LPBF machine manufacturer must be consulted when determining the frequency and criteria of
the maintenance and calibration plan. The ASTM F3303 standard states that preventative 
maintenance should be performed at least once every 6 months or after a certain amount of build 
hours [19]. This standard highlights a minimum set of criteria that must be maintained according to 
LPBF machine manufacturer tolerances:

• Software-indicated and actual laser position
• Z-axis movement
• Alignment of recoater blade
• Oxygen sensors 
• Laser field alignment

Other requirements include maintenance of compressed air in accordance with ISO 8573-1, any other 
maintenance requirements stated by aerospace OEMs or listed in the LPBF machine manual [28].
This maintenance and calibration must be performed by a qualified technician and a record of the 
maintenance or calibration activity and relevant information must be displayed on the LPBF machine 
and within the organizations QMS [19].

The NASA MSFC-SPEC-3717 standards states that maintenance and calibration should occur every 90 
days for the optical system and every 180 days for the rest of the LPBF system [20]. Optical system 
criteria that must be addressed include:

• Laser power, spot size, shape and profile
• Laser and plane of focus alignment in relation to the build platform
• Laser timing and accuracy of scanner head beam steering

A maintenance and calibration plan must be established and documented to ensure all mechanical, 
software, optical, electrical and firmware systems are working correctly. For each of these systems, 
ideal values, tolerance and maintenance and calibration intervals must be determined and stated in 
the maintenance and calibration plan [20].

Nadcap requires additional documented procedures for the maintenance and calibration of the 
power supply, laser cooling equipment, filter replacement, cooling water conductivity, machine 
ways, bearings, interlock and safety checks, gas lines, pumps, door seal, sieving system and purge 
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check [21]. The LPBF system must be recalibrated if any nonconformance is identified and the 
system must be requalified. 

3.8 Test specimens and first article inspection

The use of test specimens or test artefacts is critical for the qualification of the LPBF system. Test 
specimens are designed in such a way as to effectively test the print features and determine 
capabilities and limitations of the LPBF system [3]. Common print features to test include overhangs, 
spherical holes, thin walls, tall and repeated structures [3]. The evaluation of test specimens also 
provides valuable information about the chemical composition, porosity, microstructure and 
mechanical properties [19]. A standardized test specimen was proposed by NIST in 2012 in the article 
“Proposal for a Standardized Test Artifact for Additive Manufacturing Machines and Processes” [3].
It is recommended to use this test specimen as a starting point and improve it to better suit the 
types of aerospace parts that are to be printed on the specific LPBF system. NASA present criteria 
for classifying AM parts into classes in the MSFC-SPEC-3716 standard and classification of parts is 
also recommended in ISO 17296-2, it is recommended that the aerospace organization develop a 
customized test specimen for each of these classes by following the criteria for designing test 
specimens presented by NIST and obtain confirmation by consulting the LPBF system manufacturer 
and aerospace OEMs for which these AM parts are to be manufactured [27][9]. The ASTM E8, E8M 
and ISO 6892 standards for tension test blanks along with the customized test specimens for each 
AM part class and a reference part that is to be manufactured on the specific machine must be 
manufactured and evaluated in accordance with ASTM F3122 [29]. The results must then be 
presented to the aerospace OEMs in accordance with the ASTM F2971 standard for approval [30].
The AS 9102B standard for aerospace first article inspection (FAI) requires an FAI is performed for 
every new design or if any changes occur to the manufacturing process [31]. Once approved, the 
manufacturing process is frozen and the same parameters used for the manufacture of the FAI and 
relevant test specimen must be used when manufacturing the parts for the aerospace OEM. These 
test specimens must be kept along with all relevant documentation including powder feedstock 
identification, LPBF system parameters and test results for each production build of a certain 
aerospace part. This procedure must be performed at least once every 6 months and if there are 
any changes made to the LPBF system such as calibration, maintenance, relocation of the system or 
if the system has experienced drastic temperature or humidity changes [19]. This procedure only 
qualifies the specific material used and specific LPBF machine for manufacturing aerospace parts 
from the tested part class. Nadcap provides additional requirements for nonconforming test 
specimens. When a nonconforming specimen is identified all parts manufactured since the last 
documented acceptable specimen must be quarantined and appropriate failure analysis must be 
performed before a new build cycle can commence [21]. A full record of these procedures and 
results must be kept on the organization’s QMS.

4. CONCLUSION

Qualification and control of metal LPBF systems are of high importance within the aerospace 
industry. The implementation of a certified procedure to ensure metal LPBF systems are qualified 
and control provides the organization with assurance that the parts manufactured with the systems 
are of required quality and repeatability which reduces waste and the risk of non-conforming parts.
Correct documentation of the qualification and control procedure in accordance with aerospace 
quality management system standards improves the organization’s marketability to aerospace OEMs. 
Risk management techniques such as process and design failure modes and effects analysis to 
identify and provide mitigation strategies for potential risks within the AM process will also aid in 
reducing non-conforming parts. The development of standardized qualification and control 
procedures for metal LPBF systems and AM systems in general increases the maturity of AM and 
encourages a full-scale adoption of the technology within the aerospace industry.
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ABSTRACT

The business impact of additive manufacturing is poorly understood. Additive manufacturing is seen 
as a disruptive technology although it is a strategic business intervention that needs to be driven 
from the CEO. For business to understand and implement additive manufacturing success fully, it is 
important that an integrated model exist indication all the relationships of the key activities that 
needs to be aligned.  This paper suggests such a model and then indicate through the use of case 
studies how 3 different additive projects were conducted.
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1. INTRODUCTION:

The business impact of additive manufacturing is poorly understood [1] [3]. The challenge therefore 
is for firms to understand how to best leverage the technology in new business models alongside 
their existing models. Disruptive technology can’t be imposed onto an existing business model as a 
replacement of, or as a complement to, existing technology in a business-as-usual approach [13].
Although for successful implementation of additive manufacturing there should be a paradigm shift
[11]. This paradigm shift should result in the increasing understanding of products as individual 
solutions and not only a functional component and therefore industrial value creation faces 
considerable changes. A requirement for the implementation of additive manufacturing based 
business models is the availability of fully developed additive manufacturing techniques and an 
understanding of the impact of the interrelationship between the key elements of a business [6]. 
The discussion about additive manufacturing starts in companies on the production floor and this 
bottom-up approach creates a perception by management that additive manufacturing is limited to 
production. Additive manufacturing is in actual fact not just a technology confined to one area of 
the business but is a strategic game changer [2]. It is not just a manufacturing strategy but it is an 
enterprise strategy and therefore the CEO must drive the initiative of implementing additive 
manufacturing due to the fact that additive manufacturing will effect multiple parts of the business. 
Embedded economic concepts and structures that create value in current business models will be 
challenged [3]. Additive manufacturing changes not only how products are made and the materials 
that can be used but also how they are designed and distributed [28], thus its impact will be broad 
and extend beyond those enabled by the technical capabilities of the technology [13].
In order to understand the impact of additive manufacturing on the business, it is important that a 
comprehensive list of all the aspects that will be effected by adopting additive manufacturing as a 
strategic initiative is compiled [6]. This paper will present such a list and then elaborate on this list 
with case studies that will indicate what role AM has played in the transition process to create 
business understanding and adoption.

1.1 Research Questions

1.1.1 The first research question that needs to be answered is why is the adoption of Additive 
Manufacturing in the spare part provisioning system slow?

1.1.2 The second research question is what are all the components in the business that will be 
impacted by the adoption of Additive Manufacturing in the spare parts provision system?

1.2 Method
A literature research and case studies will be used to determine the answer to the first 
question. Further literature studies will be used to research the key components that will be 
impacted in a business through the adoption of Additive Manufacturing.
The intended output of the research will be an integrated list of all the key components that 
will be influenced in the business when adopting Additive Manufacturing for spare parts 
provisioning in the business.
Case studies will then be compiled indicating how the adoption of Additive Manufacturing 
impacted these key components in the model when adopted in the spare parts provisioning 
system.

2. LITERATURE STUDY

Since AM leads to changes in process and product structures, new requirements regarding the 
business activities will have to be explored and understood [1][3]. It is now possible to do cost 
effective prototyping and then to convert the prototype into a service part through additive 
manufacturing. User innovation can then be supplemented by user manufacturing that will 
contribute to changing the culture of the organization to an innovative and participative culture. 
There must be buy in from the CEO [8] and adoption and empowerment from the bottom to ensure 
a successful additive manufacturing implementation. In this new environment winners will be 
organizations that think first about their business model innovation rather than the specifics of 
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additive manufacturing technology [12]. Successful companies repeatedly reinvent themselves by 
creating new business models that leverage these changes in disruptive technology with the view of 
increasing the value of the offering and ensuring they can capture this value commercially. 

To translate strategies into action one needs new tools, new talent and a new mindset [4] [5]. In 
the literature there are different aspects to take into account when implementing additive 
manufacturing. There is a framework for the implementation of additive manufacturing based on a 
literature research of 116 articles. [6]. This research summarizes the current knowledge on additive 
manufacturing within management and business research and propose future research in relation to 
business models for additive manufacturing. In this article the authors indicated that:

“There is an indicated shift from positive connotations to increased questioning of the entrance and 
meaning of additive manufacturing in the production systems of tomorrow. What is not considered 
is how individual companies, given their supply chain position, change or need to change their 
positions but also competencies to meet those challenges and opportunities that additive 
manufacturing may bring about. Changes to how various activities are linked are seldom described, 
which could imply that additive manufacturing is viewed from the lens of traditional manufacturing” 
[6].

It is therefore important for the successful implementation of additive manufacturing that there is 
an understanding of the aspects that affect the successful implementation of additive manufacturing 
at business level and how these components interrelate [24]. The present literature gives a good 
overview of effects on production, but less often links to the entirety of the company and the 
internal as well as external interactions.[6]. 

Yet there is not a comprehensive guide line that can form the bases of new business models to 
ensure companies understand the hard and soft issues that needs to be addressed when 
implementing additive manufacturing [14]. Studies on additive manufacturing and its impact on 
business models are thus scarce. More empirical work is needed, moving knowledge away from 
scenarios and into how 3D printing in fact affects current businesses on the company level. 

3. INTEGRATED ADDITIVE MANUFACTURING BUSINESS IMPACT

Table 1 indicates the key components that will be impacted when a company embarks on a journey 
to implement Additive Manufacturing as part of their spare parts provisioning strategy

Key Element Literature research
Culture [3][8][9][11][12][14][15][23]
Leadership [2][3][8][9][12][16][29]
Eco system [4][15][21][24][28]
Quality Assurance [17][18]
Environmental [4][10][15]
IT [3][8]13][21]
Risk management [4][6][19][21][24][28]
Component Design philosophies [10][19][23][24][28][29]
Sales strategies [3][4][6]
Asset strategies [3][28]
Maintenance strategies [7][24][26][27]
Supply Chain [3][4][5][10][28][29]
HR/Structures [24]
Procurement [24][25]
Safety [20][21][22]
Finance [6][11][21][28][29]
IP/Legal [10][21][23]

Figure 1 indicated the relationship between the different components.
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Figure 1 – Additive Manufacturing Business Impact source -

Additive manufacturing requires a culture of innovation and creativity and the core of this new 
culture is the leadership style in the organization [9]. As long as additive manufacturing is viewed 
as a disruptive technology, people will evaluate additive manufacturing along the basket of 
disruptive technologies and might make the wrong investment decisions based on the limited 
understanding of additive manufacturing [29].
Only when additive manufacturing is seen as a strategic game changer and the understanding is 
created of the true impact of additive manufacturing on the business as indicated in figure 1, only
then can additive manufacturing being explored and implemented to the full extend [28]. One of 
the key aspects that contributes to the slow adoption of Additive manufacturing is the fear of 
breaking the traditional boundaries and to allow for new thinking. Most of the research regarding 
the safety impact of Additive manufacturing, focuses on how to practice Additive manufacturing 
safely. Additive Manufacturing can create a safety culture in the organization and many new safety 
features can be introduced in the workplace that was no possible before due to the cost of traditional 
manufacturing where the focus is on lot sizes to create economy of scale and a once off requirement 
to solve a problem was too expensive. 
The following case study will elaborate on how 
In the next section case studies will be used to indicate how additive manufacturing can play a vital 
role to transform a business.

4. CASE STUDIES

4.1 Industrial manufacturing company

Figure 2 –Business Impact of Additive Manufacturing in case study 1
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4.1.1 Purpose

The purpose of this case study is to indicate how additive manufacturing can be the catalyst for the 
transformation in the company and why it is important to have a top down leadership approach when 
adopting additive manufacturing as a strategy. 

4.1.2 Leadership

Successful implementation of Additive Manufactured spare parts rely on buy in from senior 
management. This will ensure that the business strategies are aligned and adjusted to include 
Additive Manufacturing as part of the business strategies. In this case study there was initially limited 
support for the adoption of additive manufacturing due to the lack of understanding of the value 
that Additive Manufacturing can unlock. Only after in excess of 170 spare parts were replaced in one 
year by Additive manufactured parts, did Senior Management start to indicate their support for this 
new program. The business impact of this intervention ensured that an 18% saving was achieved on 
the maintenance budget in the 1st year.

4.1.3 Culture

Additive Manufacturing can play an important part to change the culture of an organization. As more 
and more parts were replaced by additive parts, more people became aware of the value of the new 
technology. This created an innovation drive since new ideas could be prototyped, tested and then 
a commercial component could be printed. 
One of the operational teams required a component that could assist them to improve the workflow 
and lay out of their workspace. They had an idea and requested the design of a component that 
works on the bases of a dog feeder. The component was designed and prototyped. After a few 
iterations, the final part was printed and implemented. This resulted in a 5% improvement in 
productivity that was wasted in the past due to set up at the start of the shift and cleaning at the 
end of the shift. After this implementation, many new creative ideas came forward to improve the 
operations. 
4.1.4 Safety

Additive manufacturing can help to improve the safety culture of the organization. One of the high 
pressure air hoses dislodged and caused an injury. A clip was designed to prohibit the air hose to 
dislodge since the back pressure will grab the pipe. These clips could never be manufactured with 
conventional manufacturing and they were fitted every 500mm along the high pressure line.

4.1.5 Procurement

The parts that were designed and printed with Additive Manufacturing are being printed on demand 
and does not have to follow the normal procurement and replenishment process. These parts can be 
printed at any bureau that forms part of the eco-system.

4.1.6 Supply Chain

Localization is one of the key benefits of Additive Manufacturing. A number of the parts that were 
replaced by Additive parts were imported in the past. On some of the components part consolidation 
was applied and that reduced the number of spares required by close to 5%. Less warehouse space 
is required due to keeping the parts in the electronic warehouse.

4.1.7 Maintenance strategy

Additive manufacturing improves the reliability of equipment due to part consolidation that will 
reduce the number of components that can fail. One of the components was redesigned. Before the 
implementation of the additive enhancement, the component had to be replaced every 3 months 
and the time to replace the component was 4 hours. After the additive enhancement, the part was 
not replaced for more than 12 months and replacement will only take 5 minutes. The maintenance 
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strategy changes from only focussing on the components to a redesign of the total system to enhance 
the reliability of the total system.

4.1.8 Asset Strategy

When assets near the end of its use full life, the assets had to be replaced due to the cost of servicing 
the equipment and also the unavailability of spares. With Additive Manufacturing, the required 
spares are redesigned and improved and the use full life of the equipment is extended.

4.1.9 Sales strategy

Some of the components that that were designed and implemented in the plant, could also be sold 
to other users. This created a new market and some of the components were exported as well.

4.1.10 Design philosophies

Subtractive manufacturing is part of production for many years                                                                                                                            
and dictated the way components were manufacturing and that limited the creativity of designers. 
With Additive Manufacturing, complexity is free and therefore components could be redesigned to 
allow for part consolidation and improved functionality.

4.1.11 Risk management

One of the reasons for the slow adoption of Additive manufacturing is that the risks associated with 
Additive manufacturing is not well defined. When embarking on the Additive Manufacturing route 
companies should use the integrated diagram as depicted in figure 1 to compile a risk matrix and
create an understanding of what is required to manage on their journey to success.   
4.1.12 IT

The impact on the IT system is the creation of the e-warehouse and integration of the eco-system. 
In this particular implementation the e-warehouse was created on MS Excel since there was no 
strategy in place to create the e-warehouse.

4.1.13 Environmental

Most of the Additive components can be recycled. Additive manufactured components reduces the 
carbon footprint of the supply chain significantly since parts are printed at or close to the point of 
consumption. There is limited physical movement of the components between the point of origin 
and the point of consumption.

4.1.14 Quality Assurance
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
Numerous standards for quality assurance on 3D printed components are developed by ASME and 
other quality assurance companies. A list needs to be compiled of all the elements that require 
quality assurance. Quality assurance can also be performed in the simulation software where a good 
understanding can be created of how the component will react to applied forces.

4.1.15 Eco system

A thorough understanding is necessary of how to conduct business in the new eco-system and how 
to dynamically identify the different role players. The eco-system will also require a different 
leadership style in the organization.

4.1.16 IP/Legal

New creative ideas can come from everywhere in the eco-system. To protect the IP embedded in 
the designs will be challenging. Some of the components that were used in the plant was patented
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by the technology partner. On a recent visit to the plant by the technology partner they wanted to 
know who granted the permission to change some of the designs. 
When the reason behind the design changes were discussed, they could understand that the 
improved Additive designs allowed for significant process improvements and requested that these 
new designs had to implemented in their plants as well. The original IP was with the technology 
partner but due to the design freedom imbedded as part of Additive manufacturing, the designs 
could not be digitalized but also significantly improved.

4.1.17 Finance

Significant cost savings can be materialized by the implementation of Additive Manufacturing. The 
financing of the scanning, printing and post processing equipment to create the components will be 
come part of the budgets going forward. Obsolescence of components will be eliminated since all 
the components are kept in the e-warehouse and only strategic spares will be kept at the plant for 
quick replacement.

4.2.1 Case study 2

The question that needs to answered by this case study is if the materials available for Additive 
Manufacturing can replace traditional materials and improve the performance.

4.2.2 Material replacement

The component that was investigated is an agitator on a bulk liquid tank. The product starts off as 
a slurry and the agitators needs to mix the  product while more liquid is added. Figure 3 is an 
indication of the original Stainless steel agitator.

Figure 3 – Stainless steel agitator

This agitator was replaced with an agitator that was designed and printed in PEEK 
(Polyetheretherketone). Figure 4 is an indication of the newly designed and printed agitator.

Figure 4 – Additive printed agitator with new design

The new component is significantly lighter than the original component as well as improved 
balancing that will reduce the wear and tear on the bearings. It is also expected to last longer due 
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to the compatibility of the printed material with the product. When this article was compiled, the 
components were handed to production to start the evaluation. These components were printed by 
3Disrupt

4.4 Case study - Asset strategy

4.4.1 Goal of the case study

The goal of the case study is to indicate how Additive manufacturing and the available simulation 
software can assist in resolving a failure on a valve and therefore extend the life of the equipment.

4.4.2 Background to valve

Figure 5 Failing valve

The valve in figure 5 was failing on a regular basis and had to be repaired at a significant cost. There 
was no indication why this valve failed and it was contributed to the abrasive nature of the product 
that caused wear in the valve and then caused the valve to leak. It was decided to simulate the 
forces on the valve in order to determine what the cause of the failure was. Figure 6 is an indication 
of what happened to the valve when forces are applied to the valve. 

Figure 6 – Load configuration on valve  - closed position(Courtesy of Altair)

It is clear that the extreme pressure on the valve in the closed position causes a deformation of the 
valve around the core and that this could be the reason for the failure of the valve and that caused 
the valve to leak. 

A component was designed and printed that could strengthen the valve around the core.
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5 CONCLUSION

The integrated platform presented in figure 1 will assist organizations to plan and understand the 
strategic impact of additive manufacturing on their organizations and to design and build their 
business models. Additive manufacturing must move beyond a solution to rapid prototyping to a real 
strategic, disruptive business strategy. Companies that adopt additive manufacturing in their 
businesses and start to embrace the new eco-system will reap the benefits in adjusting their business 
models early on.
Although the case studies were implemented from the bottom up, the early acquainting of the 
technology and how it can change the business environment for the better created a platform from 
where other entities in the business starts to enquire about the possibilities to solve their problems 
as well. This will then drive the change required in the culture of the organization to an innovative 
and participative culture. Soon leadership will not be able to resist the tide and complete 
understanding will take place that will position additive manufacturing as a strategy in the company 
and not just another technology.
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Abstract

Qualification of metallic structures produced by additive manufacturing technologies requires a fast-
track strategy to accelerate their acceptance in the aerospace industry. One of these strategies is 
the use of constitutive numerical models to make predictions of the material characteristics, such 
as yield strength and flow stress, for given chemical compositions and microstructures obtained upon 
post processing.  This paper presents a brief review of various modelling approaches that can be 
used to predict the mechanical properties of Ti6Al4V, one of the alloys commonly fabricated via 
additive manufacturing. The limitation of these models are also discussed and possibilities of 
formulating of more accurate constitutive models postulated.

1. INTRODUCTION

Additive manufacturing (AM) technology has been used to manufacture prototypes for many years. 
Besides, the ability to manufacture final product rather than prototype parts with this technology is 
a breakthrough and is the most significant part of AM’s current and future use [1]. Among many AM 
techniques that have been developed Selective Laser Sintering (SLS), Selective Laser Melting (SLM), 
Laser Metal Deposition (LMD), Electron Beam Melting (EBM), Direct Metal Deposition (DED) and Direct 
Metal Laser Sintering (DMLS), are presently the most versatile processes to produce complex 
functional metallic components to meet requirements for the aerospace [2], defence [3], and 
biomedical [4] industries.

Ti6Al4V, which accounts for more than 50% of total titanium usage in industry has been the most 
extensively studied alloy of titanium for AM [5]. In the past few years, great efforts have been 
devoted to investigating, the microstructure, evolution of texture and mechanical properties of AM 
Ti6Al4V [5-7]. The relationship between the processing parameters, microstructure and mechanical 
properties of SLM Ti6Al4V was investigated by Sun et al. [8]. The research optimized the process 
parameters to maximize the densification of the parts using methods of statistical analysis and 
obtained fully densified parts under optimal process parameters. Moreover, the percentage 
densification of as-built and stress relieved DMLS Ti6Al4V parts was measured in Muiruri et al. [9] as 
99.99%.

AM processes and particularly DMLS/SLM processes, are characterised by a highly concentrated 
energy source and extremely short interaction time, and therefore a high temperature and cooling 
rate are normally generated in the molten pool. Due to the high cooling rates, residual stress and α′ 
martensitic microstructure dominate the AM fabricated Ti6Al4V parts [9]. Thus, the as-built Ti6Al4V 
alloy has a higher tensile strength compared to the hot-worked material, but a lower ductility [5, 
6]. Consequently, in order to enhance mechanical performance of these AM parts, various heat 
treatments have been attempted to eliminate the residual stress and regulate the microstructure 
[10, 11]. Heat treatment alone cannot bring pores to closure, but combining it with hot isostatical
pressing (HIP) has been found to have a positive effect on reduction of porosity [12]. Kasperovich 
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and Hausmann [11] revealed the reduction of porosity from 0.077% to 0.012% after subsequent HIP 
treatment for SLM specimens produced by optimised parameters. However, it is not clear that HIP
treatment can further lower the porosity of DMLS parts below 0.01% [9], and therefore its 
effectiveness in improving the mechanical properties of Ti6Al4V. Further research focusing on HIP 
treatment of high density DMLS parts is therefore needed to clarify this.

For structural applications such as in landing gear beams, turbine blades and engine casings, the 
dynamic mechanical properties such as fatigue resistance, toughness and high strain rate properties 
are still major concerns to many mechanical engineers. As-built parts have lower fatigue life with 
respect to wrought material, which is attributed to the inherent residual stress, internal porosity of 
above critical sizes, poor surface quality and microstructure [11]. However, after HIP processing and 
surface finishing Kasperovich et al. [11], obtained fatigue performance equivalent to that of wrought 
material. The value of impact toughness of as-built DMLS Ti6Al4V (ELI) was reported to be between 
14-16 J which is far below the recommended value (24 J) for the aerospace industry [13].

Traditionally, depending on the hot working route, three commercial microstructures of Ti6Al4V are 
available namely lamellar, bimodal and equiaxed, thus the alloy present diverse mechanical 
properties [14]. For instance, Figure 1 shows typical true stress versus true strain curves obtained 
from compression tests of ELI grade Ti6Al4V alloys with the three different microstructures at 
different strain rates and room temperature.

 

Figure 1: True stress versus true strain curves for ELI grade Ti6Al4V with equiaxed (E),
Lamellar (L), and bimodal (B) microstructures at strain rates of between 10-3 s-1 and 1s-1[

[15].

In Figure 1, the ultimate compressive strength and the yield strength of the bimodal microstructure 
are highest followed by that of the lamellar microstructure while that of the equiaxed
microstructure is the lowest, at all strain rates. The elongation to failure (El) in the figure are seen 
to increase in the order of lamellar, bimodal and equiaxed microstructure. Traditionally these 
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microstructures are obtained via heat treatment combined with work hardening, primarily for grain 
refinement of cast or wrought material. Achieving these microstructures through post processing of 
DMLS Ti6Al4V is challenging though, since the starting microstructure is martensite that is formed 
as a result of rapid cooling during the building process. Besides, as one of the advantages of the AM 
technology is its capacity to produce near net shape parts and parts with complex geometries, it is 
not desirable or possible in certain case to work the parts produced thereafter even during post 
process heat treatment [16]. The mechanical properties of these post processed DMLS Ti6Al4V parts, 
with reference to quality and durability in service, are important in deciding whether the DMLS 
process can be an acceptable alternative manufacturing technique to the traditional methods.

The exact relationships between the microstructural features and the tensile and compression high 
strain rate behaviour in DMLS Ti6Al4V (ELI) are still unknown [17, 18]. This challenge results in the 
slow acceptance of the DMLS Ti6Al4V (ELI) into various sectors of industry such as the aerospace 
sector, where definite design criteria are necessary for integrity of design [19]. Of considerable 
interest is the ability of DMLS Ti6Al4V (ELI) parts to withstand the demanding environments imposed 
on the various structural components and sections that ultimately provide energy and thrust. One 
of the major concerns for safety in a modern commercial aircraft is the failure of fan or compressor 
blades, which may resulting in damage to the airplane [20]. The Federal Aviation Authority (FAA) 
certification requires that every commercial engine line be tested to demonstrate the engine’s 
ability to contain a detached blade/blades, without catching fire and without failure and 
fragmentation of other attachments [21]. The possibility of losing a rotating fan blade from a running 
engine is a flight-safety consideration, which must be addressed during the design phase of the 
engine. A Fan blade-out event is a very complex nonlinear transient dynamic condition with large 
deflection of the released blade(s) and rigid body rotation of the trailing blades as well as progressive 
failure and fragmentation of various components [22]. It is more critical to prevent damage of other 
independent systems such as controls which could lead to loss of control of the aircraft leading to 
catastrophic losses or unsafe landing.  Due to the impact nature of this type of loading, the solution 
to the problem addresses the material behaviour such as yield stress and flow stress as a function 
strain rates and temperatures. Such design criteria are based upon large databases where statistics 
provide designers the requisite confidence for use of a new material. In order to address the 
challenge of accelerating the acceptance of DMLS Ti6Al4V (ELI) in the aerospace sector, there is a 
need to develop numerical models that can qualitatively describe the interrelationships between 
microstructure, strain rate and temperature with mechanical performance (flow stress) of DMLS 
Ti6Al4V (ELI). This would lead to an informed qualification of DMLS Ti6Al4V for aircraft applications. 

There are multiple heat treatment strategies that can be adopted for additive manufactured 
Ti6Al4V, ranging from simple stress relief annealing to extended high temperature heat treatment 
in the α+β region or even above the β-transus temperature. Their objective is to produce 
microstructures with desired mechanical properties equivalent or even superior to those of wrought 
Ti6Al4V. A large number of experiments are required to study the influence of microstructural 
variables on mechanical properties of alloys such as Ti6Al4V. However, this is often too costly and 
such experimental work would be time consuming. This paper presents a brief review of various 
modelling approaches that can be used to predict the mechanical properties of Ti6Al4V, one of the 
alloys commonly fabricated via additive manufacturing. The challenges in prediction of the yield 
strength and subsequent flow stress of various microstructures arising from various post process heat 
treatments of DMLS Ti6Al4V (ELI) are discussed.

2. MODELLING APPROACHES

The complex two-phase microstructure of Ti6Al4V alloy has microstructural features that span a
length scale and are interconnected in a way that strongly influences the mechanical properties. 
Thus, it is imperative to control the microstructure of the alloy so as to obtain desirable mechanical 
properties for a particular application of a structural part.
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Conventionally, a large number of experiments are required to study the influence of processing 
parameters on the mechanical properties of materials. Nonetheless, materials are costly and 
experimental work time consuming [23, 24]. Modelling and simulation are alternative powerful 
methods that can be used to this end [23]. In fact, simulation is one of the key pillars of industry 
4.0 that can be used to improve the quality of parts and reduce overall production time. Various 
modelling approaches have been developed to characterise the mechanical properties of wrought 
and cast Ti6Al4V [23-38]. These models fall under the two categories of artificial neural network 
models (ANNM) and constitutive numerical models (CNM). ANNMs use machine learning algorithms 
to predict mechanical properties for different material processing histories. CNMs, on the other 
hand, describe the response of materials to different mechanical loading conditions, which provides
the stress-strain relations required to formulate governing equations [25].

2.1 Artificial Neural Network Models 

Artificial neural networks are computing systems that are comprised of a number of simple, highly 
organised processing elements that process data and information in response to external inputs [23]. 
Typically, they consist of several layers of artificial neurons. The first layer is known as the input 
layer and the last one is known as the output layer. The layers in-between are referred to as hidden 
layers. The ANNM receive input signals from the input layer, sum them according to their weight, 
then pass them through functions and thereafter produce outputs. The outputs are then compared 
with experimental values and the errors calculated and propagated backwards in order to adjust the 
weight of each of the neurons, in what is referred to as a training procedure for the ANNM. The 
input and the output nodes of the ANNMs may consist of several variables. Generally ANN modelling 
includes the following steps: (a) collection of data; (b) determination of input/output parameters;
(c) analysis and pre-processing of the data; (d) training of the ANN; (e) verification of the trained 
ANN and (f) application of the established model for evaluation and prediction [26]

Numerous research has established a relational model correlating microstructure and mechanical 
properties of Ti6Al4V using the ANN technique [23, 24, 27, and 28]. Sun et al. [23], developed an
ANNM capable of presenting the complex nonlinear relationship between the hot processing 
parameters (forging temperature, degree of deformation, annealing temperature and annealing 
time) to accurately predict the mechanical properties (yield strength YS, ultimate tensile strength
UTS, elongation El, and reduction in area) of Ti6Al4V. The structure of this neural network model is 
shown in Figure 2a.

Weidong et al. [24], developed an ANNM with the model input data consisting of quantitative 
parameters of microstructural features including volume fraction of the α-phase, thickness of the 
α-phase and the ferret ratio, whilst the outputs of the model were ultimate tensile strength (UTS), 
yield strength (YS), elongation (El) and reduction in area. The structure of the model is shown in 
Figure 2b. The model offered an accurate correlation between microstructure and mechanical 
properties for Ti6Al4V alloy.
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Figure 2: The structure of a neural network used to correlate (a) the effect of processing 
parameters and (b) parameters of microstructural features on the mechanical properties of 

Ti6Al4V alloy [23, 24].

Recently, an ANNM was employed to describe the stress-strain relationship of SLM manufactured
Ti6Al4V in dynamic compression processes [29]. Figure 3 shows the structure of the ANNM used. The 
input data included strain, strain rate and temperature, while the output layer was flow stress. It 
was found that the stresses predicted by this model were consistent with the experimental values
as shown in Figure 4, with the value of the average absolute relative error between the prediction 
and measurement being 0.7%.

 

 

(a)

(b)
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Figure 3: Schematic diagram of ANNM to predict the flow stress in Ti6Al4V alloy under 
compression [30]

Figure 4: Comparison between measured and ANNM predicted values of flow stress at (a)
700 ℃, 750 ℃, (c) 800 ℃ (d) 850 ℃ and (e) 900 ℃ [30].

The ability to model nonlinear and complex relationships between the inputs and outputs as well as 
high speed processing of data are the key advantages of ANNM systems [23-29]. Nevertheless, the 
ANNM is a supervised system that requires input of huge amounts of data arising from experimental 
work or existing literature for training purposes. For instance, the works of Sun et al. [23] used 54 
experimental data sets while that of Tao et al. [30] used 285 experimental data sets in total to 
accurately predict the mechanical properties of Ti6Al4V. Thus, this makes the use of the ANNMs very 
expensive and unreliable, the latter in cases where required input data is scant. Moreover, ANNMs 
are not based on specific mathematic equations, thus it is difficult to integrate the ANNM into Finite 
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Element Modelling (FEM) software due to the lack of single transfer functions to characterise 
relevant phenomena.

2.2 Constitutive Numerical Models

Constitutive numerical models (CNMs) are used widely to describe flow stress of materials during 
plastic deformation and have conventionally been integrated into Finite Element (FE) techniques to 
simulate manufacturing processes such as forming and metal cutting [25, 31].There are different 
models available to predict the flow stress of Ti6Al4V alloys where macroscale uniaxial tests are 
used to determine/verify materials constants. Therefore these models can be classified into two 
broad categories: (a) the empirical/phenomenological models and (b) the analytical models. The 
empirical models are based on experimental observations rather than mathematically describable 
relationships of the phenomenon being modelled as in the case of analytical models. The models are 
developed by fitting model equations and parameters to experimental data without necessarily 
considering the physical processes causing the behaviour observed. On the other hand models that 
are based on the physical properties of material, commonly referred to as analytical models, are 
models where knowledge of the underlying physical properties and processes such as size,  
orientation and distribution of grain sizes and dislocations and their processes of growth and 
movement are used to formulate the constitutive behaviour of a material. Even though both 
categories of models can be and are used to predict the stress–strain curves of materials, empirical 
models are subject to extrapolation, which assumes specific trends of the models, which can be a 
source of inaccuracy. Analytical models that are based on the physical properties of material are 
useful as predictive tools to characterise plastic deformation using parameters such as dislocation 
density and the microstructural morphologies.

2.2.1 Empirical models

Among the different models in existence, empirical models are currently the most widely used due 
to simplicity in determining their parameters by regression analysis. In fact some of these models 
are readily available in Finite element analysis (FEA) software such as ABAQUS. The most common 
empirical models used to simulate the mechanical constitutive behaviour of Ti6Al4V in literature are
Johnson-Cook (JC) and modified Khan-Huang-Liang (KHL) models and are discussed here amongst 
others.

(i) Johnson-Cook (JC) model 

The Johnson and Cook model has been widely used to model the flow behaviour of metal and alloys 
over a wide range of strain rates. It represents the von Mises flow stress (σ) as a function of strain, 
strain rate and temperature. The von Mises flow stress can be written as [32]:

𝜎𝜎𝜎𝜎 = [𝐴𝐴𝐴𝐴 + 𝐵𝐵𝐵𝐵𝜀𝜀𝜀𝜀𝑛𝑛𝑛𝑛] �1 + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 �̇�𝜀𝜀𝜀
�̇�𝜀𝜀𝜀0
� [1 − (𝑇𝑇𝑇𝑇∗)𝑚𝑚𝑚𝑚]                                                      1.

where,

𝑇𝑇𝑇𝑇∗ = � 𝑇𝑇𝑇𝑇−𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟
𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚−𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟

�
𝑚𝑚𝑚𝑚

𝑇𝑇𝑇𝑇∗ =  � 

0                              𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑇𝑇𝑇𝑇 < 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟
𝑇𝑇𝑇𝑇−𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟
𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚−𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟

                              𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟 ≤ 𝑇𝑇𝑇𝑇 ≤ 𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚
1                                  𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑇𝑇𝑇𝑇 > 𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚 

                                                                                   

where 𝜀𝜀𝜀𝜀�̇�𝑜𝑜𝑜 is the reference strain rate used for normalisation; 𝐴𝐴𝐴𝐴 the yield stress, 𝐵𝐵𝐵𝐵 the strain hardening 
factor, and 𝐶𝐶𝐶𝐶 a dimensionless strain rate hardening coefficient. Parameters 𝐶𝐶𝐶𝐶 and 𝑚𝑚𝑚𝑚 are strain 
hardening and thermal softening coefficients, respectively. Parameters, 𝑇𝑇𝑇𝑇,𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚, and 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟 are working, 
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melting and room temperatures of the material, respectively. The temperature rise experienced 
due to adiabatic heating during shear strain can be computed using the equation:

∆𝑇𝑇𝑇𝑇 = 𝛽𝛽𝛽𝛽
𝜌𝜌𝜌𝜌∁ ∫ 𝜎𝜎𝜎𝜎(𝜀𝜀𝜀𝜀)𝛿𝛿𝛿𝛿𝜀𝜀𝜀𝜀                                                                                                     2.                                                                                         

where, 𝛽𝛽𝛽𝛽 is the percentage of plastic work converted to heat, 𝜌𝜌𝜌𝜌 the mass density of the material 
and ∁ the specific heat of the material. The parameters of this model for Ti6Al4V obtained from 
various research works are given in Table 1.

Table 1: J.C model parameters for Ti6Al4V

JC model 
Parameter

A(MPa) B(MPa) n C m

Lee and Lin[32] 728.7 498.4 0.28 0.028 1

Lee and Lin [33] 724.7 683.1 0.47 0.035 1

Seo and Min [34] 997.9 653.1 0.45 0.0198 0.7

Calamaz et al.[35] 968 380 0.421 0.0197 0.577

Meyer et al. [36] 896 656 0.0128 0.8 0.5

Meyer et al.[36] 862.5 331.2 0.012 0.8 0.34

Lesuer et al.[37] 1098 1092 0.93 0.014 1.1

Khan et al.[17] 1104 1036 0.6349 0.0139 0.7794

Khan et al.[17] 1080 1007 0.5975 0.01304 0.7701

Khan et al.[17] 1119 838.6 0.4734 0.01921 0.6437

Khan et al.[17] 984 520.3 0.5102 0.015 0.8242

 

(ii) Modified Khan-Huang-Liang KHL model

Khan et al. [17], developed a model to characterise the deformation behaviour of Ti6Al4V over a 
wide range of strain rates and temperatures. Flow stress in the modified KHL model is expressed as:

𝜎𝜎𝜎𝜎 = � 𝐴𝐴𝐴𝐴 + 𝐵𝐵𝐵𝐵 �1 − 𝐼𝐼𝐼𝐼𝑛𝑛𝑛𝑛�̇�𝜀𝜀𝜀
𝐼𝐼𝐼𝐼𝑛𝑛𝑛𝑛𝐼𝐼𝐼𝐼𝑝𝑝𝑝𝑝

�
𝑛𝑛𝑛𝑛1
𝜀𝜀𝜀𝜀𝑝𝑝𝑝𝑝
𝑛𝑛𝑛𝑛𝑜𝑜𝑜𝑜�  � �̇�𝜀𝜀𝜀

�̇�𝜀𝜀𝜀∗
�
𝐶𝐶𝐶𝐶

 � 𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚−𝑇𝑇𝑇𝑇
𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚−𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

�
𝑚𝑚𝑚𝑚

 3.

where  𝜀𝜀𝜀𝜀𝑝𝑝𝑝𝑝 is the true plastic strain, 𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚, 𝑇𝑇𝑇𝑇,𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 the melting, ambient and the reference temperatures, 
respectively. 𝐷𝐷𝐷𝐷𝑝𝑝𝑝𝑝 = 106 s-1 is the upper–bound of plastic strain rate of the model and 𝜀𝜀𝜀𝜀̇∗= 0.01 s-1 the 
reference strain rate, at a reference temperature of 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 at which material constant A, B and no are 
determined. 𝜀𝜀𝜀𝜀̇ is the current strain rate. 𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜, 𝐶𝐶𝐶𝐶1, 𝐶𝐶𝐶𝐶 and 𝑚𝑚𝑚𝑚 are additional material constants. To the 
knowledge of the authors the parameters of the model for Ti6Al4V with different chemical 
compositions are only those given by Khan et al [17], presented here in Table 2. Alloy 1 had 5.97%
and 4.09 %.wt of Al and V, respectively, while Alloy 2 had 6.21% and 3.61%.wt of Al and V,
respectively. The exact composition of Alloy 3 was not given. 

Table: 2 Modified KHL-Model material constants determined for 3 different form of Ti6Al4V 
alloy [17].
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Alloy A B n0 n1 C m
1 1069 874.8 0.4987 0.5456 0.02204 1.3916
2 1097 1004.7 0.6268 0.4993 0.02219 1.4796
3 1004 325.1 0.5263 1.9015 0.02204 1.1206

A major feature in the modified KHL model, unlike the JC model, is that decreasing work hardening 
with increasing strain rate as observed in Muiruri et al. [9] can be accommodated through the 
material constant 𝐶𝐶𝐶𝐶1.  

The advantages of these empirical models are their ease of calibration and implementation and they 
are hence the most commonly used models to characterise the behaviour of materials over wide 
ranges of strain rates and temperatures. Nonetheless, as shown in Table 1 and 2, there exists large 
discrepancies between different sets of JC model parameters. Sun and Guo [38] concluded that the 
three potential reasons for these discrepancies include, (a) differences in the composition of alloys, 
(b) different procedures of preparation for the specimens and (c) different methods of testing. 
Reasons (a) and (b) will ultimately lead to differences in the microstructure of specimens. Khan et 
al. [17] reported that different amounts of α and β phases in Ti6Al4V alloy affected the calculated 
parameters of the JC model.

2.2.2 Analytical models

Several analytical models/physical based models have been proposed based on dislocation 
mechanisms. The Zerilli Armstrong (ZA) model [39] is one of these models that has been used to 
characterise the flow stress in Ti6Al4V alloy. Attempts have been made to implement this model 
into an FEM codes for simulation of processes such as machining and forming [40]. Mechanical 
Threshold stress (MTS) is another model that has been used modelling the flow characteristic of 
metals and alloys based on microstructures. The two models are briefly discussed here. 

i. Zerilli Armstrong (ZA) model

Initially the model addressed metal with fcc (face-centered cubic) and bcc (body-centered cubic) 
crystal structures.  For bcc crystal structures the flow stress in the model is given by;

𝜎𝜎𝜎𝜎 =  𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜 +  𝐶𝐶𝐶𝐶1 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒[ −𝐶𝐶𝐶𝐶3𝑇𝑇𝑇𝑇 + 𝐶𝐶𝐶𝐶4 𝑇𝑇𝑇𝑇 𝑖𝑖𝑖𝑖𝐶𝐶𝐶𝐶 𝜀𝜀𝜀𝜀�̇�𝑟𝑟𝑟 ] +  𝐶𝐶𝐶𝐶5𝜀𝜀𝜀𝜀𝑟𝑟𝑟𝑟𝑛𝑛𝑛𝑛                                           4.

The flow stress of fcc crystal structures in the model is given by:

𝜎𝜎𝜎𝜎 =  𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜 +  𝐶𝐶𝐶𝐶1√𝜀𝜀𝜀𝜀  𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒[ −𝐶𝐶𝐶𝐶3 𝑇𝑇𝑇𝑇 + 𝐶𝐶𝐶𝐶4𝑇𝑇𝑇𝑇 𝐼𝐼𝐼𝐼𝐶𝐶𝐶𝐶 𝜀𝜀𝜀𝜀�̇�𝑟𝑟𝑟]                                                        5.

where ε is the strain, 𝜀𝜀𝜀𝜀�̇�𝑟𝑟𝑟 effective strain rate and T the temperature. C0, C1, C2, C3, C4, C5 are 
constants. Later, the authors [41] developed the localizing strength model predominantly for hcp
(hexagonal close-packed) Ti6Al4V that is somewhat different from the foregoing models for bcc and 
fcc crystal structures and of the form:

𝜎𝜎𝜎𝜎 = 𝐶𝐶𝐶𝐶0 + 𝐶𝐶𝐶𝐶1𝑒𝑒𝑒𝑒−𝛽𝛽𝛽𝛽𝑇𝑇𝑇𝑇 +  𝐶𝐶𝐶𝐶2 �(𝜀𝜀𝜀𝜀𝑟𝑟𝑟𝑟( 1 − 𝑒𝑒𝑒𝑒−𝜀𝜀𝜀𝜀 𝜀𝜀𝜀𝜀𝑟𝑟𝑟𝑟⁄ ))𝑒𝑒𝑒𝑒−𝑎𝑎𝑎𝑎𝑇𝑇𝑇𝑇                                           6.

where C0, C1 and C2 are material constants, 𝛼𝛼𝛼𝛼 and β functions of strain rate and T the absolute 
temperature. 𝜀𝜀𝜀𝜀𝑟𝑟𝑟𝑟 is a material constant that affects the strain at which saturation of stress is 
achieved. 

The simple square root of strain in Equation 5 comes from theoretical considerations of the motion 
of dislocations during plastic deformation of crystals given by Taylor [42]. In this work Taylor 
concluded that the simple yield stress depends on the square root of strain (and other factors such 
as temperature and strain rate). The problem with a simple square root function is that stress cannot 
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saturate at high strains in a function of the form  𝜎𝜎𝜎𝜎 = 𝑘𝑘𝑘𝑘 √𝜀𝜀𝜀𝜀 . This type of strain hardening behaviour 
is detrimental if modelling of localization is desired. This is due to the fact that localization depends 
on thermal softening overtaking the strain hardening effects. Since Ti6Al4V saturates at high strains, 
Zerilli and Armstrong [39] replaced the simple strain term in the Taylor strain hardening of earlier 
models with the strain function in Equation 6 which shows stress saturation at high strains. 

The ZA model has a relatively simple expression. The main characteristic of the model is that each 
material structure type has a different expression due to the different strain rate controlling 
mechanism for the particular structure [31].  This may be a challenge in materials with different 
crystal structures/phases such as dual phase Ti6Al4V and steel.

ii. Mechanical Threshold Stress (MTS) Model

The MTS model is intrinsically a material microstructure-based flow based model, which separates
the deformation stress into athermal and thermal stresses. It is generally of the following form: 

𝜎𝜎𝜎𝜎 = 𝜎𝜎𝜎𝜎𝑎𝑎𝑎𝑎 +  [𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖(𝜀𝜀𝜀𝜀̇ ,𝑇𝑇𝑇𝑇)𝜎𝜎𝜎𝜎𝑖𝑖𝑖𝑖 +  𝑒𝑒𝑒𝑒𝑟𝑟𝑟𝑟(𝜀𝜀𝜀𝜀̇ ,𝑇𝑇𝑇𝑇)𝜎𝜎𝜎𝜎𝜀𝜀𝜀𝜀] 𝜇𝜇𝜇𝜇
𝜇𝜇𝜇𝜇𝑜𝑜𝑜𝑜

                                                                      7.

where 𝜎𝜎𝜎𝜎𝑎𝑎𝑎𝑎 is the temperature-independent (athermal) stress which characterises the interactions of 
dislocations with long range barriers, 𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖 and 𝑒𝑒𝑒𝑒𝑟𝑟𝑟𝑟 the strain rate and temperature-dependent scaling 
coefficients, 𝜇𝜇𝜇𝜇 and 𝜇𝜇𝜇𝜇𝑜𝑜𝑜𝑜 the shear modulus at ambient temperature and absolute zero temperatures 
respectively. Moreover, 𝜎𝜎𝜎𝜎𝑖𝑖𝑖𝑖 describes the thermal portion of the yield stress which is non-evolving 
and 𝜎𝜎𝜎𝜎𝜀𝜀𝜀𝜀 describes the interaction of dislocation during plastic deformation (evolving component).
The model was implemented in ABAQUS via the user hardening (UHARD) subroutine in the research 
work of Jansen and Kok [44]. The classic MTS model considers material microstructural details such 
as evolution of dislocation density. However, the grain sizes effects and phase fractions of the 
material are not explicitly included into the documented model and thus its limitation.

In all the aforementioned CNMs of flow stress, the material is considered to be homogenous. None 
of these models take into account the differences in mechanical behaviour between the different 
phases, such as the hcp α phase and the bcc β phase of the dual phase Ti6Al4V. The influence of the 
grain sizes and grain boundaries are also not articulated in the models. These challenges could limit
the predictive capability of these models in predicting the mechanical properties of various 
microstructures of additively manufactured Ti6Al4V (ELI) upon post processing.

3 POSTULATED PROCESS OF FORMULATING CONSTITUTIVE MODELS

The model flow chart shown in Figure 5 is proposed here as a bridge between various sub-micro scale 
and macro scale continuum deformations. The assumption in this model is that a single expression 
for stress can be developed to accurately predict the yield stress and subsequent flow stress during 
plastic deformation of DMLS Ti6Al4V (ELI) subjected to various post process heat treatment. The 
constitutive model should be based on the physical nature of the material rather than the empirical 
relationship of macro-continuum mechanics. 

The total stress in this model is be expressed as;

𝜎𝜎𝜎𝜎𝑦𝑦𝑦𝑦 =  𝜎𝜎𝜎𝜎𝑜𝑜𝑜𝑜 + 𝜎𝜎𝜎𝜎𝑔𝑔𝑔𝑔 +  𝜎𝜎𝜎𝜎𝑟𝑟𝑟𝑟                                                                                                7

where 𝜎𝜎𝜎𝜎𝑜𝑜𝑜𝑜 and 𝜎𝜎𝜎𝜎𝑟𝑟𝑟𝑟 is the lattice friction stress and flow stresses, respectively, both of which are 
functions of temperature and strain rate and can thus be referred to as the thermal component of 
the total stress. The lattice friction stress is assumed to be due to the contribution of the respective 
phases in the material and thus follows the rule of mixtures. The flow stress (𝜎𝜎𝜎𝜎𝑟𝑟𝑟𝑟), which can be 
defined as the instantaneous value of stress required to continue plastic deformation, is related to 
characteristics of dislocations.
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Figure 5: Process of formulating constitutive models.

In other words, hardening and softening is related to the evolution of dislocations which is influenced 
by strain rate and temperature. 𝜎𝜎𝜎𝜎𝑔𝑔𝑔𝑔 is the stress due to grain boundary strengthening which can be 
formulated from the Hall-Petch (HP) relationship. Thus, the effects of variation of the thicknesses 
of α-laths in the case of lamellar microstructures, and diameter of α-grains in the case of equiaxed 
microstructures, are manifested in the model. In the case of bimodal microstructures, the rule of 
mixture should be used to take into account the contribution of primary α grain size  𝑑𝑑𝑑𝑑𝛼𝛼𝛼𝛼𝑝𝑝𝑝𝑝 and the 
secondary alpha laths size 𝑑𝑑𝑑𝑑𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼, and the relative volume fraction of the secondary alpha phase. 
Therefore, this stress is independent of temperature and strain rate and is referred to as the 
athermal component of the total stress. 

4 CONCLUSIONS

The capability of the existing models in predicting mechanical performance (yield strength and flow 
stress) of materials is still in question as most of the constitutive models are empirical in nature and 
huge experimental data is needed to fit the model parameters. Moreover, it is very expensive to use 
the ANNM, because their training requires large sets of experimental data.

To accelerate the acceptance of DMLS Ti6Al4V (ELI) for structural applications there is a need to 
develop numerical models that can qualitatively and quantitatively describe the interrelationships 
between microstructure, strain rate and temperature with mechanical performance (yield strength 
and flow stress) of the alloy. This would lead to an informed qualification of the DMLS Ti6Al4V for 
demanding structural applications.
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ABSTRACT

Metal additive manufacturing has shown great progress in industry with the development of laser 
powder bed fusion (LPBF). Performance of LPBF parts depends on optimal process parameters and 
careful selection of scanning and building strategies of complex parts. In-situ acoustic emission 
provides a suitable solution for the direct control of the LPBF process during manufacturing. An 
inhomogeneous powder layer is one of the main reasons for causing defects in LPBF. This paper 
shows the effect of powder layer thickness on frequency content and sound pressure level (SPL) of 
the emitted sound during LPBF processing. Final track morphology is correlated to the sound emitted 
at different layer thicknesses.
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1. INTRODUCTION

The development of the metal additive manufacturing (AM) industry has grown exponentially during 
the past few years [1]. The main obstacle for AM is not only to introduce these technologies to 
industry but also to qualify quality and be cost effective [2]. The complex nature of LPBF makes 
slight variations in process variables detrimental to the quality of the parts. This led to the 
development of much-needed process monitoring systems for quality control [2].

Gas-borne acoustic emission (AE) has been reported to be a possible method for online monitoring 
of laser processing [3]. Fisher et al. [4] showed a clear shift in frequency and missing peaks in 
spectral analysis of the two laser powers used. A study by Luo et. al. [5] investigated the affect 
plasma plumes of pulsed laser welding on AE. The AE of these different plumes were compared and 
shown to have valuable information. They showed that each pulse has a certain AE development 
corresponding to the plasma plume and that there is a clear change in amplitude from the beginning 
of the emitted AE pulse when compared to the rest of the pulse. This difference was attributed to 
increased laser absorption. Shevchik et al. [6] used a fiber Bragg grating sensor which was mounted 
directly inside the process chamber of a Concept M2 and was used to detect AE for in-situ quality 
monitoring during LPBF. The signals were analyzed by spectral and convolutional neural networks. 
It was found a correlation between AE signals and porosity of the samples exist. Kouprianoff et al.
[7] showed that the frequency changes due to powder layer thickness can be used to predict layer 
thickness.

One of the reasons for LPBF flaws is balling effect. Instead of continuous tracks with regular 
geometry, a chain of beads is produced that increases the probability of pores in LPBF parts [8,9]. 
In the case of a thick powder layer, there will be no metallurgical contact between the molten pool 
and the previous solidified layer/substrate. An increase in laser power causes the temperature to 
rise which leads to bigger molten pool size, deeper penetration into the substrate up to keyhole 
regimes [10,11]. This work sets out to establish a correlation between the acoustic emission and 
final shape of single tracks at different powder layer thicknesses using an EOSINT M280 system with 
laser parameters kept optimal for this system.

2. METHODOLOGY

Ti6Al4V (ELI) powder and grade 5 substrate were used with single track experiments. Powder from 
TLS Technik GmbH & Co. Spezialpulver KG (Germany) that was pre-alloyed gas atomized powder 
with the following chemical composition: Ti – balance, Al – 6,34%, V – 3,94%, O – 0,082%, N – 0.006%, 
H – 0,001%, Fe – 0,25%, C – 0.006% (weight %). The equivalent diameters (by volume) of the powder 
particles were d10 = 12.03 μm, d50 = 21.38 μm and d90 = 31.15 μm. 

Experiments were done with an EOSINT M280; a microphone was placed inside the building chamber
240mm above the substrate. Laser power and scanning speed was kept constant at 170 W and 1.2 
m/s. Two single tracks 48 mm in length were produced without powder and with powder (1,2,4,5 
and 10 layers) with layer thickness set to 30 µm. This resulted in two tracks (named Track 1 and 
Track 2) positioned 40 mm apart for each layer thickness. First, two tracks were sintered without 
powder, then a powder layer was delivered, and the laser scanned two tracks next to the previous 
tracks (1mm apart). This procedure was repeated for the corresponding layer thicknesses.

AE is measured using an ICP microphone having an optimal frequency range of 3.75–20 000 Hz (±2dB). 
The data is acquired at a sampling frequency of 102.5 kHz. For analyses, post processing was 
implemented using 2 kHz high-pass filter to remove the effect of ambient operating noise that does 
not pertain to the actual laser scanning. Although some information might be present below 2 kHz, 
it would not be considered in this study. Data analysis was carried out using LabView and microscopy. 
Each track’s corresponding sound waveform was extracted from the recording and used for Fast 
Fourier Transform (FFT) and sound pressure level (SPL) calculations. For microscopy top and cross-
sectional images were taken. The data was used to correlate the track morphology to the frequency 
content for the specific layer thickness. 
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3. RESULTS AND DISCUSSION

Clear differences in track morphology were observed from the top and cross-sectional view at 
different layer thickness, as shown in Figures 1 and 2. Using the optimal process parameters [12] for 
a 30 µm powder layer thickness, regular tracks were produced up to two layers. From 4 layers (about
120 µm), balling effect started: tracks were continuous but had irregular shapes. At 10 layer
thickness, sintered tracks had no regular metallurgical contact with the baseplate – only some 
molten beads were slightly attached to the substrate at random areas which means that at this laser 
power, spot size and scanning speed, energy from the laser beam is not enough to completely fuse 
the material to the underlying base plate (Figure 1, bottom image).

The penetration depth decreases with layer thickness, and the height of the sintered single tracks
increases with layer thickness. It must be noted that the height increases much faster than the depth
decreases. A laser power density (that is a relation of laser power and spot size) is the main factor 
which influences melt pool depth [10], at the chosen laser power of 170 W with a spot size of 80 µm
and 1.2 m/s scanning speed, the laser beam energy of 11 mJ was enough to create a joint molten 
pool from the powder and the substrate up to 5 powder layers. Penetration depth decreased with 
layer thickness and disappeared at the thickest powder layer about 300 µm.

Figure 1: Single tracks on the baseplate at different powder layer thickness:
top view (left) and cross-sections (right)

At 30-300 µm powder layer thickness, the height of the track increased linearly with powder layer 
thickness since more powder material was involved in the process. In comparison with solid material, 
the absorption of powder is higher and effective thermal conductivity is lower, therefore the width 
of the molten pool slightly increased with layer thickness and resulted in wider tracks and an 
increased contact zone. Involving more material into the process increases the top part of the track 
and decreases penetration into the substrate and contact zone (Fig. 2b). With powder layer 
thickness, variations of geometrical characteristic also increased.
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(a)

(b)

Figure 2: Geometrical characteristics of single tracks (a) and evolution of the cross-section 
shape with powder layer thickness (b)

The extracted sound signal of track 2 after filtering is shown in Figure 3. The amplitude of signals 
clearly increases with powder thickness. The start of the track can be identified by the increase in 
activity (red colour). A clear initial spike is observed at the beginning of scanning without powder
that agrees with the development of AE shown by Luo et al. [5]. With powder layer processing, the 
sound does not exhibit the initial peak at the start of scanning. The amplitude of the average signal 
reaches a maximum at a certain powder thickness thereafter the amplitude decreases as seen when 
comparing two and ten layers in Figure 3.

Without powder, the frequency content showed a large presence at 6.5 kHz as seen in Figure 4. A 
clear difference in the frequency spectrum is seen with increasing powder layer thickness. The 
complex nature of the LPBF process with regards to slight changes during processing proved to be a 
major consideration during data analysis. The effect of these changes will be seen in the time domain 
and therefore it was logical to analyze the tracks in smaller parts. The tracks were split into 4 parts 
corresponding to 0.01 seconds each.

Looking at the top view of the tracks it can be seen that the shape of the track is different at the 
beginning, middle and end (Fig. 5). This is an obvious observation but the implications on the sound 
emitted should be considered. It is also observed that the size of the start and end irregularity is 
only about 0.8 mm (1.67%) of the track length, therefore it is not expected to contribute on a large 
scale.

Two basic questions need to be answered, what is the influence on the frequency and the sound 
level at these different parts. For Track 1 without powder four parts are shown in Figure 6. As 
expected, differences are observed but they seem to remain similar if compared to the shape of 2 
layers FFT’s shown in Figure 4. The 6.5 kHz peak remain present at varying amplitude. The effect 
on frequency due to shorting the time was not investigated any further but it should be kept in mind 
that these four parts might have experienced a burst of energy at a certain frequency at a specific 
time and that would be presented in a value that is averaged over the number of samples.
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Figure 3: Extracted AE signal of track 2 without powder (a), two layers (b) and 10 layers (c) 
showing registered amplitude versus time

To compare the level of sound emitted at these different parts, the Sound Pressure Level (SPL) was 
measured. For each layer the SPL were calculated for the 2 tracks which were divided into 4 parts.
A definite pattern is seen not only in the different parts of each layer but also in the way the SPL 
average changes with layer thickness (Figure 7). Some variations are present and could be attributed 
to uneven or difference in powder layer thickness. Without powder there is a rise in SPL at the start 
and end of scanning, this is also observed in the extracted signal at the top of Figure 3.
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(a)

(b)

(c)

Figure 4: FFT response of single tracks produced at 170W, 1.2m/s: without powder (a), 2 
layers (b) and 10 layers (c)
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Figure 5: Top view of single track produced at 170 W, 1.2 m/s without powder showing three 
different areas: start, middle and end of the track, from left to right respectively

Figure 6: FFT spectra of four sections for 0.1 s signals from single track without powder

The fact that track 1 and track 2 without powder matched closely hints that the other deviations 
seen in the rest of the layers could be because the powder layer thickness was uneven although 
there are not enough statistical data to verify such a claim. A noticeable difference in SPL is seen 
when powder is introduced. The shape of the sound also changes in that instead of a drop in intensity 
from part one to part two there is a rise. Although part 4 has a higher SPL than that of part 3, in 
general they are quite close.

As seen in Figure 7 a clearer representation of the effect of layer thickness on SPL can be seen in 
Table 1. The average and standard deviation was calculated from the eight parts of two tracks for 
sets. A turning point is observed at 4 layers and from the cross-sectional analysis we observe that 
contact zone is at a maximum at this layer thickness (Fig.2a). From the inverse distance law of 
sound, the maximum expected change in amplitude due to distance from the source can be 
calculated. For tracks 40mm apart a maximum of 0.11dB change in SPL can be expected.
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Figure 7: SPL for different parts at different layer thicknesses

Table 1:  Average and standard deviation of SPL at different layer thickness 

Layer thickness SPL, dB

Without powder 75.3±1.48

1 layer 79.2±1.41

2 layers 80.8±1.34

4 layers 80.8±1.54

5 layers 80.2±1.36

10 layers 79.4±1.13

There was a correlation between the contact zone (Fig. 2a) and the SPL shown in Table 1. As the 
powder layer increases beyond 10 layers the molten pool will not touch the substrate and the SPL 
will reach some constant limit. That SPL and the frequency content can then be used to indicate 
fusion defects.

4. CONCLUSION

This paper reports on the effect of powder layer thickness on frequency content and amplitude of 
the emitted sound during LPBF processing. Final track morphology is compared to the sound emitted 
at different layer thicknesses. The physics of AE source during LPBF needs further investigation.
Powder layer thickness clearly changes the SPL and reaches a maximum at 4 layers for single tracks 
where a contact zone was maximum at used power and scanning speed. No-powder case presented 
a clear peak at 6.5 kHz while the other frequencies remained relatively low as compared to powder 
layer processing. In powder case a clear increase in energies at other frequencies are present. 
Significant AE difference can be seen with change in powder layer thickness.
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ABSTRACT

As additive manufacturing is reaching maturity, the requirement for qualified parts has increased as 
additive manufacturing technologies is progressively being adopted into the aerospace and medical 
fields. For a part to be qualified, the quality of a manufactured part must be guaranteed. In order 
to guarantee the quality of parts manufactured using additive manufacturing technologies, extensive 
data must be collected during the manufacturing life cycle. This paper will focus on reviewing
currently available additive manufacturing monitoring systems that could potentially be used for 
part qualification.
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1. INTRODUCTION

When additive manufacturing technologies was initially developed, it was mostly seen as a method 
to rapidly produce prototype models of conceptual products, hence the initial name of rapid 
prototyping [1]. However, as the technology matured, it has rapidly evolved to a technology that can 
be used to produce fully functional parts. With the integration of Additive Manufacturing (AM) into 
traditional manufacturing workflows, the requirement for adequate quality control of parts produced 
by AM systems have become vital [2] in the same way that quality control is important for parts 
manufactured using traditional manufacturing processes. These quality control measures are used to 
ensure that the part adheres to the predefined quality specifications.

Consequently, when manufacturing parts using AM technologies for aerospace and medical 
applications, these parts must be qualified before the part can be used for their intended purpose. 
This means that the machines and processes that are used for the manufacturing of these parts must 
be qualified according to specific industry standards. The goal of the qualification of parts can be 
described as the collection of data about a part or process that can prove that the said part or process
will perform its designed function as expected [3]. This means that data must be collected of various 
parameters throughout the manufacturing process to ensure that the part was manufactured within 
specification. The use of in-situ AM monitoring systems has become one of the possible solutions that 
can be used to guarantee the final build quality of a part and provide valuable information about the 
process for qualification purposes [4]. This requires monitoring systems that can be used to record 
and analyse various parameters during the manufacturing process to monitor the outcome of the 
build and to ensure the part is manufactured according to specification. The data that is collected 
during the build process also forms part of the quality management framework around the AM 
platform. The data can also be used for part traceability, understanding the AM process and to make
better informed decisions about part design and manufacturing [5].

Another important application for these monitoring systems is with the development of advanced 
control feedback systems, which can be used to increase the efficiency of the AM technology [6].
These integrated monitoring systems could be used to rectify problems during the manufacturing 
process using pre-defined remedial actions. It should also be noted that these actions should be 
developed to fit into the quality frameworks.

The proposed research study will be focused on identifying both experimental and commercially
powder bed-based AM monitoring system. The reason for choosing powder bed-based AM technologies 
is because in 2018, the Wohlers Associates published in their annual report that nearly 45% of the 
industrial machines currently in operation at services providers where powder-bed based AM 
machines [7]. Thus, it would make logically sense to focus on this technology as it makes up the 
majority of the international market share. The study will also address the features and operation of 
the different monitoring systems as well as a few novel concepts for the detection of defects, 
specifically during the re-coating cycle.

2. POWDER BASED AM TECHNOLOGIES

Currently, there are three major groups of AM technologies available on the market. They are 
generally grouped according to the form of the bulk material used to manufacture the part namely 
a liquid, powder or solid sheet [8].

The first group of AM technologies makes use of a bulk material in the form of a liquid. Technologies 
that form part of this group consists of but is not limited to: Stereo Lithography (SLA), Fused 
Deposition Modelling (FDM), Digital Light Processing (DLP) and Continuous Digital Light Processing 
(CDLP).

The second group of technologies makes use of a bulk material in the form of a powder. However, 
there are two different methods that can be used to manufacture a part using a powder. The first 
method is called co-axial powder deposition. This method involves the feeding of powder through a 
nozzle into the path of a laser beam which then melts the powder particles onto a substrate. 
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The second method re-coats layers of powder onto a substrate which then forms a powder bed that 
contains the parts being manufactured. There are several technologies that makes use of a powder 
bed to manufacture parts. Some of these technologies include Selective Laser Sintering (SLS), Binder 
Jetting (BJ), Direct Metal Laser Sintering (DMLS) and Multi Jet Fusion (MJF). These types of machines
contain a number of common basic machine components, most often it is only the powder fusion 
methods that differs between the different technologies.

The third group of technologies make use of solid sheets of material that are bonded together using 
a roller and a special type of adhesive on the sheet material, high frequency welding or even a type 
of laser depending on the material type. Once the material has been fused together, the excess 
material is trimmed or removed using a tungsten carbide blade if the material used is paper or plastic 
and a high-power laser if metallic materials are used for the manufacturing of the part [9]. After 
each layer has been fused together and the excess material has been trimmed away, a new layer can 
be applied. 

For the purposes of this study, only AM technologies that makes use of a powder bed such as Selective 
Laser Sintering (SLS), Binder Jetting (BJ), Direct Metal Laser Sintering (DMLS) and Multi jet Fusion 
(MJF) will be considered.

3. MONITORING OF POWDER BASED AM TECHNOLOGIES

3.1 Powder bed technology operation

In order to better understand the monitoring process for powder based technologies, it is necessary 
to briefly examine the powder bed based AM process. The diagram in Figure 1 displays all the basic 
components that powder bed based technologies have in common [10]. Although the diagram in 
Figure 1 shows the process for binder jetting, the only difference for SLS and DMLS technologies 
would be the powder fusion source. The fusion source is indicated with the letter (a) as illustrated 
in Figure 1. The rest of the components remain the same for all powder bed technologies.

Figure 1 Powder bed Technology Components [10]

The manufacturing process starts when the build platform (f) is raised all the way to the top. Next, 
the powder feeder platform (c) is also raised by a predetermined amount. It is important to note 
that some types of machines makes use of a powder hopper in stead of a feeder platform, which 
would then not require this feeder platform raising step. The re-coater blade/scraper (b) then 
scrapes a new layer of powder over the build platform (f). Once the layer has been evenly spread 
over the entire build area, the binder head (a) moves over the build platform (f) and selectively 
sprays a binder solution over the powder to create the part geometry (d). The re-coating and binder 
spraying process is repeated until the entire part has been created. As the process is repeated for 
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each layer of the part, a powder bed (e) is created by the surrounding unfused powder material.
This then acts as a support for the part as the build progresses. Once the part has been completely 
manufactured, the part can be removed from the build platform and the excess powder removed 
from the manufactured part. 

3.2 Monitoring of the powder bed.

The integration of AM technologies into the traditional manufacturing processes, has resulted in the 
increased demand for quality guaranteed parts. When parts are manufactured for applications such 
as the aerospace and medical sectors, very stringent quality assurance requirements must be met.
These parts must undergo a qualification process in which a part is validated against specific 
ISO/ANSI/ASTM standards. Once these parts have successfully gone through this process, they will 
be referred to as qualified parts. The qualification process requires data to be collected throughout 
the manufacturing process, such as materials used, equipment used to manufacture the part, non-
destructive testing of the part as well as the actual manufacturing process. 

Apart from the gathering of data for the purpose of part qualification, there are often times errors
that occur during the build process due to a number of circumstances. This can cause defective parts 
to be manufactured, as displayed in Figure 2. The part manufactured in Figure 2 will not pass the 
quality requirements as laid out in the qualification process due to the large defects present in the 
part structure.

Figure 2 Manufactured part with defects

In extreme cases, the entire build job may have to be scrapped completely due to the severity of 
the errors which indicate that the process parameters have deviated too far from the specifications 
and that the part has not been manufactured within qualification parameters [6]. This results in a 
major loss of raw materials, which becomes very costly. Thus, the data that is recorded using these 
additional cameras and sensors can also be used to detect the errors when they occur and with the 
appropriate feedback systems in place, can be used to either stop the build prematurely to prevent 
the further loss of costly raw materials, or appropriate remedial measures can be taken to repair 
the error that had occurred and allow the build to complete successfully. However, these remedial 
measures would also have to be in line with the quality management framework.

This research study will review currently available experimental and commercial monitoring systems 
for powder-bed based AM technologies. In-situ monitoring systems has been explored by several 
researchers with the aim to solve specific problems during the manufacturing process. Some of the 
approaches required that additional cameras and sensors be integrated into the existing machine
[6] [11] whereas others made use of the existing machine infrastructure [14].

Upon reviewing the studies performed by other researchers, several research focus areas were 
identified. Although most of the researchers only focused on a single area, each focus area is vital 
to the monitoring of powder bed type AM technologies. An area that has been extensively studied 
include the monitoring of the surface quality of the powder bed after re-coating and part geometry 
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scanning operations. One of the reasons why this area can be considered a priority research area is 
due to the fact that defects that occur during the re-coating and scanning phase have some of the 
highest risk of causing total build failure, or as with some of the metal AM machines, even physical
damage to the actual machine due to re-coater strikes etc.

This gives an indication that certain areas of the manufacturing process have a greater need for 
monitoring than others. It does not however mean that the other areas can be ignored, but that
certain areas of the manufacturing process can have a greater impact on build success than others. 

3.2.1 Defect Detection and Post Scan Analysis
One of the focus areas that has received a substantial amount of attention from researchers is the 
detection of defects on the powder bed surface after re-coating and also after the scanning cycle.
This is not limited only to powder bed defects, but also include defects that may occur on the 
scanned part contour/geometry.

The study performed by Southon et. al [11], an in-process measurement and monitoring system was 
developed using a fringe projection 3D scanner as displayed in Figure 3. The aim of the study was to 
test the feasibility of using a fringe projection scanner to monitor the powder bed of an EOS P100 
machine that manufactured parts with polyamide 12. The study focused on the ability of a fringe 
projection scanner to record defects that occurred on the powder bed during the printing process. 

Figure 3 Fringe projection scanner [11]

Even though the fringe projection scanner was mounted outside the build area, the study proved
that defects could be detected that varied from hundreds of micro meters in width, up to hundreds
of milli meters in width. It also proved the capability to detect and quantify various effects such as
part curling, re-coater blade striking the part (Figure 3) and even the consolidation of a single layer 
of the powder in the shape of the part geometry.
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Figure 4 Re-coater Blade Strike [11]

In a study conducted by Li and Liu et. al [12], at the Huazhong University of Science and Technology, 
an in-situ monitoring system was proposed that also made use of fringe projection 3D scanning 
technologies. However, this study did not only focus on the scanning of the build area on the powder 
bed, but also scanned the entire powder bed post re-coating and post scanning to create a 3D surface 
topography map of the powder bed. This study scanned the powder bed using a custom-built fringe 
projection scanning setup. Two cameras were mounted over the powder bed at known distances,
and a projector was used to project the fringe patterns over the build area as shown in Figure 5.

Figure 5 Camera setup for powder bed imaging [12]

These captured images were processed using an enhanced phase measuring profilometry (EPMP) 
method to create a 3D point cloud that can be used to monitor the 3D surface topography of the 
powder bed and the part fusion area. The output produced by the EPMP algorithm is displayed in 
Figure 6.
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(a)

(b)

Figure 6 3D Surface Topography and 3D part contours [12]

The series of images shown in Figure 6a display the 3D topography representation of the powder 
bed, and clearly shows when a defect had occurred during the re-coating process. The second series 
of images in Figure 6b shows the fusion area topography of the entire powder bed after the scanning 
process is competed as well as the fusion area of the individual parts. Once the build was completed, 
the scanned 3D contours could be stacked to create a digital twin of the parts in the build. The 
digital twin could then be compared to the CAD model to ensure that the parts were within 
specification even before they are removed from the powder bed as displayed in Figure 7. This 
means that dimensional inaccuracies could be detected without even the need for physical 
measurement.

Figure 7 Comparison of Contour data to CAD model [12]
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In another study conducted by Abdelrahman et. al [13], a “flaw detection” system was developed 
using a DSLR cameras and several flash units and chamber lights placed in strategic locations inside 
the build chamber to capture images using a variety of illumination angles. The layout of the system 
is displayed in Figure 8.

Figure 8 Camera and Lighting setup [13]

The system was designed to capture images of the powder bed after each re-coating cycle and also 
after each scanning operation was completed. The system was not integrated into the machine 
control system, but rather used proximity switches on the re-coater blade to trigger the image 
capturing process. Once the images were captured using each one of the 5 lighting angles, a specific 
region of interest was cropped out of the main image and these cropped images had a light 
normalization algorithm applied to them to enhance the features on the captured images. Each 
image was then segmented using a level set method to isolate only the part area that is of interest, 
and a shape-to-image registration technique is used to map the contours of manufactured part to 
the specific layer of the STL file as shown in Figure 9.

Figure 9 STL Layer image segmentation [13]

Once the part outline had been segmented out of the image, the images could be individually 
analysed to identify any defects that may be present either after the re-coating or scanning process.
The images in Figure 10a shows re-coating defects that occurred over the part area which can 
potentially affect the part integrity. A 3D model was also constructed as shown in Figure 10b that 
shows on which layers of the part re-coating errors had occurred. 

(a) (b)

Figure 10 Re-coating errors and re-coating error 3D model [13]
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The images that were captured once the part geometry scanning has completed also followed the 
same segmentation process. However, the final processing of the images was different for the post 
re-coating and post-scanning images. For the post scanning images, a method was proposed that 
could be used to detect potential defects based upon the variations in the image intensity due to 
the differences in the lighting conditions of a part that contained a defect. This defect detection 
method also assumed that a defect could only be classified as a defect if it spans more than one 
layer. If an anomaly were detected on a single layer but not on the subsequent layer, it was not 
regarded as a defect. Once defects had been detected over the part area, they were highlighted as 
displayed in Figure 11.

Figure 11 Detected Part Fusion Defects [13]

All these images with the defects present were then stored, and as with the re-coating defects, a 
3D model was generated of the part as shown in Figure 12 showing the different layers where defects 
had occurred on the part without the need of a CT scan.

Figure 12 3D CT Model with defects indicated [13]

The recorded defect data could then be further corroborated by an actual CT scan to verify the 
presence of possible defects inside the part as well as any porosity that may have formed during the 
manufacturing process.

3.2.2 Defect Classification
Although several researchers had focused on the detection of defects that may occur on the powder 
bed, only a single group of researchers at the time of publication had focused on the classification 
of defects. 

In the study conducted by Scime and Beuth [14], a novel method was proposed for the classification 
of defects using images captured with a computer vision camera mounted inside the machine and 
processed using image processing and machine learning algorithms. The individual layer images were 
captured using the EOSTATE hardware and software package, and the images were processed 
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externally after the build job had completed. Since the camera was mounted at an angle and the 
images weren’t properly illuminated and had to be brightened and warped to correct the image 
perspective using a series of image processing techniques. Even though the lighting conditions where 
not ideal, they could easily be corrected for in software since the lighting conditions remain 
consistent throughout the build. The view of the powder bed after processing is displayed in Figure 
13.

Figure 13 Improved Powder bed image [14]

However, before images of actual builds could be processed, a series of training images had to be 
selected for the machine learning algorithm. For this, powder bed images with the following defects 
present had to be acquired: re-coater hopping, re-coater streaking, debris on the powder bed, super 
elevation, part failure and incomplete spreading (also known as re-coater short feeding). Examples 
of the defects used by the authors is shown in Figure 14. The defect images where of a fixed size 
and did not include the entire powder bed image, only the portion of the image that contained the 
defect were used.

Figure 14 Powder bed defect types [14]

A total of 2402 images were used in the training database. The images also had to be manually
sorted and tagged for the training purposes. Each of these training images were then processed by 
a specially developed algorithm that used various image processing techniques and machine learning 
algorithms in order to create a type of “finger print” for each type of defect. Each defect was then 
compiled into a dictionary against which future images of defects could be compared to. Anomaly 
free images were also added to the dictionary to simplify the dictionary searching process and 
prevent false positives. Since a large portion of a build should contain no defects, the no-defect 
images were classified as a type of defect to prevent pristine areas of the powder bed as being 
classified as a defect. Once the algorithms have processed all of the training images, images from 
actual build jobs can then be analysed. The entire powder bed image is broken up into patches and 
each patch is reviewed individually. Each image patch captured of the build is reviewed by the 
algorithms to create a unique fingerprint again. However, once a finger print had been created, it 
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was compared against the fingerprints inside the dictionary and a percentage value that indicates a 
similarity value was generated. Based on the highest percentage value recorded for a specific type 
defect, the defect will then be classified as that type of defect. Once the build has been completed, 
a heat map of the build can be created which would indicate which areas of the build had defects 
as well as how many defects of a specific type had occurred in a specific area as shown in Figure 15.

Figure 15 Heatmap of Super Elevation Defects [14]

3.2.3 Commercially Available Systems
Since this study considered monitoring systems that can be used to monitor build jobs, it is necessary 
to also consider commercially available systems. At the time of publication there were 3
commercially available monitoring system. These systems are Electro Optical Systems EOSTATE 
monitoring package, Concept Laser’s QM package and Materialise Inspector.

• EOSTATE

The EOS EOSTATE monitoring suite is a modular hardware and software package that can be used to 
capture all production and quality data in real time [15]. This monitoring suite consists of four 
modules that can be used to monitor a variety of parameters. These modules include: EOSTATE 
ExposureOT, EOSTATE Meltpool, EOSTATE Powderbed and EOSTATE System. These four modules give 
the EOSTATE monitoring suite the capability to monitor the melt pool, the energy density applied 
to each area of the part geometry, the surface quality of the powder bed after each re-coating 
operation and the recording of all internal and external machine parameters. It should be noted that 
the EOSTATE monitoring suite can only be used on the EOS M series and can not be used on third 
party hardware or on polymers and other types of materials.

• Concept Laser QM

Concept Laser is a subsidiary company of General Electric Additive and has created their own 
hardware and software package called the Concept Laser Quality Management system that can be 
used to monitor various parameters of their own patented metal laser melting process called the 
Laser Cusing which is also their registered trademark [16]. This Quality Management system is 
modular in design and has various modules that can be used depending on the type of build being 
run and the data needed. There is a total of 10 modules available in the monitoring system. Some 
off the Concept Laser QM modules have been evaluated by scientists at NASA for their effectiveness 
as an in-situ research and evaluation tool [17]. It should be noted that the Concept Laser QM system 
can only be used on the OEM Concept Laser hardware and can not be used on third party hardware.

• Materialise Inspector

Materialise is a company that develops several software packages for AM such as the Materialise 
Magics software that can be used to stack 3D cad models inside a build envelope in preparation for 
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a build [18]. The company also created an AM monitoring package that can be used to monitor build 
jobs and identify any possible errors that may have occurred. Materialise Inspector is a software tool 
that can be used to analyse data that is recorded throughout the manufacturing process from the 
preparation of the 3D model to the finished part in order to improve and guarantee the quality of 
the part. Some of the capabilities of Materialise Inspector include a slice viewer that can be used to 
analyse different build parameters such as vector with thickness, laser scanning strategies for 
multiple optics and a platform display with a scan or grid view. The other capabilities that 
Materialise Inspector has is post build image analysis of the images that are captured with a camera 
inside the main build envelope as well as big data analysis tools for in depth build analysis.

4. CONCLUSION

In this paper a series of studies were reviewed that focused on monitoring of powder bed type AM 
technologies. The studies that were reviewed focused on the detection of defects that occur on the 
powder bed. The defects often occur either during the re-coating cycle or after the powder material 
has been fused together. The information in Table 1 summarizes the potential advantages and 
disadvantages of the reviewed systems in this paper.

Table 1 System Advantages and Disadvantages

Researcher Type of system Advantages Disadvantages
Southon et. Al
[11]

Defect Detection Detect small powder 
bed defects.

Can only monitor a small 
build area.
Requires large amounts 
of computing power.
Requires specialized 
scanner.
Limited to polymer AM.

Li and Liu et. 
al [12]

Defect Detection Detect powder bed 
defects.
Detect part fusion 
defects

Requires large amounts 
of computing power.
Requires specialized 
scanning equipment.
Limited to metal AM.

Abdelrahman 
et. al [13]

Defect Detection Detect powder bed 
defects.
Detect part fusion 
defects

Requires specialized 
cameras and lighting.
Limited to metal AM.

Scime and 
Beuth [14]

Defect Detection 
and Classification

Detect powder bed 
defects.
Classification of
powder bed defects

Requires large amounts 
of computing power.
Limited to metal AM.

EOS GmbH [15] Defect Detection Detect powder bed 
defects

Limited to OEM 
hardware.

Concept Laser 
GmbH [16]

Defect Detection Detect powder bed 
defects

Limited to OEM 
hardware.
Limited to metal AM.

Materialise NV
[18]

Defect Detection Detect part fusion 
defects.

Limited to metal AM

After considering the disadvantages listed in Table 1, several common disadvantages could be 
highlighted, namely:
• Commercially available systems except Materialise Inspector is limited to OEM hardware only.
• All the systems focused on a single type of powder.
• All the studies except one focused only on defect detection.
• The defect classification study must be validated and tested for false positives/false negatives.
• No closed loop feedback into the machine control system
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These disadvantages are areas in which future research could be focused on. Although a large 
amount of work has been done with regards to the monitoring of powder-bed based AM technologies, 
a lot still needs to be done.

Lastly, an important part of a monitoring system that has at the time of writing has not been 
addressed in depth by any of the researchers is the closed loop feedback from such a monitoring 
system into the machine control system. This capability would enable a machine to automatically 
take the appropriate corrective measures if an when a defect occurs without any human intervention 
required. This type of system would require specific defect information from a system such as 
developed by Scime and Beuth in order to make an appropriate decision as to how to deal with a 
specific type of defect. However, this corrective actions would have to be taken in line with specific 
manufacture standards to ensure that the quality of the part is still up to standard and can be 
guaranteed.

This study forms part of the main author’s PhD study and will be used to identify possible gaps in 
existing literature for the proposal of the author’s study. The overall aim of this PhD study would be
the development of a modular type of AM monitoring system that can be used to monitor the build 
process of powder-bed based AM systems to potentially address quality requirements and improve 
the efficiency of powder-bed based AM processes. This system will then incorporate several of the 
methods used previously by other researchers as discussed in this paper.
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ABSTRACT

The purpose of this research was to investigate the use of polymer Additive Manufacturing for the 
manufacture of wind tunnel model parts suitable for use in the CSIR’s Low Speed Wind Tunnel 
(LSWT). A wing was designed to withstand the forces typically experienced in the LSWT. The wing 
was 800mm in span and manufactured from Nylon 6 by the fused deposition modelling process. A 
static test was performed using a whiffle tree; the wing was loaded with and without a metal 
reinforcing structure. The results of the test show that Additive Manufacturing produces polymer 
parts suitable for the LSWT.
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1. INTRODUCTION

The Additive Manufacturing (AM) technology (described in [1]), being an additive rather than 
subtractive manufacturing process, enables the manufacture of complex parts which would not be 
feasible to manufacture using traditional machining techniques. The technology also has the 
potential to reduce manufacturing times and to reduce the part-count of hardware.

Additive manufacturing technology has been adopted by various international aerospace 
companies, with Boeing, Airbus and GE making significant investments. Within the local aerospace 
industry, the Aeronautic Systems group at the CSIR, which operates four Wind Tunnels [2], is
investigating the use of the Additive manufacturing (AM) technology for the production of wind 
tunnel models. 

Polymer AM is being investigated for the manufacture of wind tunnel models for the CSIR’s 
subsonic Low Speed Wind Tunnel (LSWT) [2], under the Collaborative Program for Additive 
Manufacturing (CPAM) program. The use of polymers would be appropriate in this application as 
the polymer AM materials are cheaper than the metal AM materials, thus matching the cost range 
of LSWT tests. The LSWT has a test section 2.1m x 1.5m and the speed range of 5m/s to 120m/s. 
This paper reports on the mechanical testing of a wind tunnel model of a wing suitable for this 
tunnel.

2. NOMENCLATURE

CPAM Collaborative Program for Additive Manufacturing
CSIR Council for Scientific and Industrial Research
FDM Fused Deposition Modelling
LSWT The CSIR’s subsonic Low Speed Wind Tunnel
UAV Unmanned Aerial vehicle

3. OBJECTIVE

To determine whether the reinforced polymer wing model would fail under static tests at a 
maximum expected wind tunnel load of 65 kg.

4. TEST ARTICLE AND TEST PLAN

The maximum span of a LSWT wind tunnel model is 80% of the horizontal dimension of the wind 
tunnel i.e. 1.68m. The semi-span of such a model is thus 840mm, which it is possible to grow in a
Fortus 900mc Fused Deposition Modelling (FDM) polymer machine. This machine is operated by the 
CSIR’s TSO Research Group and has a bed size of 914 x 914 x 600mm.

It was possible, using the FDM machine, to grow the semi-span wing model in one piece thus 
eliminating the need for a joint in the wing, which would have been necessary if the wing was 
grown on a smaller machine. This is desirable because joints in materials under high loading are 
prone to non-representative, discontinuous deformation at the area of the joint. 

The wing, with a span of 825 mm and a root chord of 200mm was designed. The polymer materials 
have low strength and thus have to be reinforced, so provision was made in the wing design for the 
addition of a 50 mm x 10 mm metal bar [3]. The wing and support metal bar were designed to 
withstand loads that are typically experienced in the Low Speed Wind Tunnel (LSWT). The wing,
printed from FDM Nylon 6TM, is shown in Figure 1.
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Figure 1: Wing semi-span model grown using FDM

A static load test was then planned to determine whether the wing could withstand the loads 
experienced in the Low Speed Wind Tunnel. The test was performed using a whiffle tree which is a 
structural testing system used to simulate distributed static loading on aircraft wings. The whiffle 
tree is a mechanism that distributes the load evenly throughout the wing span. Figure 2 shows the 
test set up with the wing mounted on the test rig and the whiffle tree attached to the wing. 

Figure 2: The whiffle tree system for static testing of an aircraft wing

5. METHODOLOGY 

The static test on the polymer wing was conducted in the UAV (Unmanned Aerial Vehicle)
laboratory at the CSIR. The UAV lab usually conduct tests on much larger wings than this model, so 
some modifications had to be made to conduct the test on a smaller wing. A whiffle tree suitable 
for the wing of was constructed.
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5.1 Whiffle tree construction

A four-point whiffle tree was used for the static test load application on the wing, which meant 
that loads were applied at four stations along the span of the wing. The wing was divided into 
equal sections and an equal load was applied at the middle of each section.

Calculations were performed to determine the beam loads, the beam lengths and the beam 
strength requirements of the whiffle tree, in order to construct a whiffle tree suitable for this 
polymer wing. The whiffle tree beam lengths were estimated from the length of the wing and the 
number of load points required for the test. The whiffle tree constructed had two 250mm length 
beams and one 450mm length beam and was constructed from aluminium square tubes, cables, 
wire ropes and wire clamps.

A load-saddle (see Figure 3) was required to attach the whiffle tree to the wing. This saddle was 
made out of polystyrene foam cut-outs. The geometry of the load saddle was constructed on CAD, 
for the four different load locations, and printed. The drawing was then pasted on polystyrene 
sheet using Pritt glue and the aerofoil profile was cut using a band saw. Figure 3(a) shows one of 
the polystyrene cut-outs.

The load-saddle was attached to the whiffle tree via aluminium square tubes, the length of which 
was matched to the chord length at each load section along the wing. Figure 3(b) illustrates the 
tubes for the load-saddle.

(a) Polystyrene foam cut-outs (b) Square metal tubes and threaded rods

Figure 3: Components of the load-saddles

The wing load saddle and the whiffle tree were then attached to the wing, as shown in Figure 4.
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Figure 4: The polymer wing with the load saddles and the whiffle tree attached

The procedure was to load the wing while measuring the deflection of the wing at three load
stations, using the dial gauges shown in Figure 5. A stand was created for the dial gauges using an
L-shape bracket and the L-shaped metal bar. The dial gauge stand created, shown in Figure 6, was 
clamped on the test rig using two G clamps. The first gauge was located at the tip of the wing, the 
second gauge was located at 200mm from the tip of the wing, and the third gauge was located at 
400mm from the tip of the wing. Readings were taken from each gauge for each load applied on 
the wing. 

Figure 5: Three dial gauges used to measure the deflections   
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Figure 6: The dial gauges stand made from L-shaped bracket and L-shaped metal bar mounted 
on the test rig

5.2 Testing process

The wing model was mounted on the structural test rig via the interface plate and fastened by 
means of nut with washers on both sides of the plate. Two video cameras were used to record the 
test; each camera was mounted on the tripods and positioned at opposite sides of the wing.

The static test was performed as follow:

• Switch on the two cameras that were positioned facing the test rig.
• Positioned the three dial gauges while ensuring that the tip of each gauge slightly touches 

the wing; then set the reading of the gauge to zero.
• Attach the load pan to the whiffle tree.
• Take readings from all three gauges.
• Start the test with the load of 0.5kg. 
• Take readings on the dial gauges. 
• Increase the load to a maximum of 65kg in 0.5kg increments, taking readings from each 

dial gauge at each increment.

The wing, loaded at a maximum of load of 65kg, is shown in Figure 7.
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Figure 7: The wing model installed on the test rig under maximum load

6. RESULTS

6.1 Simulation 

Before the whiffle tree test was conducted, simulation of the wing was performed using
SolidWorksR to predict the behaviour of the wing under static loading. The Finite element analysis 
conducted in SolidWorksR was done to predict the deflection of the wing up to a maximum 
distributed load of 65kg. A pre-test prediction was done on the wing and another test prediction 
was also performed after the test was conducted, shown in Figure 8. The test predictions showed 
that the polymer wing was not going to fail at this load.

Figure 8: Finite element analysis prediction rerun
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6.2 Test and Data Analysis

The whiffle tree test was conducted and the results from the three dial gauges were recorded at 
each load applied. The results of the experimental tests are shown in Figure 9 against the pre-test 
predictions. A linear relationship is observed.

Figure 9: Test results and pre-test predictions vs applied load

The deflections measured were significantly higher than those predicted by the simulation. The 
results obtained from test showed that the wing experienced a deflection of 51.77mm at a 
maximum load of 65kg while the predicted deflection at this load was 45.29mm. Re-evaluation of 
the predictions found that applying the load along the area were the load saddle are located does 
not resemble the actually performance of the whiffle tree. This was corrected by applying point 
loads at the quarter chord of the wing and the predictions rerun; these predictions are shown in 
Table 1.

Table 1: The test results obtained at the tip of the wing
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The test results with the prediction rerun results are illustrated in Figure 10. These new 
predictions are within 3.5%, which is deemed acceptable.

Figure 10: Test results and predictions vs applied load

7. CONCLUSION AND FURTHER WORK

The reinforced wing did not fail, nor show indication of imminent failure, at a maximum simulated 
distributed static load of 65kg. This means that the polymer wing manufactured from Nylon 6TM

could withstand the loads typically experienced in the low speed wind tunnels at the CSIR, under 
static conditions. This is a positive result with respect to the use of the technology and material.

Further tests, under dynamic testing conditions, would be required to determine the suitability of 
using this polymer material under load for LSWT models.
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ABSTRACT

Copper has many applications exploiting its properties of very high thermal and electrical 
conductivity. Additive manufacture of copper has proved to be very challenging for many processes 
due to its high reflectivity and high thermal conductivity. Furthermore it is difficult to use powder 
based processes as 100% material density is required in order to benefit from the inherent high 
conductivity of copper. Wire plus arc additive manufacture was used to deposit pure copper and very 
high electrical conductivity (102%) was obtained under optimised conditions.
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INTRODUCTION:

Additive manufacture (AM) of copper has many important potential applications due to its high 
thermal and electrical conductivity. Copper is widely used in the fields of heating and cooling 
equipment and electrical and electronic devices because of its excellent thermal and electrical 
conductivity. However copper has proved to be very challenging for many AM processes due to its
high reflectivity and thermal conductivity. Furthermore it is difficult to use powder based AM 
processes as 100% material density is required in order to achieve the high conductivities needed for
copper applications.
Laser based additive manufacturing processes have been tested for fabrication of copper 
components. When Powder Bed Fusion (PBF) is used for AM of Cu the main problems faced were high 
heat loss and inadequate melting of powder. That was due to high thermal conductivity and high 
reflectivity of Cu and the parts built with this method had low strength because of internal defects 
e.g. porosity and grooves [1]. In the attempted manufacturer of heat exchangers there were also 
issues due to the high reflectivity of Cu when melting it with laser for AM [2].
The Wire + Arc Additive Manufacture (WAAM) process is a manufacturing technique which uses layer 
by layer deposition of specific materials to construct 3D objects using an electrical arc as the power 
source. WAAM uses common arc power sources and wire as feedstock to build parts and components 
[3]. It has great potential for the deposition of copper as pore free deposits are easily achieved and 
high heat input is possible, overcoming the high thermal losses. Furthermore there are no energy 
coupling issues associated with laser based processes into Cu wires and substrates due to its high 
reflectivity. 
In this study WAAM was investigated for the deposition of pure copper and the electrical conductivity 
measured, dependent on the wire type and shielding gas conditions.

1. EXPERIMENTAL APPROACH

1.1 Equipment

A Lincoln electric Invertec V310-T AC/DC synergic power source equipped with a Migatronic KT4 wire 
feeder with 1mm feeding rollers was used in the non-pulse DCEN polarity mode for copper WAAM. 
To avoid damage caused by overheating, a Lincoln electric Magnum water cooler was used for the 
cooling of the power source and torch. The torch was mounted on a 3-axis CNC system as shown in 
Figure 1. 

Figure 1 - Cu WAAM setup

An air tight flexible  enclosure was used with an inert atmosphere. The oxygen level was reduced to 
below 800 ppm by filling the chamber with argon (figure 2).
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Figure 2 - Cu WAAM flexible  enclosure

1.2 Material

Two different wires with 1 mm of diameter were used and their chemical composition are shown in 
the tables 1 and 2.

Table 1 - CW1860 welding wire with 1 mm diameter.

Chemical 
analysis wt % 

Cu Pb Al Mn Si Sn P

98.26 0.01 0.01 0.38 0.41 0.91 0.019

Table 2 - 99.99 % pure Cu, bare Cu wire used as electrical wire with 1 mm diameter. 

Chemical 
analysis
(ppm)

Cu Ag Al Bi Ca Cr Fe Mg Mn Na Ni Pb Si Sn

Bal 100 1 1 1 <1 2 1 <1 <1 2 2 2 1

Mild steel was used as the substrate. Pure Argon was used as the shielding gas used for both the 
local shielding and the global shielding experiments. 

1.3 Experimental procedure

Mild steel substrates were cut to 210x50x12 mm3, the substrates were cleaned using soap and water 
to remove any surface dirt, grease. The oxide layer was removed by using a low speed grinder with 
an abrasive pad and final cleaning was made with acetone before the deposition trails. The wire was 
fed in front of melt pool and the substrate moved relative to stationary  torch. A steel backing bar 
was used during the deposition trials. Local gas shielding was provided by pure argon at 15 l/min for 
the local shielding trials. For the global shielding trials the flexible  enclosure was filled with Argon 
to obtain less than 600 ppm of oxygen.
1.3.1 Preliminary Parameter study 
The first stage of experiments analyzed the interaction of the electrical arc with the substrates and 
addition of filler wire for deposition. A preliminary parameter study was carried out by varying one 
parameter e.g. current (I) and keeping all the other parameters constant. The parameters used in 
the preliminary tests are detailed in Table 3.
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Table 3 - Cu preliminary trial parameters

Electrode to work piece distance 4-5 mm
Electrode stick out 5-6.5 mm
Polarity DC (non-pulse)
TS 0.5-3 mm
WFS 9-15 mm
Wire feed position(s) Side & front
Substrate thickness 6.5-12.5 mm
Current (I) 125-240 A
Shielding gas flow rate 15 l/min

1.3.2 Copper WAAM 
Using the best parameters obtained preliminary trials Cu WAAM structures were built. Two different 
Cu wires were used, CW1860 (welding wire) and electrical grade wire. Both wires were used to build 
a wall each using local shielding and global shielding. The parameters to build the Cu WAAM walls 
are shown in Table 4.

Table 4 - Cu WAAM parameters

Current (I) 125-150 A 
TS 2 mm/s 
WFS/TS 10-12 
EWD 4.5 mm 
Electrode stick out 6.5 mm 

1.4 Sample preparation for SEM analysis

WAAM built walls were cut into three sections and SEM specimen were cut into three equal height 
sections. Using a hot-pressing moulding machine, they were mounted in conductive resin to analyze 
the chemical composition using SEM/EDX as shown in Figure 3.

Figure 3 - Marking for analysis, WAAM Cu

The samples were ground using 240, 1200 SiC grit paper followed by 9 μm, 6 μm diamond suspension 
respectively and 3 μm diamond paste. Final polish was done using 0.05 μm colloidal silica on polishing
cloth.

1.5 Samples preparation for electrical conductivity analysis

Just before testing the oxide layer was removed using a low speed grinder with an abrasive pad.
They were also cleaned with acetone to remove any impurities present on the surface. Electrical 
conductivity tests were carried out at Ether NDE using sigmacheck2 equipment at 20 °C. Electrical 
conductivity measurements were checked at four different locations in the lateral face of the sample 
e.g. substrate, on the interface, middle of the wall height and close to the top. A 13 mm diameter 
probe was scanned across the width of the WAAM wall. A schematic of the process is shown in Figure 
4.
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Figure 4 - Schematic of electrical conductivity measurement procedure and equipment

2. RESULTS AND DISCUSSION

From the preliminary parameter study, three samples were selected for further investigation. These 
samples were made using the same curent, wire feed speed and travel speed. Sample A was a melt 
run, these autogenous samples were made to verify the stability of the melt pool. The second 
sample, sample B was a bead on plate sample and served to verify the stability of single bead 
deposition. Sample C was a four layer deposition and it was made to verify the stability of the 
deposition of multiple layers.

Figure. 5 - Preliminary experiments with steel substrate (etched samples), A – bead in plate 
melt run (I = 150 A, TS = 2 mm/s), B - Single layer Cu wire deposition (I = 150 A, WFS = 15 

mm/s, TS = 2 mm/s), C - four layer wall.

2.1 Copper WAAM 

2.1.1 Process stability & wall height 
By using the TIG process Cu WAAM walls were built successfully with welding wire and electrical 
wire. Process stability was not altered by the shielding method and also no significant layer height 
difference was observed (Figure 6). However there is a clear difference of layer height between the 
two welding wires used for the same despotion conditions. For welding wire the average layer height 
was 1.37 mm with minimum height of 0.8 mm and maximum height of 2 mm. The electrical wire 
solidified faster compared to the CW1860 wire, which resulted in narrower wall width and higher
layer heights. This is due to the higher electric and thermal conductivity of this wire. The average 
layer height was 1.92 mm with a minimum layer height of 1.2 mm and maximum of 2.5 mm.
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Figure 6 - Layer height comparison between CW 1860 & bare Cu electric wires

2.1.2 Effect of shielding on porosity 
Visual inspection of CW1860 welding wire after machining, did not show any porosity in either wall 
with local and global shielding. On the other hand the sample made with Cu electrical wire showed
porosity with local shielding. This could be due to the faster cooling rate of electrical wire, causing
entrapment of gas in the deposited metal. 

Figure 7 - Cu WAAM machined walls. A and B - Cu welding wire with local and global shielding, 
respectively. C and D - Cu electrical wire with local shielding and global shielding, 

respectively.

Both CW1860 wire and electrical wire walls suffered from surface oxidation with local shielding. 
With argon inert chamber shielding though a shiny surface was obtained when both wires were used. 
The surface of walls built with local shielding were expected to have oxidation because of the 
presence of atmospheric oxygen around the wall. While the oxygen level was very low in the inert 
chamber which prevented surface oxidation to occur. As built Cu WAAM walls are shown in Figure 8.

Figure 8 - As build Cu welding & electrical WAAM walls. A - welding wire with local shielding, B 
welding wire with global shielding, C - electrical wire with local shielding, D electrical wire 

with global shielding.
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Surface oxidation is clear in the sample produced with Cu electric wire with local shielding as seen
in Figure 9 which the sufaces obtained with the two shielding methods.

Figure 9 - Surface appearance of Cu electric wire WAAM walls with a) local shielding, b) global
shielding.

2.1.3 Cu SEM/EDX analysis 
Both CW1860 and bare Cu electrical wire walls had dilution of Iron (Fe) in them close to the interface 
with the mild steel substrate. This was due to the melting of the mild steel substrate which is mixed 
with the copper within the copper-mild steel interface. Dendritic growth caused by dilution was 
observed in SEM/EDX analysis. In the CW1860 walls dendritic growth was observed 1 mm high from 
interface while electrical wire only reaches 0.5 mm. This is due to the faster cooling in bare Cu 
electrical wire due to its high thermal conductivity and high purity. From Figure 10, it is observed 
that copper records a weight percentage of 0 below the interface whilst iron records a value of 100% 
as we progress upwards, the percentage of copper starts increasing until it reaches 100%. At the 
same time, the weight of iron reduces as copper increases. 

Figure 10 – Diffusion of Fe inside Cu WAAM walls. A – Welding wire local shielding. B – Welding 
wire global shielding. C – Electrical wire local shielding. D – Electrical wire global shielding.  

The low levels of Fe present at the copper interface can also be explained by the low heat input 
used for this deposition and the lower melting point of Cu when compared with Fe.
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2.1.4 Electrical conductivity testing
Electrical conductivity of copper is influenced by the presence of alloying elements. Porosity also 
plays an important role. Addition of alloying elements in copper increases the number of 
discontinuities in the mean free path of moving electrons, this reduces the velocity of electrons and 
lowers the conductivity. The higher the solid solubility of an alloying element results in a higher 
drop in conductivity [4]. The resistivity of copper is highly affected by impurities in solid solution 
but there is less effect when present in form of intermetallic compounds or as an oxide layer. This
is because they are no longer in the path of free moving electrons [5]. Chapman, [6] argues that 
0.30 wt % Ag in Cu has 100 % electrical conductivity, when weight percentage of Ag reduces as 
alloying element electrical conductivity rises. 

Figure 11 - Effect of alloying element on conductivity of Cu courtesy of Chapman [4].

Cu welding wire walls built with local and global shielding showed the same electrical conductivity
as can be seen in the Figure 12 indicating no changes in the alloying elements neither the existence 
of porosity.

Figure 12 – Different electical conductivity obtained for all WAAM walls.

Figure 12 shows that the electrical copper wire has a higher electrical conductivity than welding
wire. The welding wire has a conductivity of around 20% of Cu, this is expected due to presence of
several alloying elements in this wire. 
As expected the influence of Fe into the electrical conductivity decreases the further we are away 
from the steel substrate. The maximum electical conductivity is obtained with the elecrtrical wire 
with global shielding with a maximum of 102% of IACS for a distance of 45 mm from the substrate.
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3. CONCLUSION

Using the WAAM process copper with a conductivity of 102% was sucessfully deposited. It was shown 
that a fully shielded environment is needed to avoid porosity and achieve this very high conductivity 
level. Copper welding wire is not suitable for copper AM for high conductiviy applications.
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ABSTRACT

Selective laser melting (SLM) is a powder bed additive manufacturing technique that produces
components layer-by-layer from computer aided designs as opposed to conventional 
manufacturing methods. Although this manufacturing technique offers various advantages, the 
microstructure of the produced components exhibits an acicular martensitic α’ phase which 
exhibits low ductility and high hardness on the produced components. Heat treatment is known 
to improve the microstructure and ductility and hardness of SLM produced Ti6Al4V components.
This study reports on the effect of residence time during heat treatment of Ti6Al4V samples that 
were built with Aeroswift 3D printing SLM machine. Samples were heat treated to a temperature 
of 1000°C and held for 2hrs, 4hrs, 8hrs, 10hrs and 12hrs before furnace cooling. It was found 
that the microstructure transformed from martensitic to lamella α+β, then to globular α+β as 
residence time was increased. Furthermore, grain growth was observed with an increase in 
residence time.
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1. INTRODUCTION

Selective Laser Melting (SLM) is a type of powder bed fusion additive manufacturing (AM) 
technique whereby parts are produced from a metal powder, layer-by-layer, using the laser beam 
as an energy source to selectively melt powder and promote fusion according to a previously 
defined computer aided design (CAD) model [1, 2, 3]. SLM products, such as aircraft turbines, 
pressure vessels, and surgical implants, are used in various industries including aerospace, 
automotive, electronic, chemical, biomedical and other high technology areas [4, 5]. The success 
of SLM is linked with its ability to produce complex geometrical structures, reduction of material 
waste, reduced production time, production of near net shapes and high level of flexibility [4].

Ti6Al4V also known as Ti64 is an α+β titanium alloy with 6 wt% aluminum stabilizing the α phase 
and 4 wt% vanadium stabilizing the β phase. Ti6Al4V is the most commonly used titanium alloy, 
accounting for more than 50% of all titanium usage worldwide [6, 7, 8]. The advantages of 
Ti6Al4V, over other alloys, include good stability at high operating temperatures, high specific 
strength, and good corrosion resistance properties [15]. Ti6Al4V is widely used in aerospace 
applications such as components in aero-engine and space shuttles because of their superior 
strength to weight ratio [13]. The microstructure of Ti6Al4V consists of hexagonally closed 
packed (hcp) α phase and some retained body centered cubic (bcc) β phase at room temperature 
[9]. The microstructure of Ti6Al4V can be varied significantly in the process of heat treatment
[10].

SLM produced Ti6Al4V parts, in the as-built state, are unable to achieve high material 
performance compared to their wrought counterparts [11, 12, 13]. This is because the starting 
microstructure of SLM produced Ti6Al4V is significantly different from that of its wrought alloys 
of the same composition. A study by Kasperovich et al. [14] compared the microstructures of 
SLM produced Ti6Al4V to that of wrought counterparts. The microstructures are shown in Figure 
1.

Figure 1: Microstructures of Ti6Al4V (a) Wrought, (b) SLM [14].

The microstructure of the wrought components consists of α globular phase in a matrix of α+β 
(Figure 1a) [14]. This type of microstructure is characterized by a good balance of strength and 
ductility [14]. SLM produced samples consist of acicular martensitic α’ phase which is 
characterized by low ductility and high residual stresses [15]. In order for the microstructure of 
SLM produced components to match that of wrought components, heat treatment must be 
performed on the SLM produced Ti6Al4V components [15, 18]. It is well known from literature 
that a bimodal microstructure achieves good balance of ductility and strength [19, 20].
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Heat treatment is used to transform the martensitic α’ phase, improve the microstructure and 
reduce residual stresses of SLM produced Ti6Al4V components [3, 16, 17]. Heat treatment 
temperature, residence time and cooling method are the three parameters that play an 
important role during heat treatment. In this study, residence time was varied during heat 
treatment above β transus temperature (at 1000°C) to allow grain growth. This was done in order 
to improve the microstructure in an attempt to produce globular α+β phases.

2. METHODOLOGY AND RESULTS

2.1 Methodology

2.1.1 Materials

Spherical Grade 5, titanium alloy (Ti6Al4V) powder with a particle size distribution in the range 
of 20-60µm was used as deposition material during the production of the samples. The powder 
was supplied by TLS Technik GmbH & Co and was used as received. Ti6Al4V base plate of 
dimension 320 x 340 x 30mm3 was used as a substrate.

2.1.2 Powder Characterization

Powder characterization of the Ti6Al4V was conducted at North West University (Potchefstroom 
Campus). A Malvern PANalytical G3 advanced particle characterization machine (RAMANXRN 
System) was used for the measurement of powder shape from 0,5µm to several millimetres. Joel 
JSM-6010PLUS/LA Scanning Electron Microscope (SEM) was used to study particle morphology and 
to get images of the powder.

Figure 2 shows the morphology and shape distribution curve of the Ti6Al4V powder. The powder 
particles were spherical in shape (Figure 2a). The same observation was complemented by the
high sensitive (HS) circularity curve in Figure 2b which shows a high percentage peak at 
approximately 1.0 (a perfect circle has a HS circularity of 1).

Figure 2: Powder morphology of the Ti6Al4V powder.

2.1.3 Methods

A high speed SLM 3D printing machine (Aeroswift), with a single mode fibre laser of wavelength 
of 1073 nm available at CSIR NLC, was used to produce the samples. The samples were received 
and heat treated at a temperature of 1000°C. The samples were heat treated in a columnar tube
furnace under an argon protected environment at a gas flow rate of 2l/min and heating rate of 
10°C/min. The residence times during heating were varied from 2hrs, 4hrs, 8hrs, 10hrs, and
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12hrs before furnace cooling. It should be noted that most literature uses 2hrs as their residence 
time and not much work has been done on residence times above 2hrs [16, 17]. This study aimed 
at evaluating other residence times above 2hrs.

After heat treatment, the samples were mounted and mechanically ground using SiC papers up 
to a grit 4000 and then polished for surface finish. Kroll’s reagent was used as an etchant to 
reveal the microstructure of the samples. Samples were analyzed for microstructural evolution 
using Joel JSM-6010PLUS/LA Scanning Electron Microscope (SEM) and hardness using Matsuzawa 
Seiko Vickers model MHT-1 micro-hardness machine.

2.2 Results

2.2.1 Microstructures

All the microstructures were taken on the top left corner of the samples and it should be noted 
that the microstructural features across the samples were homogeneous. Figure 3 shows the 
microstructure of the as-built and a corresponding 2hrs heat treated sample.

Figure 3: Microstructures of the As-built sample (a) and 2hrs heat treated sample (c) and 
their specific zoom in (b and d) 

As expected, large columnar prior β grains microstructure was observed along the build direction 
for the as-built sample (Figures 3a, 3b). According to Vilaro et al. [11] these prior β grains grow
epitaxially along the direction of the heat conduction in a columnar way and are due to partial 
remelting of the previous layer during SLM processing. An acicular sharp martensitic α’ phase 
(Figure 3b) was observed inside the formed columnar prior β grains of the as-built sample. SLM 
process is associated with high heating and cooling rates which are the cause of these martensite 
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phase [2, 4, 10, 13]. Kasperovich et al. [14] discussed that these martensite α’ phase 
contributes to the low ductility of SLM produced Ti6Al4V components and suggested that heat 
treatment can be used to transform the martensite α’ phase and improve the ductility of the 
components.

The columnar prior β grains were still observed after heat treatment for 2hrs (Figure 3c) and 
evidence of phase transformation was also observed. The martensitic α’ phase transformed into 
lamella α+β phases of different sizes and thickness (Figure 3d) and this might be due to the 
temperature used. It was shown that the lamella structure is preferred in applications where 
fracture toughness and fatigue crack propagation are a priority [14].

The microstructure of the 4hrs and 8hrs are shown in Figure 4.

Figure 4: Microstructures of the heat treated samples (a, b & c) 4hrs, (d, e & f) 8hrs.

The large columnar prior β grains were still observed after heat treatments at 4hrs (Figure 4a) 
but were no longer observed after heat treatment for 8hrs (Figure 4d). It should be noted that 
as the residence time increases, the large columnar grains tend to be fading until the 
disappeared at 8hrs heat treatment.

Lamella α+β growth was evidenced after 8hrs heat treatment. The lamella α+β changed shape 
and size to globular α+β, a process known as globularization (Figure 4e). Kasperovich et al. [14]
showed that the globular structure is preferred because of better strength, ductility and crack 
initiation properties. Heat treatment for 8hrs was sufficient to allow the grains to change from 
lamella to globular.

More evidence of grain lamella α+β transformation into globular α+β was observed as the 
residence time was increased. Figure 5 shows the microstructures of the samples that were heat 
treated for 10hrs and 12hrs, respectively.
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Figure 5: Microstructures of the heat treated samples (a. b & c) 10hrs, (d, e & f) 12 hrs.

The large columnar prior β grains were no longer visible on the microstructure of both samples 
(Figure 5a, 5d). More of thicker globular α+β grains were observed on the microstructure of the 
sample that was heat treated for 10hrs (Figure 5b) but with some of the phases starting to show 
an irregular shape. Figure 5c demonstrates well the irregular grains. As the residence time was 
increased to 12hrs, excess grain growth was observed (Figure 5e). Some of the globular α+β 
phases were growing thicker and others were showing more of the irregular shape (Figure 5f). 
This implies that an increase in the residence allows the lamella α+β phases enough time to 
grow to different shapes. Furthermore, lamella growth was also observed on the sample that 
was heat treated for 12hrs.

2.2.2 Hardness

The hardness profiles of the as-built and its heat treated samples is shown in Figure 6. 
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Figure 6: Average hardness profiles of the as-built and heat treated samples.

The as-built sample together with the samples that were heat treated for 2hrs and 4hrs displayed 
a linear pattern. The sample that was heat treated for 8hrs, 10hrs and 12hrs showed wavy 
patterns. The as-built sample showed the highest hardness profile with a decrease in hardness 
observed after heat treatment at different residence times. This decrease in hardness profiles
was associated with the transformation of the martensitic α’ phase and grain growth. From this 
observation, it can be discussed that the martensite α’ phase is harder and brittle than the 
lamella α+β and globular α+β phases. This means that heat treatment at 1000°C softened the 
components.

The hardness profiles in Figure 6 are summarized in Table 1.

Table 1: Summarized hardness of the as-built and heat treated samples.

Sample As-built 2hrs 4hrs 8hrs 10hrs 12hrs
Hardness 
(HV)

369±8 333±9 336±15 327±14 342±12 327±9

The as-built sample showed the highest hardness value as compared to the heat treated samples.
This high hardness was associated with the martensitic α’ phase that was observed on the 
microstructure of the as-built sample. There was no much variation between the hardness values 
of the heat treated samples.

3. CONCLUSION

High Speed SLM process was used to produce Ti6Al4V samples. The effect of residence time 
during heat treatment on Ti6Al4V microstructure and hardness were investigated. It was 
observed that the martensite α’ phase transformed into lamella α+β after heat treatment for 
2hrs and 4hrs and further transformed into globular α+β after heat treatment for 8hrs, 10hrs and 
12 hrs with lamella phases still observed. The large columnar prior β grains were observed on 
the as-built, 2hrs and 4hrs heat treated samples were no longer observed after heat treatment 
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at 8hrs, 10hrs and 12 hrs. It was also observed that residence time influence grain growth. 
Furthermore, it was found that hardness remained the same as residence time was increased.
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The current study focused on optimizing heat treatment parameters of 17-4 PH stainless steel 
produced on a LENS platform. The fundamental objective of the current study as to attain the 
microhardness of the as received machined sample which was ± 400 HV. This was achieved by 
firstly printing 17-4 PH stainless steel coupons using LENS system. Subsequently, the coupons 
were subjected to various heat treatments which includes solution treatment at 1100℃ for 2hrs 
followed by furnace, air and water cooling. Furthermore, the aging temperature was varied from 
400℃ to 510℃, while the aging time was varied from 10 minutes to 10 hours. Material 
characterization (microstructural evolution and microhardness) of as-built and heat treated 
samples was conducted. The microstructure in as-built condition was inhomogeneous and 
became homogeneous after homogenization heat treatment. Moreover, the optimum aging 
temperature and time, which produced a microhardness of 400 HV, are 400 ℃ and 30 minutes 
respectively.

INTRODUCTION 

Additive manufacturing (AM) also known as 3D printing is a relatively new manufacturing method,
which has attracted industries such as aerospace, chemical and biomedical. The mechanism of 
3D printing involves manufacturing an object from a 3D  computer aided design (CAD) model by 
building layer upon layer until a complete 3D part is produced [9]. The attraction of 3D printing 
is because it has the ability of producing parts with superior mechanical properties as opposed 
to traditional manufacturing methods [1]. Laser Engineered Net Shaping (LENS) is one of the 
additive manufacturing techniques, and this technique manufactures a part by simultaneously 
depositing the powder metal and irradiating laser beam on powder particles deposited [8]. The 
17-4 precipitation hardened stainless steel is one of the most used material in industries such as 
aerospace, chemical and biomedical. This is attributed to the fact that 17-4 PH stainless steel 
possesses outstanding mechanical properties and corrosion resistance [2]. However, the dynamics 
of AM inherently result in an inhomogeneous microstructure, which can results in detrimental 
effects of the printed part[10]. This suggest that parts produced by LENS technique should be 
subjected to homogenizing heat treatment.

Gu et al[4] printed 17-4 PH stainless coupons using a direct metal laser sintering platform, and 
they reported that they observed a microstructure with 70 % proportion of martensitic phase and 
30 % of austenitic phase. High proportionality of austenite was caused by the fact that processing 
was conducted in a nitrogen environment, which is known as an austenite stabilizer. Meanwhile, 
Cheruvathur et al [3], also printed 17-4 PH stainless steel components in a nitrogen environment, 
and the as-printed microstructure showed 50 % martensite and 80 % austenite. However, after 
subjecting the as-printed components to homogenizing heat treatment, the proportion of 
austenite decreased to below 10 %. The aforementioned findings by Cheruvathur et al [3], differs 
with Gratton’s [5] findings, which argued that the microstructure did not change when the 
printed components were subject to solution heat treatment. Concerning microhardness, 
Nezhadfar et al [5] investigated the effect of shielding gas on the microhardness of laser-powder 
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bed fusion (L-PBF) 17-4 PH stainless steel component. They established that the component 
produced in nitrogen environment had higher hardness as opposed to component produced under 
argon environment and this is because the thermal conductivity of argon is 40 % less than that of 
nitrogen. Moreover, Nezhadfar et al [6], observed that heat treating 17-4 PH stainless steel in 
argon environment resulted in higher hardness as opposed to heat treating in nitrogen 
environment. Additionally, Ponnusamy et al [7], argued that printing 17-4 PH stainless steel in 
vertically orientation, resulted in higher hardness than printing in horizontal and diagonal 
orientation. 

This study will seek to attain a microhardness of around 400 HV of as-received machined 17-4 PH 
stainless steel, which is said to have been aged at 510℃ for  4 hours. However, when the same 
aging parameters were employed to a 17-4 PH stainless steel produced by LENS platform, the 
hardness was found to be extremely higher(470 HV) than that of as-received machined 17-4 PH 
stainless steel. Therefore, the current study investigated the effect of heat treatment
parameters (time, and temperature) on 17-4 PH stainless steel produced by LENS technique.

METHODOLOGY 

The current study used TLS 17-4 PH stainless steel powder with spherical particle size ranging 
from 40 to 90 µm, which are shown in Figure 1. The energy-dispersive X-ray spectroscopy (EDS)
elemental composition of 17-4 pH used in the current study is shown in Table 1. The printing of 
coupons were conducted on a LENS Optomec 850-R platform with a laser power, scanning 
speed, powder feed rate  and layer thickness of 300 W, 12.7 mm/s, 4.5 rpm and 0.06 mm 
respectively. Subsequently printed coupons were subjected to heat treatment at various time
and this can be seen in Table 2. Material Characterization (microstructural evolution and 
microhardness) of as-built and heat treated coupons was conducted. The coupons were 
sectioned, mounted, grinded, polished and the etched in FRY’S reagent. The evaluation of 
microstructure was carried out on optical microscope (Olympus BX51M) and Scanning electron 
microscope (Joel JSM-6010PLUS/LA). Microvickes hardness tester (Zwick/Roell) was used to 
measure the hardness of as-build and heat treated samples. Furthermore, the samples were 
subjected to a load of 300 gf for 10 seconds,

 
Figure 1: 17-4 PH stainless steel powder particles
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Table 1: major elementary composition of 17-4 PH stainless steel 

Fe Cr Ni CU Si

74.35 %wt 17.55 %wt 3.83 %wt 3.61 %wt 0.65 %wt

Table 1: heat treatment parameters
Treatment Temperature(°C) Time Cooling method

Homogenizing 1100 2 hrs Furnace, air, water
Aging 400-510 10 min- 10hrs air

RESULTS

The microstructure in an as-built condition is characterized largely by martensitic phase with 
some dendritic structure, which formed because of rapid cooling associated with additive 
manufacturing as depicted in Figure 2A. The as-built microstructure further shows some melt 
pool boundaries that formed due to re-melting and some porosity that formed during processing, 
which is probably due to hatch spacing. Figure 2B shows a microstructure after homogenization 
treatment and it be seen that the microstructure is homogenous, with melt pool disappearing.

Figure 2: OM images A. as-built microstructure, B. homogenized microstructure

Figure 3 shows SEM microstructures of various cooling methods after homogenization treatment
at 1100℃ for 2hrs. Figure 3A, 3B and 3C shows a microstructure after furnace, air, and water 
cooling respectively. It was found that furnace cooling resulted in the formation of grains and 
small white Niobium carbides precipitates whereas for both air and water cooling, no grains
formation was observed as well as and Niobium carbides precipitates.
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Figure 3 SEM micrograph Homogenized at 1100℃ for 2hrs, A. furnace cooled, B. air cooled, 
C. water quenched.

These Niobium precipitate can be seen clearly after aging treatment, where they have fully 
developed and this is shown in Figure 6. The fact that grains formed during furnace cooling is 
attributed to slow cooling that is associated with furnace cooling and grains did not form during 
water and air cooling because of rapid cooling. The formation of niobium carbides is driven by 
slow cooling, which allows them to diffuse out of solution and form small white phases. 

Additionally there is a correlation between the hardness results in Figure 4 and the 
microstructures in Figure 3. It can been seen that furnace cooling produced a microhardness 
value which is higher than water and air and cooling regardless of large grains that formed during 
furnace cooling as depicted in Figure 3A. This suggest that the presence of Niobium carbides 
precipitates after furnace cooling provided the resistance to plastic deformation more than 
water and air cooled during hardness testing and this also implies that the effect of niobium 
precipitates on hardness supersede the effect of grainsize.
 

 
Figure 4: Microhardness as function of various cooling methods

Subsequent to homogenization treatment, several aging treatment at 500 ℃ were conducted as 
shown in Figure 5. Figure 5 shows that hardness increased with increment of aging time from 
10 minutes and reach a peak at 1 hour and this is due to the increase of density of Niobium 
carbides precipitates. However, the hardness started to decrease when the aging time increased 
from 1 hour to 4 hours and this might be because, Niobium precipitates coarsen with time and
become incoherent with the matrix, therefore not effective in hardening. Furthermore, it can 
be seen that the hardness further increased when the aging time increased from 4 hours to 10 
hours. This phenomenon has not been reported in an open literature and requires an in depth 
analysis of what might be causing the hardness to increase again.
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Figure 5: Microhardness as a function of aging time

 
Figure 6: Depicting SEM images and their EDS at 500℃ and various aging time A. 10 min, B. 
30 min C. 1 hour.

The hardness required (±400) is not attained by varying the aging time and keeping the 
temperature constant at 500 ℃. Figure 7 shows a graph of microhardness as a function of aging 
temperature and the aging time was kept constant at 30 minutes. The graph shows that the 
microhardness decreased due to decrease of aging temperature and the optimum temperature 
is found to be 420℃. This suggest that Niobium precipitates are sensitive to heat than the aging 
time because the hardness decreased significantly due to variation of temperature as opposed 
to variation of time.
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Figure 7: Microhardness as a function of temperature

CONCLUSION

The current study deduced that homogenizing heat treating at 1100℃ for 2 hours was effective 
in forming a homogenous microstructure. It was further established that the furnace cooling 
enables the formation of Niobium precipitates, which resulted in higher hardness as opposed to 
water and air cooling. Moreover, the current study concluded that the formation of Niobium 
precipitates is more sensitive to heat (aging temperature) than the aging time and the optimum 
time and temperature, which produced the required microhardness, is 30 minutes at 420℃
respectively.
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Abstract

Micro Organic Rankine Cycles possess the ability to increase the efficiency of various systems 
by utilising their waste heat. The waste heat is captured by means of a heat exchanger and 
converted into useful energy to aid the existing system. Traditional manufacturing methods 
for heat exchangers limit their size or design. Additive manufacturing bridges the gap with its 
ability to produce intricate designs with great accuracy. The paper discusses the development 
and characterisation of an additive manufactured compact counter-flow heat exchanger for 
application in Organic Rankine Cycles.
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1. INTRODUCTION

The high energy demand of the modern world is pushing engineers to improve the efficiency of 
current energy producing equipment [1]. An increase in efficiency will alleviate the effect of 
global warming by lessening the production of greenhouse gasses. Various technologies exist to 
accomplish this and the technology of interest in this study is the Organic Rankine Cycle 
(ORC). An ORC operates on the same principles as a conventional steam Rankine cycle with 
the difference being it utilises organic fluids instead of water. These systems are implemented 
to capture the waste heat from existing systems, in return improving efficiency. The waste 
heat is captured by means of a heat exchanger (evaporator) and used to produce additional 
power via a generator [2,3].

Reducing the size of conventional ORCs would allow domestic users to benefit from this 
technology [4]. However, reducing the size decreases the manufacturability of the various 
components. Traditional methods used to produce these components are either limiting their 
size or design [5]. Additive manufacturing (AM) is considered to be a viable method for 
manufacturing these components [6,7]. The AM process involves material being joined layer 
upon layer to produce the desired part [8]. This technology opens a world of opportunities to 
develop intricate parts as one solid body.

One technology that could substantially benefit from AM is micro-channel heat exchangers. 
Traditional methods for producing microchannel heat exchangers are time-consuming and are 
limited to basic designs [5]. With the ability to produce walls with thicknesses of less than 200 
μm these devices can evolve from its former conventional manufactured designs to increase its 
effectiveness [9]. Implementing high effectiveness small-channel and micro-channel heat 
exchangers in ORCs allows a reduction in the size of these cycles to implement on systems 
producing low-grade waste heat, such as flue gas. 

The purpose of this study is to develop, characterise and refine the design and AM 
methodologies for additively manufactured Ti6Al4V compact counter-flow heat exchangers for 
application in ORCs. A mathematical model was developed to aid in the preliminary heat 
exchanger design. The preliminary design was adapted for AM with design considerations 
provided by the Centre for Rapid Prototyping and Manufacturing (CRPM) at the Central 
University of Technology (CUT). Validation of the mathematical model against experimental 
results will be undertaken in future.

This paper discusses the process followed to design compact counter-flow heat exchangers for 
AM. It includes design lessons learnt for additive manufactured Ti6Al4V heat exchangers. 
Results from the one-dimensional mathematical model are also discussed and an outline of the 
planned experimental setup is given.

2. LITERATURE REVIEW

2.1 Heat exchangers
Heat exchangers are devices used to transfer heat between two or more fluids, either to 
capture or reject excess heat. This study focused on compact counter-flow heat exchangers. 
The above-mentioned heat exchangers have high effectiveness due to its ability to operate 
with close approach temperatures [10]. The ratio of the actual heat transferred to the 
maximum possible heat transfer is known as the effectiveness of a heat exchanger. High 
effectiveness is particularly beneficial in power-producing systems [11].

A simple heat exchanger design was considered for this study to minimise the effects of 
uncertainty and simplify the characterisation process. The characterisation of these heat 
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exchangers would allow a better understanding of the possibilities and limitations of additive 
manufactured Ti6Al4V compact heat exchangers.

2.2 Production methods
Conventional production methods like X-ray lithography (LIGA), chemical and silicon etching 
and diamond or wire machining are used to produce contemporary compact heat exchangers. 
These methods either limit the design complexity or require more than one process to produce 
a heat exchanger [5,9].

Additive manufacturing, particularly selective laser melting (SLM), is a well-suited technology 
for the creation of complex parts with good accuracy (± 50 𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇) [12]. Components 
manufactured from Ti-6Al-4V through SLM also achieve ultimate tensile stresses close to that 
obtained through conventional processes making SLM a viable method to produce intricate 
parts such as compact heat exchangers in a variety of metallic materials [13, 14].

2.3 Material selection
Additive manufacturing possesses the ability to produce parts in a variety of materials [8],
with the titanium alloy Ti-6Al-4V being the material of interest in this study. Ti-6Al-4V is a 
well-suited material for producing compact heat exchangers, with its high specific strength 
the heat exchangers’ channel walls can be thinned down significantly to reduce heat transfer 
resistance. Furthermore, Ti-6Al-4V has exceptional corrosion and good fluid erosion resistance 
and with its low thermal expansion coefficient, warpage and fatigue effects are minimised 
during thermal cycling [15].

3. METHODOLOGY AND DESIGN CONSIDERATIONS
Table 1: List of symbols

Symbol Description
𝜀𝜀𝜀𝜀 Heat Exchanger Effectiveness
𝑞𝑞𝑞𝑞 Heat transfer rate
�̇�𝜇𝜇𝜇 Mass flow rate
𝑐𝑐𝑐𝑐 Specific heat capacity
𝑇𝑇𝑇𝑇 Temperature
𝑃𝑃𝑃𝑃 Pressure
𝐺𝐺𝐺𝐺 Mass velocity
𝜌𝜌𝜌𝜌 Fluid density

𝜎𝜎𝜎𝜎 Ratio of free-flow area to 
frontal area

𝐾𝐾𝐾𝐾𝑐𝑐𝑐𝑐/𝑒𝑒𝑒𝑒 Entrance/exit loss coefficient
𝑓𝑓𝑓𝑓𝐹𝐹𝐹𝐹 Fanning’s friction factor
𝐿𝐿𝐿𝐿 Length
𝐷𝐷𝐷𝐷ℎ Hydraulic diameter
Subscripts
i Inlet
e Exit
m Mean

3.1 Theoretical design

For the preliminary design of the heat exchanger, the effectiveness-NTU method was used;
the method is generally preferred for analysis and design of heat exchangers [16,17,18].
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The effectiveness of a heat exchanger is determined with equation 1:

TransferHeatMaximum
TransferHeatActualessEffectiven == ε 1

The actual heat transfer is calculated by either determining the energy lost from the hot fluid 
or the energy gained by the cold fluid, equation 2. Maximum heat transfer may be calculated 
with the maximum temperature difference within the heat exchanger using equation 3:

( ) ( )cicocchohihh TTcmTTcmq −=−=  2

( ) ( )cihi TTcmq −= minmax  3

The core pressure drop across the heat exchanger is calculated with equation 4; which 
incorporates entrance-, core friction-, flow acceleration-, and exit- losses:
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A one-dimensional mathematical model was created implementing the above-mentioned 
equations in Engineering Equation Solver (EES). With the mathematical model, the theoretical 
performance can be predicted for a specific heat exchanger design. For this study three 
compact counter-flow heat exchangers were produced, each with different channels sizes
namely 0.5, 1 and 2mm, transferring 3kW heat theoretically, when water is used as the fluid 
being heated. Initial testing and characterisation will be done with water, due to its ease of 
use. Later testing and characterisation will be conducted with an organic fluid.

3.2 Computer-aided design models

The results from EES gave a good indication of how many channels and what length of
channels are required to attain a theoretical 3kW of heat transfer for each of the selected 
channel sizes. The inlet conditions for all the heat exchangers remained the same with the 
only difference being the channel’s size, number of channels and the length. The design 
results are listed below.

3.2.1 Design 1

Figure 1: Design 1: 3-D Clipped Section

Heat exchanger width 72 mm
Heat exchanger height 27 mm
Channel length 30 mm
Channel size 0.5x0.5 mm
Wall thickness 0.35 mm
Number of channels per row 20
Number of rows 11
Estimated heat transfer with 
steam and water

3012 W
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3.2.2 Design 2

Figure 2: Design 2: 3-D Clipped Section

Heat exchanger width 80 mm
Heat exchanger height 38 mm
Channel Length 40 mm
Channel size 1x1 mm
Wall thickness 0.35 mm
Number of channels per row 16
Number of rows 12
Estimated heat transfer with 
steam and water

3071 W

3.2.3 Design 3

Figure 3: Design 3: 3-D Clipped Section

Heat exchanger width 100 mm
Heat exchanger height 109 mm
Channel Length 50 mm
Channel size 2x2 mm
Wall thickness 0.35 mm
Number of channels per row 26
Number of rows 26
Estimated heat transfer with 
steam and water

3008 W

Figure 4: Size comparison of the three heat exchanger designs, front view

As the channel size is increased the total heat transfer diminish, requiring more and longer 
channels to achieve the 3kW of heat transfer (cf. Figure 4).
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3.3 Design Considerations

Numerous design and manufacturing considerations informed the eventual design and 
configuration of the heat exchangers discussed in this paper. The design considerations 
resulted from literature and consultation with expert process engineers at CRPM. Optimising 
designs for any AM technology reduces time and/or cost by eliminating the need for 
unnecessary supports and cutting down on post-processing. A detailed article discussing the 
design considerations was written by Venter, Jacobs and Du Preez [19]. A List of design 
improvements suggested by the CRPM engineers are listed below:

 Manufacturing orientation:
Selecting the correct manufacturing orientation can eliminate the need for 
unnecessary supports.

 Holes and circular sections:
Holes and circular sections are preferably manufactured with its axis in the vertical 
direction, otherwise supports or scaffolding are required.

 Sections at an angle:
Any sections that form an included angle with the horizontal of less than 35° should 
be supported.

 Threaded holes, drilling and tapping:
Carefully consider manufacturing parts with threads smaller than M10 as the thread 
definition is poor. Tapping or drilling holes smaller than M6 is not advised as the 
hardness of Ti6Al4V poses a problem.

 Cleaning and examination:
The design must facilitate post-processing such as removal of supports and removal of 
excess powder.

 Minimum thickness and surface roughness:
Achievable limitations should be considered for the designs, keeping in mind the 
minimum wall thickness and surface roughness of ‘as manufactured’ parts. The 
minimum wall thickness for SLM of Ti-6Al-4V is in the order of 0.35 mm.

3.3.1 Unsuccessful prints
Although every precaution was taken to ensure that the heat exchangers will be manufactured 
correctly, there are always unforeseen difficulties with new technology. The first two 
manufacturing attempts failed. Further investigation revealed build-up of material on the top 
layer of the part causing the recoating arm, of the SLM machine, to collide with the part and
stopping the printing process. Build-up problems were experienced during the first two 
manufacturing attempts.
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Design 1

Figure 5: Design 1, 1st build attempt, side and top view

Design 2 –First attempt

Figure 6: Design 2, 1st build attempt, side and top view

Design 2 – Second attempt

Figure 7: Design 2, 2nd build attempt, side and side 2 view

Design 3
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Figure 8: Design 3, 1st build attempt, side and top view

Inspecting the unsuccessful prints shows that material builds-up on one side during the 
manufacturing process. Looking at figure 5, it can be seen that there is approximately 0.3mm 
of material build-up on the left side. Figure 6, the first manufacturing attempt for design 2, 
shows material build-up of approximately 0.7mm on the left. Figure 7, the second 
manufacturing attempt of design 2, shows material build-up of approximately 1.3mm. The 
first manufacturing attempt of design 3 (cf. figure 8) shows a material build-up of 1mm 
approximately.

Although the printing of design 1 completed during the second manufacturing attempt, the 
channel walls were found to be porous. It was sent to the centre for analytics facilities (CAF)
at Stellenbosch for an internal examination by means of a computerised tomography (CT) 
scan.

Designs 1 and 2 were considered for a second manufacturing attempt. The angle at which the 
recoating arm recoats the parts was changed. This enabled design 1 to print entirely with 
minimal material build-up, design 2 however failed once again (cf. Figure 12 & 13) building 
only 10mm higher before failing
3.3.2 Micro-CT scans
Three models were scanned, two of design 1 and one of design 2. With the scans the internals 
of the heat exchangers can be inspected. Discussed in this section are areas identified with 
faults within the heat exchangers.

3.3.2.1 Scan 1

The general build direction is indicated with yellow arrows and the coater direction with blue 
arrows in figures 9 to 17.

Figure 9: Scan 1, bottom manifold. Top and side view.
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Figure 10: Scan 1, top manifold. Top and side view.

Figure 11: Scan 1, blocked channel. Top, front and side view.

3.3.2.2 Scan 2

Figure 12: Scan 2, bottom manifold. Top and side view.
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Figure 13: Scan 2, top manifold. Top and side view.

Figure 14: Scan 2, blocked channels. Top and front view.

Figure 15: Scan 2, Abnormality. Top and side view.

Figure 16: Scan 2, manufacturing line (indicated with red arrows). Front view.
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3.3.2.3 Scan 3

Figure 17: Scan 3, bottom manifold. Top and side view.

Figure 18: Scan 3, broken channels. Top and front view.

Figure 19: Scan 3, abnormality 1. Top, side and front view.
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Figure 20: Scan 3, abnormality 2. Top, side and front view.

Scan 1 shows minor imperfections throughout the heat exchanger. Manifold deformation can 
be seen in figures 9 and 10. High stress within the manifold walls is likely the cause of this 
deformation. Heat build-up during manufacturing can cause the thin walls to buckle without 
support, thus the bottom of the heat exchanger is more deformed than the top. Figure 11
depicts a blocked channel within the heat exchanger, likely to be powder stuck within the 
channel.

Scan 2 shows the same minor imperfections within the heat exchanger as scan 1. Also present 
are two other more serious imperfections (cf. Figures 15 and 16). Figure 15 shows an 
abnormality within the heat exchanger that passes through the channel wall. This is likely 
some material build up (splatter) during the manufacturing process. Scan 1 and 2 was 
performed on the heat exchangers from the second manufacturing attempt. Figure 16 shows a 
feint line throughout the heat exchanger where the manufacturing process stopped and 
continued.

Design 2 was manufactured on the 3rd attempt and was also sent for CAT scans. Figures 17-20
shows the results for scan 3. Figure 17 shows the same manifold deformation as in the previous 
scans despite that design 2 has manifold channel supports. It is however worse in this case as 
the stress caused the channels to break. Broken channel walls can be seen in figure 18, the 
thicker outer wall causes a higher heat build-up inducing more stress within the channels 
attaching to it. Two abnormalities were found within the heat exchanger that passes through 
walls, likely causing fluid mixture within the heat exchanger (cf. Figures 19 and 20).

4. SUMMARY & CONCLUSION

There are various obstacles identified that prevented a successful heat exchanger build.
However, to ensure a successful build in the future, an achievable minimum wall thickness 
should be selected to prevent fluid mixture and ensure pressure integrity. Additionally, the 
channel wall breakage and warping visible in the scans was due to a combination of the thin 
channel walls, heat build-up and stresses during the manufacturing process. Furthermore, 
channel blockage occurred only on design 1 which is a result of the small channel size. Further 
investigation is necessary to determine if channel blockage is due to powder stuck within the 
channel or if the channel was blocked during the melting process. 

Moreover, it was evident that the placement of supports had a paramount effect on channel 
warping and breakage. Careful consideration should be given to ensure practicality of 
supports, minimising the obstruction of fluid flow and the increase of pressure drops. 
Consequently, optimum placement of supports will alleviate the effects of channel warping 
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and breakage. In conclusion, optimal parameters should still be investigated to alleviate the 
above-mentioned obstacles identified when manufacturing micro-channel heat exchangers for 
application in ORC’s. 

Further investigation is required to resolve the material build-up during the manufacturing 
process. Changing the angle at which the recoating arm passes had a positive effect during the 
manufacturing process. The second design manufactured completely by increasing the angle.
The porosity and broken walls found within the heat exchangers could possibly be eliminated
by increasing the channel wall thickness. Another solution would be to alter the laser scan 
parameters to obtain a better build quality and eliminate wall porosity within the heat 
exchangers. Further research should be done in this regards.

Additional future research should be done to optimise the heat exchanger channels, looking 
for the best size, shape and length to achieve the highest possible heat transfer with minimum 
pressure drop.

The characterisation of these heat exchangers forms the basis for further investigation in AM 
heat exchanger design for application in micro ORC’s at CUT.

5. ACKNOWLEDGEMENTS

The authors express their gratitude to the South African Department of Science and 
Technology through the Collaborative Programme in Additive Manufacturing, for financial 
support (Contract No CSIR-NLC-CRPM-15-MOA-CUT-01). Furthermore, the authors thank the 
process engineers at CRPM for their input on the design considerations, Central University of 
Technology, Free State (CUT) for making the study a possibility and MerSETA for additional 
financial support throughout the study.

6. REFERENCES

[1] Taisce, A. 2015.  Energy Matters – How COP21 can shift the energy sector onto a low-
carbon path that supports economic growth and energy access, COP 21, 2015 United 
Nations Climate Change Conference, pp 1-8.

[2] Engel, D. 2008.   Closed-loop, organic Rankine-cycle plants are adding multi megawatts 
—without additional fuel, Distributed Energy, The Journal for Onsite Power Solutions, 
pp 1-7.

[3] Tchanche, B.F.; Lambrinos, G.; Frangoudakis, A.; Papadakis, A. 2011. Low-grade 
heat conversion into power using organic Rankine cycles - A review of various 
applications, Renewable and Sustainable Energy Reviews, 15(8), pp 3963-3979.

[4] Yamada, N.; Tominaga, Y.; Yoshida, T. 2014.  Demonstration of 10-Wp micro organic 
Rankine cycle generator for low-grade heat recovery, Energy, 78(Nov), pp 806-813.

[5] Ashman, S.; Kandlikar, S.G. 2006.  A Review of Manufacturing Processes for 
Microchannel Heat Exchanger Fabrication, ASME 4th international Conference on 
Nanochannels, Microchannels and Minichannels, 2006, pp 855-860.

[6] McMahan, T. 2015.  NASA 3D printed fuel rocket pump, Available: 
https://www.nasa.gov/centers/marshall/news/news/releases/2015/successful-nasa-
rocket-fuel-pump-tests-pave-way-for-3-d-printed-demonstrator-engine.html.

[7] Arie, M.A.; Shooshtari, A.H.; Dessiatoun, S.V.; Al-Hajri, E.; Ohadi, M.M. 2015.  
Numerical modelling and thermal optimization of a single-phase flow manifold-
microchannel plate heat exchanger, International Journal of Heat and Mass Transfer, 
81, pp 478-489.



275ISBN 978-0-6398390-0-4

[8] Frazier, W.E. 2014.  Metal additive manufacturing: A review, Journal of Materials 
Engineering and Performance, 6, pp 1917-1928.

[9] Tsopanos, S.; Sutcliffe C.J.; Owen, I. 2005.  The Manufacture of Micro Cross-Flow Heat 
Exchangers by Selective Laser Melting, Proc. 5th International Conference on Enhanced 
Compact and Ultra-Compact Heat Exchangers: Science, Engineering and Technology, 
Sept, pp 410-417.

[10] Kew, P.A.; Reay, D.A. 2011.  Compact/micro-heat exchangers - Their role in heat 
pumping equipment, Applied Thermal Engineering, 31(5), pp 594-601.

[11] Eastop, T.D.; McConkey A. 1993.  Applied Thermodynamics: For Engineering 
Technologists, 5th Edition, Pearson.

[12] Furumoto, T.; Koizumi, A.; Alkahari, M.; Anayama, R.; Hosokawa, A.; Tanaka, R.; 
Ueda, T. 2015.  Permeability and strength of a porous metal structure fabricated by 
additive manufacturing, Journal of Materials Processing and Technology, 219, pp 10-16.

[13] Mertens, A.; Reginster, S.; Paydas, H.; Contrepois, Q.; Dormal, T.; Lemaire, O.; 
Lecomte-Beckers, J. 2014. Mechanical properties of alloy Ti-6Al-4V and of stainless 
steel 316L processed by Selective Laser Melting: Influence of out-of-equilibrium 
microstructures, Powder Metallurgy, 57(3), pp 184-189.

[14] Veiga, C.; Davim, J.P.; Loureiro, A.J.R. 2012. Properties and applications of titanium 
alloys: a brief review, Rev. Adv. Mater. Sci., 32, pp 133-148.

[15] Liu, Q.; Wang, Y.; Zheng, H.; Ding. L.; Li, H.; Gong, S. 2016. Microstructure and 
mechanical properties of LMD-SLM hybrid forming Ti6Al4V alloy, Materials Science and 
Engineering: A, 660, pp 23-33.

[16] Holman, J.P. 2010.  Heat Transfer 10th Edition, 10th Edition, McGraw-Hill.
[17] Hodge, B.K.; Taylor, R.P. 1990.  Analysis and design of energy systems, 3rd Edition, 

Pearson.
[18] Muzychka, Y. 1998. “Chapter 5 Heat Exchangers.” p. 71-90.
[19] Venter, S.C.; Jacobs, G.G.; du Preez, J. 2018. ”Design considerations for developing 

an additive manufactured compact counter-flow heat exchanger for application in 
Organic Rankine Cycles”, in 19th Intern. Conf. on Rapid Product Dev. Assoc. of South 
Africa (RAPDASA), Protea Parktonian South Africa, Nov. 2018, p. 195-200.



276RAPDASA 2019 Conference Proceedings

1 The author is enrolled for an M Eng. (Mechanical) degree in the Department of Mechanical and 
Mechatronics Engineering, Stellenbosch University
*Corresponding author (tshikwadgk@sun.ac.za)

DEFORMATION MECHANISMS OF TI6AL4V DIAMOND AND OCTET TRUSS LATTICE STRUCTURES PRODUCED 
THROUGH LASER POWDER BED FUSION (L-PBF) 

1,*Georgino K. Tshikwand, 2Deborah C. Blaine, 3Anton Du Plessis
      1Department of Mechanical Engineering, Stellenbosch University, South Africa, tshikwadgk@sun.ac.za

2Department of Mechanical Engineering, Stellenbosch University, South Africa, dcblaine@sun.ac.za
   3CT Scanner Facility & Physics department, Stellenbosch University, South Africa, anton2@sun.ac.za

Lattice structures with customized stiffness, strength, and specific strain energy absorption allow 
for the design of lightweight, loadbearing structures, suitable for functional engineering 
applications. In this work, we studied the deformation mechanisms of two well-known lattice 
structure designs produced by laser powder bed fusion (L-PBF) of Ti6Al4V. Two different finite 
element analysis (FEA) approaches were used to simulate deformation under compression: one using 
1D beam elements, the other using 3D solid elements. The results were compared to physical 
compression tests of L-PBF lattice structures. The octet-truss structure was found to deform by a 
combination of 45° and 135° shear bands caused by the stretching of the horizontal struts in those 
planes, whereas the diamond lattice structure was found to deform by 45°shear bands caused by 
strut bending.

1. INTRODUCTION

Contrary to metal subtractive manufacturing, such as machining where a component is 
manufactured through the removal of material until the final part is obtained, metal additive 
manufacturing (AM) is a process of building a component through the fusion of metal powder, layer 
by layer, until the complete part is produced. As machined parts are usually produced from a 
wrought blank, there is a high degree of material waste produced as a by-product. AM only uses the 
material that is needed for the part, and as such has a high level of material economy with low 
scrap. Additionally, this technology has introduced a new perspective to the manufacturing industry 
by allowing the designer to build intricate parts for a range of different applications, such as 
medical, aerospace, automotive. It also shows great potential with biomimetic design approaches
[1]. The level of part complexity and ability to build unique or customized shapes, provides 
significant technical and economic advantages as compared to subtractive manufacturing 
techniques [2].
Due to the layer-by-layer building process inherent to laser powder-bed fusion (L-PBF), a common 
AM technique, strut waviness and surface roughness are often introduced, resulting in geometrical 
differences between the designed structure and the final L-PBF structure [3]. This can influence the 
mechanical properties of the built structure by affecting the load bearing areas as well as introducing 
stress concentrations. It thus become challenging to accurately predict the mechanical properties 
of L-PBF structures, especially those with thin features. Pyka et al. [3] showed how reducing 
surface roughness features of L-PBF Ti6Al4V lattice structures influenced the mechanical response 
of these structures. This was attributed to the removal of sharp surface crack initiation sites, which 
should improve resistance to failure; however, the etching procedure used to remove the rough 
surface features also reduced the cross-sectional dimensions of the struts, which resulted in reduced 
strength and stiffness of the structure.  
Other influences on the properties of L-PBF produced materials have been studied, such as post-L-
PBF heat treatment and its influence on microstructure [4]–[6] and the influence of residual stresses 
due to the large thermal gradients inherent in the process [7].
Lattice structures are strut-based structures that are built from repeating unit cells in all 3 
dimensions throughout the structure. Typically, the struts are thin in comparison to the unit cell 
volume. A wide range of unit cell designs exist and there are several studies that investigate their 
design [8]–[11]. For more information on cellular lattice structure design the reader is referred to 
[1], [12]. Due to the difficulty of machining a lattice structure from a solid blank, AM lends itself as 
an ideal manufacturing technology for producing these parts. The lattice structure can be built 
layer-by-layer from a 3D model of the required structure. 
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A lattice structure can be considered as a regular porous structure and thus relationships between 
porosity and properties for porous structures can be used to model their behavior.
Gibson and Ashby [13] conducted extensive studies on naturally occurring irregular porous 
structures. They proposed the following relationships between the mechanical properties and the 
relative density, �𝜌𝜌𝜌𝜌

𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠
�, of a porous structure, where 𝜌𝜌𝜌𝜌 is the total material mass per unit volume and 

𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠 is the density of the solid material

𝐸𝐸𝐸𝐸
𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠

= 𝛼𝛼𝛼𝛼 �𝜌𝜌𝜌𝜌
𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠
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𝑛𝑛𝑛𝑛

                                                                                                           Eq. 1
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                                                                           Eq. 3

Where 𝐸𝐸𝐸𝐸  and 𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠 are the Young’s modulus of the porous structure and that of the solid material from 
which the structure is made, respectively. 𝐺𝐺𝐺𝐺 and 𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠 are the shear modulus of the porous structure 
and that of the solid material from which the porous structure is made, respectively. 𝜎𝜎𝜎𝜎𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the 
plateau stress and 𝜎𝜎𝜎𝜎𝑦𝑦𝑦𝑦,𝑠𝑠𝑠𝑠 is the yield stress of the solid material from which the structure is made. 𝑛𝑛𝑛𝑛,
𝛼𝛼𝛼𝛼 and 𝑚𝑚𝑚𝑚 are constants whose values vary between 1.8 and 2.2, 0.1 and 4, and 1.5 and 2, respectively,
depending on the properties and structure (geometry) of the solid material. The plateau stress is 
the stress at which the porous structure starts to collapse on itself. 
Eq. 1, Eq. 2, and Eq. 3 can be used to design a porous, or lattice, structure of prescribed mechanical 
properties.
The focus of this study was to investigate the mechanical behavior and deformation mechanisms of
Ti6Al4V lattice structures subjected to compressive loads. This was determined by simulating the 
loading condition using finite element methods (FEM) approaches, as well as performing mechanical 
testing experiments on physical samples. By studying the predicted distribution of different types 
of stresses induced in the struts during loading and correlating these to the deformation mechanisms 
observed during mechanical compression testing, the appropriateness of different FEM approaches 
is evaluated.

2. LATTICE STRUCTURE DESIGN

Lattice structure design for AM requires the determination of lattice structure parameters in order 
to generate a specific porosity for the lattice, and to ensure the manufacturability of the designed 
lattice structure. The latter requires a suitable overhang angle and printable dimensions for laser 
powder bed fusion. Here, the designs are in accordance with the general overhang angle of 45°or 
higher (45°rule) and within the microscale limits [14].
Lattice structures are often created by repeating unit cell structures in all 3 dimensions.
Analytical equations for  the relative density, 𝜌𝜌𝜌𝜌

𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠
= 𝑣𝑣𝑣𝑣

𝑣𝑣𝑣𝑣𝑠𝑠𝑠𝑠
, of a 5 x 5 x 5 lattice structure are derived as 

a function of the strut thickness. For a specific relative density, a strut thickness is determined. 
Based on this result, the lattice structure is designed with the help of the CAD software SpaceClaim.
This generates a lattice structure with a specific relative density. This relative density is obtained 
by determine the lattice structure mass properties which is divided by the volume of the solid 
material, 𝑣𝑣𝑣𝑣𝑠𝑠𝑠𝑠.
We consider the octet-truss and diamond topologies based on the Maxwell criteria that classifies 
strut-based unit cells as stretch or bending dominated presented here as equation 4 [15].

𝑀𝑀𝑀𝑀 = 𝑚𝑚𝑚𝑚− 3𝑗𝑗𝑗𝑗 + 6                                                                                             Eq. 4

Where 𝑚𝑚𝑚𝑚 and 𝑗𝑗𝑗𝑗 are the number of struts and joints respectively.
Eq. 4 is the Maxwell criteria, from which a unit cell is classified as bending-dominated when 𝑀𝑀𝑀𝑀 is
less than 0 and as stretch-dominated when 𝑀𝑀𝑀𝑀 is approximately 0.
A periodic structure made of stretch or bending dominated unit cells will necessarily be stretch or 
bending dominated. Figure 1 show the synthesis of the octet-truss and diamond lattice structures’
unit cells.
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Figure 1 Synthesis of the octet truss (a) and diamond (b) structures                        

The octet-truss lattice structure is constructed from the combination of the octahedron unit cell 
with the tetrahedron unit cell at each of the 8 faces of the octahedron unit cell. The octahedron 
and tetrahedron unit cells both satisfy the condition to be stretch- dominated, thus making the octet 
truss structure stretch-dominated. The octahedron with 12 struts and 6 joints and the tetrahedron 
with 6 struts and 4 joints, both unit cells with an 𝑀𝑀𝑀𝑀 value of 0.
The diamond lattice structure is constructed from 4 diamond unit cells as showns in Figure 1. The 
diamond unit cell satisfies the condition to be bending-dominated, thus making the whole diamond 
structure bending-dominated. The diamond with 4 struts and 5 joints, resulting in a negative 𝑀𝑀𝑀𝑀
value.
For the present study,  5 X 5 X 5 octet-truss and diamond lattice structures were made from the 
tesselation of the octet-truss and diamond structures of Figure 1, considered here as the building 
unit cells.
A key concept in the design of lattice structures is the relative density, �̅�𝜌𝜌𝜌, which is the ratio of the 
density of the lattice structure, 𝜌𝜌𝜌𝜌𝑝𝑝𝑝𝑝, to the density of the solid material used to manufacture the 
lattice structure, 𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠. The relative density also corresponds to the ratio of the lattice strut volume, 
𝑣𝑣𝑣𝑣𝑝𝑝𝑝𝑝, to the total lattice structure volume, 𝑣𝑣𝑣𝑣𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡.
The determination of the relationship between the relative density and the lattice structure 
parameters involves the consideration of specific unit cells for each topology, as well as the number 
of repeating unit cells in the entire lattice structure under review. This is critical as the 
location of unit cells in the structure, whether the cell is internal or on an outer surface, influences 
the relative density of the lattice. For this reason, we categorize different types of lattice unit 
cells according to their position in the lattice, namely

• Core;
• Side;
• Corner or vertex;
• Edge.
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Figure 2 Schematic showing the different types of lattice unit cells, named for their positions 
in a 5 x 5 x 5 lattice.

Figure 2 indicates the general position and terminology for each cell type in a 5 x 5 x 5 lattice of 
unit cells. Each block represents a single unit cell, containing the repeating lattice structure within 
its volume.
5 X 5 X 5 diamond and octet-truss structures contain 3 X 3 X 3 core unit cells and idiosyncratic edge,
vertex, and side unit cells. The vertex, edge, and side unit cells contain full cross-section struts
located at the outer sides. The full lattice structure was bounded at its upper and lower surfaces by 
rigid plates.
The volumes of each of the unit cells are added to make 𝑣𝑣𝑣𝑣𝑝𝑝𝑝𝑝 = 27 𝒗𝒗𝒗𝒗𝒄𝒄𝒄𝒄 + 54 𝒗𝒗𝒗𝒗𝒔𝒔𝒔𝒔 + 8 𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗 + 36 𝒗𝒗𝒗𝒗𝒆𝒆𝒆𝒆 and 
the 𝑣𝑣𝑣𝑣𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 125 ∗ 𝑙𝑙𝑙𝑙3 is also computed to get the relative density as below,

�̅�𝜌𝜌𝜌𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜𝑡𝑡𝑡𝑡=   1650.03
125   √2𝐴𝐴𝐴𝐴𝑙𝑙𝑙𝑙2

                                                                                          Eq. 5

�̅�𝜌𝜌𝜌
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑=  (375+348 √2)

125   𝐴𝐴𝐴𝐴𝑙𝑙𝑙𝑙2
                                                                                    Eq. 6

Eq. 5 and Eq. 6 are used to calculate the design strut thickness for a fixed relative density. These 
equations are suitable for beam element design where at the strut joint material is not merged.
However, for the solid element design this material is merged and Eq. 5 and Eq. 6 over-estimate the
solid lattice volume by about 20 %.
Table 1 shows the geometric parameters for the beam and solid lattice structure design.

Table 1 Geometric parameters of the beam and solid lattice structures

Beam structure Solid structure
Strut 
thickness 
[µm]

Lattice 
volume 
[mm3]

Relative 
density [%]

Strut 
thickness 
[µm]

Lattice 
volume
[mm3]

Relative 
density [%]

Diamond-C 423 243.05 24.30 423 201.17 20.12
Diamond-R 375 243.57 24.35 375 201.75 20.18
Octet Truss-C 268 263.25 26.33 268 214.99 21.50
Octet Truss-R 237 262.14 26.21 237 212.08 21.21

Lattice structures are designed with a top and bottom compression platen of 0.200 mm thickness 
each. This is to allow mechanical compression testing as prescribed in the ISO (13314) standard.
The compression platens add some density to the lattice structure design density. The Ashby Model 
can be used to scale the mechanical properties of the lattice based on a given relative density. It 
should also be noted that the nature of strut joints can have an influence on the mechanical 
properties.

3. FINITE ELEMENT ANALYSIS

Since lattice structures result from the tessellation of unit cells in all 3 dimensions, the first 
assumption made for the FEM analyses, is to consider an isotropic material model, that is, the 
material will have the same behavior in all 3 dimensions. This assumption 
has been proven admissible in many research studies [16]–[19].
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Lattice structures consists of a network of struts which experience large deformation when 
subjected to compressive loads. The determination of mechanical properties and deformation
mechanisms from a linear static analysis where only small deformations are considered and the 
stiffness is independent of the deformation, is appropriate as a first order approximation but will 
not allow analysis of deformation mechanisms or nonlinear plastic deformation of lattice structures.
Ashby and Gibson recommend determining the elastic modulus from loading the structure into the 
plastic region to 75% of compressive stress and unloading it [20]. The elastic modulus can be 
determined from the unloading curve or the linear region curve. Therefore, a nonlinear isotropic 
material model is appropriate for the FEM simulation of mechanical properties and deformation 
mechanisms of lattice structures.
Another consideration is the type of nonlinearity to implement in the FEM simulation. There are 
three types of nonlinearities: material nonlinearity, geometric nonlinearity and contact nonlinearity. 
Since many lattice structures are not designed with any contact conditions, only material and 
geometric nonlinearity are considered. Material nonlinearity refers to a material that experience 
large strain as a result of material plasticity behavior. Geometric nonlinearity refers to the large 
deformation and change in geometry that a structure can experience when subjected to compressive
loading.
The simulation procedure for the nonlinear static analysis will consist of solving a system of nonlinear 
static equilibrium equations, the details of which are found in [21].
The size of the FEM problem will depend on the discretization method chosen and its shape function 
or interpolation function. 3D solid and 1D beam elements are commonly used to discretize lattice 
structure.
Lattice structures are complex structures with many regions that can be regarded as high stress 
concentration regions, therefore acquiring information in these regions is critical. When the lattice 
structure is discretized using 3D solid elements, a mesh sensitivity analysis is a common practice to 
ensure the accuracy of results. A graphical mesh sensitivity analysis was conducted for both 
topologies as shown in Figure 3. Mesh convergence was achieved between mesh sizes 0.075 mm, 
0.100 mm, and 0.150 mm for the diamond lattice structure and 0.100 mm, 0.150 mm, and 0.200 mm 
for the octet-truss lattice structure. A mesh size of 0.150 mm was selected to reduce the 
computational time. ANSYS Timoshenko beam elements (BEAM188) were used to mesh the 1D beam 
element structure and ANSYS 3D solid elements (Solid187) were used to mesh the 3D solid element 
structure for the purpose FEA compression simulation.

           

Figure 3 Mesh Convergence analysis of 5 X 5 X 5 3D Solid circular diamond (left) and octet 
truss (right) lattice structures structure

A FEA compression simulation was conducted following the test method set in ISO 
(13314) standard for mechanical compression testing of porous metals.
ANSYS academic research Mechanical and CFD (structural/LS-Dyna) was used to conduct the
simulation.
Table 2 shows the material properties of Ti6Al4V, of which the yield strength was taken from 
literature on the mechanical properties of stress relieved SLM Ti6Al4V [22]. the tangent modulus 
was taken from ANSYS Ti6Al4V material library as shown in Table 2. These material properties were 
used to define the FEM problem, that is, a nonlinear static analysis. An isotropic hardening was 
selected to define the plastic region of the material model.

Table 2 ANSYS Ti6Al4V material properties
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20 1098 1332
204 844 1207
427 663 1033
538 527 943
815 60 708
944 21 596

A 1 mm displacement was applied at the top platen in the negative z-direction and the z-translation 
of the bottom platen was fixed .

Table 3 Material of Ti6Al4V as input for the FEM simulation

Properties Density
[Kg m-3]

Yield Strength 
[MPa] Poisson’s ratio

Modulus of 
Elasticity  

[GPa]

Tangent 
modulus  
[MPa]

Value range 4430 1145 [22] 0.3 110 1332

Both the top and bottom plates were modelled as rigid bodies.

           

Figure 4 Load and boundary conditions

Table 4 and Table 5show global mechanical properties from the FEA compression simulation results
for the beam and solid element cases.

Table 4 1D beam circular and rectangular octet-truss and diamond lattice structures

Topology Cross section Young's 
modulus [GPa]

Yield 
strength 

[MPa]

Maximum 
stress [MPa]

Plateau 
stress
[MPa]

Octet-truss Rectangular 3.10 72.19 91.99 88.21
Circular 2.95 67.17 86.87 83.31

Diamond Rectangular 1.40 33.66 44.60 41.17
Circular 1.40 31.66 45.10 40.52

Table 5 3D solid circular and rectangular octet-truss and diamond lattice structures

Topology Cross section
Young's 
modulus 

[GPa]

Yield 
strength 

[MPa]

Maximum 
stress [MPa]

Plateau 
stress
[MPa]

Octet-truss Rectangular 4.32 74.70 93.22 87.92
Circular 4.20 75.35 92.57 86.60

Diamond Rectangular 2.38 51.10 65.01 60.38
Circular 2.46 54.48 68.89 63.80

3.1.1D Beam element result (BEAM188)

Like the determination of the Maxwell criterion result for the diamond structure, the 1D beam 
simulation results show that this structure is bending-dominated. This is due to the even distribution 
of reaction bending moments that induce bending stresses across lattice struts. This is seen in Figure 
5. A high incidence of uneven distribution of reaction shear and axial forces was also recorded for 
the diamond structure. The combined effect of the induced normal and shear stresses is given by 
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the maximum principal stress. This is in Figure 6. The regions of high stress concentration were 
found to be the strut joints as shown in Figure 5 by the arrows. These high stresses are tensile, the 
strut fibers stretch at the joint as the strut is bending. These joints are located in a 45° diagonal 
plane with the horizontal plane. This arrangement causes the formation of shear bands along that 
plane which can be seen in Figure 5.
A high distribution of reaction axial forces in the struts was observed across struts of the octet-truss 
lattice structure. These reaction forces induce axial stresses in the struts as seen in Figure 6. Small 
reaction bending moments and shear forces were observed across some struts of the octet truss 
structure. A few struts were subjected to high bending stress. This is indicated in Figure 5. The octet 
truss structure is subjected to higher tensile axial forces in the horizontal struts of the octahedron 
section and compressive axial forces in the struts of the tetrahedron section as seen in Figure 6. The 
structure is expected to fail due to the high tensile stress in the horizontal struts. 

                   

Figure 5 Bending stress distribution in the 1D Beam rectangular diamond (left) and circular
octet truss (right) lattice structures

Many FEA software implement either Euler-Bernoulli or Timoshenko beam theories for beam element 
analysis. Timoshenko beam theory accounts for a constant transverse shear deformation, while 
Euler-Bernoulli beam theory excludes it. In this case, Timoshenko beam theory is indispensable to 
capture the shearing behavior of struts. This is found to crucial for the diamond lattice structure
because it has thick struts and exhibit extreme bending. It becomes very important to select an 
appropriate beam theory to obtain the full deformation history of the structure.
Although the beam structure does not fully represent the actual structure in terms of relative 
density owing to the inability of merging material at strut joints, surface-beam connection, and strut 
joints, it however provides valuable indications on the deformation behavior of the individual struts 
in the structure.
From the Beam simulation results, the first signs of deformation are expected at the struts joints 
and the horizontal struts, for the diamond and octet-truss lattice structure, respectively

              

Figure 6 Maximum principal stress distribution in the 1D Beam rectangular struts of the 
diamond (left) and octet truss lattice (right)

3.2.3D Solid element result (Solid187)

Like the 1D beam simulation results, the region of high stress concentration for the diamond and 
octet-truss lattice structures were found to be the strut joints and horizontal struts, respectively. 
This is indicated in Figure 7 by the arrows.
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An eye inspection across the struts in the diamond lattice structure show they are subjected to a
high tensile stress at the bottommost side of the strut while the topmost is subjected high 
compressive stress. This is seen in the opposite order in other struts across the structure based on 
their location. This arrangement of high tensile and compressive stress at the topmost and 
bottommost side of the neutral axis of the strut cross-section is an indication of high bending 
behavior of the strut in question. This bending behavior cause the fibers at the joint to stretch as 
indicated by the arrows in Figure 7.
This behavior was also observed in the shear stress distribution where in the middle of each strut in 
the diamond lattice structure, the shear stresses go from positive to negative. This point experiences 
maximum bending stress. since the shear stress distribution is even, the resulting bending 
distribution is expected to be even.
For the octet-truss, the struts of the tetrahedral section of the vertex unit cells experience 
considerable bending as compared to the struts in the other unit cells of the entire structure. The 
maximum tensile stress is seen in the horizontal struts of the vertex unit cell as indicated by arrows 
in Figure 7. The other horizontal struts experience tensile stress throughout whereas the struts in 
the tetrahedron section of the structure are subjected to compressive stresses.

              

Figure 7 Maximum principal stress distribution of 3D Solid circular diamond (left) and 
rectangular octet truss (right) lattice structures

This can be also be confirmed by the equivalent plastic strain results seen in Figure 8. it is seen that 
yielding is mainly localized at the struts’ joints and along the horizontal struts in the diamond and 
octet-truss lattice structures, respectively. 
Because the struts’ joints are located along 45° plane to the horizontal plane, shear bands are 
expected about these planes and are the failure modes for diamond structure.
For the octet truss structure, the high plastic strains observed in the horizontal struts cause yielding 
in the 135° and 45° diagonal planes of the structure. 135° and 45° Shear bands and buckling of 
struts are expected for the octet-truss lattice structure.

                   

Figure 8 Equivalent Plastic strain distribution of circular diamond (left) and rectangular octet 
truss (right) lattice structures

4. COMPUTED TOMOGRAPHY (CT) SCAN

The lattice structures were manufactured (selective laser melting) using the M2 Cusing, a concept 
laser machine, available at the laboratory for advanced manufacturing of Stellenbosch University.
The manufacturing process was carried at a laser power of 110 W, a speed of 600 mm/s and a focus 
diameter of 0.15 mm.
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X-ray CT is now increasingly used in additive manufacturing as reviewed in [23]. As outlined in this 
review paper, besides geometrical measurements, it is also possible to directly simulate CT-scanned 
geometries using voxel-based simulation. This capability was used to compare different lattice 
structures previously [24]. The manufactured structures were CT scanned for geometrical analysis 
using the Phoenix nanotom S, a Nano-CT system available at the CT facility of Stellenbosch University
[25]. The scan process was conducted following the guidelines and procedures set out in [25]–[28].
In previous work deformation of micro-lattice structures were also imaged under load using CT, 
showing in-situ deformation of lattice structures with struts nearing the limit of commercial L-PBF 
systems [23].

4.1.Geometric parameters

Figure 9 shows the CT images of manufactured structures and the CAD mesh fitted together to show 
the dimensional deviation. 

Figure 9 Strut thickness deviation analysis of the CT scan image of the manufactured 
structures and the 3D CAD mesh for the diamond (left) and octet-truss (right)

The manufactured samples were found to be larger than the 3D mesh used as input for additive 
manufacturing by a mean deviation margin of 78.9 µm and 65.9 µm across all the struts for the octet-
truss and diamond structures respectively. This is an increase in the strut thickness of 29 % and 15.57 
% for the octet-truss and diamond lattice structure, respectively. From Eq. 1, Eq. 2, and Eq. 3, it 
can be shown that the mechanical properties of the manufactured structure will be higher than 
those of the initial CAD mesh used for their production. For the FEM, approximation of the 
mechanical behavior of the produced structures, new CAD models were designed based on the new 
dimensions. The result of these FEM approximations will be compared the mechanical testing 
results. 
After geometrical analysis, no apparent difference was noticeable between the manufactured 
circular and rectangular cross sections of both topologies.

5. MECHANICAL TESTING

The manufactured structures were heat treated following a stress relief schedule that complies with
ASTM standard F2924-14 and SAE H81200D standard (see Table 6).

Table 6 Stress relief heat treatment schedule.

Material Stress relief temperature Soaking times
Degree Celsius Minutes

Alpha-Beta Alloys
Ti6Al-4V 650 180

The mechanical compression testing was conducted using the MTS Criterion Model 44, available at 
the mechanical testing laboratory of Stellenbosch University. Figure 10 shows the experimental set-
up for compression testing, where the lower surface is kept stationary and the upper surface is 
moved by the motion of the crosshead.
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The stress relieved samples were compressed uniaxially at a constant crosshead speed of 1 
mm/min following the testing method set out in the ISO standard (13314).
The plateau stress, 𝜎𝜎𝜎𝜎𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝, was obtained by taking an arithmetic average of stresses at the first peak 
as shown in Error! Reference source not found.. The Young’s modulus was calculated by taking 
70% and 20% of the plateau stress and corresponding strains.

Figure 10 Experimental set-up for compression testing of the octet truss (left) and diamond 
(right) lattice structures

The Yield strength, 𝜎𝜎𝜎𝜎𝑦𝑦𝑦𝑦, was considered at 0.2 % strain. This was calculated by first obtaining the 
zero-strain point. The zero-strain point was found by extending the straight line considered for the 
calculation of the Young’s modulus. A linear equation was obtained, and the zero-strain point 
determined. This line was then offset 0.002 strain. The yield strength was determined to the 
intersection of this line and the stress strain curve. This was done for all tested samples and a mean 
average was obtained. 

6. RESULT AND DISCUSSION

Figure 11 shows the stress-strain curves of the octet-truss and diamond lattice structures. 
As it can be seen, the first failure in the diamond structure reduces its strength from 120 MPa to 100 
MPa (at the next point of failure), whereas the octet truss structure drops from around 180 MPa at 
its initial failure, to 120 MPa at the next failure. This is indicated by the arrows in Figure 11. The 
results in Figure 11 are in agreement with previous work on L-PBF diamond-type lattice structures 
imaged under loading conditions, with the same deformation and fracture modes observed, and the 
observed experimental elastic modulus lower than those predicted by the models of Ashby, as also 
found here [29].

        

Figure 11 direct stress direct strain results of the experimental mechanical testing for 
diamond (left) and Octet truss lattice structure (right)

The mechanical properties of both octet-truss and diamond lattice structures are as presented in 
Table 7 and Table 8, respectively. A comparison between these results and the FEM predicted 
properties (see Figure 12) is provided. 
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Figure 12 FEM stress-strain curves for 1D Beam and 3D solid diamond (left) and octet-truss 
lattice structures designed with actual dimensions.

An error of 30 % and below was observed for the yield, maximum and plateau stresses for both the 
1D beam and 3D solid octet-truss structure FEM predictions whereas the stiffness was predicted to 
be 208.33 % more than the actual stiffness.

Table 7 FEM predictions and actual mechanical properties: Octet-truss lattice structure 

Octet-truss Lattice structure

Dimension cross 
section

Strut
Thickness 

[µm]

Young's 
modulus 

[GPa]

Yield 
strength 

[MPa]

Maximum 
stress 
[MPa]

Plateau 
stress 
[MPa]

Physical 
Testing 2.4 184.06 196.6 188.97

FEM Actual 3D Solid circular 347 7.4 128.1 157.61 147.25
% Error 208.33 -30.4 -19.83 -22.08

Physical 
Testing 2.4 184.06 196.6 188.97

FEM Actual 1D Beam circular 347 5.1 127.34 156.36 149.6
% Error 112.5 -30.82 -20.47 -20.83

For the diamond structure, only the 3D solid FEM predicted the yield, plateau and maximum stresses 
within less than 25 % error whereas the 1D beam FEM predicted within larger errors as seen in Table 
8.

Table 8 FEM predictions and actual mechanical properties: Diamond lattice structure

Diamond Lattice structure

Dimension Cross-
section

Strut
Thickness 

[µm]

Young's 
modulus 

[GPa]

Yield 
strength 

[MPa]

Maximum 
stress 
[MPa]

Plateau 
stress 
[MPa]

Physical 
Testing

489
1.8 107.1 121.11 117.49

FEM Actual 3D Solid circular 4.43 81.21 102.44 95.91

% Error 146.11 -24.17 -15.42 -18.37
Physical 
Testing

489
1.8 107.1 121.11 117.49

FEM Actual 1D Beam circular 2.1 49.56 80.46 62.21

% Error 16.67 -53.73 -33.56 -47.05

Figure 13 shows the predicted deformation mechanisms obtained through the equivalent plastic 
strain. This pattern of the equivalent plastic strain was obtained by conducting a large strain, large 
displacement FEM analysis. This analysis only provides plastic strain results of struts whose geometry 
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has been considerably changed by the applied load. The strut regions are those where yielding is 
likely to take place.

Figure 13 FEM predicted deformation pattern for the octet-truss (left) and diamond lattice 
structure

High plastic strains are observed in the horizontal struts of the octahedral section of unit cells 
located in 45° and 135° diagonal planes. This is seen and indicated by arrows in Figure 13 (left).
Figure 6 and Figure 7 show how the horizontal struts were subjected to high tensile stresses during 
compression of the entire structure. This deformation mechanism was observed in the experimental 
results (see Figure 14) which show identical deformation pattern. This can be seen that once full 
compression of the octet-truss structure is reached, as in the last two pictures of Figure 14.
High plastic strains are seen at strut joints in the diamond lattice structure as seen in Figure 13
(right). This correlates to the region of high stress concentration seen in Figure 6 and Figure 7. In 
these figures, it is seen that as the structure is compressed, the strut bend outward from the strut 
joints. This causes fibers at the joint to stretch. The entire structure experienced failure along 45° 
diagonal planes, as shown in Figure 7. This forms shear band type of failure. Figure 15 show the 
produced diamond structure. It is seen that as failure progresses, parallel diagonal planes collapse 
onto each other.  A better picture of the shear band can be seen in the fourth picture in Figure 15,
where full compression of the structure was reached.

Figure 14 Compressed octet truss sample

Figure 15 Compressed diamond sample

Figure 16 shows crack propagation at the strut joints of the diamond structure hereby confirming 
the 3D Solid FEM prediction. The 3D FEM predicted that failure would initiat at the strut joints.
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Figure 16 CT Scan of a series of struts showing the crack propagation at the strut joints.

CONCLUSION

The investigation of the mechanical behavior and the deformation mechanisms of the octet truss 
and diamond lattice structures was the main objective of the present study. Octet-truss and diamond 
lattice structures of fixed porosity and structure thickness were selected. They were designed using 
an iterative process of calculating the strut volume as a function of thickness until the desired 
structure was obtained. Design equations for the relative density were derived based on this process.
FEA compression simulation were conducted on the 1D beam and 3D solid mesh using ANSYS
academic research Mechanical and CFD (structural/LS-Dyna). Preliminary results show that a FEM 
analysis could predict the compressive properties of the selected lattice structure with limits. A 
large strain only FEM analysis was enough to predict the mechanical properties of structure whereas 
a large strain, large displacement FEM analysis predicted the deformation mechanisms of the 
selected structures. No fracture or damage model was used to visualize the failure initiation in the 
FEM results. However, the selected material properties and plasticity model gave ample information 
about the stress and strain distribution which were used to predict the deformation mechanisms of 
the structures. These agreed with the deformation mechanisms of the mechanical testing results.
Following are the observed deformation mechanisms of both octet-truss and diamond structures as 
predicted by FEA and confirmed by mechanical testing: 
• The diamond lattice structures were found to be bending-dominated, as is evidenced by the

high reaction bending stresses (see Figure 5) evenly distributed across all struts, and shear and 
axial stresses distribution. High bending occurs in the middle of the strut where a transition
from positive to negative shear indicates maximum bending moment. The bending moments 
induce high bending stress at the strut joints. This causes the structure to fail about these 
joints, forming 45° shear bands. Parallel diagonal planes collapse onto each other as the 
structure is fully compressed (see Figure 15).

• The octet-truss lattice structures were found to be stretch-dominated, as is evidenced by high 
axial stresses in the struts (see Figure 6 and Figure 7). The plastic strain distribution across 
the structure places the region of high plastic strain (high stress concentration) along the length 
of the horizontal struts located in diagonal or cross-diagonal planes on the four faces of the 
structure. High 45° and 135° shear bands along these planes were predicted by the plastic 
strain distribution. This is confirmed by the mechanical testing.

• Mechanical testing confirmed the predicted deformation mechanisms of both structures. 45° 
shear band failure for the diamond lattice structure, and 45° and 135° shear bands failure for
the octet-truss lattice structure. High compressive buckling of struts was observed at the 
interface of the bottom platen.(see Figure 13, Figure 14 and Figure 15)
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ABSTRACT

Parameter optimisation in additive manufacturing is a growing field and the process models are 
continuously improving. It is, however, a challenge to develop a parameter optimisation method 
which is rapid and repeatable, since the manufacturing process is used to produce inherently 
complex and unique parts. 

This work develops the idea of single print optimisation, specifically using material extrusion, 
with the focus on open source technology, as well as cost effective and measurable test 
artefacts.
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INTRODUCTION:  

Additive Manufacturing (AM) has a built-in link with digital design. It can even be argued that 
computer or digital modelling was the main enabling factor of AM (see e.g. [1]). This digital link 
is not only limited to the part model, but also links the digital process parameters with the 
process output, which can be used to achieve optimisation.

This manufacturing process is however complex, from digitally slicing the part – which creates 
the machine code – through the physical printing process and finally to the post-processing of
the part. All these processes have variables or parameters and many of these are in principle 
open to be modified to optimise the final part, based on a set of desired outcomes.

Open source AM allows users to modify both the hardware and software parameters. An example 
is the thermoplastic material extrusion process, called Fused Filament Fabrication (FFF) [2]. One 
of the major challenges in AM is quality assurance since AM produces complex and unique parts 
[3]. The complexity also creates new challenges for tolerancing and metrology [4, 5].

The question is how to prove that the new part conforms to a standard or how to provide quality 
assurance of the part. Furthermore, one set of optimal parameters for one part might not be 
optimal for another part. Many manufactures opt for keeping the parameters closed, but an open 
source community could be the solution for finding the ideal parameters, since it provides ‘free’ 
testing, with vast diversity of parts and machines. Such a scale of testing, if pursued in-house by 
a single company, can be prohibitively expensive. Indeed, many test pieces are available online 
for FFF, but many are hard to measure, takes long to build and only allow for a qualitative 
process assessment [6].

On the other hand, the freedom to modify parameters and even the machine itself poses risks, 
such as damage to the machine and failed parts, which are then blamed on the specific printer. 
This will give the manufacturer a negative reputation as well as AM itself. 

The following points should be considered in this context:

1. Design for metrology is as important as design for AM – if the part cannot be measured then 
it is not possible to prove conformance or improve performance.

2. Test artefacts should give more than a single ‘accept’ or ‘reject’ result. Ideally, all the 
data measured should be used to further develop the process and machine model. 

3. Methods which reduce testing cost and complexity, such  as open source parameter
optimisation, with design of experiments in FFF, can therefore be considered [7].

The general methodology of the proposed method is detailed next, followed by three practical 
application examples and a conclusion.

1. METHODOLOGY

This work proposes a method for open source characterisation and optimisation of the printing 
process. The method process flow diagram is shown in Figure 1, which describes the main steps, 
namely:

1. Define the experimental goal – e.g. solve printing issues such as stringing, dimensional 
errors or bed adhesion. Alternatively, this goal can be to develop a model for the material 
flow rate or establish a printer baseline with which new materials or components can be 
compared to.

2. Define inputs and assumptions as relevant to the experimental goal.
3. Design of the test piece and the experiments – this can be done with Design of Experiments 

(DOE). 
4. Execute the plan – a practical method to achieve this step is shown in this work. 
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5. Analyse the results.

Figure 1 The proposed parameter optimisation process flow – from input, design, 
execution and analysis on the left and example images on the right.

One of the keys concepts of this method is that the same test object is printed with different 
slicer parameters, in order to improve understanding of the process and model it. This contrast 
sharply with the process of printing one large test piece. The concept is to rather print a small 
part which is focussed on a specific process output. This takes the bottom-up approach by 
viewing the printed part as the integrated result of the execution of machine commands.

Note that each step in the process can feed back into the previous step until the experimental 
goal can be achieved. An example of this is print volume versus extrusion stability. A larger test 
part will ensure that the extrusion process is closer to a “semi-steady” state but require more 
time to print and reduce the number of experiments which can be performed per print run.

The method proposed here uses Design of Experiments (DOE) to choose a set of parameters. The 
test part is sliced with different parameters, printed sequentially, but in a single print run, if 
possible. Design of experiments also allows for the expansion of the experiment, since the test 
levels are well defined and can therefore be compared. This allows for additional experiments 
or test prints to further develop the model and means that test prints are not wasted, but that 
the information gathered from them are used in the future.  

1.1 Methodology Motivation

A well-known issue with these printers is that the feed mechanism slippage increases as the 
pressure required to extrude the molten material increases, usually with lower temperature and 
faster flow rates [8]. This dependency needs to be modelled to (1) ensure that the print is in the 
functional parameter range, (2) optimise print speed versus accuracy, (3) improve the 
dimensional accuracy of the part and (4) to quickly evaluate if a change to the printer or filament 
has taken place. A method is therefore needed to derive a model for this specific relationship, 
but this can also apply to any process outcome which can be modified by using different printer 
parameters.

A method currently used to test printers is to print a large torture test part, e.g. a small boat 
called the 3DBenchy [9]. Careful visual inspection of such a print can show if a printer has a 
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significant process issue, for example under-extrusion. This method is however inefficient, since 
it does not give any additional information – such as what the influence of different parameters 
are on the under-extrusion and by how much. For example, the whole print needs to be repeated 
if it is assumed that the print temperature was too low, but there is no way of knowing by how 
much to increase the temperature and what to expected at this new temperature.

Another method is to print specialised test pieces, for example a hollow cylinder with sets of 
layers at different temperatures. This however has the issue that it is printer specific and the 
test part needs to be manually created. Nor does it gauge in the interaction between print speed 
and temperature on under-extrusion.

There are also test parts with features designed to show the print limit, for example the 
maximum overhang angle without supports or smallest hole. These tests parts immediately 
visualise the printer limitations, albeit only with the current slicer parameter set. The parts also 
tend to be larger test objects.

Modelling the effect of process parameters and their interaction can however be accomplished 
with Design of Experiments. DOE is a systematic and rigorous approach to problem solving and 
can be applied to optimisation problems [10]. This includes the planning of the experiment which 
ensures the validity, reliability and reproducibility of the data analysis conclusion. 

Several works have used DOE methods to model the printing process. Interestingly, one of the 
first works on FDM® [11] used DOE to investigate material and temperature effects. More than
20 works are cited in [12], where these studied investigated process responses such as surface 
texture, build time, dimensional accuracy or mechanical properties. Such an approach however 
can appear complicated, but this work aims to show that it can be relatively straightforward 
when care is taken to understand how the three inputs (physical process, slicer model and 
measurement method) affect the result.

1.2 Slicer Considerations

The output of current slicer applications is currently increasingly complicated, since several 
parameters affect the final machine commands (G-codes and M-codes). It is important however 
to differentiate between the slicer model and the machine model. The slicer model determines 
the G-code production, while the machine model determines how the printer responds to a 
specific G-code. An example is the external perimeter feed rate. This can be influenced by the 
current layer (first layers, top layer or bottom layer), perimeter position (external or internal) 
and finally by layer cooling settings. 

The actual G-code needs to be evaluated and compared with the print result and not with the
CAD drawing or with a specific slicer setting. The result of this comparison should then be used 
to improve the CAD model or the slicer parameter. This is important since many test artefacts 
do not consider the effect of the file format [6], nor the slicer process.

The open source slicer, called Slic3r (version 1.3.0), is used for the all the experiments in this 
work, since it allows for command line execution. This allows for significant automation of slicing 
the test part with different parameters.

1.3 Test Part Design and Measurement 

The test part design is also integral to the method and should be cost effective and measurable.
It should also make it possible to link the measured result with a machine command. The ideal 
is that the part should be sliced as is, without any modification to the current slicer parameters. 
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The measurement method should also use available instruments and be fit for the measurement 
task. The time required to complete the measurands should also be considered when designing 
the experiment. In this work a cost-effective digital microscope is used to obtain micrographs 
for qualitative comparisons and an external digital micrometer was used to measure the track 
width. A micrometer was used instead of a more expensive Coordinate Measuring Machine (CMM). 
On the other hand, the measurement uncertainty of Vernier calliper would be too large.

1.4 Data Analysis 

Ordinary Least Squares (OLS) is used to fit the factors to the response variable. This is done with 
Statmodels Python package [13], using an iterative factor reduction method, where the factor 
with the largest p-value is removed until the significance of the remaining factors are below 
0.05 for a 95% confidence level.

1.5 Automation of the Test File Generation

A Python application, shown in Figure 2, was developed to automate the generation of the test 
file. This includes the object positioning, run table generation, slicing and merging.

Figure 2 Screenshot of the application developed for this method, with the main tabs the 
processing steps, namely: object positioning, run table generation, slicing and merging.

2. APPLICATION EXAMPLES

The following application examples show how this method was practically applied to three 
different desktop type material extrusion 3D printers. Each application details the specific test 
parts which was used and the results. 

2.1 Build Plate Adhesion

This method assumes that the printer is functional, but in some cases, it can even be used to 
find the functional processing parameters. The first example is build-plate or first-layer 
adhesion, which is the critical first step for successful printing. 
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A Cartesian printer with a ceramic build plate exhibited first-layer adhesion issues, which was 
investigated with the proposed method. It was assumed that two slicer parameters could 
improve the adhesion, since the bed level could not be easily mechanically adjusted. These 
parameters were first-layer-height and first-layer-extrusion-width. The layer height setting is 
used to print a higher first layer to compensate for the bed unevenness.

The test object was a rectangle with two diagonals, as shown in Figure 3, where each wall is 
two perimeters (tracks or extrusions) wide. This gives 16 extrusions in total, if the bed adhesion 
is perfect. The number of the successful extrusions per experiment was simply counted and used 
as the response variable in the design experiments analysis.

Figure 3 Build adhesion improvement with parameter optimization. The left photo is the 
experimental print run and right is the verification run.

The photo on the left in Figure 3 is the experimental run, where each rectangle was printed 
with different values for first-layer-height and first-layer-extrusion-width. Certain rectangles 
completely failed and resulted only in a blob of plastic, whilst other prints were more successful. 
Importantly, all 13 prints were completed, one after the other, in a single print run. The failure 
of one print did not prevent the completion of the following experiment.

The test found that the first layer height was more significant in this case and that it must be 
increased. The height was therefore increased from 0.2mm to 0.35mm, while the extrusion 
width was kept at 250%. The result of these settings is shown on in Figure 3 on the right.

2.2 Extrusion Characterisation 

Successful extrusion of a single track of plastic is a fundamentally important building block of a 
successful print. A test object, as shown in Figure 4, was designed to model the extrusion 
parameters. The object is 17 mm wide, 16 mm long and 7 mm high. The wall is 0,5 mm thick to 
force the slicer to extruder only one perimeter, i.e. the walls of the object above the base 
layers are only one extrusion track wide. This allows for a direct comparison between the 
commanded G-code of a single extrusion and the width measured with the micrometer.
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Figure 4 The test piece (17 x16 x 7 mm) for extrusion characterisation, where the red 
arrows indicate the print direction.

The top half of the object has two gaps in the wall, with one gap shorter than the minimum 
distance for a retraction move to trigger and the other gap longer than this length. This means 
that the printer will move straight over the ooze gap, without pausing to perform a retraction 
move. This gap, or the amount of material inside of it, can then be used to gauge the material 
ooze rate – defined as the flow of unwanted material after extrusion stop.

The slicer used in this work forced a layer change before the longer gap (see Figure 4 for the 
print direction and layer start). The resulting G-code first moves the printer up one layer, then 
retracts, after which it moves with the travel-speed to the layer start point. It then performs a
single continuous extrusion which builds the wall.

2.2.1 Applied on an Ultimaker 2 Extended
The first tests were performed on an Ultimaker 2 Extended printer, with a 0,6 mm nozzle and 
green Ultimaker brand PLA which has a diameter of 2,85 mm. The printer was not mechanically 
adjusted in anyway and was used as is. The positioning of the objects was accomplished using 
the Python application. The perimeter-speed and extrusion temperature slicer parameters were 
varied according to Table 1, with 12 experiments, where four of these were centre runs.

Table 1 Experimental plan for the ooze length test

Run cx cy Perimeter-Speed
(mm/s)

Temperature
(°C) x0 x1

0 24 29 25 200 0 0

1 98 29 25 200 0 0

2 172 29 10 215 -1 1

3 24 82 40 185 1 -1

4 98 82 25 215 0 1

5 172 82 40 200 1 0

6 24 135 25 200 0 0

7 98 135 40 215 1 1

8 172 135 25 185 0 -1

9 24 188 10 185 -1 -1

10 98 188 10 200 -1 0

11 172 188 25 200 0 0

17

16

Ooze Gap

7

Layer Start
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The resulting difference in levels of extruder ooze is shown in Figure 5 and a qualitative value 
from zero to five was assigned for each experiment, where a score of five indicates that the 
ooze gap feature is filled.

Figure 5 Micrographs of different levels of material flow after extrusion stop. The number 
in the bottom left indicates the qualitive ooze length, with zero indicating less ooze and 

higher numbers indicating more ooze.

The run plot of the ooze length value is shown in Figure 6 along with the values predicted by
the fitted model. The centre runs (Run 0, 1, 6 and 11) repeat well indicating that the deviation 
from the mean was probably caused by the parameter variation and is not only due to normal 
process variation.

Figure 6 Run plot of the ooze gap length (OL), where unfilled circles indicate the 
qualitative value and the unfilled diamonds the fitted model prediction. Dashed vertical 

lines indicate centre runs.

This is further investigated with the factor plot shown in Figure 7, where the perimeter speed 
box plot reveals a clear trend, i.e. the amount of ooze increases with increasing printing speed. 
Temperature does not have an apparent effect, nor does the part position.
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Figure 7 Factor box plot for the ooze length test, with diamonds indicating possible 
outliers.

The iterative factor reduction method finds that the perimeter speed is a significant factor and 
has a relatively large positive coefficient, as shown in Table 2. This means that that increasing 
speed will increase the amount of material oozing into small gaps. Interestingly, temperature 
has a smaller but positive coefficient. This agrees with the general expectation that a colder 
extruder will ooze less, due to the higher viscosity of the melt. 

Table 2 Qualitative ooze length as response to perimeter-speed (x0) and temperature 
(x1), where a larger ooze length value indicates increased unwanted material flow.

Factor Coef. Std. Err. T P>|t|

Intercept 2,500 0,157 15,91 0,000

x0 2,167 0,217 9,97 0,000

The final OLS fit achieved a R-squared value of 0,914 and the residual mean is 0,0 with a
standard deviation of 0,5. The residual is shown in Figure 8 and the residual appears normally 
distributed with no clear trends relative to either of the two input factors.
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Figure 8 Residual plot for the ooze length fit, with (A) and (B) the box plots against the 
two input factors and (C) the histogram. 

2.2.2 Applied on a Delta Printer
The same test part and method were used to characterise an entry level delta printer, with 1,75 
mm black PLA. This was done, since the printer configuration was lost and there was no known 
supplier recommended slicer settings. 

The first test run was a centre run and aimed to evaluate the printer functionality. A perimeter 
speed of 40 mm/s and a temperature of 200 °C were applied. It was found that the wall thickness 
varied, and that the layers seemed to delaminate. It was assumed that the print speed was too 
fast. The next test run varied perimeter- and travel-speed to investigate this further, with (10; 
25; 40) mm/s and (50;75;100) mm/s for each respectively, with the same design as in Table 1.

The track width was measured over the top layers with a digital micrometer, with a
measurement uncertainty of ± 2 µm and the result is shown in Figure 9. The centre run prints 
have an average track thickness of 473 µm with a standard deviation of 2 µm, while the average 
of all the objects is 477 µm and a standard deviation of 23 µm. This indicates that the process 
is in control and that the response variable reacted well to the input factors. Since the 
experimental design is balanced it is reasonable to expect the reaction to be balanced as well.
That is if the parameters is in the linear process space.

Figure 9 Run plot of the track width (TW) in the delta printer test. The unfilled circles are
the measured width and the unfilled diamonds the fitted model prediction. Dashed 

vertical lines indicate centre runs.

The same process, of iteratively reducing input factors and interaction effects, was applied 
again. The regression results in Table 3 finds that perimeter speed has a coefficient that is more 
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than double that of the travel-speed. Both factors, however, have a negative coefficient, which 
means that increasing speed decreases the track width. This confirms the physical process 
assumption that the flow rate depends on extrusion speed. The effect of the travel speed was 
however not expected. 

Table 3 Track width as the response to perimeter-speed (x0) and travel-speed (x1).

Factor Coef. Std. Err. t P>|t|

Intercept 477 2,938 162,361 0.000

x0 -27 4,155 -6,388 0.000

x1 -12 4,155 -2,968 0.016

The fit has an R-squared value of 0,846 and a residual mean of 0,0 µm, which has a standard 
deviation of 9,2 µm. The residuals are plotted in Figure 10, where the median is slightly higher 
at the centre values and lower at the extremes.

Figure 10 Residual plot for the track width fit, with (A) and (B) the box plots against the 
two input factors and (C) the histogram. 

3. ADDITIONAL POSSIBILITIES

Mechanical settings can also be tested with this method and not just slicer parameters. For 
example, the pinch force exerted on filament in the feed mechanism can usually be adjusted 
with a bolt and spring mechanism.  The effect of this force can be tested by pausing the print 
run after completing each object and adjusting to the spring compression according to the 
experimental plan. Certain printer firmware also allows a pause command in the G-code file, 
with a message which can indicate the required setting.

Furthermore, firmware such as Repetier, allows for the setting of EEPROM values with M-codes. 
This enables even more possibilities such as testing different acceleration settings or other non-
slicer controllable variables.

In this work only one response factor per printer was shown. It is however possible to combine 
experimental plans into one plan or to increase the number of experiments, by either printing 
on top of the previous test layer – which is limited by the print Z-clearance – or by using more 
than one print run.
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4. CONCLUSION

A method was proposed with which 3D printers can be characterised, tested and optimised. The 
method aims to be a more scientific approach to configure printer parameters than re-printing 
torture test objects and changing one parameter at a time. It also aims to be straightforward 
to use and to interpret the results. Gauging of interaction effects, establishing baseline 
performance values, modelling process responses with input factors and testing process 
assumptions are some of the outcomes.

The method was applied to three different FFF printers, which shows that the method is
versatile. Furthermore, open source tools were used to perform the experiments, analyse and 
graph the data which makes the method free, but also allows future community development.

Important considerations for such works are the establishment of three models, namely the CAD 
model to G-code (slicer model), G-code to machine response (firmware model) and the firmware 
command execution to the actual printed object (physical model). This is only possible if the 
response variables can be accurately measured and if the process output is sufficiently 
reproducible. Limitations of this method are process reproducibility, control of disturbance or 
external input factors such a filament inconsistency and environment and slicer interaction –
forcing the slicer to produce consistent G-codes for a specific test.

This work therefore makes the community aware of model assumptions and proposes a 
straightforward methodology of testing these, using a well-established method such as design 
of experiments.
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ABSTRACT

Polypropylene (PP) is one of the polymeric materials that can be processed through LS and offers 
a good combination of physical, chemical, mechanical, thermal, and electrical properties with 
a good strength to weight ratio. The optimal laser scanning speed was determined for LS a 
commercial CP75 PP powder supplied by Diamond Plastics GmbH. In combination with other 
process parameters as recommended by the supplier of the powder, scanning speeds ranging 
from 1481 to 1600 mm/s were found to be optimal for acceptable mechanical properties, 
surface finish and dimensional accuracy for an EOS P380 LS machine. Elongation at break was 
however found to be constantly low.

1. INTRODUCTION

Although Laser Sintering (LS) can process a wide range of materials, 95% of LS production 
processes of prototypes and functional parts that are based on polymers, involves only nylon 
polyamides PA11 or PA12 [1]. Polypropylene (PP) is currently one of the most commonly used 
and versatile semi-crystalline thermoplastics in both short and long run applications [2]. With a 
good strength to weight ratio, PP offers a good combination of physical, chemical, mechanical, 
thermal, and electrical properties. It is lightweight, resistant to staining, and does not absorb 
moisture. Traditionally, due to its versatility, good mechanical performance, chemical stability 
and relative low cost, PP materials are used in injection or rotational moulding in granular or 
powder form for automotive, consumer goods, sport-leisure products and in the textile industry
[3].

Recent research in the development of materials has shown PP to be suitable for processing 
through the LS process [4]. Using Differential Scanning Calorimetry (DSC) analysis, Fiedler et al.
[5] conducted a comparative study on the window of sinterability and the degree of crystallinity 
of nylon polyamide (PA) grades and a series of homopolymer and copolymer polypropylenes. It 
was found that the window of sinterability of all considered PP grades was in the same range or 
sometimes even better than the window of sinterability of the PA references. Furthermore, 
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Thermo-Gravimetry Analysis (TGA) proved that, under a nitrogen atmosphere, PP grades had 
sufficient and better thermal stability than that of the investigated polyamides, meaning that 
no degradation of PP powder should occur during the LS process. Lexow and Drummer [6]
investigated the effect of the addition of 0.1 wt % of Aerosil R8200 flow agent on the flowability 
and the degree of crystallinity of cryogenically ground PP powder. Two heterophasic propylene-
ethylene copolymers PP Moplen EP600V and EP548V produced by Lyondell Basell Industry N.V. 
were investigated. It was found that, with little effect on the thermal behavior of the powder, 
although the addition of the flow agents increased the electrostatic charging of the powder, it 
also improved the flow behavior of the investigated PP grades. An increase in energy density 
increased the tensile strength and the Young’s modulus but decreased slightly elongation at 
break of the specimen.

Kleinjnen et al. [4] studied the effect of the addition of nucleating agents on mechanical 
properties of PP components manufactured using the LS process. They found that with little 
effect on the window of sinterability of the powder, the blending of CP22 PP powder supplied 
by Diamond Plastics with a sorbitol based nucleating agent increased the impact strength of 
components produced by up to 99% when the energy density was optimized to 12.8 kJ/m2. Tan 
et al. [7] investigated the mechanical properties of CP22 PP powder on an EOSINT P395 LS 
machine with a layer thickness of 100 µm and a hatching distance of 0.25 mm within a range of 
scanning speeds of 300 to 500 mm/s with energy densities varying from 0.400 to 1.360 J/mm3.
On the other hand, scanning speeds of 4500 and 6000 mm/s with energy densities varying from 
0.08 to 0.29 J/mm3 were considered. The achieved highest ultimate tensile strength and Young 
modulus were 2.5 MPa and 350 MPa respectively. Zhu et al. [8] used PP powder from Trial 
Corporation, Japan to investigate mechanical and microstructural properties of PP test parts
manufactured by LS in comparison to their injection moulded counterparts. The used laser 
powers (p) were 8.25, 11, 13.75 and 16.5 W; scanning speeds (v) of 1500, 2000, 2500 and 
3000 mm/s; a layer thickness (t) of 0.15 mm and a fixed hatch distance (h) of 0.2 mm, which 
was half of the physical diameter of the laser beam (0.4 mm) to ensure overlaps with the 
previous scan line. They found that with the used laser power, even the minimum value of 
8.25 W, was adequate to fully fuse the powder. Under the premise of proper laser powers, 
scanning speed was found to be the dominant factor affecting the mechanical strength of the 
laser sintered parts. A maximum tensile strength of 19.9 MPa was obtained at an energy density 
of 0.0458 J/mm2 with an optimal parameter combination of p = 13.75 W, v = 1500 mm/s, t =
0.15 mm and h = 0.2 mm. The achieved tensile strength for LS specimens was 20% (19.9 ±
0.5 MPa vs 16.65 ± 0.3 MPa) greater than the tensile strength of their injection moulded
counterparts and the tensile modulus of LS was 72% (599.1±14.1 MPa vs 349.1±9.4 MPa) higher 
than the tensile modulus of IM specimens. This was attributed to the higher degree of 
crystallinity and existence of gamma-phase in the LS specimens. However, there was a 
significant difference between the Elongation at Break of LS and injection moulded specimens
which were 150 and 650% respectively.

Recently, Diamond Plastics GmbH initiated the commercialization of PP CP 22, PP CP 50, PP CP 
60 and PP CP 75 white or grey polypropylene powder grades for the LS process. The powder has 
an average particle size of 60 µm. Initial tensile tests performed on laser sintered parts using 
Diamond Plastics CP 75 with process parameters as provided by the supplier produced parts with 
inferior mechanical properties. Since Zhu et al. [8] found scanning speed to be the most 
influential process parameter for the mechanical strength of the parts, the aim of this study 
was to investigate the optimal scanning speed for processing PP CP 75 white powder through LS
in terms of mechanical properties, dimensional accuracy and surface finish of parts. 

2. METHODOLOGY

Diamond Plastics GmbH recommends the following process parameters for PP CP75 on an EOS 
P390 LS machine under a nitrogen atmosphere: A layer thickness of 150 µm, scanning speed of 
1300 mm/s, hatching distance of 0.25 m, laser power of 10 W, building chamber temperature



305ISBN 978-0-6398390-0-4
 

between 158 and 161°C and removal chamber temperature at 130°C. Research for the current 
study was performed on an older EOS P380 LS machine under a nitrogen atmosphere. A
temperature of 158°C was set for the building chamber while the removal chamber temperature 
was set at 100°C. The energy density (ED) in J/mm2 was calculated from the commonly known 
formula

pED
s h

=
×

where p -laser power in W; s -scanning speed in mm/s and h -hatching distance in mm. 
SolidWorks software was used to produce the Computer Aided Design (CAD) of the tensile test 
pieces (according to ISO 527-2). Table 1 summarizes the experimental LS process parameters
that was used for producing the test parts. 

Table 1: Process parameters for laser sintering tensile test pieces and dimensional 
accuracy blocks.

Part 
Designation

Layer 
thickness 
t (mm)

Hatching 
distance
h (mm)

Laser
power
p (W)

Scanning 
speed
s (mm/s)

Energy 
density 
ED (J/mm2)

X2, Y2, Z2 0.150 0.25 10 1481 0.027
X1, Y1, Z1 0.150 0.25 10 1600 0.025
X0, Y0, Z0 0.150 0.25 10 1740 0.023
X-1, Y-1, Z-1 0.150 0.25 10 1905 0.021
X-2, Y-2, Z-2 0.150 0.25 10 2105 0.019

Figure 1a shows the arrangement of the tensile test pieces in their respective directions along 
with the test blocks built in x-direction. Three corresponding test blocks were produced for each 
scanning speed for investigation of dimensional accuracy.

 
 

Figure 1: CAD geometry and arrangement of the test pieces in the building chamber (a) 
and the details of the test block for dimensional accuracy (b)

The design of the test block (Figure 1b) is such that it highlights the weaknesses of the LS process 
such as thin features and holes and text on vertical surfaces.
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3. RESULTS AND DISCUSSIONS

3.1.Mechanical properties

The datasheet on laser sintered PP CP75 as provided by Diamond plastics GmbH claims, a tensile 
strength of 22 MPa, a tensile modulus of 2500 N/mm2 and an elongation at break of 10% in the 
x-direction [9]. Initially, under LS process parameters as specified by the supplier of the powder,
the tensile test of specimens built in x-direction on the EOS P380 showed a low tensile strength 
of 14 MPa. The tensile tests were performed according to the ISO 527-2 standard on an MTS 
Criterion tensile testing machine. In an attempt to improve the measured tensile strength, the 
scanning speed was reduced to 1000 and 700 mm/s respectively while keeping the other process 
parameters constant. This however resulted in even lower tensile strengths of 11.9 and 11.4 MPa 
respectively. To investigate the effect of a progressive increase of the scanning speed on 
mechanical properties, varying the scanning speed and keeping the other process parameters 
constant, 45 tensile test pieces were produced in the x, y and z-directions for five scanning 
speeds greater than the recommended 1300 mm/s scanning speed. Figures 2 a & b show the 
measured average tensile strength and tensile modulus of each of the specimens built in in the 
x, y and z-directions.

 

Figure 2: Variation of the tensile strength (a) and the tensile modulus (b) versus the 
scanning speed

The general trend found was that an increase in the scanning speed leads to a decrease of the 
tensile strength and the modulus of elasticity of the test pieces. However, in x and y-directions, 
an increase in tensile strength for scanning speed ranging from 1481 to 1600 mm/s was observed 
while in z-direction, the tensile strength remains practically unchanged. For a scanning speed 
of 1905 mm/s, the highest tensile strength of 18.5 MPa was achieved in the x-direction. It was 
however obvious that this point was far outside the general trend of the curve. Liparoti et al.
[10] reported that an elastic modulus varying from 1 to 2.9 GPa was obtained for different 
positions and localizations within injection moulded PP samples. Figure 2b shows that for a 
scanning speed of 1481 mm/s, moduli of elasticity of 2308, 2294 and 1729 MPa in x, y and z -

a b
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directions respectively were obtained. An increase of the scanning speed up to 1740 mm/s 
resulted in a slight decrease (1%) of the modulus of elasticity in x, y-direction to 2235, 2294 MPa 
respectively and to a slight increase of 2% in z-direction. It can be concluded that for a scanning 
speeds ranging from 1481 to 1740 mm/s, the variation of the moduli of elasticity is not 
significant in the respective directions. Further increase of the scanning speed led to the 
weakening of the test pieces. The results show that for all scanning speeds, the test pieces built 
in x-direction exhibit tensile strength and modulus of elasticity higher than the test pieces built 
in y-direction, which are also stronger than the test pieces built in the z-direction. With ratios 
varying from 1.04 to 1.15, the differences between tensile strengths in x and y-directions are 
not very significant whereas there exist significant differences between tensile strengths in x 
and z-directions where the ratios vary from 1.7 to 2.7.

Porosity was evident in all test pieces as shown by a Scanning Electron Microscope (SEM) image 
(Figure 3) of the failure surface of a tensile test piece.

 

Figure 3: Scanning Electron Microscope image of the failure cross-section of the test piece

This porosity caused a premature failure of the test pieces and producing an elongation at break 
very close to zero. Abdurashirov and Ob’edkov [11] reported that the addition of wollastonite 
to polyethylene for the injection moulding process, depending on the added dose, could increase 
or decrease the tensile strength. An increase of the percentage weight of the wollastonite filler 
led to a constant increase of elastic modulus and a constant decrease of elongation at break.
Saravari et al. [12] observed a similar behavior with the parts produced through injection 
moulding using the composite of PP/ethylene octane copolymer (EOC)/wollastonite. While the 
increase in elongation at break was attributed to EOC, in a dose dependent manner, the filling 
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with wollastonite having a high stiffness of 303 GPa could reduce the tensile strength while 
increasing tensile modulus due its restraining effect on the mobility of polymer chains. Despite 
the recorded low elongation at break of less than 1% of the test pieces, the current study found 
that the effect of the wollastonite filler on elastic modulus when added to CP75 PP for LS process 
is in agreement with the results obtained in cases of injection moulding. The presence of 
wollastonite in form of white particles as shown in the SEM image (Figure 3) contributed to 
enhancement of the tensile modulus up to 2308 MPa for test pieces built in x-direction.

3.2.Surface roughness

Surface texture plays a vital role in the functionality of mechanical components. Leach [3]
reported that it is estimated that surface defects cause up to 10% of manufactured parts to fail. 
With respect to additive manufacturing (AM), this value is expected to be even higher due to 
the general poor surface finish of AM parts. Measurements of the surface finish of test blocks
were performed using a Mitutoyo SURFTEST SJ-210 surface roughness tester. Surface roughness 
was measured on the up-facing horizontal surface of the blocks (Figure 4) produced in the x-
direction with various scanning speeds. Figure 4 shows the results of the surface finish 
measurements.

 
Figure 4: Scanning speed versus surface roughness

The surface finish was found to become gradually rougher as the scanning speed was increased.
The variation of surface finish from 12 to 16 µm is not very significant within the range of 
scanning speeds that was investigated. This range can also be considered acceptable for polymer 
parts manufactured through LS.

3.3.Dimensional accuracy

Using an electronic Vernier caliper model KENNEDY® KEN-331-2320K with an accuracy of 
0.01 mm, the dimensional accuracy of the block (Figure 1b) was assessed on the following
geometrical features:

• The overall top dimensions 25 X 25 mm2 of the block in x and y directions surface within 
accuracy of ±5%
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• The height of 3 mm between a downskin surface and the top surface with accuracy of 
±10%

• The height of 3 mm between an upskin surface and the bottom surface with accuracy of 
±10%

• The thickness of two vertical walls of thickness of 1 mm and 0.75 mm with an accuracy 
of ±16%

• The quality of the inscribed texts on the part

3.3.1. The overall top dimensions 25X25 mm2

Figures 5a and 5b show the deviations from the nominal dimension of 25 mm for x and y 
directions.

 

 

 

Figure 5: Dimensional deviations from 25 mm length in x-direction (a) and y-direction (b)

 

It was desirable to target an accuracy of ±5% for a length of 25 mm meaning that the lower and 
higher limits were expected to be 23.75 and 26.25 mm respectively. The measured values fall 
within 24.88 and 26.25 mm. From Figure 5, it can be observed that for all considered scanning 
speeds, the size of 25 mm in x direction satisfied the targeted accuracy, and the recorded 
measurements are between 25.12 and 25.25 mm for x-direction and 25.07 and 25.16 mm for y 
direction. The scaling factor of 1.019 in x, y and z directions led to all tolerances located on the 
positive side. Results show that tolerances are higher in x-direction compared to tolerances 
obtained in y-direction. 

3.3.2. Upskin and downskin

In AM technology, the downfacing and upfacing surfaces are also known as the downskin and 
upskin surfaces respectively. The downskin and upskin surfaces always exist with parts
containing holes or windows. As the part is supported by the powder during the building process, 
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the downskin and upskin layers are in contact with the powder. The energy density input into 
the powder can influence the dimensions connected to the downskin and upskin layers. The 
accuracy of the build can be assessed by evaluation of the deviations from the nominal 
dimensions of the solid part of the component ending with the downskin or upskin layers. The 
results of measurement of the heights associated with the upskin and downskin surfaces are 
shown on Figure 6a and 6b.

 

 

Figure 6: Dimensional deviation from 3 mm height measured to upskin (a) and to downskin 
(b)

All lower and upper deviations are on the positive side. The trendline of the measurements for
the upskin surface show that the scanning speed has little influence on the upper and lower 
deviations from the nominal dimension. For the downskin surface, it can be observed that the 
trendlines show that the deviation decreases with an increase of the scanning speed. However,
within the fixed dimensional accuracy of ±10%, all investigated scanning speeds for both upskin 
and down skin surfaces produced dimensions that fall within the acceptable range of 2.70 and 
3.30 mm. For a given window, the upskin layer which later will support the powder is produced
first, whereas the downskin layer supported by the powder is lastly added. The upskin 
experiences more time for consolidation compared to the downskin layer. The time difference
for exposure to the heat and interaction with the powder may be the cause of the difference in 
the behavior in regards with the deviations from the nominal dimensions of the heights that are 
associated with the upskin and downskin layers.

3.3.3. Thin walls

Parts manufactured through LS process are exposed to very high temperatures throughout the 
build and are consequently susceptible to warping during the heating and cooling of each layer. 
Thinner walls are more likely to warp as they are subjected to heat and the weight of the powder 
with each consecutive layer. The accuracy of the wall thickness is a fundamental criterion to 
ensure the reliability of a LS process. Using a beam offset of 0.279 mm, layer thickness of 
0.1 mm and a laser spot diameter of 0.47 mm for both x and y direction, Stratasys® Direct 
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Manufacturing, Inc. [13] investigated the success of formation of nylon 12 laser sintered small 
features such as wall thickness, holes, texts and movable components. When oriented vertically, 
walls thinner than 0.5 mm failed to form, while when oriented horizontally, walls with 0.5 mm
thickness formed with significant warping. It was concluded that, regardless of orientation, 
reliable walls thinner than 0.5 mm are not accurately feasible. They recommended a minimum 
wall thickness of 0.8 mm to ensure rigidity of the feature. The resolution of horizontal walls is 
limited by the layer thickness while the resolution of the vertical walls is limited by the laser 
spot size. A better resolution in the horizontal direction was explained by the fact that the layer 
thickness was smaller than the laser spot size.

The dimensional accuracy of two vertical thin walls of thicknesses 0.75 and 1 mm on the test 
part in the current study was investigated. The results of measurement of thicknesses are shown 
on Figures 7a & b.

 

Figure 7: Dimensional deviations from a thin wall for thickness 0.75 mm (a) and 1 mm (b)

Similar to the above investigated dimensions, the lower and upper deviations from the nominal 
size of the thin walls are all in the positive direction. A visual inspection showed that the two 
thin walls were accurately formed though manually easy to break. The trendlines show that, for 
both thin walls, the lower and upper deviations from the nominal thickness increase with the 
increase of the scanning speed. For all considered scanning speeds, the wall of 0.75 mm of 
thickness failed to fall within 0.63 and 0.87 mm while for the thicker wall of 1 mm thickness, 
the full range of scanning speeds produced wall thicknesses that are within the acceptable limits 
of 0.84 and 1.16 mm. For the same scanning speed, the thinner wall of 0.75 mm thickness 
experiences higher deviations than the thicker wall of 1 mm thickness. It can be concluded that 
for the formation of walls thinner than 0.75 mm, a scanning speed of less than 1481 mm/s is
required.

3.3.4. Texts inscribed on the part

To understand the quality of printing of the aesthetic features with the new PP powder, various 
texts were purposely designed on the test block or designed for identification of the build
orientation and the associated process parameters. Table 2 summarizes the types, fonts, sizes 
and depths of the printed texts.
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Table 2: Investigated quality texts

Texts Font Size
(mm)

Depth
(mm)

Purpose Visual quality 
inspection

X and Y Arial rounded 
MT

10 1.5 Text quality Very good for all 
positions

Calibrate Arial rounded 
MT

10 1.5 Text quality Very good for all 
positions

1, 2 and 3 Arial rounded 
MT

10 1.5 Text quality Very good for all 
positions

1 Century gothic 3.5 1.5 Text quality Very good for all 
positions

mm Century gothic 3.5 1.5 Text quality Very good for all 
positions

.75 Arial 3.5 1.5 Text quality Very good for all 
positions

+2, +1, 0, 
-2, -2,
X, Y and Z

Arial 9.5 1 Process 
identification 

Very good for all 
positions

Figure 8 shows images of the quality of the printed texts on the calibration block. The images
were taken using a Sony Cyber-shot DSC-HX300 digital camera.

 
 
Figure 8: Quality of produced texts

 

A visual inspection could not establish a significant effect of the scanning speed on the quality 
of the texts printed on the pieces. Accurate texts with a very good readability were produced 
for all investigated texts fonts and sizes for all considered scanning speeds.

4. CONCLUSION
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This study investigated the effect of scanning speed of parts produced through LS Diamond 
Plastics GmbH CP75 PP powder in terms of mechanical properties, dimensional accuracy and 
surface finish. Results showed that tensile strengths of 15.2, 12 and 7 MPa could be obtained in 
x, y and z-directions respectively for a scanning speed of 1600 mm/s. The tensile strength of
test pieces produced in the x direction was therefore less than the 22 MPa claimed by the 
manufacturer of the powder. The highest moduli of elasticity of 2308 MPa in x and y directions 
and 1759 MPa in z-directions were obtained for a scanning speed of 1740 mm/s. However, a very 
low elongation at break, less than 1%, could be achieved which is significantly less than the 10% 
claimed by the manufacturer of the powder. The surface roughness and the deviations from the 
nominal 25 mm in x-direction and deviations from nominal thicknesses on a test block produced,
increased with the scanning speed. The deviations from nominal dimensions associated with the 
upskin and downskin surfaces showed either neutral or decreasing trend with increase of the 
scanning speed. The accuracy of formation of walls thinner than 0.75 mm requires scanning 
speed lower than 1481 mm/s. The quality of the text for all considered sizes and fonts was 
excellent for all scanning speeds. Towards the end of the current study, the authors found that 
the data sheet for CP75 PP was changed on the Diamond Plastics GmbH website [14]. The
wollastonite filler material in the PP powder was replaced with glass spheres, tensile strength 
in x direction is specified as 12 MPa, tensile modulus is 1500 MPa and elongation at break is 15%.
Future research can focus on what effect the glass sphere filler has on the mechanical properties 
of CP75 PP powder processed through LS and how this compares with the older powder with 
wollastonite filler.
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ABSTRACT

There are a limited number of polymer powders with properties suitable for use in the laser 
sinter additive manufacturing (AM) process. Moreover, the cost of these powders is relatively 
high in comparison to the cost of raw materials of the same polymeric materials used in 
conventional manufacturing, such as injection moulding. There is thus, a need to recycle the 
unused polymeric powder after every laser sinter processing cycle to save on cost and material 
wastage. This paper presents a literature review on how temperature and building time affects 
the properties of polypropylene powder with repeated use in the laser sinter AM process and in 
turn, how this influences recycling of the powder and quality of the parts produced.
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1. INTRODUCTION 

Additive manufacturing (AM) techniques have evolved over the years from prototyping 
components to manufacturing of functional parts with complex geometries that are impossible 
to produce using conventional manufacturing methods [1]. Currently, AM techniques are used 
to develop products in many sectors, which include but not limited to aerospace, medical and 
bio-medical, automotive, sports & leisure, and architecture. There are various AM technologies 
present today such as stereolithography (SL), prometal, fused deposition modelling (FDM), 
selective laser sintering (SLS), laminated object manufacturing (LOM), electron beam melting 
(EBM), polyjet, and laser engineered net shaping (LENS), which are discussed in details by Wong 
& Hernandez [4]. SLS is one of the most commonly used AM techniques due to its ability to 
generate geometrically complex parts with excellent dimensional accuracy, and significantly 
good mechanical strength [4]. 

The SLS process is defined as a type of AM technique that involves the use of a high-energy laser 
beam to fuse polymeric particle granules together [1].  Before the start of the process, a thin 
layer of polymeric powder is spread on the build chamber, after which the temperature of the 
chamber is raised to near the melting point of the building material for semi-crystalline 
polymers to ensure that a beam of less energy density is used as discussed by Bourell et al., [2].
The polymeric material in the supply chambers is also pre-heated. For instance, polyamide 12
powder in the supply chamber is heated up to 80℃ , while the build chamber is pre-heated to 
170℃ [1]. Moreover, during the process, high temperatures that lie between the melting and 
crystallization points of the material, are maintained, to prevent warping of the developed part 
and ensure quality surface finish and dimensional accuracy [6]. Therefore, during the entire 
process of laser sintering, the polymeric powder material is subjected to high temperatures for 
a prolonged period of time, which leads to aging of the powder. For example, polyamide 12 
powder is known to show an increase in melt viscosity, an increase in melting point, and a 
decrease in flowability as a result of exposure to sustained high temperatures and repeated use 
in the SLS AM process [1, 5, 6, 14]. Additionally, exposure to high processing temperatures may 
alter the chemical structure of the sintered polymers by weakening the carbon hydrogen bond 
in the polymers, which leads to scission of their carbon chains. This phenomenon results in an
increase and then a decrease in molecular weight and crystallinity of the polymer [6]. There is 
limited study of a similar nature on polypropylene material.

According to Hesse et al., [5], the SLS process affects the intrinsic and extrinsic properties of 
polymeric powders, which in turn influences recycling of the material and the quality of the 
finished product in terms of mechanical properties, surface finish, and dimensional accuracy. 
The intrinsic properties include thermal, optical, and rheological characteristics, while extrinsic 
properties include the size, shape, and density, which are further discussed by Marin [7].  

Previous studies have shown that polymeric materials cannot be recycled 100% without mixing 
with virgin powder [15]. Repeated use of the powder without mixing with fresh powder will 
result in finished parts with a rough surface finish, which is commonly referred to as an orange 
peel. According to Yamauchi, Kigure, & Niino [16], the amount of polymeric powder used in SLS
is usually about 20% of the supplied powder. After the sintering process, this powder is sieved, 
stored, and used for the next cycle. The authors observed that the cake powder (powder 
surrounding the parts in the build volume) cannot be used on its own due to material 
degradation. Hence, the need to mix it with the un-used powder to restore its flowability and
melt viscosity. The ratio of the cake powder to the mixture is referred to as the recyclability of 
the powder [16]. Research by Dotchev & Yusoff [15], shows that the cake powder of PA 2200, 
which is a commercial grade of polyamide 12 from EOS GmbH, should be mixed with about 30 
to 50 % of the fresh powder. There is limited study on the recyclability of the available AM 
commercial polymeric materials, except for polyamide 12, which is the most commonly used 
polymeric material in laser sinter AM. It is noteworthy that the material constitutes about 90% 
of all the polymeric materials used in laser sinter AM [3]. Other alternative polymeric materials 
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are not commonly utilized in AM because of their high prices, limited availability, poor 
mechanical part characteristics, difficulties in processing, or limited knowledge of the 
processing conditions [14]. Polypropylene possess good mechanical properties compared to 
nylon 12 and presents great opportunities in AM due to its amenability for use in a wide range 
of applications in different sectors, such as automotive, aerospace, and consumer-product 
market. However, there is a limited availability of polymers in powder form suitable for AM,
which has resulted in high costs of the material for this use. For example, a kilogram of a 
commercial polypropylene powder, Laser PP CP 60 from Diamond Plastics GmbH, costs about 
$66, while that of polyamide12 (PA 2200) from EOS GmbH is around $74. Moreover, every 
kilogram of SLS polymeric powder sold, corresponds to 200 tons of conventional polymeric 
materials sold [3]. Therefore, there is a need to recycle the polymer powder used in laser 
sintering in order to save on cost and wastage. This paper reviews the manner in which intrinsic 
and extrinsic properties of polypropylene powder, as well as, the mechanical and physical 
behaviour of the components manufactured from the powder are affected by the SLS process in 
AM and how this influences recyclability of the material. 

2. THE LASER SINTERING PROCESS

As noted earlier, the SLS process is an AM technique that involves the use of a high-energy laser 
beam to fuse polymeric particle granules together. Bourell et al., [2], described the SLS process 
as a technique which is capable of development of 3D components by spreading layer-upon-
layer of melted polymer powder. The process begins by spreading of powder over the build 
platform. The powder is them levelled using either a roller, recoating blade, or any other 
alternative device. Then the build chamber is then heated to a temperature just below the 
melting point of the raw material. The supply chamber is also preheated (to 80℃ for polyamide 
12 powder) in what is known as the warming phase [1]. Once the required temperature is 
attained, then the SLS process is started. The heating process continues during the SLS process 
in order to keep the temperature of the chamber constant. Upon completion of sintering, the 
part and the build chamber are allowed to cool down to room temperature or to temperatures 
below the glass transition of the material [1]. If the parts are removed too early before this 
cooling, there is a risk of distortion due to shrinkage. The SLS process is summarized in Figure 
1. Clearly then, the process subjects polymeric powders to high temperatures for prolonged 
periods of time, which in turn leads to chemical and physical aging of the powder. Aged 
polymeric powders, such as polyamide 12 have less flowability, higher electrostatic charge, 
decreased molecular weight, increased viscosity, decreased crystallinity, and increased 
branched and cross-linked molecular chains (1, 2, 5, 6, 14). This in turn affects the SLS process 
and the quality of the finished product in terms of porosity, mechanical and physical properties, 
surface finish, and dimensional accuracy [6]. The unused polymer powder within the process
chamber, the powder overflow chamber, powder supply chamber, and the powder surrounding
the developed part can be re-used to an extent depending on the type of polymer. The fact that 
polymeric materials cannot be re-used 100% without mixing with fresh powder in SLS, is a major 
challenge in the recycling of polymeric materials, such as polypropylene which is the subject of 
the present work.



318RAPDASA 2019 Conference Proceedings

Figure 1. Selective Laser Sintering Process [18].

3. COMMERCIALY AVAILABLE LASER SINTERING POLYMERS 

Polyamide and its blends are the most commonly used polymers in SLS process due to their 
suitable properties [3]. The limited variety of applicable polymeric materials has been a major 
hindrance in advancement of laser sintering of polymers. Figure 2, provides the current situation 
of available commercial polymers for the SLS process in terms of usage, price, and market share. 
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Figure 2. The Available Polymeric Materials for Laser Sintering Additive Manufacturing [8].

It can be noted from the diagram, the semi-crystalline polymer materials that are used in the 
SLS process include: polyether ether ketone (PEEK), polyphenylene sulfide (PPS), Polyethylene 
(PE), polybutylene (PB), polyamide (PA), and polypropylene (PP), which is a limited variety of 
polymeric materials.  

4. SUITABLE PROPERTIES OF SELECTIVE LASER SINTERING POLYMERIC POWDERS.

Selective laser sintering materials should [7]:
1. Have low melt viscosity at low shear stresses.
2. Have a wide temperature range between melting and degradation temperatures.
3. Have sufficient temperature range between melting and crystallization point.
4. Have sufficient dry-flow and melt-flow characteristics.
5. Have suitable thermal properties.
6. Have approximately spherical particles and should be preferably less than 100 µm in 

size. 
7. Not fuse together or segregate during storage.
8. Have low moisture sensitivity.
9. Have no significant emission of volatiles during processing.

The properties of the particles are categorized into intrinsic and extrinsic properties, where 
intrinsic properties include thermal, optical, and rheological characteristics and extrinsic 
properties include size, shape, and density [8].

4.1 Suitable Intrinsic Properties of Selective Laser Sintering Polymeric Powders.
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A study by Marin [7], shows that during processing, the temperature should be maintained 
between the melting and crystallization temperature to prevent early crystallization, which 
causes curling and shrinkage. Moreover, slow cooling results in a higher crystalline content which
lowers ductility and gives rise to higher shrinkage. Therefore, suitable SLS polymeric powders 
should have a suitable sintering window, the difference between the onset of melting and the 
initial crystallization temperature of a material, which is determined using differential scanning 
calorimetry (DSC) [3].  A typical example of a DSC results is shown in Figure 3. The curves in the 
figure also show the melting and crystallization points of the material. 

Figure 3. Typical Example of a DSC Result [7]. 

The polymeric powder should also have a narrow melt temperature with a low zero viscosity 
and a low surface tension [7]. Narrow melt temperature and low viscosity ensures that fluidity 
is achieved without need of excess energy density. However, low viscosity encourages shrinkage 
and reduced dimensional accuracy. High viscosity affects the coalescence of particles, which 
lowers the strength integrity of the manufactured part due to the presence of significant 
porosity. Therefore, viscosity of the laser sintering polymeric materials should not be too low 
or too high. 

Marin [7], further shows that there is absorption, reflection, and transmission of energy when 
the laser beam hits the polymeric powder. Sufficient energy should be absorbed to ensure 
coalescence of material. Hence, the optical properties of the powder are crucial. However, 
most polymers have sufficient absorption of CO2 radiation. Thus, the optical properties of 
polymers are sufficient.

4.2 Suitable Extrinsic Properties of Selective Laser Sintering Polymeric Materials

As it has been mentioned here, the extrinsic properties of powders include the size, shape, and 
density. Particle size determines the density, surface roughness, and porosity of the 
manufactured part. Spherical particles are preferred for the SLS process. This is because 
spherically shaped particles ensure a free flow behavior of powder, which leads to uniform 
spreading of the powder. Berretta et al., [17], in their analysis of the effects of particle size 
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and morphology on flowability of both SLS and non-SLS grades of polymeric powders, found that 
sufficient bonding in laser sintering is achieved when the shape and the size of the powder are
approximately spherical and around 45-90µm, respectively.

Characterization of SLS polymeric powder is also made using of the Hausner ratio, which is a
quotient between bulk density and tapped density. The polymeric materials that are used in SLS 
should also have sufficient bulk density to ensure that the manufactured parts have significant 
tensile strength.Tapped density is typically obtained by filling a specific measuring glass with 
polypropylene powder and then compacting the powder by knocking the glass on a board at a 
particular frequency. The Hausner ratio is then calculated as shown in Equation 1.

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑅𝑅𝑅𝑅𝐻𝐻𝐻𝐻𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝐷𝐷𝐷𝐷𝑎𝑎𝑎𝑎𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝐷𝐷𝐷𝐷𝑎𝑎𝑎𝑎𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

                                                                      (1)                                                                                       

According to Marin [7], polymers with a Hausner ratio less than 1.25 exhibit free flowing 
bahaviour, while polymers with a Hausner ratio greater than 1.4 have fluidization problems. 
This is consistent with the known fact that the Hausner ratio is inversely proportional to the 
flowability of polymeric materials, that is, an increase in the Huasner ratio, results in a decrease 
in the flowability of polymeric materials [8].

5. EFFECT OF HEAT ON POLYMERS  

Polymers undergo both physical and chemical alterations when subjected to heat in a process 
referred to as thermal decomposition [9]. These changes might be positive or negative 
depending on the end use of the polymer.  When the changes are negative, the process is termed 
as thermal degradation [9]. For the positive effects, the viscoelasticity of the polymer increases, 
which in turn raises the compressive strength and heat conductivity of the polymer. Polymers 
are heat treated to modify their mechanical and tribological properties positively, so as, to 
widen their applications as shown by Aly [10]. It is worth noting that the various physical 
processes that occur during thermal decomposition are subject to the nature of the material. 
For instance, simple phase changes for thermosetting polymers is not possible since they are 
infusible and insoluble upon heating, whereas thermoplastics undergo changes of phase when 
heated as discussed by Beyler & Hirschler [9]. 

According to Beyler & Hirschler [9], thermosetting polymers do not show notable changes in 
their structures due to exposure to temperatures below which thermal decomposition occurs. 
However, for thermoplastics, their deformability increases as temperature increases is as shown 
in Figure 4. 
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Figure 4. Schematic Representation of the Deformability of Polymers with Increase in Temperature 
According to Beyler & Hirschler [9].

In the glassy state, thermoplastic polymers are rigid and in solid form. As the temperature rises, 
the polymers transit to the glass transition region, where they turn into rubbery materials. 
Further heating of the polymers results into melting and the polymers become viscous.

Zeus [12], presented a three step conventional model of the thermal degradation of polymers, 
which includes: initiation, propagation, and termination. During the initiation phase, the 
polymer (R) loses hydrogen atoms (H) leading to the formation of free radicals, which react with 
oxygen (O2) during the propagation phase to form peroxy radicals (ROO*). These radicals are in 
turn capable of removing hydrogen atoms from other polymer chains leading to the formation 
of hydroperoxides (ROOH) and other free radicals (R*). The hydroperoxide splits into two free 
radicals (RO*) and (*OH), which continue to propagate the reaction. This process is terminated 
when the free radicals react to form inert products. The process is as illustrated in Figure 5.
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Figure 5. The Three-step Thermal Degradation Process for Polymers, Zeus [12]. 

Wilkie & McKinney [11] observed that different polymers degrade at different temperatures. 
Comparing the cases of polyethylene and polypropylene systems, the degradation of 
polyethylene and polypropylene in a nitrogen atmosphere does not commence until the 
temperatures reach above 400℃ and 350 ℃ respectively. Complete volatilization of both is 
however, achieved at 500℃. By contrast, the degradation of polyethylene in air starts at 235℃,
while that of polypropylene starts below 235℃. Polypropylene experiences thermal degradation
at lower temperatures than polyethylene or polyamide as shown by Wilkie & McKinney [11].
From the discussion above, it is evident that processing temperatures should be regulated when 
laser sintering polypropylene powder. However, it is inevitable to expose the powder to high 
temperatures for a significant amount of time. Therefore, their physical and chemical 
properties will change during the laser sintering process. 

Polymers degrade by following these mechanisms: random-chain scission, end-chain scission, 
chain-stripping, and cross-linking [11]. The scission process involves breaking of the carbon-
carbon bond in the polymer backbone, which results in the formation of two radicals. The 
process might occur at any position throughout the polymer or it might occur at the ends of the 
polymer. When the scission process occurs at any position, it is referred to as random scission 
and it leads to the formation of a monomer and oligomers. When the process occurs at the end 
of the polymer chain it is known as end-chain scission and it results in formation of a monomer. 
Chain stripping occurs when molecules, such as hydrochloric acid (HCL) or acetic acid (HC3OOH) 
are removed from the polymer. Lastly, cross-linking occurs when various chains in a polymer 
become entangled with each other. The degree of crosslinking is subject to the percentage of 
polymer chains that are connected to the backbone of the polymer. Under controlled conditions 
crosslinking improves the properties of various thermoplastics such as [10]:
1. Better heat and dimensional stability.
2. Improved impact resistance.
3. Higher tensile strength and stiffness.
4. Improved solvent resistance.
5. Improved electrical and dielectric properties.
6. Better resistance to corrosion. 
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On the other hand, uncontrolled cross-linking results in a reduction of the lengths of molecular 
chains, which leads to a decrease in molecular weight, which in turn causes changes in 
mechanical properties such as a reduction in ductility [13]. In laser sintering, although heating 
is controlled, the polymeric materials are subjected to high temperatures for long durations, 
which alters their properties and in turn influences their recyclability. 

6. THE EFFECT OF HEAT ON POLYPROPYLENE AND THEREFORE RECYCLABILITY OF THE 
MATERIAL

Fang et al., [19], investigated various factors that affect the apparent density and average 
particle size during the production of polypropylene powder using the solvent method, with the 
results shown in Figure 6. It is evident in the figure that the apparent density of PP powder 
increases nonlinearly with increasing temperature up to a maximum value at a temperature 
between 165 – 170 ℃ and then decreases nonlinearly as the temperature rises further. The 
authors observed that this reduction of density led to a reduction in the tensile strength of 
manufactured parts and this way impacted on re-usability of the powder. The figure also shows 
a continuous and nonlinear reduction of particle size with increasing temperature. These 
findings show that the physical properties of polypropylene are affected by temperature, which 
indicates that the PP powder is likely to exhibit similar trends during the SLS process.

Figure 6. Effect of Temperature on the Apparent Density of PP powder according to the research by Fang 
et al., [19].

The research by Wegner & Ünlü [14], using ROWAK Rolaserit PP, showed that the melt flow 
index of polypropylene, the relative bulk density of the powder, and the relative packing density 
of the powder decrease, whereas the Hausner number rises continuously with increasing 
processing cycles in laser sintering as shown in Figures 7, 8 and 9. This suggests that recyclability 
of polypropylene powder in AM has a limit.
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Figure 7. The Relationship between the Melt Flow Rates of Polypropylene Powder with Increasing Number 
of Re-use Cycles in Laser Sintering [14].

Figure 8. Relationship between the Relative Bulk Density and Hausner Number of Polypropylene Powder 
with Increasing Re-use Cycles in Laser Sintering [14].
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Figure 9. Relationship between the Relative Packing Density of Polypropylene Powder with Increasing Re-
use Cycles in Laser Sintering [14].

Davis, Tobias, & Peterli [20], found that the intrinsic viscosity of polypropylene, in injection 
moulding, decreases with increasing heating time and temperature as shown in Figure 10. These 
findings are contrary to previous studies that showed the viscosity of polymeric materials, such 
as polyamide 12, to increase with temperature and duration of heating time [6, 7, 14], which 
raises the need for further research to definitively determine the effect on the viscosity of PP 
material of laser sintering. Low viscosity result in greater shrinkage and reduced dimensional 
accuracy which is undesirable therefore, is a hindrance to recycling of polypropylene powder.

Figure 10. The Effect of Temperature and Heating Time on the Intrinsic Viscosity of the PP Polymer
in Injection Moulding [20].

Costa, Ramos, and Oliveira [14] conducted research on the degradation of polypropylene during 
multiple extrusions and found that increasing the die temperature and the cycles of extrusion, 
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raised crystallinity (as shown in Figure 11) and heat of fusion, while the melting temperature 
continually decreased. High degree of crystallinity makes polymers more brittle, hence 
increasing their mechanical strength and modulus but reducing their toughness and elongation
to failure [11]. Additionally, high crystallinity improves chemical resistance. However, it
promotes shrinkage, which impacts on the surface finish and dimensional accuracy of parts 
manufactured using SLS, which is undesirable and hinders recycling of PP polymer [1].

Figure 11. Variation of Crystallinity with Die Temperature and the Number Cycles of Extrusion [21]. 

The research by Costa, Ramos, and Oliveira [21], further showed that exposure of polypropylene 
to high temperatures decreased its melting point as shown in Figure 12. A decrease in melting 
temperature reduces the sintering window of a material [1]. It also encourages early 
crystallization, which results in curling and shrinkage of the manufactured part [1]. This makes 
high temperatures to be a challenge to recycling of the polymeric materials. It is assumed that 
PP will show similar behavior during the SLS process. However, more research needs to be 
conducted to definitively determine the effect of re-use cycles, on crystallinity and melting 
point, of PP powder during the SLS process.
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Figure 12. Variation of Melting Temperature with Die Temperature and Cycles of Extrusion 
[21].

The mechanical and physical properties of the polymeric parts produced using SLS change with 
the number of re-use cycles. Moreover, the properties are subject to the energy density of the 
beam utilized [3].  Studies show that the part density of the polymeric parts produced decreases
with the re-use cycles [14]. Furthermore, at a suitable energy density of the beam, the Young’s 
modulus and tensile strength are only slightly affected by powder aging, while the elongation 
decreases significantly irrespective of the energy density used as shown by Figures 13 and 14. 
Therefore, the mechanical and physical properties of components manufactured using 
polypropylene powder are expected to deteriorate with the increasing number of powder re-
use cycles. 

Figure 13. Effect of Powder Re-use Cycles on Relative Part Density of Polypropylene LS Manufactured Parts 
[14].
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Figure 14. Effect of the Number of Powder Re-use Cycles on the Mechanical Properties of Polypropylene LS 
Manufactured Parts [14].

7. CONCLUSION 
• Polypropylene has desirable physical and mechanical properties that compare well with 

those of nylon 12, and is therefore a candidate material for use in selective laser 
sintering.

• The cost of the commercial SLS polypropylene powder is higher than that of the same 
material utilized in conventional manufacturing techniques, such as injection 
moulding.

• The extrinsic and intrinsic properties of polypropylene are affected by prolonged high 
temperatures during the SLS process, injection moulding, or extrusion.

• The mechanical and physical properties of the parts produced by SLS are affected by 
the prolonged high temperatures prevailing during the process, which hinders recycling 
of available commercial polymers for SLS AM.

• There is limited research on the recyclability of polymeric materials in laser sintering 
AM, except for polyamide 12.

• The foregoing coupled with the claims of infinite recyclability of polypropylene by the 
manufacturers of the powder raise the need to study the phenomenon of recyclability 
of polypropylene powder in order to properly establish its limits. 
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ABSTRACT

The comparative study of the structure and mechanical properties of biocompatible Ti-
6Al-4V and Co-Cr-Mo alloys manufactured by the 3D printing is presented. The occurrence 
of martensitic transformation in the both powder bed fusion using laser sintering (LS)
alloys was found. The as-build LS Co-Cr-Mo samples had an unstable state. Two different 
metastable phases, namely hexagonal α′ martensitic phase and the orthorhombic α′′
martensitic phase were found in the structure of the as-build LS Ti-6Al-4V samples. The 
mechanical properties, morphology and origin of the martensitic phases in 3D printed 
alloys in comparison with the conventional alloys are discussed. 

___________________________________
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1. INTRODUCTION

The rapid development of additive technologies using computer programs and their clear
advantage for medical purposes in comparison with traditional methods of manufacturing
materials is of great interest among researchers now. The individual (personalized) medicine of 
future implies, among other things, the presence of a unique file for each patient with a 3D 
image of his organs, which can be used for correctly replace in case of their damage, which 
can significantly improve the patient's quality of life. The additive technologies using a laser is 
the most accurate additive method, which allows manufacturing complex metal constructions
replicating parts of the human body. Because of that, biocompatible materials, which can be 
used in such constructions and manufactured by additive technology using laser sintering, are
under development and testing and requires basic scientific research now.

Powder-bed fusion (PBF) using the laser sintering (LS) method is the additive technology for 3D 
printing of the metal alloys. In the PBF process, powder is deposited in a layer by layer manner 
on a substrate [1]. It have been found that during laser melting when the temperature in the
3D printed material may reaches 3000 K, significant residual tensile stresses arise in the LS 
sample [2]. As-built LS titanium alloys have a non-equilibrium state (martensitic phases) in 
comparison with the conventional cast materials [3].

Cobalt-Chromium-Molybdenum (Co-Cr-Mo) and titanium (Ti-6Al-4V) alloys have been 
successfully used for over 70 years in medicine as orthopaedic implants due to their high 
biocompatibility, good combination of strength and fatigue resistance, low creep and high 
corrosion resistance [4]. Because of high strength and wear resistance, Co-Cr-Mo alloy also 
serves as a material for the manufacture of dentures [5]. Studies of the mechanical properties 
of the LS of Co-Cr-Mo alloys showed that their mechanical properties depend not only on the 
chemical composition of the used powder, but also on the conditions for the preparation and 
orientation of the sample to the direction of growth during its laser synthesis [5]. The density 
of LS Co-Cr-Mo alloy is very dependent on the parameters of the LS process. The maximum 
density 99.8% of the LS of the Co–Cr–Mo alloy was found in [6].

Additive technologies used laser sintering deal with rapid heating, melting, crystallization and 
high cooling rates of the material [2-5], all of these leads to the formation of non-equilibrium 
phases and heterogeneity of the structure and elemental composition of as-build material   and 
can entail a change in the physical and mechanical properties of the product, and, 
consequently, damage and destruction of the product during its operation. Therefore
structural-phase studies of the LS manufactured alloys are relevant and necessary.

The purpose of this work was a comparative analysis of the microstructure and mechanical 
properties of the LS Co-Cr-Mo and Ti-6Al-4V biocompatible alloys.

1. METHODOLOGY 

Two different Ti-6Al-4V ELI (Extra Low Interstitial (ELI)) atomized spherical powders with 
Grades 23 and 5 for medical purposes are suggested for 3D printer EOSINT 280M. We used 
both for this study. The powders had spherical shape with diameter from 10 to 30 µm. The 
difference between Ti6Al4V ELI (grade 23) and Ti6Al4V (grade 5) is the reduction of oxygen 
content to 0.13 % (maximum) in grade 23. Nitrogen content in grade 5 (ELI) is less than 0.05 % 
and in grade 23 is less than 0.03 %. Co-Cr-Mo experimental medical powder was produced by 
Polema Company (Russia); the chemical composition of the powder is presented in Table 1.

Table 1: Chemical composition of Co-Cr-Mo powder, wt.%.
Co Cr Mo Si Mn Fe
66,64 26,8 5,35 0,31 0,27 0,25
Ni S P O N C
0,1 0,0015 0,03 0,029 0,14 0,082
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Samples were produced by two EOSINT M280 machines (EOS GmbH) equipped with an 
ytterbium fiber laser operating at 1075 nm wavelength. Horizontal building orientation of the 
samples was used for study. Two different laser scanning speeds of 1.2 m/s and 2 m/s, and 
two different powder layer thickness of  30 µm and 60 µm were used. A back-and-forth 
scanning by strips with a hatch distance of 100 μm and argon atmosphere were applied to 3D 
titanium samples. A nitrogen atmosphere was used for manufacturing of LS Co-Cr-Mo samples.
Reference sample was cut from a rod of an industrial medical alloy Ti-6Al-4V (ELI) (ASTM F136, 
Grade 5). The Co-Cr-Mo reference was produced by arc melting in a helium atmosphere from
the same powder. Cast Co-Cr-Mo ingot with a length of 30 mm and diameter of 7 mm in was 
homogenized at 1150°C-30 min in vacuum. The transmission electron microscopy, X-ray 
diffraction with Cu Kα radiation and step size of 0.01°, NanoTest nanoindentor were used for 
study. Density of 3D samples was measured by standard method using the Archimedes’ 
principle. Percentage of density was calculated in comparison with the ASTM F136 standard for 
Grade 5 and Grade 23 alloys. Samples for TEM were prepared by electro-polishing in a solution 
of perchloric acid and methanol.

2. RESULTS AND DISCUSSION

2.1. Ti-6Al-4V

The density of the LS sample manufactured from Grade 5 powder (Sample 2) with laser 
scanning speed 1.2 m/s and thickness of powder layer of 30 µm was determined as 99.9%. 
Density for LS sample manufactured from Grade 23 powder (Sample 3) with laser scanning 
speed 2 m/s and thickness of powder layer of 60 µm was determined as 99.6%.

According to the equilibrium phase diagram, Ti-6Al-4V alloy should have two-phase (HCP α-
phase + BCC β-phase) (Fig 1).

Figure 1: Slice of ternary phase diagram for Ti-6Al-4V alloy [7].
.

In this case, two-phase state was observed in X-ray diffraction pattern of reference sample.
Absence of the (0002)hcp line in the X-ray diffraction pattern may be because of the large 
grains of this sample. X-ray diffraction pattern of both LS samples did not show the BCC 
diffraction line (Fig.2b). Additionally, a weak diffraction line in the angle position 
corresponding to the most intensive (110) diffraction line of orthorhombic α′′-martensite was
detected in diffraction pattern for Sample 2 (Fig.2b).
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Figure 2: SEM image of Ti-6Al-4V powder Grade 23 (a); (b) X-ray patterns of the 
investigated Ti-6Al-4V samples: 1- reference; 2 – LS Sample 1;

3 – LS Sample 2.

Figure 3 presents the TEM images of the reference sample. Two-phase structure with plates of 
the HCP α-phase and grains of retained BCC β-phase is shown in Figure 3a. SAED pattern taken
with a large aperture from this region contains the ring reflexes of both HCP and BCC phase 
(Fig.3b).

 

Figure 3: TEM images of reference Ti-6Al-4V sample: (a) bright-field image; (b) SAED 
pattern to (a).

Figure 4 presents the diffraction of HCP α′-phase and α′′-orthorhombic phase of Sample 2. The 
SAED patterns of Sample 3 show the diffraction of α′-phase only (Fig.5).

  

Figure 4: TEM images of Ti-6Al-4V Sample 2: (a) the bright-field image; (b) SAED pattern to 
(a).
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Figure 5: TEM images of Ti-6Al-4V Sample 3: (a) bright-field image; (b) SAED pattern to (a).

High cooling rates in LS method resulted in the formation of twinning structure in Ti-6Al-4V LS
samples. The twining structure corresponded to the HCP tension twinning with {10-12} twin 
plane (Fig.6 - 7). Inside the twins, the stacking faults were found (Fig.6).

The obtained results are in good agreement with Zwicker data [8], where stacking faults are 
often observed inside {10-12} twins; diffuse scattering near the main reflections was observed 
in SAED pattern taken from such twin regions.

Analysis of the nature of twinning and a variant of the twinning plane in titanium alloys 
allowed characterizing the process of stress relaxation in a material. The four most commonly 
activated twinning systems were found in bulk Ti–6Al–4V: compression twinning {10-11} and
{11-22}, tension twinning {10-12} and {11-21} [9]. Two variants of the {10-12} deformation 
twins have been found after a simple shear deformation applied on two-phase (α+β) Ti6Al4V 
bulk material [10]. {10-11} twins were found in Ti-6Al-4V alloys after high strain rate (∼5000/s) 
compression of cylindrical and hat-shaped specimens in a split Hopkinson pressure bar setup 
[11]. In titanium alloys, {10-12} twin plane has the lowest critical shear stress for twinning and 
because twinning along this plane can be easily activated under deformation [12]. Observation 
of the {10-12} tensile twins in LS samples allowed us to make a conclusion that during 3D 
printing process the formed specimen was under high stresses which initiated the twinning 
process.

  

Figure 6: TEM images of LS Ti-6Al-4V Sample 2, twinning HCP structure: (a) dark-field 
image taken with matrix reflex;  (b) dark-field image taken with twin reflex; (c) SAED 

pattern to (a).
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Figure 7: TEM images of Ti-6Al-4V Sample 3, twinning HCP structure: (a) dark-field image 
taken with HCP twin reflex; (b) SAED pattern to (a), zone axis [0001]HCP

Additionally, another type of twinning structure was observed in the LS Ti-6Al-4V Sample 2
(Fig. 8). Thin acicular martensite plates with internal twins are shown in TEM images of this 
sample. Unlike the HCP twins in Figures 6 - 7, these internal twins were oriented across the 
needle-like plates (Fig. 8). The width of the inner twins was 10 - 20 nm. This type of twins was
found only locally. Indexing of the SAED pattern taken from such twinning region corresponded
to the orthorhombic twinning with the (110) orthorhombic twin plane (Fig. 8). The internal 
twin morphology was typical for the martensitic α′′- phase [12, 13]. Figure 9 presents the 
results of high resolution transmission microscopic studies of the orthorhombic twin structure 
in Sample 2. The region of HCP phase (B) coexisted with the region of orthorhombic phase (A). 
The interplanar spacing calculated from HRTEM image of the region (A) corresponded to that 
in orthorhombic crystal lattice of α′′-phase. Defects in the atomic rows were found in HRTEM 
images of both regions. Chemical analysis in STEM regime found the enrichment in vanadium in 
the region of orthorhombic twins (Fig.10).

  

Figure 8: TEM images of LS Ti-6Al-4V Sample 2, orthorhombic twinning: (a) dark-field 
image taken with matrix reflex;  (b) dark-field image taken with twin reflex; (c) SAED 

pattern to (a)-(b).
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Figure 9: TEM images of LS Sample 2, HRTEM mode: a- region of the orthorhombic twins 
(A); region of HCP phase (B).

Figure 10: TEM images of LS Sample 2, EDS analysis in STEM mode, region of the 
orthorhombic twins.

In Ti-6Al-4V alloy, solubility of vanadium, which is the β -stabilizer, was found to be about 2 
wt.% in the hexagonal  close-packed (HCP) α phase [8]. The saturated α′martensite transforms
from the β-phase when the concentration of vanadium in the β phase is less than 4.27 at% 
(4.65 wt.%) [8]. Supersaturated  α′′ phase with orthorhombic crystal lattice can contain 5.45-
8.0 wt.% V [8]. The β-stabilizer enriched of HCP crystal lattice orthorhombic α′′martensite 
may be formed in titanium alloys with β-stabilizer elements after aging in α+β region followed
by quenching [13 - 15]. In Ti-6Al-4V, α′′- phase formation occurred after several hours of an 
isothermal treatment [15]. The orthorhombic martensite in LS Ti-6Al-4V sample demonstrated 
non-uniform composition of 3D printed sample.

2.2. Co-Cr-Mo

The density of the 3D printed Co-Cr-Mo alloy was reported to be strongly dependent on the 
parameters of the laser [16]. The presence of refractory molybdenum leads to the formation of 
non-melted powder particles or pores in the material, which reduced the properties [6]. The 
maximum density of the LS of the Co-Cr-Mo alloy was 99.8% [17]. The measured density of the 
obtained LS Co-Cr-Mo sample was 8.25 g / cm3. Compared to density of the ASTM F1537 alloy 
(8.29 g / cm3) [17], the resulting density of the LS Co-Cr-Mo sample was 99.6%. The average 

A 

B 
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chemical composition of the LS Co-Cr-Mo sample determined by SEM-EDS is presented in Table 
2.

Table 2: Chemical composition of LS Co-Cr-Mo sample, wt.%.
Co Cr Mo Si Mn Fe
62,75 27,26 7,39 0,51 0,85 1,23

The SEM image of an initial Co-Cr-Mo powder and results of the X-ray study of the LS and 
reference samples are presented in Figure 11. Maximum size of the powder particles was about 
50 µm. The X-ray diffraction patterns of investigated Co-Cr-Mo samples show the presence the 
diffraction lines of the FCC γ-phase. The diffraction lines of HCP ε-phase, intermetallic phases,
and carbides are not found. The cubic texture with the strong intensity of (200) diffraction line
is presence in reference Co-Cr-Mo sample.  
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Figure 11: SEM image of Co-Cr-Mo powder (a); (b) XRD patterns of the 
investigated Co-Cr-Mo samples: 1- reference; 2 – LS sample.

The FCC γ-phase with the micro twins was observed in the Co-Cr-Mo reference sample (Fig. 12).
The dark-field images taken with the twin reflection is presented in Figure 12a, the twinning 
plane was the {111} type (Fig.12b). Large FCC twins and areas of the HCP phase were not 
detected.

  

Figure 12: TEM images of Co-Cr-Mo reference sample: (а) dark-field image taken in FCC 
twin reflex, (b) SAED pattern to (a), zone axis [110]FCC, twinning plane (-111)FCC.

(b) (а) 

(а) (b) 
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In the Co-28Cr-6Mo alloy, the phase transition from FCC γ-phase to HCP ε-phase was very slow 
due to the low chemical driving force, thus the metastable γ-phase was easily conserved at 
room temperature [18]. FCC-HCP transformation in bulk Co-Cr-Mo alloys can be achieved by 
plastic deformation, quenching from the FCC high-temperature region [19], or by isothermal 
aging at 800-850°C [20]. The two-phase γ + ε structure was found in the LS Co-29Cr-6Mo alloy in 
[21]. Phase composition and structure of Co-29Cr-6Mo alloy depended on the 3D printing 
regime [21].

Figure 13 shows a single-phase γ-region with a high density of twins. SAED patterns taken from 
such regions show the diffusion scattering, indicating a strained pre-transition state with high 
density of stacking faults.

 

        

Figure 13: TEM images of Co-Cr-Mo LS sample: (a) dark-field image taken in (002) twin reflex,
(b) dark-field image taken in (-11-1) matrix reflex, (c) SAED pattern to (a-b), zone axis [110]γ,

twinning plane (1-11).

Table 3 presents the values of Elastic modulus, microhardness and residual stresses obtained 
from nanoidentation and grain size measured from SEM studies of both LS Ti-6Al-4V and Co-Cr-
Mo samples. Both LS Ti-6Al-4V and Co-Cr-Mo samples show high microhardness and high level of 
residual surface stresses. 

Table 3: Mechanical properties and grain size of the investigated samples.

Sample Elastic modulus, 
EIT, GPa

HIT, GPa Residual surface 
stresses, MPa

Grain size, µm

Ti6Al4V, LPBF
Sample 1

113 5.6 300 150

Ti6Al4V, LPBF
Sample 2

149 6.3 1000 200

(а) (а) (b) 

(c) 
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Ti6Al4V 
(reference)

132 5.3 - 1

CoCrMo, LPBF 296 6.3 1200 10-20

CoCrMo 
(reference)

295 5.1 - 1000

Structure and phase composition of alloys influence on their mechanical and physical 
properties. Structure and mechanical properties of 3D printing metals depend on the processes 
occurring in the material during 3D laser manufacturing. Absorption and transmission of laser 
energy, flow temperature and gradient in a molten pool, fast solidification because of the high 
cooling rate of the molten pool of the LS sample (up to 108 K/s), cycling heating, and thermal 
deformation of the sample under laser manufacturing may be considered in this case [3].
Density of the material manufactured with the 3D printer EOSINT M280 depends on the 
selected mode of operation of the printer [3, 22]. This work shows that the mechanical 
properties of the LS Ti-6Al-4V samples are found to depend on their structure, phase 
composition and density. Sample 2, which has higher density compared with Sample 3 (99.9% 
for Sample 2 and 99.6% for Sample 3) and two martensitic phases, shows the lower elastic 
modulus, residual surface stress and grain size than Sample 3. The laser powder-bed fusion 
process includes rapid solidification of the molten alloy from high temperatures [23]. As well as
rapid cooling, the LS material undergoes thermal cycling due to the layer-by-layer manner of 
manufacturing, so inner regions of a sample are heated and cooled several times [24]. The Ti-
6Al-4V alloy can be considered a good example for detecting such thermo-cycling, because of 
the phase transition BCC phase to orthorhombic α′′-phase which occurs at intermediate 
temperatures [25]. The martensitic structure influences mechanical properties of Ti-6Al-4V. 
Formation of HCP α′ martensite, promotes the hardening, and the orthorhombic α′′ martensite 
leads to softening of the titanium alloys [14]. Presence the different martensitic structure in 
our two LS Ti-6Al-4V samples indicated that the laser parameters of 3D printer differed from 
each other and our samples were in different thermo-cycling conditions. This may explain why 
the orthorhombic α′′-phase was not always found in LS Ti-6Al-4V samples [26-27].

Method of laser powder bed fusion (LPBF) creates the high level of residual stresses in the LS
materials. High levels of tensile residual stresses was found in both LS samples Ti-6Al-4V and 
Co-Cr-Mo; and the tensile twinning structure is also supports this fact.

3. CONCLUSIONS

The features of the laser powder bed fusion process, such as thermal deformation, fast 
cooling, laser parameters effect on the structure and mechanical properties of 3D printed 
alloys. High tensile residual stresses in the 3D printed samples, which arose from both the 
phase (martensitic) transformation and thermal deformation, are the features of the laser 
powder bed fusion process. Fast cooling of the printed layers and cyclic heating resulted in the 
metastable (martensitic) transformation. All of this showed that 3D printing materials were
completely different from those obtained by conventional methods. Control the laser sintering 
parameters may allow one to obtain the different structure and properties in the same 
material.
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ABSTRACT

Although the innate biocompatibility of titanium has made it the material of choice in 
biomedical implant applications for decades, its bioinert property may cause hesitation in the 
initial interaction with osseous tissue. The properties of nanoparticles have been identified as 
possible remedies for these biological shortcomings of Ti-based implant. This systematic review, 
therefore, aims to establish literature focusing on improved biocompatibility of Ti-based 
implants through the use of nano-sized particles. Electronic searches were conducted through 
the PubMed/MEDLINE, ScienceDirect, Web of Science and EBSCOhost databases and studies 
published in English were extracted, without restrictions on the year of publication, using the 
following keywords: “biocompatibility”, “nanoparticles”, “titanium” and “implant”. The 
guidelines stipulated in the PRISMA Statement were followed. A total of 550 articles were 
identified in the initial search and upon review, 22 articles were selected according to the 
eligibility criterion. The results showed that biocompatibility of Ti implants may be improved 
by the inclusion of nanoparticles without risk of cytotoxicity under controlled conditions. 
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1. INTRODUCTION 

Titanium is a bioinert metal that has been used to manufacture orthopaedic and dental implants 
for decades [1]. In contrast to other biometals, it exhibits minimal allergenic or immunogenic 
potential in vivo, is corrosion resistant and promotes osseointegration when in contact with 
osseous tissue [1, 2]. In addition, Ti has been reported to display superior biostability and 
biocompatibility in comparison to allogenic grafts and other biomaterials [3]. Materials that are 
inserted into the human body should be integratable with the biological system with minimum 
adverse effects [4]. In order to achieve this synergy, the foreign material should have 
mechanical properties that resemble those of the innate tissue [3]. The mechanical properties 
of Ti and its alloys result in less stress shielding of the bone as compared to those of other 
commonly used implant materials [1, 3]. However, the bioinert property of Ti may prevent the 
metal from fulfilling all the requirements desirable in attaining biomimetic materials property
[5]. Thus, lack of interventions towards improving the biological principles of Ti could result in 
implantation failure. With research in metal implants progressively evolving from adequate 
mechanical strength to improved biocompatibility and absence of toxicity and, finally, to 
accelerated osseointegration, the application of nanotechnology has emerged as an effective 
intervention [6].

An important role that the nanotechnology field plays in the improvement of titanium-based 
implants is by using nano-sized particles, which efficiently enhance the properties of a material 
as compared to its similar bulk material [7]. Nanoparticles (NPs) include ultrafine structures in 
nano range (between 1 and 100 nm) dimensions [7, 8]. It is well documented that incorporating 
nanosized particles may significantly increase the biocompatibility and bioactivity of implant 
materials [5, 9]. However, recent attention in the designing of biomaterial surfaces has shifted 
emphasis from achieving a bioinert tissue response to stimulating direct specific cellular 
responses in a predictable manner [10]. Due to their inherently small size and corresponding 
large specific surface area, NPs may be exploited as vectors for delivery of growth factors and 
augment tissue regeneration, further enhancing the osseointegration of implants [9]. Moreover, 
nanobiomaterials are structurally similar to various body proteins, ligands receptors and genetic 
material [4]. They have been established as able to absorb living cells and, therefore, may be 
utilized to transport nucleic acids and conjugate with organic material, which contributes 
significantly to biocompatibility [11].

Technologies involving nanoparticle-based methods for delivery of bioactive molecules and 
enhancing biocompatibility and cellular survival continue to evolve with the intended use being 
for the clinical environment [9]. The prescribed sequence of biological research requires for the 
implant material to first undergo in vitro cytotoxicity testing procedures, followed by in vivo
testing on animals – preferably in the environment corresponding to the intended location in the 
human body – to describe an interaction with the soft tissue and assess the biocompatibility of 
these devices [3, 12]. However, the detailed cellular mechanisms at the bone-implant interface 
during osteogenesis and the actual mechanism of interaction of NPs with different cells in a 
biological medium are still largely unknown [13]. Furthermore, the extent to which modifying 
titanium implants to include NPs to enhance the biocompatibility of the implants is not well 
documented. Therefore, the aim of the current systematic review is to establish evidence which 
supports the hypothesis that NPs improve the biocompatibility properties of Ti-based implants.

2. MATERIALS AND METHODS

2.1 Review question

The focus question was ‘How does the inclusion of nanoparticles in manufacturing titanium-
based implants enhance the biocompatibility of the implants?’ and developed according to the 
Participant, Intervention, Control, Outcome (PICO) principle as follows [14]:
(P) Participants: The test samples were intended for implant treatment and should be titanium-
based alloy. 
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(I) Types of interventions: The interventions of interest were those demonstrating 
enhancement of biocompatibility by using NPs
(C) Control intervention: Implant material without NPs
(O) Outcome measures: Improved biocompatibility and related factors in samples with 
NPs

2.2 Procedure

The present systematic review was conducted according to the guidelines set out in the 
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) Statement
[15]. The studies were selected according to the eligibility criteria described in the 
proceeding subsections. Disagreements between authors occurring during the data 
selection process were eliminated through discussions among researchers until a 
consensus was reached.

2.3 Eligibility criteria

The extracted articles contained data indicating the enhancement of biocompatibility of 
titanium implants using NPs. Both in vitro and in vivo laboratory studies were considered 
with the implant material intended for human use even in cases where animals were used 
as test subjects. Furthermore, the inclusion criteria for this review included studies 
published in English and without restrictions on the year of publication. The studies that 
were excluded were those that did not use titanium as the base biomaterial, 
biocompatibility is not included in the analyses, attributed biocompatibility to the use of 
micro-/macro-particles or nano-forms other than NPs.

2.4 Information sources

Information was retrieved from the following electronic databases, containing articles 
published in journals related to biomedical sciences: PubMed/MEDLINE, ScienceDirect, 
Web of Science and EBSCOhost. Additional sources were used to supplement the data 
obtained. The investigation was limited to articles published in the English language and 
the search was conducted up to and including August 2019. Only freely available full-text 
articles were included in the search.

2.5 Search strategy

In the selected electronic databases, the searches were conducted using the keywords 
“biocompatibility”, “nanoparticles”, “titanium” and “implant(s)”. These keywords were 
applied to the databases as follows: 

• For PubMed/MEDLINE, the keywords were entered as (biocompatibility AND nanoparticles 
AND titanium AND implant) and produced upon searching the MeSH Terms: nanoparticles; 
titanium; embryo implantation. Text availability was restricted to free full-text.

• For ScienceDirect, the keywords were entered as ("biocompatibility" AND "titanium" AND 
"implants" AND "nanoparticles") and the access type was limited to open access.

• For Web of Science, the topic searches were entered as (biocompatibility* AND titanium 
AND implant* AND (nanoparticle* OR nano particle*)). The search was refined to open 
access.

• For EBSCOHost, the Boolean search phrase was (biocompatibility AND titanium AND 
implant AND nanoparticles) with the articles limited to full-text.

The preference of including only open and freely accessible full-text articles was based 
on acquiring a repeatable systematic review with minimal restrictions for an online search 
strategy. The full-texts were downloaded either directly via the links provided on the 
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databases or via ResearchGate and Google Scholar profiles, particularly for articles 
identified using additional sources.

2.6 Criteria for studies selection 

Data selection began with analysing the titles followed by carefully evaluating the 
abstracts of the titles indicating inclusion. Thereafter, the articles that were considered 
eligible for review were selected for reading of the full-texts. Two reviewers to ascertain 
whether the studies fulfilled the inclusion criteria thus independently reviewed the 
obtained full-texts of the studies. Inconclusive decisions among the researchers were 
resolved by consulting the third reviewer. Studies that were unanimously selected as 
fulfilling the inclusion criteria were processed for data extraction.

2.7 Risk of bias assessment

The Cochrane Collaboration’s tool for assessing risk of bias was used to assess each study [16].
The risk of bias assessment parameters were as follows:
• Random sequence generation (√/×/?);
• Allocation concealment (√/×/?);
• Blinding of participant’s and personnel (√/×/?);
• Blinding of outcomes assessment (√/×/?);
• Incomplete outcome data (√/×/?);
• Selective reporting (√/×/?);
• Other sources of bias (√/×/?).

3. RESULTS

3.1 Study selection

The flowchart of the systematic review is depicted according to the PRISMA flow diagram in 
Figure 1. Searches of the selected databases retrieved 298 articles and these were 
supplemented with 252 articles from additional sources, which resulted in a total of 550 titles 
identified in the initial search. After the duplicate records were removed, 496 remained and of 
these, a further 312 and 96 articles were excluded after screening the titles and abstracts, 
respectively. Eligibility of full-texts of the articles was assessed from which 66 articles were 
found to not fulfil the inclusion criteria. Finally, 22 articles were included in the present
systematic review and processed for data extraction in the following order (Table 1): substrate 
material, nanoparticles (diameter), type of study (in vitro or in vivo), type of cell/organism, 
type of laboratory analysis, type of biocompatibility test, incubation period and outcomes. Only 
data pertaining to the topic of this review were extracted.
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Figure 1: The PRISMA flow chart for the search strategy and selection criteria.
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Table 1: Summary of relevant data extracted from the selected studies.

Substrat
e 
material

Nanoparticles 
(diameter in 
nm)

Type 
of 
study

Type of 
cell/organism

Type of
laboratory
analysis

Type of
biocompatibility
test

Incubation
period Outcome Ref.

Ti6Al4V AgNPs
(~18–115)

In 
vitro

Murine 
fibroblast cell 
line L929, 
Human 
osteoblast-like 
MG63 cells

MTT assay and SEM Cell adhesion and 
proliferation

24, 72 and 
120 hr

High 
biocompatibility 
of studied 
systems even with 
low amounts of 
AgNPs. 
85% cell viability 
at 120 hr

[17]

cp-Ti Silica-
gentamycin
(~298)

In 
vitro

Human skin 
fibroblasts

CCK-8 assay
SEM

Cytotoxicity
Cell adhesion and 
proliferation

2 hr
24 hr

Released 
gentamycin was 
biocompatible 
with human 
fibroblasts, non-
toxic

[18]

TiO2

composit
es

Graphene 
oxide 
(100–400)

In 
vitro

In 
vivo

Human corneal 
stromal 
fibroblasts (SF)

Rabbit corneas

Calcein AM assay
Click-iT EdU assay
Terminal dUTP end-
labelling (TUNEL) assay 
Expression of focal 
adhesion complex 
protein
SEM
Single cell gel 
electrophoresis assay 
(COMET)
Corneal histopathology 
and 
immunohistochemistry

Cytotoxicity
Cell proliferation
Apoptosis
rate
Focal cell 
adhesion

Cell adhesion
Genotoxicity (DNA 
damage)

Acceptable 
corneal tissue 
wound healing 
responses

24 hr
18 hr

2 weeks 

3 weeks 

All pellet surfaces 
maintained SF 
viability in vitro. 
Graphene oxide 
nanoparticles 
elevated 
apoptosis rates 
with no impact on 
cell proliferation

[19]
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Ti sheets AgNPs 
(~10–30)

In 
vitro

Human 
osteoblast-like 
cells MG63 

MTT assay Osteoblasts 
adhesion and 
proliferation 
Cytotoxicity

24, 48, 120 
hr, and 7 
days

60 % higher MG63 
cell viability than 
of control culture 
after 7day

[20]

Medically 
pure Ti

AgNPs 
(~10–40 nm)

In 
vitro

rBMMSCs CellTiter-Blue®
cell viability assay
PicoGreen double 
stranded DNA assay kit
CLSM

Cell viability 

Normalized ALP
activity 
Intracellular 
reactive oxygen 
species (ROS) 
quantity

1, 4, and 7 
days

3 days

Ag-doped 
titanium coated 
with N-acetyl 
cysteine 
effectively 
improved 
biocompatibility 
by suppressing 
intracellular ROS 
production

[21]

cp-Ti TiO2

(~100–360)
In 
vitro

Simulated body 
fluid (SBF)
Human foetal 
osteoblastic cell 
lines

Biomineralization 
studies
MTT assay

SEM

Apatite-forming 
ability
Cell adhesion and 
proliferation, 
cytotoxicity
Cell adhesion
and proliferation

21 days

1 and 3 days

~5 days

MTT assay and 
SEM analysis 
showed 
favourable cell 
adhesion on day 1 
and cell 
proliferation on 
day 3 upon adding 
TiO2 NPs

[22]

cp-Ti AgNPs 
(~10)

In 
vitro

MC3T3-E1 WST-1

SEM

ALP test
Filamentous actin (F-
actin) staining

Cell proliferation, 
cytotoxicity
Morphology of 
cells on substrate 
ALP activity
Cytoskeleton 
organization of 
cells grown

1, 3, 5, and 
7 days

10 days
1 hr

Extracellular 
matrix  secretion 
for cell 
proliferation at 
low AgNPs 
concentrations

[23]

Ti sheets AgNPs 
(~100)

In 
vitro

Human gingival 
fibroblasts 
(hGFs)

MTT assay Cell viability 1, 2, 4, 6, 
and 8 days
24 hr

Nanosilver-
modified Ti 
surface has 

[24]
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SEM

Cell morphology 
and cytoskeletal 
architecture
Cell attachment 
and proliferation

3 and 12 hr

minimal 
cytotoxicity on 
cultured hGFs

cp-Ti and 
Ti6Al4V

AgNPs 
(20– 200)

In 
vitro

Human 
osteosarcoma 
cells (MG63)

MTT assay Cells viability 4 hr Low 
concentration of 
Ag (0.001 M) are 
non-toxic for 
human 
osteoblasts 
(> 90% cell 
viability)

[25]

TiAI6V4 AgNPs 
(25)

In 
vitro

MC3T3-E1 FL Cells viability 2 and 4 days Alloy containing 
AgNPs proved 
highest initial 
biocompatibility.

[26]

cp-Ti AgNPs 
(<100)

In 
vitro

adult bone 
marrow cell

MTT assay

SEM 

FL

Matrix formation 
analysis

Quantitative reverse 
transcription (qRT)-
PCR analysis

Cells viability

Morphology of 
cells on substrate
Cells attachment, 
spreading, and 
morphology
Collagenous and 
noncollagenous 
contents of 
extracellular 
matrix
Levels of 
osteogenic genes 
on substrate

1, 3, and 6 
days
2 and 4 days

3 h, 1 and 6 
days

10 and 17 
days

14 days

SEM and 
fluorescence 
analyses showed 
early attachment 
and proliferation 
of cells on 
treated surfaces
Viable cell 
increase observed 
from day 1 to 6 of 
MTT assay

[27]
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Ti foil AgNPs 
(5–20)

In 
vitro

human 
fibroblasts

Bovine serum 
albumin (BSA)

FL

SEM 
WST-1 kit
Protein adsorption

Cell adhesion and 
cytoskeletal 
arrangement
Cell proliferation
Cell viability
Evaluate 
adsorption of 
proteins

3 days

3 days
3 days
5 min

During WST-1 
assay, AgNP-
decorated 
samples showed 
higher optical 
density and 
enhanced 
biocompatibility

[28]

cp-Ti TiO2

(20)
In 
vitro

L929 murine 
fibroblasts

SEM Cell attachment 
and growth

48 hr Nano-particle 
coated Ti surface 
showed increased 
oxide layer of 
23.94% and  
filopodia 
attachment

[29]

Ti foil AgNPs 
(~5)

In 
vitro

MC3T3-E1 CLSM

FL
ALP test

Cell proliferation,  
cytotoxicity
Cell morphology
Osteoblastic 
differentiation

1, 3 and 5 
days
5 days
7, 14 and 21 
days

AgNPs indicated 
no cytotoxicity
Morphology of 
MC3T3-E1 on 
AgNP was 
characteristic

[30]

cp-Ti AgNPs 
(~100–150)

In 
vitro

Human gingival 
fibroblasts hGF-
1, human 
osteoblast U-2 
OS

FL

MTT assay
Cell cycle evaluation 

Cell growth on 
substrate
Cytotoxicity
Cell proliferative 
activity 

96 hr

72 and 96 hr

Fibroblasts and 
osteoblasts 
appeared more 
intense on 
samples with 
deposited nano-
Ag

[31]

Ti foils 
and Ti 
rods

AgNPs 
(~30)

In 
vitro

MC3T3-E1 FL and field emission-
SEM 
CCK-8  assay

Cell morphology

Cytotoxicity 

1 day

1 – 4 hr

Ag nanoparticle-
loaded TiO2

nanorods showed 
controlled release 
of Ag+

[32]
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cp-Ti AgNPs In 
vitro

Human foetal 
osteoblast cells 
(hFOB)

MTT assay

SEM

Cell proliferation 
and cell adhesion
Cytotoxicity

4 and 7 days

~24 hr

MTT results reveal 
increased cell 
density on AgNPs 
coated samples

[33]

cp-Ti AgNPs In 
vitro

rBMSCs SEM

Alamar Blue assay

Cells attachment 
and spreading
Proliferation rate

1, 3 or 7 
days
3 and 7 days

Heat treatments 
improved 
cytocompatibility 
hydroxyapatite 
(HA) coatings with 
AgNPs

[34]

cp-Ti AgNPs 
(20–30)

In 
vitro

In 
vivo

MC3T3-E1 

Rabbits

CCK-8

ALP test

Alizarin red staining

Radiographic and 
histological evaluations

Cytotoxicity

Cell 
differentiation
Degree of 
mineralization
New bone 
formation

3, 5, and 7 
days
7 and 14 
days
15 and 21 
days
8 weeks

MC3T3-E1 cell 
proliferation in 
AgNPs groups 
increased with 
increasing NPs 
concentrations
Newly formed 
bone appeared 
around 2% AgNP 
implants

[35]

Pure Ti 
(IV)

TiO2

(114)
In 
vitro

Human 
osteoblast cell-
like MG63

MTT colorimetric assay Cell proliferation 
and viability

24 and 48 hr Cell 
viability/prolifera
tion is not 
cytotoxic. 

[36]

TiO2

discs 
GNPs
(10)

In 
vitro

rBMSCs CCK-8 
CLSM

SEM

PCR gene expressions

ALP test

Cell viability 
Cellular spreading 
and cytoskeletal 
arrangement
Cellular 
morphology
Osteogenic 
differentiation
Cell 
differentiation

24 hr

1 week

2 weeks

10 nm GNPs 
showed no 
cytotoxicity. 
Significant 
increase in 
bioactivity, 
enhanced gene 
expressions and 
ALP activity

[37]
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(20–50)

In 
vitro

MC3T3-E1 FL

MTT assay
ALP assay

Cell attachment 
and proliferation
Cell proliferation
Cell 
differentiation

12 hr, 24 hr
and 5 days
4, 7 and 10 
days

Osteoblast of 
AgNPs samples 
presented higher 
ALP activity than
other samples at 
7 days and 10 
days

[38]

AgNPs = silver nanoparticles; ALP= alkaline phosphatase; CCK-8 = Cell Counting Kit-8; CLSM = confocal laser scanning microscopy; cp-Ti = commercial 
pure titanium; DNA = deoxyribonucleic acid; FL = fluorescence microscopy; GNPs = gold nanoparticles; MC3T3-E1= Mouse osteoblastic cell line; MTT= 3-
(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide; PCR = polymerase chain reaction; rBMSCs = rat bone marrow stem cells; SEM = scanning 
electron microscope; TiO2 = titanium dioxide; WST-1 = 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4- disulfophenyl)-2H-tetrazolium, monosodium salt
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3.2 Risk of bias assessment

The results from the risk of bias assessment are summarised in Table 2. Since the studies 
were mainly in vitro and nonclinical, random sequencing and concealing the allocation of 
test specimens were not required since the specimens had identical properties. There were 
no participants to blind and the studies required for the personnel to be aware of the order 
or grouping of their test specimen throughout the experiments. Therefore, the critical 
assessment parameters for the studies reviewed are incomplete outcome data, selective 
reporting and other possible sources of bias. Pertaining to the critical parameters, the result 
show that 19 studies were considered to have a low risk of bias while the other 3 were 
considered to have high risk of bias since the authors had opted to not include all the initially 
prepared test samples in all the analyses.

Table 2: Risk of bias assessment summary.
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Radtke, et al. [17] × × ? √ √ √ ?
Wang, et al. [18] × × ? √ √ √ ?
Li, et al. [19] √ √ √ √ √ √ ?
De Giglio, et al. [20] × × ? √ √ √ ×
Zhang, et al. [21] × × ? √ √ √ √
Kiran, et al. [22] × × ? √ × × ×
Yang, et al. [23] × × ? √ √ √ √
Liao, et al. [24] × × ? √ √ √ ?
Ferraris, et al. [25] × × ? √ √ √ ?
Kranz, et al. [26] × × ? √ √ √ ?
Marques, et al. [27] × × ? √ × × ×
Lan, et al. [28] × × ? √ √ √ ?
Vignesh, et al. [29] × × ? √ √ √ √
Wang, et al. [30] × × ? √ × × ×
Kaczmarek, et al. [31] × × ? √ √ √ ×
Guan, et al. [32] √ √ √ √ √ √ ×
Shivaram, et al. [33] × × ? √ √ √ ?
Lu, et al. [34] × × ? √ √ √ ?
Zeng, et al. [35] √ √ √ √ √ √ ?
Chellappa, et al. [36] × × × √ √ √ ?
Elkhidir, et al. [37] √ × ? √ √ √ ?
Zhang, et al. [38] × × ? √ √ √ ?

√ = low risk; ? = unclear risk; × = high risk.

3.3 Study characteristics

From Table 1, it may be observed that the most commonly used material for the NPs was 
silver (Ag). Of the 22 studies included this systematic review, 16 (73%) made use of AgNPs 
with the size ranging between 10 and 200 nm. AgNPs are well-known antibacterial agents and 
are considered biocompatible with human tissue under controlled conditions [17]. Other 
nanoparticle materials used are titanium dioxide (TiO2), silica-gentamycin, graphene oxide 
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and gold with particle diameters of between 10 and 400 nm. The NPs were added to the 
substrates by means of surface modification techniques including depositing the particles 
onto the surface or incorporating the NPs in the coating solution (data not shown).   

Majority of the studies (91%) were conducted in vitro and mainly against human osteoblast 
and fibroblast cell lines (55%). Elkhidir, et al., [37] isolated and cultured bone marrow stem 
cells (rBMSCs) from the femurs and tibias of healthy rats. All the other authors who conducted 
in vitro studied obtained already isolated cells. Only 2 researchers ( Li, et al. [19] and Zeng, 
et al. [35]) conducted in vivo analyses to qualify biocompatibility aspects and they both used 
rabbits in their studies. 

As shown in Table 1, common methods of analyses were 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyl tetrazolium bromide (MTT) and Cell Counting Kit-8 (CCK-8) assays, alkaline 
phosphatase test (ALP) and surface morphology characterisation using scanning electron 
microscope (SEM) and fluorescence microscope. These techniques were mainly applied to 
determine biocompatibility of the NPs in terms of adhesion and proliferation of the cell on 
the surfaces of the substrates (microscopic observations and MTT assay), cell viability (MTT 
and CCK-8 assays), cytotoxicity of the NPs (CCK-8 assay) and early stage of osteoblasts 
mineralization at the differentiation level (ALP test). Biomineralization studies conducted by 
Kiran, et al. [22], Zeng, et al. [35] and Zhang, et al. [38] were intended to evaluate the 
bioactivity (that is, the apatite-forming ability) with regards to osteoblast differentiation 
ability of nanoparticle-enriched composites. Other aspects examined as possibly relating to 
implant biocompatibility include mechanical properties (Young’s modulus and hardness), 
wear behaviour and corrosion resistance [19, 27].

4. DISCUSSION 

Nanomaterials have been deemed as the ‘‘material of the 21st century” because of their 
unique designs and wider combination of properties as compared with conventional materials 
[39]. However, the extensive use of NPs, especially in medicine, incites the consideration of 
the potential toxicity to the human body. Therefore, along with cell adhesion and 
proliferation, the cytotoxic potential of NPs is one of the most common features investigated 
during in vitro studies to determine the biocompatibility [40]. These biocompatibility 
features were included in the studies selected for this systematic review.

Radtke, et al. [17] evaluated the biocompatibility of the studied substrates, whose surfaces 
were enriched with different quantities of dispersed AgNPs, on the basis of the MTT assay 
and SEM micrographs. The lowest addition of AgNPs revealed optimal biointegration 
properties. The MTT assay and SEM micrographs of the tested samples showed an increase in 
fibroblast and osteoblast proliferation over time because the viability of cells after 120 hours 
of incubation was 85% or more as compared to the reference specimens (Figure 2a–c) and 
thus, demonstrated reasonable biocompatibility of the tested nanomaterials.  The MTT test 
of De Giglio, et al. [20] also showed that on AgNP-modified coating, there was an initial 
reduction in human osteoblast cell-like MG63 cell viability at 24 hours followed by an 
increased after 7 days of culture and reached a mean value higher than 60 % over the control 
culture. SEM observations were in agreement with MTT viability data where after 7 days of 
culture, cell spreading on the AgNP-loaded coating was comparable to that observed on 
coatings without AgNPs (Figure 2d, e). The results of the MTT metabolism during the 
experiment of Zhang, et al. [38] indicated better osteoblast-compatibility on AgNP-
mineralized surfaces. Kiran, et al. [22] further illustrated through MTT assay that the addition 
of TiO2NPs at low concentration (2 wt% and 5 wt%) to polymetric scaffolds has favoured the 
proliferation of human foetal osteoblast cells (hFOB) cells. Moreover, their SEM analysis 
showed a higher proliferation of the hFOB cells on the scaffolds containing TiO2NPs after 3 
days of culture (Figure 2f–h). The added TiO2NPs increased the surface area and surface 
hydrophilicity, thus favouring cell adhesion on day 1 and cell proliferation on day 3. The 
mechanism of the MTT assay is based on the mitochondrial succinate dehydrogenase within 
viable cells forming blue formazan crystals [41].
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Figure 2: SEM micrographs showing human osteoblast-like MG-63 cell proliferation on 
the surfaces of reference substrates (controls) (a, d, f) and those with nanoparticle-

loaded coatings (b, c, e, g, h). The surfaces were loaded with AgNPs (a–e) and TiO2NPs 
(f–h). Specimens shown in micrographs (b), (c), (g) and (h) were loaded with 0.6, 0.9, 2, 
5 wt% NPs, respectively. MG63 cultured on coatings loaded with NPs for 7 days showed 
cell adhesion as well as mitosis (inset at e) (adapted from Radtke, et al. [17], De Giglio, 

et al. [20] and Kiran, et al. [22]).

Another assay carried out to detect cell viability, particularly in terms of cytotoxicity levels, 
was the CCK-8. During their study, Wang, et al. [18] found that all the tested specimens, 
include those impregnated with NPs, presented good biocompatibility properties as revealed 
by microscopic analysis and the CCK-8 test. Human fibroblasts used in the analysis spread on 
the surfaces with some filopodia and lamellipodia extensions, which are dynamic membrane 
protrusions involved in cell-cell interactions and migration. These results were resonated by 
those of Elkhidir, et al. [37] during which the osteoblasts showed more defined filopodia and 
lamellipodia attached to the TiO2 surface treated with gold NPs and the CCK-8 count revealed 
maximum cellular proliferation on these surfaces as compared to non-treated TiO2 surfaces. 
Furthermore, Zeng, et al. [35] also used the CCK-8 assay to illustrate that specimens 
containing 2% AgNPs did not reduce osteoblastic cell growth, but improved cell proliferation 
more effectively. Figure 3 shows the optical density values estimated from the results of 
Wang, et al. [18], Zeng, et al. [35] and Elkhidir, et al. [37] observed after 3 days (at 450 nm), 
4 hours (at 450 nm) and 7 days (wavelength not specified), respectively. The optical density 
values indicated cell proliferation of cultured cells on specimens’ surfaces enriched with NPs. 
Kiran, et al. [22] and Yang, et al. [23] revealed that low concentrations of NPs are favourable 
for preosteoblast spreading and cytotoxicity prevention. Majority of the studies found that 
the released NPs were biocompatible with human fibroblasts and osteoblasts at optimised 
nanoparticle concentration (not more than ~5 wt %). 
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Figure 3: Optical density values for CCK-8 assays (adapted from Wang, et al. [18], Zeng, 
et al. [35] and Elkhidir, et al. [37]).

Alkaline phosphatase (ALP) is a metabolic enzyme whose activity is considered an early 
criterion to evaluate the differentiation level of the mineralization of osteoblasts. Although 
not specific to osteoblasts, ALP is an essential marker for the early phenotypic stage of 
osteogenic differentiation and plays a major role in the mineralization process [27, 30, 35, 
37]. One explanation for this is that calcium and phosphorus accelerate osteogenesis through
the formation of mineralized nodules caused by the secretions of preosteoblast cells [35, 38].
During the biomineralization studies of Kiran, et al. [22], nanocomposite samples, consisting 
of 2, 5 and 7 wt % TiO2NPs, exhibited substantial mineralization after incubating in simulated 
body fluid for 21 days, while insignificant mineralization was observed in nanoparticle-
deficient samples. Marques, et al. [27] identified a possible influence of AgNPs on in vitro
mineralization potential. All the samples analysed by Zhang, et al. [38] exhibited no reactions 
at 4 days of incubation, however, osteoblast on samples enriched with AgNPs presented 
higher ALP activity than other samples at 7 and 10 days, indicating that the mineralized 
surfaces could induce osteoblast differentiation. Furthermore, the authors postulated that 
nano-silver-loaded coating on micro/nanoporous structures facilitates mineralization for 
further osteointegration of Ti implants. 

The results indicating biocompatibility of nanoparticle coated samples were further 
supported by in vivo and in vitro studies of Zeng, et al. [35] who investigated osteoinductive 
properties of nanosilver/poly (dl-lactic-co-glycolic acid)-coated titanium (NSPTi). In vitro,
cell-substrate compatibility analysis involved NSPTi samples with coatings produced by adding 
AgNPs at 1 and 2 wt% (referred to as 1% NSPTi and 2% NSPTi, respectively). The NSPTi samples 
promoted the ALP activity of MC3T3-E1 cells (normalized to the total protein concentration) 
more effectively with a significant increase observed for extended incubation periods. 
Moreover, matrix mineralization of cells (which was observed after being cultured in 
osteogenic medium for 21 days) on the 2% NSPTi sample was 2.15 times greater than the 
uncoated Ti control. During in vivo studies using incisions on tibial canals of rabbits, samples 
loaded with 2% NSPTi accelerated the formation of new bone. Therefore, NSPTi implants 
exhibited osteoinductive potential in vitro and in vivo proportional to the concentration of
nanoparticles.  

Applications of nanoparticles in the selected research papers was mainly in the form of 
embedding the ultrafine structures into a coating material such as nano-silver-loaded 
dopamine coatings [38], AgNP-filled hydrogen titanate nanotube layer [30], AgNP-loaded TiO2 
nanorods coatings [32], hydroxyapatite coatings [34], thin mussel adhesive protein (Mefp-
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1)/AgNP composite film [23] and cross-linked gelatin/silica-gentamycin composite coating
[18]. The incorporation of nanoparticles into such surface modification coatings facilitates 
the slow release of ion from nanoparticles and the subsequent reduction of toxicity and 
prolonged biological integration. 

5. CONCLUSION 

An overall consensus existed among the reviewed studies that nanoparticles are vital in the 
enhancement of biocompatibility of implants manufactured using titanium as the base 
material. The studies also showed that nanoparticle may have a beneficial impact on 
additional parameters relating to biointegration of foreign material. Majority of the studies 
showed the combination of biocompatibility and non-cytotoxicity, studied mainly in vitro,
indicates that the optimal nanoparticle enriching method could provide a promising strategy 
for the fabrication of long-term tissue-implant integration. As recommended by majority of 
the authors included in this systematic review, future work on long-term implantation in vivo 
should be reported in an upcoming publication.
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ABSTRACT

Many patients suffer facial disfigurements, causing significant psychological trauma. Facial 
disfigurements can be congenital or acquired. In the past, external maxillofacial prostheses 
were produced through manufacturing wax models and applying carving techniques, that where 
laborious and required specialised skills by medical role players. Advancements in technologies 
such as medical imaging technologies, computer-aided design, and computer-aided 
manufacturing have opened new approaches to the manufacturing of maxillofacial prostheses.
These new technologies provide opportunities for non-medical role players to be part of the 
process chain. This review demonstrates how these new technological advancements bring 
about change to the conventional process chain and its accompanying adaptions to the 
participating human resources.
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1. INTRODUCTION

Visible facial disfigurements can have a profound psychosocial impact on the individual 
concerned. Being different, and the visibility of the disfigurement, can present various 
challenges in social encounters, particularly because normal appearing members often view 
these people as being ‘abnormal’ [1]. Because society often rejects people with visible 
disfigurements and treat them as outcasts, these people often suffer severe depression and 
poor self-esteem [2]. As a consequence, people with facial disfigurements are not only rated as 
significantly less attractive, but also as less honest, less employable, less trustworthy, less
optimistic, less effective, less capable, less intelligent and less popular [3]. People with a 
variety of disfiguring conditions have unfavourable levels of anxiety, depression, social anxiety, 
social avoidance, and quality of life compared to published norms in outpatients [4].

Facial disfigurements can be congenital or acquired. There are many types of congenital 
ear deformities. Some of these deformities include underdeveloped outer ear (microtia), 
missing one or both ears (anotia) and earlobe deformities, such as duplicate earlobes or 
earlobes with clefts or skin tags. In contrast, congenital nasal absence (arhinia) is an extremely 
rare malformation [5]. Acquired facial disfigurements are strongly associated with motor 
vehicle accidents, assaults, burns and cancer [6]. Motor vehicle accidents are one of the most 
common causes of facial injuries [7]. Burn injuries constitute a major public health issue, 
particular in developing countries [8]. In South Africa, shack fires and primus stoves are main 
causes of burns [9]. Burns affect 3.2% of the population annually and are particularly common 
in children and young adults [10]. Tumours of the oral-cranial-facial area, with 6% of 
prevalence, are 6th in the malignant tumour ranking [11]. Extended craniofacial defects can 
result in psychosocial and functional impairment, which can affect vision, speech, mastication 
and swallowing.

For patients with severe defects or disabilities caused by trauma, tumours, or congenital 
disorders; their facial features can often be rehabilitated with maxillofacial protheses [12, 13]. 
Patients with maxillofacial disfigurements therefore usually seek some or other reconstructive 
intervention. Most treatments on other parts of the body are aimed at restoring function, 
whereas in the maxillofacial region aesthetics is a major concern [14]. For these patients, 
maxillofacial prostheses provide comfort and support on many levels. A good quality and 
appropriate prosthesis results in patients demonstrating improved mental health, social 
engagement and the ability to lead productive lives [15].

Conventionally, external maxillofacial prostheses have been manufactured through hand 
carving the missing anatomic defect in wax and creating a mould into which pigmented silicone 
elastomer is placed [16]. Such prostheses can cost as much as $10,000 to $15,000 and take 
weeks to produce [17]. Because these devices are classified as cosmetic, they are usually not 
covered by health insurance, making these prostheses unavailable for many patients [18]. 
Besides these limitations, conventional manufacturing of external maxillofacial prostheses 
requires a high degree of technical skill and causes much discomfort for the patient, 
particularly during the impression taking process [19]. Prostheses also do not last indefinitely 
and do deteriorate. Deterioration is caused by absorption of skin and oral secretions including 
sweat, sebaceous secretions and saliva, exposure to sunlight and changes in temperature, 
humidity and hand contact during cleaning, as well as the daily use of adhesive [20, 21]. The 
lifespan of a prosthesis varies greatly depending on prosthesis type, the material it is made 
from, method of attachment, how it is cared for, and finally how often the prosthesis is worn 
[22]. The general deterioration timeframe is 1-3 years. Therefore, such prostheses need 
regular replacement [23].

The advancements in medicine, surgical techniques and in particular cancer survival rates 
have resulted in the ever-increasing number of patients seeking maxillofacial rehabilitation. 
However, the high fabrication cost of conventional prostheses hamper access to such 
interventions. With the development and application of three-dimensional (3D) computer-aided 
design (CAD) and 3D printing or additive manufacturing (AM) technologies, new options have 
become available for the manufacturing of soft tissue prostheses for maxillofacial 
rehabilitation. Using these technologies, a 3D physical object is printed layer by layer from a 
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3D-CAD file more conveniently and more rapidly than other manufacturing means. The 
implementation of these newer technologies is changing how information about the facial 
disfigurement data is collected and how a prosthesis is manufactured. The process of digital 
image taking has the advantage of being more accurate than conventional impression taking 
[24]. Furthermore, it has now become easy to customise a product according to personal 
requirement and to manufacture on demand, without patient participation [17]. Delivery of 
products will no longer be a restriction, because remote printing by local distributors and 
service providers has become a reality [25]. It is estimated that at least in excess of 100 million 
people (1.5 % of the world’s population) are in need of a prosthesis, therefore, it is expected 
that AM can solve these medical problems with extensive benefit to humanity [15]. In 2012, the 
medical segment of the AM market was only $11 million, but as the cost of the technology 
decreases, the market is expected to grow to $1.9 billion in 2025 [26]. These new technological 
advancements have opened-up opportunities for non-medical role players to participate in the 
manufacturing of external maxillofacial prostheses. Therefore, this review shows how these 
new technological advancements bring about change to the conventional process chain and its 
accompanying adaptions to the participating human resources.

2. CONVENTIONAL MANUFACTURING OF EXTERNAL MAXILLOFACIAL PROSTHESES

Conventional manufacturing of maxillofacial prostheses is guided by a maxillofacial
prosthodontists or highly skilled technicians, mostly because maxillofacial prosthodontics are 
the branch of dentistry that entails the design, manufacture, and fitting of artificial 
replacements for teeth and other parts of the mouth. Conventionally, external facial 
prostheses manufacturing processes have been ‘subtractive’ in nature. In this manufacturing 
process, the prosthesis is produced by removing undesirable or superfluous material from a 
three-dimensional preliminary product. The conventional manufacturing process chain for 
external maxillofacial prostheses involves broadly three operational steps (Figure 1). Firstly, a 
maxillofacial prosthodontists or technician takes an imprint of the facial anatomy, the region 
of interest (ROI), and transforms it into a workable model of the patient’s face (face model).
Thereafter, a model of the desired prosthesis is designed and sculpted out of wax (prosthesis 
model); after which the prosthesis model is used to create a negative mould for the casting of 
the prosthesis in medical grade silicone. 

Figure 1:  Conventional process chain.
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3. INTRODUCTION OF NEW TECHNOLOGIES FOR THE COLLECTION OF FACIAL IMPRINT 
DATA

Two major technological advances have changed the way facial imprint data is collected. 
Digital volumetric data sets obtained through computed tomography (CT) or magnetic 
resonance imaging (MRI), have largely replaced the conventional stone plaster impression 
taking technique (Technology Intervention 1). Although more recently, with the introduction 
of structured-light 3D scanning technologies, facial imprint data of external surfaces can also 
be digitally generated (Technology Intervention 2).

When generating volumetric data sets with CT or MRI medical imaging technologies, 2D 
digital images are captured. These digital images consist of a sequence of multiple slices in 
Digital Imaging and Communications in Medicine format (DICOM). These multiple slices are 
referred to as a volumetric data set [27]. In contrast to the negative impression of the 
conventional process chain, the digital images are a positive representation of a patient’s 
anatomy. Medical practitioners, such as radiologists are responsible for the collection of such 
data sets (Figure 2).

The recent application of structured-light 3D scanning technologies to generate surface 
facial imprint digital data has brought about significant changes to the conventional process 
chain. Structured-light 3D scanning technologies are incorporated in non-contact, hand-held 
optical 3D scanners, which are used to obtain digital surface imprint data by projecting laser 
structured-light in a pattern onto an object, usually in the form of multiple parallel beams
[28, 29]. These laser structured-light arrays were initially white light; however blue light was 
introduced because it produces higher resolution and more accurate scans than white light. 
The amount of blue light released is the same as the amount displayed by digital devices such 
as computer screens, electronic notebooks and smartphones, which also emit significant 
amounts of blue light, with minimal risk of exposure. The digital data collected from external 
surfaces of objects is in a “point cloud” using a 3D coordinate system, which is a digital record 
of the object [30]. The collected digital 3D surface data is then processed with appropriate 
software. Hand-held 3D surface scanners have many advantages in external maxillofacial 
prostheses manufacturing. The most important of these advantages include, expeditious 
collection of accurate digital data, which can be stored for repeated use [31]. Furthermore, 
this laser structured-light technology is a low risk alternative to CT capturing of digital data 
and does not require medical trained operators. 

Figure 2:  First and second technology intervention.
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4. INTRODUCTION OF NEW TECHNOLOGIES IN PROTHESIS DESIGN

The facial imprint digital data collected by volumetric and surface scanning is a positive 
facial imprint, in contrast to the ‘negative’ impression taken conventionally. Volumetric and 
surface scanning data of a facial imprint is processed differently. The implementation of 
medical imaging editing software (Technology Intervention 3) is used to process volumetric 
data. Once the volumetric data (DICOM file) has been imported into medical imaging editing 
software, the ROI is isolated from the entire digital volume by performing pixel-by-pixel 
editing steps to subtract or segment the ROI. At this stage, a geometry of the segmented ROI 
can be exported as a stereolithography (STL) file to a 3D printer or can be exported to CAD 
software for further design enhancements and corrections. In contrast to volumetric data, the 
surface data collected by a hand-held 3D surface scanner is processed with the on-board 3D 
scanner software. The point cloud data sets produced by the hand-held 3D surface scanner are 
first joined together to form a complete facial picture of the facial imprint data, after which it 
is exported as an STL file to CAD software where it is rendered into volumetric data.

Figure 3: Third technology intervention.

The STL file exported from the medical imaging editing software or from the hand-held 
3D surface scanner on-board software can further be manipulated to produce a prosthesis 
model using CAD software (Technology Intervention 4). Conventionally, this step entailed hand 
carving the missing anatomical structures out of wax to design a prosthesis model. The wax 
sculpting and carving techniques can thus be replaced with 3D CAD software technologies, to 
create a representation of the prosthesis model. CAD software offers a more robust set of 
tools and methods to digitally modify designs and is therefore an excellent alternative to wax 
carving techniques. A prosthesis model can be digitally sculpted using “mirroring techniques”, 
allowing for designing mirror images of contralateral anatomical structures, such as ears. The 
use of Boolean operations, tugging and smoothing techniques, and the addition of fine detail, 
can also be used to create a custom-fit prosthesis with a thin margin that resemble the 
patient’s skin texture, which exhibits real life characteristics and human likeness. The 
processing and prosthesis design require software specialists, such as skilled medical design 
technologists.
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Figure 5:  Fourth technology intervention.

5. INTRODUCTION OF NEW TECHNOLOGIES IN PROSTHESIS MANUFACTURING

In the field of prosthetics, AM is increasingly becoming more established. The main task 
during the manufacturing of soft tissue prosthesis is the production of the casting mould (a 
negative impression of the prosthesis model). In the conventional process chain, a mould is 
manually produced from the wax prosthesis model using conventional flasking methods; 
thereafter it is used to cast the final prosthesis in silicone rubber. When using AM, several 
options can be pursued, depending on the extend of the use of conventional techniques in the 
manufacturing of an external maxillofacial prostheses. Firstly, the digital face model can be 3D 
printed, from which the prosthesis can be designed and manufactured in the conventional 
manner. Secondly, the prosthesis model can be printed to create a mould in the conventional 
manner. Finally, a negative mould of the prosthesis model, designed in CAD software, can be 
printed and used to cast the final prosthesis in silicone. Once the silicone rubber has cured 
within the cast, the facial prosthesis is recovered from the mould, trimmed and extrinsic 
colourant added if necessary, often by hand-painting. The non-conventional steps in the 
manufacturing phase of external facial prostheses can be performed by medical design
technologist, engineers or 3D printing technicians.



368RAPDASA 2019 Conference Proceedings

Figure 6:  Fifth technology intervention.

6. DISCUSSION AND CONCLUSION

The three broad operational steps of the conventional process chain for external 
maxillofacial prostheses manufacturing can be largely assisted or replaced with the 
introduction of various technological advancements. The use of these technological 
interventions can have a low, medium or high impact on the conventional process chain, 
depending on which technologies are used. At a low level of impact, the imprint data is 
digitally collected, and a reference face model is manufactured from the collected data, while 
the remainder of the conventional operational steps remains the same. At the medium level, 
digital data is used to design a model of the prosthesis, both the reference face model as well 
as the prosthesis model is 3D printed to test the accuracy and the final aesthetic outcome. 
Finally, at the high impact level, all the technological interventions are used in a 
comprehensive manner. The comprehensive use of these technologies has a number of
advantages. Because the patient involvement is drastically reduced, this results in a less 
traumatic experience. These technologies also allow for the manufacturing of a more realistic 
and complex medical implant model; the ability to review different options of the final 
aesthetic outcome without the necessity of patient involvement and the ability to digitally 
store the information of a medical model.

Many researchers have previously demonstrated that the use of 3D printing technology 
was an effective way to accelerate the prostheses manufacturing process and to reduce costs
and time, thereby shortening the supply chain [17]. Although research indicates a reduction in 
overall cost of prostheses manufacturing with the application of these technological 
interventions, some of these technologies are still expensive. However, with the ever-
continuing technological advancements, these technologies are becoming cheaper. 
Furthermore, it realistic to envisage that casting moulds will be manufactured using desktop 
3D printers in the future. As these printers become more readily affordable, doctors will be 
able to manufacture prostheses in their offices, or even patients may be able to manufacture 
their own prosthesis at home. Therefore, the future of facial prostheses design and 
manufacturing holds that it can become a convenient household activity with the development 
and improvement of new low-cost desktop 3D printers. Such printers will be beneficial for the 
manufacturing of replacement prostheses, on demand and more rapidly than other 
manufacturing means. Finally, developments have progressed far in direct 3D printing 
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technologies, which will allow a prosthesis to be printed directly in medical grade silicone,
thereby eliminating mould production and casting completely [32].
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ABSTRACT

The Voxeljet VX1000 printing process uses a no-bake Furan process to directly manufacture sand 
moulds and cores for the foundry industry. The process requires a special chemical coated sand, 
which are currently being imported form the OEM. Localising the sand coating process could 
offer multiple advantages to local industry. However, no quality specifications are currently 
available for the coated sand which poses a risk towards both the foundry industry and AM 
manufacturing process. The purpose of the research paper is to theoretically define a quality 
assurance framework, in the context of a Quality Management System, and to explore the 
Quality by Design methodology to develop such a framework. 

1 The author was enrolled for an M Eng Development & Management Engineering degree in the 
Department of School of Mechanical and Nuclear Engineering, North West University
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Furan resin

Sand grains

1. INTRODUCTION

The Voxeljet VX1000 uses a Binder Jetting (BJ) Additive Manufacturing (AM) process to directly 
print or manufacture sand moulds and cores, which are mainly used in the foundry industry. The 
printing method uses a no-bake Furan process and is well-known and used in the traditional 
foundry industry. The traditional no-bake Furan molding process consists of a Furfuryl alcohol
and acid chemical that are mixed with a refractory material. The mixing can be done by using 
either a continuous or batch mixer. After mixing, the acid acts as a catalyst for the Furan 
polycondensation process, which results in a Furan resin that will “glue” the individual sand 
particle together (Figure 1) [1].

Figure 1. Sand-Furan bonding

Although the Voxeljet VX1000 uses a similar chemical process than traditional no bake Furan 
moulding methods, the technique used to mix the Furan, acid and refractory is different. The 
printing process selectively deposits the Furan binder on precoated acid sand layers to create 
the desired geometry of a part. An example of a printed sand mould component is shown in 
Figure 2. The precoated sand needs to adhere to a specific quality standard to ensure the 
reliability and repeatability of the printing process [1]. Due to this reason, both the Furan and 
precoated sand are supplied by the Original Equipment Manufacturer (OEM), to ensure that the 
consumables meet OEM quality requirements. Currently there are no South African service 
bureaus to provide the chemical coated sand and as a result it needs to be imported from the 
OEM in Germany. Localising the printing material could potentially decrease the printing cost 
while simultaneously creating local job opportunities and adds value to local raw materials.

Figure 2. 3D printed sand mould component [2]

However, this poses a risk to the quality of the printed components, as no quality assurance 
measures for chemical coated sand are available. Due to this reason, it is necessary to identify 
a method that can be used to develop the quality assurance framework to ensure that the coated 
sand adheres to the specifications of both the foundry (end-customer) and Voxeljet printing 
process. The purpose of the research paper is to theoretically define a quality assurance 
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framework, in the context of a Quality Management System (QMS), and to explore the Quality 
by Design (QbD) methodology to develop such a framework.

2. QUALITY MANAGEMENT SYSTEM

The industry’s acceptance of implementing QMS has increased in recent years. This could be 
linked to the potential value that such a system can add to an organisation. According to 
literature, implementing a QMS can help a company to achieve and sustain a competitive 
advantage over competitors [3]. “Quality” has various meanings, but according to ISO 8402-1986 
can be defined as “the totality of features and characteristics of a product or service that bears 
its ability to satisfy stated or implied needs” [4]. The ISO 9000 series of standards are among the 
most popular and well-known standards and were developed to provide guidance on how to 
implement a QMS with the aim to ensure products and services meet customer expectations. The 
standards included under the series are ISO9000, ISO9001, ISO9004 and ISO19011. ISO 9001 is the 
only standard in the 9000 series that requires certification and focuses on using of a process-
based approach for implementing or improving the effectiveness of a QMS. A process-based 
approach is the systematic definition and management of processes to achieve a result, which
aligns with the quality policy and strategic direction of the organisation. Thus, a process can be 
summarised as an activity used to transform an input to a desired result or output. A QMS could 
consist of a single or multiple successive processes, which enables [5]:

• Understanding and consistency in meeting requirements
• The consideration of processes in terms of added value
• Increase both performance and efficiency 
• Improvement of process based on evaluation of data and information 

According to ISO, there are six main components in a single process namely: source of inputs, 
inputs, activities, outputs, receiver of outputs and monitoring and measuring checkpoints. The 
monitoring and measuring checkpoints are specific to each process and will vary depending on 
the related risks [5]. A flow diagram of a single process, highlighting the interaction between 
the components, is shown in Figure 3.

Figure 3.Process flow diagram [5]

ISO 9001 also highlights the importance of implementing a Plan Do Check Act (PDCA) cycle and 
is used as a process management tool. The PDCA cycle focuses on risk-based thinking, taking 
advantage of opportunities and eliminating or preventing undesired results and can be described 
as follows [5].
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Plan – Establishing the objectives of the processes and resources necessary to deliver a product 
or service according to the customer’s requirements and organizational policies, while 
simultaneously identifying risks and opportunities. 

Do – Implementing the plan.

Check – Monitoring and measuring of the processes and products against the objectives, policies, 
requirements and planned activities and reporting of the results.

Act – Act on the results in the previous step, with the aim to improve the performance.

The ISO 9001 standard was developed around seven clauses and can be incorporated into the 
PDCA cycle (Figure 4). The “do” activity is seen as a quality assurance (QA) function that ensures 
that the activities are done correctly.  QA is based on the principle of “doing thing right the 
first (and every) time” and is seen as a proactive process-focused activity.

Figure 4. ISO 9001 PDCA cycle [5]

The “do” activity, shown in Figure 4, encapsulates both the support and operation clause of the 
ISO 9001 standard and is summarised in Table 1 [6]. Clause 7 focuses on ensuring that operational 
functions meet the quality requirements. These requirements could be determined internally or 
externally. The clause also highlights the use of processes, procedure and work instructions to 
ensure conformance. 

Table 1. Summary of ISO 9001:2015 clauses 7 and 8

Clause 7 – Support Clause 8 – Operation
Clause 7 is structure around support 
functions, which include: 
• Determine and provide the required 

resources to implement and improve a 
QMS system. These resources include 
human resources, infrastructure and 
work environment needed, 
maintenance, organisational 
knowledge and the competence of 
people.

Clause 8 specifies process requirements of 
operations and highlights the flowing crucial 
requirements:
• Organisational planning and control 

processes, which emphasize how a 
company understands, communicates 
and meets customer requirements.

• Design and development reviews 
requirements – verification and 
validation should be planned from the 
start.

• Purchase and outsourcing processes.
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• Ensuring management and staff are 
aware of the quality policies and 
relevant objectives.

• Implement a document control system.

• Design and development processes.
• Specify controls for actual production 

and service provision.
• Delivery and signoff requirements.
• Nonconformance processes. 

3. PROCESSES, PROCEDURES AND WORK INSTRUCTIONS

Although ISO 9001:2015 has relaxed the strict requirement for quality management 
documentation, to satisfy the remaining documentation requirements, and (often more 
important), to properly implement the QMS, Processes, Procedures and Work Instructions are 
typically still employed [7]. Processes, procedures and work instructions are considered to be 
QA measures as they ensure that the planned activities are done correctly. The relationship 
between processes, procedures and work instructions could be explained by organising them 
into three tiers, as shown in Figure 5.

Figure 5. ISO 9001 Process, Procedure and Work Instruction

 Tier 1 - Process

As mentioned in the previous section, processes play an important role in the ISO 9001 
standard. A process is an activity that transform an input into an output, aligns with 
the quality policy and strategic direction of the organisation, and is seen as a high-level 
strategic method of control, which summarises the objectives, specifications and broad 
resources needed [7]. A simplified representation of a process is shown in the figure 
below:

Figure 6. Process layout

 Tier 2 – Procedures 
A procedure is a uniform method that specifies how to perform a process. Using 
procedures will ensure that the operation is repeatable and accords with to the 
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required quality standards. There are no fixed document layout requirements, however 
the following elements are deemed to be important when compiling a procedure 
document [7]:
• Purpose of the procedure – Why is the procedure important?
• Procedure objectives – What needs to be accomplished and how will it be executed?
• Responsibilities – Who needs to perform what action?
• Instructions on how to perform a process – how to convert the inputs into outputs
• Locational requirements – Where should the activity be performed?
• Important criteria that should be met.
• Tools, information or other resources required.
• Terminology, definitions, explanations, etc.

 Tier 3 – Work instructions
A work instruction specifies how to perform a certain task within a procedure and is 
usually a step by step instruction. Work instructions are only necessary when more 
detail is required for a task listed in the procedure and is not necessary for each task 
point [7].

4. QUALITY BY DESIGN 

The QbD methodology was identified as a suitable methodology to aid in the development of a 
QA framework for the chemical coated sand process. The QA framework could serve as a basic 
structure to develop process, procedure or work instruction documents. QbD was originally 
introduced in 1985 by Juran’s book “Juran on Quality by Design” and is based on the Trilogy 
approach that describes the requirements to achieve breakthroughs in new product, service or 
process development.  The methodology is widely used by both the automotive and 
pharmaceutical industries and is also known as concurrent, simultaneous or parallel engineering, 
since all the major development functions are required to be performed at the same time. The 
difference between traditional and QbD product development is shown in Figure 7 [8].
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Figure 7. Product development flow diagram [8]

Product development, using the traditional manufacturing principles, includes multiple changes 
and evaluations to the part, or service, to achieve the final product. In the pharmaceutical 
industry, early stage designs can consist of 70% of the total product lifecycle and influence 
approximately 70% to 85% of the total product cost. The major contributor towards the increase 
in the total product lifecycle and cost is due to the risks involved during the development stage. 
Thus, QbD is used as a tool to reduce risks and foster rational design thinking to avoid trial-and-
error situations. This has proven to reduce both research lead times and development costs [9].
The QbD methodology comprises of 8 sequential steps to create a better understanding of a 
product/service and its manufacturing process, which includes the identification and control of 
all the variables to ensure quality. The methodology’s process flow is demonstrated in the figure 
below:
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Figure 8. QbD framework

a) Quality target product profile (QTPP)
The QTPP describes how a product will be utilised by the end user, which include product 
information such as the ideal characteristics and features in relation to the safety and 
performance of a product. This will link the development process to a clear goal. The profile can 
be developed using the expertise from multiple professions, for example: marketing (defining 
the end user’s needs), engineers, market specialists, etc. However, it should be noted that the 
QTPP is a dynamic process that incorporates the feedback of all the QbD steps. Garvin (1984) 
stated that quality can be divided into five approaches and is defined based on the end-user’s 
perspective [9]. These approaches are consider to be high level approaches and include: 

• Transcendental perspective - a metaphysical aspect of quality, which makes it very 
hard to define. For example, when a client uses a certain brand of cosmetics and feels 
pretty but cannot provide any physical proof [10].
• User-based view - when a product satisfies a specific target group’s preference. This 
approach is based on quality as defined by the end user [10].
• Manufacturing-based - relates to the production and engineering requirements. The 
following approach defines quality from a manufacturer’s point of view, which includes 
aspects such as product specifications, requirements, available technology, reducing 
scrap rates, etc. [10]
• Value-based - can be defined as the quality level perspective from the price and other 
attributes. In other words, the value a client associates with a certain product cost. 
[10]
• Product-based - When the quality can be assessed by quantifiable and measurable 
characteristics or attributes. This approach does not necessarily satisfy a specific 
customer’s need but rather answers a specific question. An example might include the 
time it takes for a computer to start? [10]

b) Critical quality attributes (CQA)
This step identifies the product characteristics which should be contained within certain limits 
to ensure that they conform to the desired quality level, defined in the QTPP. Examples of CQA 
attributes include, but are not limited to mechanical, electrical, biochemical, etc. functions. A 
scientific or risk management rationale are usually being used to effectively identify the product
characteristics.  However, the CQA are only identified but not defined within limits, for early 
product development phases [9].
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c) Process flow diagram (PFD)
The PFD helps to represent processes visually through the identification of the necessary steps, 
participants and decisions in a process. The PFD improves the understanding of the current 
process and helps to identify problem areas that might affect the product performance and CQA. 
It also helps to achieve a more accurate identification of the most critical processes [9].

d) Critical process parameters (CPP) and material attributes (CMA)
This step is aimed at determining the process parameters and material attributes whose 
variability could potentially affect CQA. Usually the CPP and CMA should be monitored and 
controlled throughout the process to ensure process consistency, repeatability and accuracy. 
The attributes could be determined using a scientific or quality risk approach by linking the QCA 
groups (Step 2) to each of the processes mapped in the workflow map (Step 3) [9].

e) Quality risk assessment (QRA)
The QRA identifies and controls potential quality risks during the development and 
manufacturing process to ensure a high-quality product.  An Ishikawa diagram could be used to 
identify and group the major influencing factors for a given problem, where after a FMEA could 
be used to identify potential failure modes, determine their effect on the operation of the 
product and identify actions to mitigate the failures. Any factor with an uncertain probability of 
occurring can influence the outcome of a project and is considered to be a risk or hazard [9].

f) Design space (DS)
The design space describes the link between process inputs and critical quality attributes. Thus, 
it is used to determine the multidimensional combination and interaction of input variables (e.g. 
material attributes and process parameters) that have been demonstrated to provide the 
assurance of quality. The DS defines the critical parameters and limits, identified in Steps 1-5, 
to ensure an acceptable quality product [9].  A well-defined DS results in repeatable product 
performance across different manufacturing batches [11].

g) Control strategy (CS)
The control strategy will list the required monitor or control actions to ensure that the processes 
will remain within the predefined critical process parameter and material attribute range. There 
are several control strategies available, which include but are not limited to: procedural control, 
in-process controls, batch release testing, process monitoring, characterization testing, 
comparability testing and consistency testing [12].

h) Continuous improvement strategies (CIS)
CIS will list a plan with activities designed to bring gradual and ongoing improvement to products, 
services or processes through constant review, measurement, and action. Deming Cycle or Kaizen 
are well-known strategies used to support continuous improvement actions [9].

5. CONCLUSION

The purpose of the paper was to theoretically define a quality assurance framework, for the 
local production of chemical coated sand used in Additive Manufacturing applications, and to 
explore the QbD methodology to aid with the develop such a framework. The framework could 
be used as a basic structure to develop process, procedure or work instruction documents,
necessary for a QMS and will ensure the coated sand adheres to predefined quality standard. The 
quality standard that should be developed needs to address both the foundry’s and AM process’ 
requirements. The QbD methodology was identified as a suitable method to guide the 
development process and is based on the Trilogy approach that uses a concurrent engineering
approach to reduce risks, foster rational design thinking and eliminating the trial-and-error 
development approach. Future research work will include applying the QbD methodology to the 
sand coating process with the aim to develop a QA framework.
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ABSTRACT

Additive manufacturing, also known as three-dimensional (3D) printing, is one of the 
manufacturing process developments that have been integrated into the fourth industrial 
revolution, which is currently embraced globally. Three-dimensional (3D) printing is 
applied in many fields, including the foundry industry. Rapid sand casting is the 3D 
printing method generally used in the foundry industry. This technology offers many 
advantages compared to the conventional methods of producing moulds and cores in sand 
casting. Despite its advantages, rapid sand casting still requires improvement in the 
manufacturing process as well as the quality of the final product. This paper presents a 
theoretical work on a possible application of the Six Sigma methodology as a suitable 
continuous improvement strategy for rapid sand casting.
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1. INTRODUCTION

Rapid sand casting, also known as three-dimensional (3D) printing, of sand moulds and 
cores is based on well-established resin bonded casting processes [1]. The additive 
manufacturing techniques for producing sand castings is called rapid sand casting [2]. 3D 
printing has the capability of producing customized moulds, which are then used in the 
traditional sand casting process. The 3D printed moulds and cores result in improved 
profits, productivity and quality [3]. The conventional sand casting processes, which 
include producing moulds with either wood, metal or plastic patterns, have 
disadvantages compared to the later technology. The disadvantages of the conventional 
method include difficulty in producing complex and modified castings quickly. As a result, 
the processes suffer from longer lead times and increased production costs [4]. The 3D 
printing of sand moulds and cores eliminates the pattern-making step in the traditional 
sand casting method resulting in reduced labour costs, shorter lead times and improved 
productivity by directly producing moulds with the required properties at a quicker rate. 
Moreover, the rapid sand casting process can produce sand castings of different sizes and 
geometries.
Additive manufacturing systems that are presently available for sand casting are broken 
down into two categories, namely, powder bed infusion (PBI) and binder jetting (BJ) [5]. 
With powder bed fusion, the print material, which is the sand or any other powdered 
material, is agglomerated using heat from a laser or electron beam to make the part. 
The loose sand around the formed part becomes a support material as the process 
continues [5] [6]. With powder bed fusion, parts are manufactured using one of the 
following techniques: selective laser sintering (SLS), direct metal laser sintering (DLMS), 
selective laser melting (SLM), electron beam melting (EBM), selective heat sintering (SHS) 
or multi-jet fusion (MJF) [5]. All these systems possess different features [3] [7]. In binder 
jetting, the print material is coated with an organic or inorganic binder before it is 
deposited into layers to make the part [5]. Rapid sand casting produces moulds layer by 
layer using a resin-coated sand as a bonding material [4]. Binder jetting utilises the 
following systems: 3D Printing (3DP), ExOne and voxeljet [5]. 3D sand printing is used in 
rapid sand casting and can produce moulds in sizes required by the automotive industry 
[3].

This paper will focus on binder jetting and specifically 3D printing of sand moulds and 
cores. This manufacturing technology offers many advantages for sand moulds and cores 
when compared to conventional methods, including toolless manufacturing of moulds and 
cores accompanied by improved lead times, the superior quality of parts, design 
freedom, and increased production rate [8] [2] [3]. The voxeljet 3D printing technology 
can produce moulds and cores up to 4000 mm x 200 0 mm x 1000 mm in size and can 
improve the production rate of small castings [2].

2. LIMITATIONS OF RAPID SAND CASTING

Although the 3D printing process of sand moulds and cores offers numerous advantages 
over traditional sand casting, the technology still has some limitations in terms of the 
quality of castings. The biggest problem observed in 3D printing of sand moulds and cores 
is the blocking of the 3D printer nozzle by the sticky binder and the prevalence of veining 
defects in the castings produced [2]. The consistency of sand moulds produced by 
commercial 3D equipment in terms of mechanical properties is also a challenge. These 
limitations could produce casting defects. Several studies in South Africa have looked at 
the applicability of the rapid sand casting process as a viable sand casting process for the 
foundry industry. A study by Nyembwe and colleagues [9] assessed the properties of the 
rapid sand casting process using a voxeljet VX1000 3D printer compared to the 
conventional sand casting process. From the study, the tensile and bend strengths from 
3D printing were similar to the strengths obtained using the conventional method [9]. 
The study also found that the rapid sand casting was prone to metal penetration defects, 
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dimensional accuracy and rough surfaces [9]. Another study was also carried out to 
understand the casting defects from the rapid sand casting process using MAGMASOFT® 
software simulations [10]. This study found that poor workmanship was the root cause of 
casting defects in rapid sand casting [10]. More studies are still being carried out to assess 
and validate the applicability of rapid sand casting in foundries.
Process control is required to guarantee quality, consistency and repeatability in this 
technology but it is rather difficult to exercise process control and modelling in additive 
manufacturing [7]. Six Sigma framework is a statistical and project-orientated 
methodology for eliminating defects and deficiencies, and reducing variability in 
processes and products [11]. Six Sigma framework as a statistical model assesses a 
process in terms of defects and deficiencies [12]. This work provides a theoretical 
framework for the application of the Six Sigma technique to rapid sand casting in order 
to address the current limitation of the process. From the available literature, it is 
evident that an understanding of the rapid sand casting process parameters is required 
in order to deal with these limitations.

3. SIX SIGMA FRAMEWORK 

Six Sigma is a statistically driven methodology for process improvement that seeks to 
eliminate variations in business processes using data control methods [13]. Six Sigma 
focuses on business performance improvement through quality initiatives using the basic 
tools of quality [14]. The objectives of Six Sigma are to eliminate features that affect 
productivity, profit and the meeting customers' requirements [15]. Six Sigma is seen as a 
well-structured method for refining the quality of processes and products [16]. The Six 
Sigma technique should be in line with the organisational strategy and must be able to 
satisfy customer specifications [14]. Six Sigma is a proven method that seeks to pinpoint 
and eradicate deficiencies and imperfections in business processes by focusing on those 
process features that are important to the customer [16]. Six Sigma is an important 
technique for attaining competitive advantage [11]. The basic principle of the Six Sigma 
technique is to increase the sigma level/ability of an organization by applying statistical 
tools and approaches [17]. The quality improvement tools are incorporated into the Six 
Sigma framework for business improvement called DMAIC (Define–Measure-Analyse-
Improve-Control). Table 1 shows the Six Sigma framework and explanation of each step. 
Every Six Sigma technique project carried out in an organization follows this framework 
to achieve the bottom-line objectives [18].

Table 1: The Six Sigma framework.

Stages  of Six Sigma Explanation of the Stages 

Define
Define the improvement goals based on customers’ needs.  Map out 
the process to identify the customer (internal and external). Define 
the critical-to-quality items in the process and in the business. Align 
the critical-to-quality items of both the process and business then 
create the project Chatter.

Measure
Measure the existing processes. Establish a means to monitor the 
activities necessary to achieve the set goals in the previous stage. In 
this phase, the current performance of the process is outlined and 
the current state of the business is understood.

Analyse
Analyse the current process to comprehend problems and their 
causes. In this phase, the process capability of the process is 
calculated. The process layout and flow are also analysed. The cause-
and-effect diagram is used to map the causes and their effects. 
Variables that are increasing variations in the process are analysed.

Improve
Improves processes by detecting and showing solutions to the 
problems. In this phase, possible solutions are determined and 
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This framework increases the likelihood of identifying problems and their causes, enables 
accurate collection of data about the problem and increases the chances of finding 
solutions [14]. The purpose of the Six Sigma framework is to enhance quality and improve 
productivity through process control and customer feedback [16]. The quality tools 
applied in the Six Sigma framework include, but are not limited to process mapping, 
project charts, control charts, brainstorming, Pareto charts, cause and effect diagrams 
and histograms. These tools are used to collect and analyse data and they are also used 
to present the final data during the implementation process. It is important to understand 
the requirements of the customer in relation to the process. The applicability of Six 
Sigma to rapid sand casting will first require an understanding of the process 
requirements and their effect on the final casting. This includes understanding the 
process parameters and their properties.

4. APPLICATION OF THE SIX SIGMA FRAMEWORK TO RAPID SAND CASTING

The methodology of this theoretical paper involves two process chains including the AM 
and the Six Sigma framework. The additive manufacturing process is broken down into 
its elementary steps and studied in detail. Figure 1 shows the steps involved in a typical 
additive manufacturing process. This process chain is also applicable to rapid sand 
casting. Figure 2 illustrates the steps involved in the Six Sigma framework.

prioritized. The problem-causing factors are eliminated in the 
process. The  possible failures of the possible solution are studied 
using the Failure Mode and Effect Analysis ( FMEA)

Control
The improved processes are controlled by standardization and 
ongoing monitoring. The main purpose of this phase is to maintain the 
improved process, ensure that new problems are quickly identified 
and solved to maintain the improvements.
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The first step in the Six Sigma framework, as shown in Table 1 and Figure 2, is to define. 
This stage includes defining the rapid sand casting process parameters that could be 
affecting the quality of the final castings. Since we are focusing on the rapid sand casting 
process, the process properties associated with the final casting are of interest. A study 
by Chang'an and Wenbo [4] pointed out that the quality of mould and castings in rapid 
sand casting is influenced by the concentration and the quantity of the resin sprayed 
during production, the quantity of the curing agent and the printing layer thickness [4]. 
While Sivarupan and colleagues [19] found that, the printing parameters also affect the 
quality of the final castings. It is therefore important to understand both the printer 
properties and the print material properties in order to enhance the technique [19]. In 
this case, Six Sigma can be applied to understand the effect of the input material on the 
output. The second phase of Six Sigma is measure.

In this phase, relevant data about the process parameters are collected and measured. 
The focus is on the process parameters that could affect the quality of the final casting. 
In the measuring phase, the properties of the sand, the binder and the printing machine 
need to be understood. A study by Ramakrishan colleagues [21], acknowledged that the 
quality of the printed parts is influenced by a series of parameters in rapid sand casting 
such as part positioning in the machine, the nature of the binder and the sand 
specifications [21]. Moreover, Hackney and Wooldridge [3], studied the relationship 
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between the 3D printing machine built-in factors, such as print resolution and z-height, 
including the binder and activator ratios on sand part casting ability features [3]. The 
study found that these characteristics influenced quality in rapid sand casting.  
Understanding the effect of the rapid sand casting process parameters and their 
properties will provide an operational definition in which the data collected is understood 
and its importance outlined for the rapid sand casting. Most importantly, the measure 
phase of the Six Sigma framework provides a common language for understanding the 
process by knowing the required data to collect, how to collect it and how to interpret 
it. 

The measuring phase is followed by the analysing phase. This phase identifies the gap 
between the actual and the desired outcomes of the process. In the analysing phase, the 
causes of inefficiencies in the manufacturing process are outlined in order to understand 
the improvement opportunities. The tools used in this phase include, but are not limited 
to the cause and effect diagram, the histogram, the five whys and the scatter plots.
The improving phase provides improvement suggestions after verifying the root causes of 
process inefficiencies. Action plans and the details of what needs to be done as well as 
how to perform them is outlined and the implementation of the solutions is carried out. 
The final phase is the control phase. In this phase, the implementation results are 
evaluated and the progress is monitored and maintained. 
The Six Sigma framework is a viable method for process improvement in manufacturing 
processes because it utilizes a prescribed methodology and different quality tools at 
different stages of the framework to improve the process. Improvement in the Six Sigma 
framework is achieved by appropriately identifying manufacturing process deficiencies, 
removing the causes of deficiencies and minimizing process variation.

5. CONCLUSION

The paper presents a possible application of Six Sigma DMAIC methodology to rapid sand 
casting. The association of this quality improvement framework to sand casting has 
several potential benefits for the quality of castings and the large-scale adoption of 3D 
printing in the local foundry industry. The paper focused on how Six Sigma can be applied 
to rapid sand casting to combat the current limitations. The paper presents adequate 
information. This quality technique can be applied in the foundry industry for 3D printing 
process improvement provided all process and machine parameters are attended to. 
Future work includes the implementation of the framework to validate the impact 
concerning the outlined limitations of the process.
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ABSTRACT

Gel-casting is investigated as an alternative manufacturing process to additive manufacturing 
(AM), having the potential to produce complex titanium parts that are cost-efficient. In this 
study, two typical gel binder systems were investigated in order to develop a gel-casting process 
for pure titanium (CPTi). The gel binder systems are defined by their primary monomer 
constituents; namely, methacrylamide (MAM) for the first system and Isobam® for the second.
The suitability of the two binder systems for titanium gel-casting was studied by evaluating the 
slurry formulation, mixing process, quality and ease of the gel-casting process, including the
properties of the gel-cast part. 
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1. INTRODUCTION:  AN OVERVIEW OF GEL-CASTING

In the biomedical field, the total number of hip replacement surgeries are expected to increase 
by 137 % and knee replacement surgeries by 607 % between 2005 and 2030 in the United States 
of America [1]. Costly additive manufacturing (AM) techniques, such as direct laser metal 
sintering (DLMS), use titanium powders to directly produce complex custom net-shape implants, 
that are porous, to produce parts with a structure closer to that of human bone [2]–[4]. Gel-
casting, as an alternative manufacturing  process to AM, holds the potential to produce titanium 
parts with the same advantages as AM, but more cost-efficiently [3].  These advantages include 
creating highly complex titanium structures with minimal material waste and a high degree of 
design freedom.  Gel-casting is a near-net-shape ceramic processing technique developed by 
the Oak Ridge National Laboratory in the early 1990’s [5].

The gel-casting process is shown in Figure 1.  Powder of the material required for the final 
product is mixed with a liquid binder system to form a slurry.  The binder system contains various 
chemicals that allow even dispersion of the powder in the slurry, flowability of the slurry during 
the casting process and eventually forms a gel in which the powder particles are evenly 
suspended in the cast part.  After drying, the polymers in the gel remain, gluing the powder 
particles together in the gel-cast part.  Thereafter the part is fired, during which the remaining 
binder polymers burn off and the powder particles sinter together into a solid part.

Figure 1: Gel-casting process [6]

Titanium powder is very reactive, so selection of gel systems is important in order to avoid 
contamination of the microstructure, which in turn degrades the mechanical properties.  
Previous research has investigated the 2-Hydoxyethyl methacrylate (HEMA)/N,N’-
Methylenebisacrylamide (MBAM) gel system for gel-casting of titanium, however the results 
showed defects during casting [7].  The primary constituent of a gel-based binder is the 
monomer that connects the powder particles together, giving the green part structural strength.  
Additional binder constituents include the solvent, dispersant, defoamer, initiator and catalyst.  
The purpose of this study is to investigate alternative gel systems in order to improve the gel-
casting process for pure titanium.
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2. EXPERIMENTAL PROCEDURES

2.1 Materials

Two binder systems were chosen for evaluation, based on their primary monomer: Binder 1 used
methacrylamide (MAM), chosen  for its low-toxicity [8], and Binder 2 used Isobam®, chosen for 
its favourable rheological properties, complete decomposition at low temperatures and it is 
environmentally friendly [9], [10]. Both binder systems have been successfully used for gel-
casting in other studies [8], [9].  MBAM, as cross-linker and co-monomer, and ammonium 
hydroxide (NH4OH), as dispersant, were used as additional constituents to the MAM system. MAM 
has a polymeric structure of a single double bond and MBAM at least two double bonds.  When 
polymerized together in a certain ratio, the initial linear polymer is strengthened. All binder 
constituents were supplied by Sigma Aldrich®.  Distilled water was used as solvent for both 
binder systems.  Spherical commercially pure titanium powder (CPTi) with a particle size of 10-
45 μm, supplied by Advanced Powders & Coatings® (AP&C®), was used in this study. This is a 
typical AM powder, due to its high packing density and flowability, achieving solid loadings up 
to 60 vol% [4], [11]. These properties should provide similar advantages for gel-casting as 
particle packing and flowability of the slurry aid in producing high quality gel-cast materials.

2.2 Dispersive Quality of Slurry Systems

Recommended gel-slurry design criteria are to achieve the highest solid loading with a viscosity 
below 1 Pa s at a shear rate of 20 s-1 [12].  Factors that influence the viscosity of the slurry are 
monomer content, monomer cross-linker ratio, dispersant content, solid loading and the mixing 
time.  It is important that the powder used to create the slurry remains dispersed within the 
gel-binder during casting in order to produce a green part with an even distribution of powder 
particles. The premix solution of the slurry is formed when the monomers, cross-linker and 
dispersant are dissolved in the solvent (distilled water).  Different premix solutions were 
prepared, varying the monomer:cross-linker ratio, monomer- and dispersant contents. In order 
to investigate the dispersive quality of the binder system for the chosen CPTi powder, settling 
time of powder in the premix solution was measured.  This will give an indication of how well
the polymeric network of the different premix solutions is able to suspend the titanium powder 
particles, without mechanical stirring, before settling to the bottom of the solution.  

Table 1: Varied parameters of the MAM/MBAM binder system

Monomer content [wt %] 20, 30
Monomer: cross-linker ratio 6:1, 90:1
Dispersant content [wt %] 0, 0.4, 0.8

The different parameters used to evaluate the MAM/MBAM binder system are shown in Table 1.
The monomer (MAM) and cross-linker (MBAM) were first dissolved in the solvent for 2 hours at 
room temperature.  Thereafter, the dispersant was added to the solution and dissolved by 
mixing with an overhead mixer for an hour.  20 ml of the premix solution was mixed using a 
DLab OS40-Pro overhead stirrer, supplied by United Scientific®, at a speed of 450 rpm. For the 
second binder system, 0.3 wt % (of powder weight) of the Isobam®, a co-polymer of isobutylene 
and maleic anhydride, was dissolved in the solvent for 1 hour at room temperature to form a
premix solution.  No cross-linker or dispersant is required for this binder system [13]. The same 
mixing procedure and equipment was used for this binder system. 

The settling time of the titanium powder in the various premix solutions was investigated by 
pouring 1 g of CPTi powder into 20 ml of the prepared premix solution in a measuring cylinder.
The time for all of the powder to settle down from the 20 ml to below the 10 ml mark on the 
measuring cylinder was measured to characterize the settling time.
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2.3 Slurry Preparation for Gel-casting of CPTi Powder

The results from the settling tests showed that the CPTi powder does not suspend in either of 
the binder systems.  A novel approach, deviating from the typical ceramic gel-casting process 
described in Figure 1, was developed.

A 55 vol% solid loading slurry was prepared with a MAM/MBAM binder system of 20 wt % monomer
content at a 6:1 ratio.  The premix solution was prepared the same as explained in 2.2.  The 
CPTi powder was then added and mixed for 1 hour at 450 rpm to obtain a homogenous slurry.
After adding the catalyst and initiator the slurry was mixed for 13 min at a lower speed, 5 min 
at 300 rpm and 8 min at 150 rpm, allowing the slurry to start polymerizing.  The slurry was then 
cast, using a syringe, and deaired for 5 min before allowing the cast part to fully polymerize in 
an oven for 2 hours at 60 ˚C.

In the typical ceramic gel-casting process, the slurry is mixed for a long time after adding the 
powder to allow hydroxylation of particle surfaces to achieve a stable slurry surface that results 
in a well dispersed powder slurry [10].  The slurry is cast immediately, after adding the catalyst 
and initiator, before the slurry polymerizes.   

3. RESULTS AND DISCUSSION

3.1 Dispersive Quality of CPTi Powder in Binder Systems

At a monomer content of 20 wt % and monomer:cross-linker ratio of 6:1, the effect of dispersant 
content in the MAM/MBAM system on the settling time of titanium powder was investigated.  
The results, as shown in Figure 2, shows an increase in settling time of the CPTi powder with 
increase in dispersant content from 0 to 0.8 wt %. The settling time increased by 105 % with 
dispersant content increasing from 0 to 0.4 wt %, but only with 7.3 % when increasing dispersant 
content from 0.4 to 0.8 wt %.  A total increase in settling time of 120 % was observed, using 0.8 
wt % of dispersant against using no dispersant at all. In all these cases, it should be noted that 
the powder settled down in the premix and the powder particles did not remain suspended in 
the solution, as seen in Figure 3. The purpose of the experiment is to find a premix solution 
more likely to suspend and disperse the powder upon full mixing. These results indicated that 
this system does not hold much promise for dispersing the powder.

Figure 2: Effect of dispersant content in MAM/MBAM system on settling time
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Figure 3: Settling of powder in a premix solution with 20 wt % monomer at a 6:1 ratio with 0.8 wt %
dispersant

Increasing the monomer content from 20 to 30 wt %, resulted in a heterogeneous premix solution
(the monomer did not fully dissolve during premix mixing).  Even with increase in the mixing 
time, the monomer did not fully dissolve in the solvent for either content level. Increasing the 
monomer: cross-linker ratio to 90:1, with a monomer content of 20 wt %, also resulted in a 
heterogeneous premix solution.  The settling time of CPTi powder was not tested in these premix 
solutions.

A homogeneous premix solution was prepared with 0.3 wt % of Isobam®. The CPTi powder 
settling time measured was 130 s.  This is a decrease in settling time of 69.2 % compared to the 
MAM/MBAM system with a monomer content of 20 wt % and dispersant content of 0.8 wt %. A 
decrease in settling time indicates faster settling, thus this system appears to be less suitable 
than the MAM/MBAM system.

It is clear that neither binder systems suspend the CPTi particles.  This can be explained through 
reviewing the physics involved in the dispersion of particles in a liquid.  Gel-casting was 
developed using ceramic particles, that typically have lower density and smaller particle size
than metal particles. Thus, the surface charge of a particle in a ceramic powder slurry has a 
greater effect on the dispersion of the particles than the particle density.  The zeta potential 
of a slurry, relates to the surface charge of the particles, and gives an indication whether a 
slurry has sufficient electrostatic repulsion to maintain dispersed [14].

3.2 Slurry Formulation for Gel-casting of CPTi Powder

The novel approach to preparing a CPTi slurry, as explained in 2.3, resulted in a slurry of higher 
quality than a CPTi slurry prepared by the typical ceramic gel-casting process.  No settling of 
the powder was observed during casting, indicating that the powder particles were suspended 
well.  The flowability of the slurry, at the point of casting, allowed for easy casting using a 
syringe to deposit the slurry into the mould.

The reason for the improved quality of the slurry with this novel approach is that the stability 
of a metal powder slurry is affected more by density than by electric charges on the surface of 
the metal powder particles [15]. The zeta potential of metal slurries plays a lesser role in the 
dispersion of the particles than in ceramic slurries.  The principle of Stokes law was thus useful 
in obtaining a stable titanium slurry [15].  The law explains the rate of sedimentation of a 
particle in a medium:

0 s 270 s
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𝑆𝑆𝑆𝑆 =
𝐷𝐷𝐷𝐷2(𝜌𝜌𝜌𝜌1 − 𝜌𝜌𝜌𝜌2)𝑔𝑔𝑔𝑔

18𝜇𝜇𝜇𝜇 (1)

where S is the rate of sedimentation, D the diameter of a powder particle, ρ1 and ρ2 are the 
densities of the powder and medium respectively, µ is the viscosity of the medium and g is the 
gravitational constant.

By allowing the slurry to be mixed for 13 min at lower speed after adding the initiator and 
catalyst, the slurry started to polymerize while mixing.  This caused an increase in the viscosity 
of the medium while maintaining a sufficient flowability for casting, decreasing the rate of 
sedimentation and allowing the powder particles to be better suspended in the cast slurry. 

4. CONCLUSION

For this study, the polymeric network formed by the MAM/MBAM system was found to suspend 
titanium powder particles more succesfully than the Isobam® system.  A MAM/MBAM monomer 
content of 20 wt % and monomer:cross-linker ratio of 6:1 was found as the only suitable 
condition to form a homogenous premix solution. For further improvement of the slurry quality,
a novel approach was developed for the gel-casting process that keeps the powder particles 
suspended in the CPTi slurry during the casting process, while maintaining a suitable flowability 
for casting.
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ABSTRACT

Mechanical design within the railway industry is conservative due to traditional manufacturing 
processes and slow to adopt new methods of manufacturing due to safety requirements. In South 
Africa, there is limited research on how 3D printing might assist railway operators in optimising 
design, manufacture and maintenance of various internal and customer-facing components. The 
purpose of this paper is to identify optimal printing parameters and determine the benefits of 
creating custom infill geometry based on topology and finite element analysis principles. This is 
achieved by comparing mechanical test results of various tensile tests that have been 3D printed 
using the Fused Deposition Modelling process and polymer materials. A case study is used to 
demonstrate the application of designing a railway component using the custom reinforced infill 
geometry that is 3D printed using the optimal parameters that have been identified.  

1 BSc. Eng. Mechanical Engineer at Transnet Freight Rail
2 MEng. Metallurgy Principal Engineer at Transnet Freight Rail
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1 INTRODUCTION

Functional parts and assemblies used in industry all undergo various conventional manufacturing 
processes. Manufacturing advances made in recent years in all technology domains have enabled 
these functional systems to be fabricated from design perspectives through to being production-
ready. These significant developments in part creation are made by utilizing advanced digital 
tools which include computer-aided-design systems, non-destructive testing in the form of finite 
element analysis (FEA) and testing of iterative designs for a given subsystem or part [1]. These 
processes form the practices of conventional designing for manufacturing and assembly (DfMA) 
[2]. In the 3D printing area, advanced technology and digital tools do play a significant role in 
producing functional grade 3D printed parts [1]. Due to this, 3D printing technology has seen 
rapid adoption in various industrial sectors and commercial markets. The steady decrease in 3D 
printing costs allows conservative industries such as the railway environment to investigate 
possible adoptions and introduction [3]. Even though 3D printing is seen as an attractive addition 
to the traditional manufacturing methods used to produce railway-related components, limited 
knowledge of how it may assist rail design engineers and operators exist. The design knowledge, 
rules and methodologies are substantially different when designing for Additive Manufacturing 
(DfAM) which is able to create various features and impose different design constraints when 
compared to the conventional DfMA approach. Therefore, they require different process-specific 
design rules and tools to achieve the required parts for its given application [2]. An important 
factor in the design optimisation process for additively manufactured parts is having a common 
understanding of the relationships that exist between 3D printing techniques, 3D printing 
materials and the mechanical properties associated with the final part. It is also important for 
rail design engineers to be aware of these properties and the manufacturing technique as it 
would influence the design methodology. Research conducted by [4] presented the benefits of 
the 3D printing technology and showed how it could improve maintenance tasks within the 
railway industry. A redefined and simplified design methodology for additively manufactured 
parts were also presented specifically for the railway infrastructure environment. Figure 1
illustrates the flow diagram of the design cycle which highlights that the initial design process 
occurs at the software level. This level contributes to the most steps in the overall design flow.

Figure 1 Proposed Design Cycle for Creating 3D Printable Functional Parts [4]

Under the mechanical design process, research conducted by [5] found that in the South African 
railway environment, rail design engineers face multiple challenges in defining components for 
space-restricted applications and overall component weight when using the traditional 
manufacturing approach. The objective of this paper is to demonstrate the benefits of creating 
custom reinforced infill geometries using principles of topology shape optimisation and finite 
element analysis (FEA) by comparing strength-to-mass and increase-in-strength ratios of tensile 
test specimens to standard infill geometries. The paper also aims to determine the optimal print 
properties such as print orientation, infill density and material type to be used. Finally, the 
optimal results are applied to create railway-related components based on the presented case 
studies to demonstrate its benefit.
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2 BACKGROUND:

2.1 SOUTH AFRICAN RAILWAY INDUSTRY

In the South African railway industry, recent investigations have been done to determine the 
feasibility of metal additive manufacturing (AM) and 3D printing technology. Potential benefits 
for creating spare parts for infrastructure equipment, measuring gauges and simple tools for 
maintenance activities were identified using case studies. These case studies focused 
specifically on wayside maintenance equipment and proved that 3D printing functional parts
have a place in the rail infrastructure domain [4]. Factors relating to the design of railway 
components using design optimisation analysis also showed the benefits of recreating stronger 
railway-related components using 3D printing techniques with parts that have less material. It 
was also shown that 3D printed polymers can be suitable replacements to certain railway 
components when methods of design optimisations such as topology analyses are applied [4].
With the advancement in 3D printing, the techniques used to create functional parts for railway 
wayside assets can be effectively achieved. In order to fully realise this potential and be able 
to expand its applications within the railway industry, proper design methods and design 
optimisation processes of the printed components needs to be determined [4]. Equally, not 
everything within the rail environment can have the benefits of AM and 3D printing. It is, 
therefore, important to understand the technical limitations and design methods through 
research, needed for creating functional railway parts. As an introduction to 3D printing in the 
railway environment, technical research is done based on the 3D printing relationships 
determined by using the FDM technique with polymer materials. The results from the technical 
analysis will develop a better understanding of creating railway-related components by rail 
design engineers.  

2.2 3D PRINTING TECHNOLOGIES

This manufacturing process, commonly known as 3D printing, involves creating physical parts by 
depositing material one layer at a time. Components created using this technique is able to 
simplify and combine conventional manufacturing methods (subtractive, joining and formative)
at the software design phase [4]. The Fused Deposition Modelling (FDM) method of 3D printing
for plastics, builds parts by heating a thermoplastic filament to a semi-liquid state. The molten 
plastic is then extruded through a small nozzle creating the physical part in a layer-by-layer 
fashion [6]. Figure 2 illustrates a schematic of a general FDM 3D printer process.
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Figure 2 Schematic of the General Components Found on a Direct Drive FDM 3D Printer

The general 3D printing process using an FDM printer involves four basic stages. It starts with a 
computer-aided design (CAD) created using design software or using reverse engineering 
methods such as 3D scanning which is saved as a Stereolithography (STL) file. The file is then 
converted into machine code or instructions known as G-code. Once the model is converted, the 
file is sent to the 3D printer software to prepare it for printing. The model may be printed after 
the appropriate settings have been selected on the printer software. The final stage of the 
process involves, cleaning, assembling and in some cases may require other post-processing 
methods [4]. Figure 3 is a visual representation of the different stages involved in 3D printing. 

Figure 3 Stages of the 3D Printing Process from a CAD model (Stage 1) to slicing the CAD model (Stage 
2) and the Final 3D Printed Tensile Test Specimens (Stages 3 and Stage 4)

2.3 REINFORCED MESHING AND CUSTOM INFILL GEOMETRY

Similar to other AM processes (including FDM), the 3D STL model does not contain any 
information on infill geometry and density. In most instances, the infill geometry relies on the 
available ‘default’ settings on the slicing (tool-path-generator) software. Since infill geometry 
and density determines the overall strength of a 3D printed part, the infill design is an important
factor to consider for mechanical performance [7]. Dr Adrian Bowyer [8], a respected inventor 
of the self-replicating 3D printer postulated an idea to improve the strength of FDM printed 
parts. The idea presented the use of thin like fibres to be added to the interior of 3D printed 
objects at the design stage as seen in Figure 4. These virtual fibres are presented as long thin 
cylindrical void holes within the STL model. The theory behind the use of these voids is to trick 
the printer software in assuming these are holes and effectively apply perimeters around it. 
That is, apply more plastic around these holes. This approach would increase the density of the 
infill in the localised area resulting in a reinforced model. He also presented the use of Finite 
Element Analysis (FEA) to assist with identifying the localised weak region of a part. The test 
results showed that for a 200 mm beam printed in Polylactic Acid (PLA) material with a 20 % 
infill, the part improved in stiffness by 54 % [8]. The disadvantage of this approach is identifying 
the appropriate regions of adding virtual fibres as well as the number of fibres needed to add 
overall strength to the part. In the case of the FEA approach, Dr Adrian Bowyer used a custom 
script instead of commercially available specialist software to conduct the finite element 
analysis. This approach will be used in this investigation to create a custom reinforced infill 
geometry.  
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Figure 4 Randomly Generated Cylindrical Fibers in a 3D Model Cube (a), Using FEA to Assist with 
Identifying the Weak Region (b) and Cylindrical Fibers at the Identified Weak Region (c) [8]

2.4 MECHANICAL TENSILE TESTING OF FDM 3D PRINTED PARTS

Research in determining the various different mechanical properties of 3D printed plastic parts 
have been done in other countries. These activities have been used to develop a better 
understanding of 3D printed parts for designers. Some of these activities include;

Research conducted by V. Madhav and S. Yeole [9] investigated the relationship between 
literature and relative simulation studies on the properties of acrylonitrile butadiene styrene 
(ABS) plastic specimens. The simulations were performed, complying to standard ASTM D638 
Type-IV to determine the ultimate tensile strength and maximum deformation in the specimen.
It was found that FEA simulation results strongly agreed to the literature of the study. Research 
conducted by D. Farbman and C. McCoy [10] examined the variations in mechanical properties 
of thirteen 3D printed test specimens. The research was conducted to provide both industrial 
and academic communities with a better understanding of the mechanical behaviour of 3D 
printed polymer parts to help improve the mechanical & digital design process. This was done 
using the fused deposition modelling (FDM) technique of 3D printing. Limitations in the research 
were found with the 3D print quality, limited data spread of test specimens and stress 
concentrations in the printed parts causing premature failures during testing which resulted in 
poor conclusions. This approach is used to conduct the comparisons between standard infill 
geometry to the custom reinforced infill geometry. 

3 RESEARCH METHODOLOGY

3.1 MATERIAL PROPERTIES

The polymer materials used in this research study are Acrylonitrile Butadiene Styrene (ABS) and
Acrylonitrile Butadiene Styrene Composite (ABS+) filaments. These materials have been selected 
for this research because of the introductory level of the research and the cost associated with
it. Table 1 illustrates the polymer material properties being used for this research.

Table 1 Polymer Filament Properties Used in the Study [11]

ABS ABS+
Melting Point 220ºC - 260ºC 220ºC - 260ºC

Surface Quality Fine Fine
Cool Time Medium Medium

Moisture Absorption Approx. 3%-5% Approx. 3%-5%
Density 1.04 g/cm³ 1.06 g/cm³

Elongation At Break 22% 30%
Glass Transition 105ºC 98 ºC
Tensile Strength 44.81 MPa 40 MPa
Flexural Strength 66 MPa 68 MPa
Tensile Modulus 2.21 GPa 1.98 GPa
Flexural Modulus 2.28 GPa 2.43 GPa

3.2 TEST SPECIMEN PREPARATION

The test specimens that are used for the purpose of this research will comply with ASTM D638-
14 Type IV standards for plastic tensile testing [12]. This standard is used due to the direct 
comparisons of semi-ridge and non-ridged plastics needed to be conducted for the 3D printed 
specimens. Two sets of test specimens complying to the recommended standard will be 3D 
printed. The first set of specimens are printed following the standard infill density and geometry
(rectilinear) found on the slicing software. The second set of specimens will have custom 
generated reinforced infill geometry patterns based on FEA and topology optimisation combined 
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with the standard infill pattern. Figure 5 illustrates the sketch and related dimensions of the 
test specimens. A total of 48 test specimens are printed with 4 specimens assigned to a 
particular infill density group. 

Figure 5 Sketch of the Intended Tensile Test Specimens with Dimensions in mm [12]

The specimens will be tested to failure in order to measure tensile strength, elongation at break,
strength to mass ratios and increase in strength ratios. These results will assist with generating 
curves for the respective build orientations between the two different infill patterns to 
compare. In order to effectivity compare the specimens, a constant coordinate reference axis 
needs to be determined. Figure 6 illustrates the print orientation of the test specimens and the 
constant coordinate system used with reference to the 3D printer build direction and the applied 
loading of the tensile testing machine. It must be noted that the 3D printing build direction is
assigned as the Z-axis and all specimens are printed on rafts to ensure accurate dimensions and 
adhesion.

Figure 6 3D Printed Test Specimens on the Printer Platform in the Respective Build Orientations

All specimens have a constant layer height of 0.2 mm and varied build orientations. Infill density 
and material types are varied. Table 2 illustrates the test specimens with reference to Figure 
6.

Table 2 Test Specimen Build Orientation

Print Orientation
A Vertical along the y-z plane B Vertical along the x-z plane
C Vertical at 45 degrees D Horizontal Flat along the x-y plane

3.3 3D PRINTER & TENSILE TESTING MACHINE PARAMETERS

Two different 3D printers are used to 3D print the tensile test specimens complying to ASTM 
D638-14 Type-IV standard [12]. The method used to create a custom infill geometry is not a 
simple setting offered on any 3D printing slicing software but is a custom method of merging 
mesh bodies within a slicer software. Table 3 illustrates the printer specifications and settings 
used for printing the test specimens.
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Table 3 Printer Parameters Used to 3D Print the Test Specimens

Printer Settings Parameters
Printers UP Plus 2 & Creality CR10S Pro

Slicing Softwares UPStudio & Cura 4.3
Infill Density 0% : 15% : 20% : 65% : 99%
Layer height 0.2 mm

Bed Temperature 90 degrees Celsius
Nozzle Temperature 260 degrees Celsius

Figure 7 illustrates the general infill density and geometry used in comparing the 3D printed test 
specimens. 

Figure 7 Infill Density of 15 %, 20 %, 65% and 99% with a Rectilinear Geometry and Two Shell 
Parameters

The tensile testing machine used to conduct all tests is the MTS Criterion model C45.105 and is 
normally used to test rail steel specimens at Transnet Freight Rail. Figure 8 illustrates the 
machine setup.

Figure 8 Universal Tensile Testing Machine Used in this Investigative Study

3.4 CUSTOM REINFORCED INFILL GEOMETRY

The approach taken to develop a custom infill geometry uses topology optimisation principles
and finite element analyses. In order to create a custom infill geometry that can be used to 
reinforce the original model, FEA is performed on the tensile test specimen. An arbitrary vertical 
load is applied at one end of the test specimen while the opposite end is fixed in all directions.
The FEA analysis will present the stress profiles generated through the body of the test 
specimen. This stress profile is exported and saved as a separate mesh body which will be used 
to create the custom infill geometry within the slicing software by merging it with the original 
CAD model. Figure 9 illustrates the stages used to generate the topology optimised mesh based 
on the FEA results.
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Figure 9 The Different Stages in Generating the Final Custom Reinforced Mesh Geometry

Figure 10 illustrates the method used to merge the optimised stress profile model that was 
exported from the FEA results with the original CAD body using the slicing software.

Figure 10 Merging Mesh Bodies to Create a Custom Reinforced Model

Table 4 illustrates the settings used to merge the two files together. These settings are used on 
the slicing software, Cura 4.1.

Table 4 Settings for Creating a Custom Reinforced Mesh Geometry

Original CAD Model Reinforced Mesh
Software Used Cura 4.3

Per Model Setting Normal Model Modify Settings for Infill of Other 
Models

Infill Density 10 % 99 %
Infill Geometry Rectilinear Rectilinear

Shell Layer 2 2

4 RESULTS

4.1 TENSILE TEST SPECIMENS

All tensile test specimens were printed using ABS and ABS+ plastic. Each specimen was inspected 
for print defects and dimensional correctness. It was found that the dimensions of the samples
were within a tolerance of ± 0.1 mm to the recommended neck width of 6 mm and a thickness 
of 7 mm [12]. Print defects that were identified on the samples include seam-lines (where the 
new print layer starts and ends). On samples with 0 % infill density, print failure on the vertical 
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surface of the specimen existed. This is due to the samples not having any internal supports 
(infill). Figure 11 illustrates the defects identified. 

Figure 11 Print Defects Experienced from the Printing Process for Test Specimens with 0 % Infill 
Density

4.2 TENSILE TESTS

All tests were performed on the MTS Criterion Model C45.105, universal tensile tester. The 
tensile tests were performed in a humidity and temperature-controlled environment. The 
materials used in the experiment have limited absorptivity and high glass transition 
temperatures. Therefore, the effects of humidity and temperature on the test specimens were 
assumed to be negligible when the experiments were performed. All the specimens tested,
fractured within the neck region as suggested by the standard [12]. Figure 12 illustrates some 
of the fractured test samples. 

Figure 12 Fractured Dog-Bone Test Specimens of ABS & ABS+ Plastic Printed in the XY Plane (A & C) 
and in the XZ Plane (B & D)

A method was developed by D. Farbman and C. McCoy [10] to determine the strength to mass 
and increase in strength ratios using maximum applied force instead of stress to the test 
specimens. Equation 1 illustrates the strength to mass ratio (SMR). The equation is used to 
illustrate how varying the infill density affects the strength-to-mass ratio with reference to the 
solid test specimen. 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =
𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

1

Equation 2 illustrates the increase in strength ratio (ISR). The equation illustrates how the infill 
density changes the strength of the sample with reference to the hollow shell test specimen. 
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𝐼𝐼𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =

𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 −  𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑠𝑠𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 −  𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 −  𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑠𝑠𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

2

Table 5 through to Table 8 illustrates the results for the maximum force the test specimens 
achieved during the tensile test, the strength-to-mass ratio of the specimens, the increase in 
strength ratios based on the varied infill densities, mass and print times of the test specimens.

Table 5 Measured Data of ABS Plastic Tensile Test Specimens

Print Orientation % Infill 
Density

Mass 
(g)

Print 
Time 
(mins)

Max 
Force (N) SMR ISR

UTS
(MPa)

Horizontal (x-y plane) 0 4 16,2 680 1.17 0 16.2
Vertical (x-z plane) 0 4 45,1 619 1.19 0 14.7
Vertical (y-z plane) 0 4 45,1 461 0.87 0 11

Vertical 45° 0 4 42,5 565 1.25 0 13.4
Horizontal (x-y

plane) 15 5 20,0 798 1.10 0.90 19

Vertical (x-z plane) 15 5 53,6 549 0.84 0.62 13.1
Vertical (y-z plane) 15 6 53,3 574 0.73 0.40 13.7

Vertical 45° 15 5 48,3 541 0.96 0.26 12.9
Horizontal (x-y

plane) 20 6 20,7 779 0.89 0.38 18.5

Vertical (x-z plane) 20 6 54,7 493 0.63 0.56 11.7
Vertical (y-z plane) 20 6 54,4 558 0.71 0.34 13.3

Vertical 45° 20 6 48,8 401 0.59 0.88 9.6
Horizontal (x-y

plane) 65 6 23,6 800 0.92 0.46 9

Vertical (x-z plane) 65 7 57,6 200 0.22 1.23 4
Vertical (y-z plane) 65 7 57,2 594 0.64 0.31 14.1

Vertical 45° 65 6 50,9 600 0.89 0.19 15
Horizontal (x-y

plane) 99 11 40,5 1600 1 1 37

Vertical (x-z plane) 99 10 66,0 1300 1 1 32
Vertical (y-z plane) 99 10 66,0 1319 1 1 31.4

Vertical 45° 99 10 59,5 1127 1 1 26.8

Table 6 Measured Data of the Custom ABS Plastic Infill Geometry Tensile Test Specimens

Print Orientation % Infill 
Density

Mass 
(g)

Print Time 
(mins)

Max 
Force 
(N)

SMR ISR
UTS

(MPa)

Horizontal (x-y
plane) 99 8 68 1654 2.07 2.62 39.4

Vertical (x-z plane) 99 8 114 1402 1.75 2.16 33.4
Vertical (y-z plane) 99 8 114 1420 1.78 2.19 33.8

Vertical 45° 99 8 113 1378 1.72 2.11 32.8

Table 7 Measured Data for the ABS+ Plastic Tensile Test Specimens

Print Orientation % Infill 
Density

Mass 
(g)

Print Time 
(mins)

Max 
Force 
(N)

SMR ISR
UTS

(MPa)

Horizontal (x-y plane) 0 3 16,2 235 0.78 0 5.6
Vertical (x-z plane) 0 4 45,1 391 1.08 0 9.3
Vertical (y-z plane) 0 3 45,1 211 0.80 0 5
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Vertical 45° 0 4 42,5 392 1.23 0 9.3
Horizontal (x-y plane) 15 5 20,0 601 1.20 1.69 12.7
Vertical (x-z plane) 15 6 53,6 430 0.79 0.22 10.2
Vertical (y-z plane) 15 6 53,3 444 0.84 0.82 10.6

Vertical 45° 15 5 48,3 395 0.99 0.04 9.4
Horizontal(x-y plane) 20 5 20,7 610 1.22 1.73 14.5
Vertical (x-z plane) 20 6 54,7 397 0.73 0.03 9.5
Vertical (y-z plane) 20 6 54,4 443 0.84 0.82 10.5

Vertical 45° 20 6 48,8 192 0.40 1.44 4.6
Horizontal (x-y plane) 65 6 23,6 700 1.17 1.43 16
Vertical (x-z plane) 65 6 57,6 500 0.92 0.63 11
Vertical (y-z plane) 65 6 57,2 470 0.89 0.91 11.2

Vertical 45° 65 6 50,9 400 084 0.06 10
Horizontal (x-y plane) 99 11 40,5 1100 1 1 26
Vertical (x-z plane) 99 11 66,0 1000 1 1 24
Vertical (y-z plane) 99 11 66,0 967 1 1 23

Vertical 45° 99 11 59,5 875 1 1 20.8

Table 8 Measured Data of the Custom ABS+ Plastic Infill Geometry Tensile Test Specimens

Print Orientation % Infill 
Density

Mass 
(g)

Print Time 
(mins)

Max 
Force 
(N)

SMR ISR
UTS

(MPa)

Horizontal (x-y
plane) 99 8 68 1339 1.67 2.04 31.9

Vertical (x-z plane) 99 8 114 1002 1.25 1.42 23.9
Vertical (y-z plane) 99 7 114 834 1.19 1.38 19.9

Vertical 45° 99 8 113 812 1.02 1.07 19.3

Based on the experimental test performed on the tensile test specimens, a range of graphs 
illustrating the respective relationships between the different printer properties and mechanical 
properties of the 3D printed specimens have been generated. These are illustrated from Figure 
13 through to Figure 19.

Figure 13 Maximum Stress (UTS) vs Infill 
Density

Figure 14 Print Time vs Infill Density vs Mass
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Figure 15 Elongation at Break vs Infill Density Figure 16 Build Orientation vs Infill Density vs UTS
for ABS

Figure 17 Build Orientation vs Infill Density vs 
UTS for ABS+

Figure 18 Strength-to-Mass Ratio vs Build 
Orientation

Figure 19 Increase Strength Ratio vs Build 
Orientation

4.3 FINITE ELEMENT ANALYSIS SIMULATIONS

The finite element analysis simulations are performed on NX Nastran and comply with the ASTM 
D638 Type IV standard. The FEA consists of five stress and displacement simulations. In all 
simulations performed, one face at the base of the specimen is fixed in all degrees of freedom 
while a force resulting in the failure of the test specimen based on the material ultimate tensile 
stress is applied to the opposite side. The simulations consist of dog-bone specimens with varied 
infill densities. These densities include 0 % (hollow), 15 %, 20 %, 65 % and 99 % (solid) with all 
infill geometries being rectilinear type. The objective of the simulations is to determine the 
required force needed to induce failure of the test specimens. This force is then compared with 
the experimental results to determine the FEA feasibility. Table 9 illustrates the boundary 
conditions used in the simulations and is done to replicate the results from the universal tensile 
testing machine.
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Table 9 Simulation Boundary Conditions used for the Finite Element Analysis

Boundary Conditions
Material Properties ABS Plastic
Applied Loads Uniformly applied load corresponding to test results
Applied Constraints Fixed at the base of the specimen
Element Type & Mesh Size SHELL, CQUAD4 and CTETRA4 elements with a 0.5 mm mesh 

size

The stress generated on the test specimen based on the FEA results is illustrated in Figure 20
below. 

Figure 20 Stress Generated on the Test Specimen based on the Finite Element Analysis

Table 10 illustrates the final results for the maximum Von Mises stress, displacement and the 
maximum applied forced at failure for the test specimens

Table 10 Finite Element Analysis Results Performed for ABS Plastic

Maximum 0 % Infill 15 % Infill 20 % Infill 65 % Infill 99 % Infill
Von Mises Stress (MPa) 43 43 43 43 43.01
FEA Applied Force (N) 610.92 751 766.35 821.71 1620.81

Measured Applied Force 
(N) 680 798 779 800 1600

Displacement (mm) 1.569 1.12 1.129 1.145 1.342
% Error (Measured vs FEA) 11.31 6.26 1.65 2.6 1.28

4.4 DISCUSSION

All test samples were stressed at 5 mm/min using the universal tensile testing machine, 
complying with the recommended standard. Various relationships have been determined based 
on the experimental results and the finite element analysis. Based on these experiments, the 
ABS plastic material has shown better overall strength results compared to the ABS+ plastic 
tested. An Ultimate Tensile Strength (UTS) of 37 MPa was achieved on the standard 3D printed 
ABS plastic specimen while a UTS of 26 MPa is achieved on the ABS+ specimens as illustrated in 
Figure 16 and Figure 17. All other results, such as print time, build orientation, mass and infill 
densities are the same for both materials. The relationship between print time, build orientation 
and mass showed that the horizontal (X-Y Plane) is the optimal build direction. It requires the 
least amount of printing time (varies from 16.2 minutes for hollow specimens to 40.5 minutes 
for solid specimens) and results in stronger prints based on the applied loading used in the 
experiment as illustrated in Figure 14. A linear relationship between infill density, printing time, 
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mass and strength all exist. As infill density increases, all other parameters increase as 
illustrated in Figure 13 through to Figure 17.

The strength-to-mass and increase in strength ratios were calculated on the various different 
test specimens as illustrated in Figure 18 and Figure 19. The highest strength-to-mass ratios 
achieved for ABS and ABS+ plastic were specimens with a standard 0 % infill density printed 
vertically at 45 degrees. The ratios achieved were 1.25 and 1.23 respectively. These results 
point to the important property of shell layers having more strength influence than infill density. 
In the case of the increase in strength ratios, the ABS test specimen printed vertically (x-z plane) 
with a standard infill density of 65 % achieved a ratio of 1.23 while the ABS+ test specimens 
printed horizontally (x-y plane with a standard infill density of 20 % achieved a ratio of 1.73. It 
was hypothesized that the use of a custom reinforced infill geometry based on the FEA and 
topology optimisation would increase the strength-to-mass of the part. Based on the 
experimental tests conducted, it was evident that the highest overall strength-to-mass ratios 
and increase in strength ratios were from ABS and ABS+ test specimens printed horizontally (x-
y plane). The ABS test specimens achieved a 2.07 strength-to-mass ratio and a 2.62 increase in 
strength ratio. The ABS+ test specimens achieved a 1.67 strength-to-mass ratio and a 2.04 
increase in strength ratio. 
These results show that optimising the infill geometry using FEA does increase the strength of 
the part. The custom infill geometry specimens also showed to be stronger than all the test 
specimens. The strongest overall specimen is the ABS plastic specimen printed horizontally with 
an infill density of 99 % for the custom infill geometry and 10 % infill density for the non-stressed 
regions of the part as illustrated in Figure 13 through to Figure 19. The overall mass of the 
reinforced infill geometry specimens is 27 % less than the standard specimens, however, printing 
time has increased by 14.3 %. This increase in print time is due to the printer. The reinforced 
specimens were printed on a printer which uses a Bowden drive extruder as compared to the 
direct drive extruder found on the other printer. The finite element analysis indicated that test 
specimens with an infill density of 99 % would be stronger compared to the other variations of 
infill densities. This has been confirmed with the experimental results which had a 1.28 % error.
It was also identified that all other test specimens, with regard to infill density, performed the 
same during the experimental tests as illustrated in Table 10.

5 RAILWAY INDUSTRY APPLICATION

The comparisons between the test specimens have shown that the custom reinforced infill 
geometry does strengthen the 3D printed part and reduces the overall material used. The results 
achieved for the optimal printer parameters and the method of creating a custom reinforced 
infill geometry using FEA can be applied to the design of railway components. The case study 
demonstrates the techniques and methods of creating a custom generated reinforced infill 
geometry for an optimally 3D printed grease plate bracket. 

5.1 CASE STUDY 1: WAYSIDE LUBRICATOR GREASE PLATE BRACKET

Transnet Freight Rail uses wayside lubricators to provide lubricant on track to assist with 
reducing friction and wear between the wheel-rail interface. There are currently 1689 wayside 
lubricators installed across Transnet's rail network which translates to approximately 6756 
grease plate brackets. All the wayside lubricator parts including the bracket are manufactured 
using steel and due to the material, have become a high target for theft and vandalism. 
Replacing these missing parts results in increased lead times in manufacturing, procuring and 
installing. When the lubricators are not operational, they result in increased friction, wear and 
maintenance on the wheels and rails thereby resulting in an increased financial cost to Transnet. 
The grease plate bracket is used to demonstrate the application of using a custom reinforced 
infill geometry with the optimal printing parameters. This is done by first generating a digital 
CAD model of the bracket and optimising it for 3D printing as illustrated in Figure 21 (A), (B)
and (C). The expected stress regions of the bracket were then determined using the topology 
shape optimisation and FEA which was exported as a separate mesh body as illustrated in Figure 
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21 (D) and (E). The exported mesh was then merged with the original CAD model within the Cura 
software as illustrated in Figure 21 (F), (G) and (H). Finally, the bracket is 3D printed using ABS 
plastic with the internal reinforced mesh illustrated in Figure 21 (I) and compared to the original 
as illustrated in Figure 21 (J).

Figure 21 3D Printing a Wayside Lubricator Bracket Using a Custom Reinforced Infill 
Geometry

6 CONCLUSION

The purpose of this paper is to identify optimal printing parameters for designing railway 
components and to determine the benefits of creating custom infill geometry based on topology 
and finite element analysis principles. This is achieved by comparing 3D printed tensile test 
specimens with varying printing parameters and custom reinforced infill geometry and applied 
to a specific railway component presented as a case study. The constant variables used when 
printing the test specimens includes print temperature (260 ℃), printer build platform 
temperature (90 ℃), print layer height (0.2 mm) and infill patterns (rectilinear). The variables 
which were varied in the study includes the polymer material types (ABS and ABS+), the infill 
density (0 %, 15 %, 20 %, 65 %, 99 %) and print build orientation (X-Y plane, X-Z plane, Y-Z plane, 
45° vertical plane). The results from the experiments have shown that utilizing FEA and topology 
optimisation to create custom infill geometries based on the stress experienced does create 
stronger parts while also reducing the mass of the specimen. The results also showed that the 
FEA approach to simulate the tensile tests with the varied infill densities strongly agrees with 
the experimental results obtained. The experiment also presented important relationships in 3D 
printer parameters and mechanical strength of 3D printed parts. This will allow better design 
optimisation techniques to be used on respective components. The case study of a 3D printed 
optimised grease plate bracket has shown that creating a custom infill geometry can assist with 
strengthening a 3D printed part for real-world applications. This allows for the design of railway 
components to be optimised based on the expected stress. It is, however, clear that further 
research is needed within the mechanical properties of 3D printed parts. This is important for 
rail design engineers to better understand the limitations and strengths of 3D printing
parameters in order to maximize the strength and durability of 3D printed functional parts for 
the railway industry. 

7 FUTURE DESIGN CONSIDERATIONS

Based on the results from the experimental tests and finite element analysis, a few 3D printing 
considerations can be used when 3D printing functional parts. Parts or components which will 
experience tensile forces can be optimised and printed using: 
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1) Custom reinforced meshing to improve strength and reduce mass based on FEA.
2) Infill density of 65 - 99 % should be used when possible.
3) Ensure print defects are non-existent and FEA simulation results are correct.
4) A slicing program which is capable of multiple printer options.
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9 FUTURE WORK

More research is needed to develop a better understanding of the limitations associated with
additive manufacturing and to determine its benefit in the railway industry. The following areas 
are required:
• Further, expand the use and benefit of using custom reinforced infill geometry for railway 

parts.
• Mechanical strength of composite material structures using the custom reinforced 

method.
• Mechanical properties of compression of 3D printed parts.
• Influence of Shells in strength increase of 3D printed parts. 
• Railway components utilising these design techniques & varified 3D printable digital 

models.
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ABSTRACT

Design for Additive manufacturing is an advanced pre-process, which has become popular 
and critical for applications in many industries. It is an area where much work has been 
done, in order to drive down part costs and make the technology even more viable. The 
process aims to advance the ability to produce complex part and implementation of 
weight reduction strategies for Additive Manufacturing. This paper shows what design for 
Additive Manufacturing entails, the constraints of high speed Selective Laser Melting, and 
how one can go about reducing part costs at the end of the day.
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1. INTRODUCTION

According to Wohlers [1], Additive Manufacturing (AM) is the collective noun for the 
technology of manufacturing parts, layer by layer, from 3D model data. It is becoming 
more and more popular, which means that the technology is constantly improving and 
getting cheaper, as mentioned by Gardan [2], Formlabs [3] and Thompson et al.  [10].
Improvements on the technology is not the only factor driving the cost of parts down. 
Design for Additive Manufacturing (DfAM) is a vital part of pre-processing in Additive 
Manufacturing (AM) and could have a significant impact on the cost of parts. Without 
going through the DfAM process before processing, one runs a high risk of increased build 
attempts, increased part costs, additional required post-processing, etc. This paper 
focuses on high speed Selective Laser Melting (SLM) and introduces the reader to the 
DfAM process and what it entails. Also, what constraints the technology has and what
questions should be asked when considering AM. It is not the intention of this paper to 
give the reader a full understanding of everything within DfAM, but just give an overview 
of the most important aspects and to give some insight.

2. BACKGROUND

Because of the degree of complexity allowed by AM, most designers need to change the 
way they think and what they know. Rosen [4], Booth et al. [5] and Thompson et al. [10]
highlights that the constraints between AM and traditional subtractive manufacturing 
are almost worlds apart and what was not close to possible for traditional machining, is
now more than possible with AM. This opens an entire new field of design requirements 
and considerations, which is not in the mind-set of a traditional designer with no 
experience in AM. Figure 1 shows a flow diagram for metal AM.

SLM is a laser based Powder Bed Fusion (PBF) technology and the most widely used in
the PBF group (ScienceDirect [7]). PBF uses an energy source to melt the cross-section 
of a part onto a metal powder layer. The AM industry has become very popular in the 
past few years with major companies starting to invest in the technology and using AM 

Figure 1: Flow diagram for metal AM, DigitalAlloyshttps [6]
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produced parts in their products. Along with this, DfAM started gaining popularity with 
many courses and training being presented across the world, according to Altair 
HyperWorks [8]. Many research papers have also been published, with numerous authors 
like Diegel et al. [9], Thompson et al. [10] and Booth et al. [5], combining vast amounts 
of research into one paper. If done correctly, DfAM allows the cost of parts and delivery 
time to be drastically reduced which is beneficial to both the client and the 
manufacturer. New tools are continuously created to assist and improve DfAM in order 
to make everything more and more efficient, and in turn, drive down part costs.

3. RULES FOR DFAM

DfAM has many rules which were learnt through experience in the field and research. 
This chapter will mention the most common ones and ones that were experienced by the 
author. Also, it shows how part costs can be reduced and what tools can be used in the 
DfAM process.

3.1 Design for Additive Manufacturing tools

3.1.1 Topology optimization
Lui et al. [11] says that topology optimization is the mathematical approach to 
determining the load paths within a part, under the load conditions where the part will 
be used. All unnecessary material is removed and only the load bearing paths remain. 
This results in a complex, unsmooth, organic type shape, which is refined and smoothed 
before manufacturing. It has great benefits with regards to weight saving, while 
maintaining the mechanical strength required for the application. The resultant shapes 
are also mostly complex and ideal for AM.

3.1.2 Build simulation
Build simulation has not been around for long, but can have quite a significant impact 
on the DfAM process. The great advantage is that one can predict failure and 
displacement before building a part, and then either modify the design, support 
structures or build orientation in order to prevent failure or improve distortion and 
displacement. This has the effect that builds can be tested in the virtual world, before 
being tried in the real world and consequently reduce the amount of iterations required 
to successfully build a part. Another possibility in some simulation software is to export 

Figure 2: Illustration of topology optimization, Altair HyperWorks [8]
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a pre-distorted part. By building the pre-distorted part, theoretically, it will have 
distorted in a manner, which would result in it being closer to the intended original part. 
The reason for this is that any part will distort during processing and this distortion can 
be reduced, but not entirely eliminated, by support structures.

3.2 Part cost impactors

This section lists the highest contributors to the cost of parts, why they have an affect,
and how they can be addressed by using rules for DfAM.

3.2.1 Weight
Weight is mentioned first, as changing the design of the part to be more light weight has 
to happen before any other part of the DfAM process. Any extra weight means more 
material that requires processing. Any additional processing adds to the build time (refer 

Figure 3: Displacement results from build simulation

Figure 4: Build simulation of thin-walled part
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to section 3.2.5 and section 3.3). Thus, keeping the weight of a part as low as possible 
is beneficial to the costs of the part. Parts can be hollowed to reduce weight. The un-
melted powder within the internal volumes can be removed after processing by adding 
perforations to the areas with trapped volumes during pre-processing. These 
perforations can then be welded up or closed afterwards, if that is required by the 
customer. In some cases, the weight of the part is not as important, or if the client does 
not want perforations in their part that are welded or left open, then the powder does 
not need to be removed. This has some benefits like increasing the stiffness of the part. 
The only reason this would be an option is that the powder inside the trapped volumes 
only add to the material costs and not processing time, which is usually about ten times 
more than material costs. As mentioned in the questions in section 3.3, one can pocket 
out thick walls to reduce weight and residual stresses. However, thin walls have a
tendency to distort in a wave like manner, as shown in Figure 4, and this has proven to 
be a bigger issue in high speed SLM.

3.2.2 Pre-processing
Pre-processing is what happens after the design for a part has been finalised and before 
it can be printed. Support structure design, machine preparation, drying of powder, 
slicing (happens automatically with some machines) and build simulation are some of 
the things that happen during pre-processing.

3.2.3 Build orientation
Build orientation has a significant impact on the build time and the amount of support 
structures required. Every SLM machine has a “wait time”, which is when the laser is 
waiting for a new layer to be coated. This “wait time” cannot be reduced and does not 
change from layer to layer. Thus, the higher the number of layers a build has, the more 
time is wasted, waiting for the layers to be coated. This means that a part should be 
orientated in a way that reduces the number of layers, which would result in faster 
overall build time of a part.

As a rule of thumb, any surface with a lower than 45° angle with the x-y plane should 
be supported. Due to this, a part should be orientated in a way that has the least amount 
of surface area that requires support structures. However, a compromise should be made
between orientating a part to have the least amount of support structures and having 
the least amount of layers. Another thing that should also be taken into account is that 
the support structures are there to anchor a part to the build plate, to keep it 
dimensionally stable. Therefore, from time to time it would be essential to add 
additional supports to ensure this purpose is fulfilled.

3.2.4 Support structures
Support structures are a necessity in SLM and has mainly two purposes: keeping the part 
from distorting (as mentioned in section 3.2.3) and acting as a heat sync to conduct heat 
away from the area being processed. These support structures adds a significant amount 
of time to a build and adds to the material wastage, as after processing, they are 
removed and discarded. They also increase the required amount of post-processing (Zeng 
[12]).

3.2.5 Build time
It has been proven that the biggest driving factor with regards to part costs, is the build 
time (Kahn et al. [13]). This is due to the high costs of the machines and the asset 
depreciation that needs to be taken into account when calculating the operating costs.
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Thus, the productivity of a machine is also vital to the profitability thereof and running 
costs are high (DigitalAlloys [6]).

3.2.6 Post-processing
Any metal printed part requires post-processing, which entails everything that has to be 
done to a part after it has been removed from the machine, and before it is given to the 
client as a finished part. It mostly involves heat treatment and stress relieving (before 
being removed from the build plate), removal from the build plate, support structure 
removal, surface finishing techniques and/or machining.

3.3 To print or not to print?

This is the real question, as most existing parts are designed for conventional machining 
and thus, AM would probably not be economically viable. First, one has to take a look at 
a possible part, this could be an existing part or an idea for a new part. When the part 
has been defined, a series of questions should be asked. There are minor differences in
questions that should be asked depending on whether it is an existing part or an idea for 
a new part. These questions do not necessarily have to be asked in the sequence below.

Questions for an existing part:
1. How was the part previously manufactured? If a part was designed for 

subtractive manufacturing, chances are slim that it would be more beneficial 
to print the part. This brings on the next question.

2. Can the CAD be modified to better suite AM? In other words, can the geometry 
be changed in a way to be more complex and thus, eliminating subtractive 
manufacturing as an option? This should not be done for any other reason than 
to tap into the advantages that AM offers. Another thing to keep in mind is that 
one of the benefits of AM is to consolidate parts. This means that one can 
combine many parts into one, reducing assembly after manufacturing. It has 
great benefits with regards to cost; weight saving, time needed for assembly, 
etc.

3. Are there areas where the thickness can be reduced? For instance walls that 
are thick (more than 3-4 mm) and can be pocketed. This is important for weight 
reduction and reducing the risk of distortion and support structure failure as 
well.

4. What surface roughness is required? Are there areas which should have 
machined surfaces? For instance, a face that would need to seal against another
or areas that need smoother surfaces. If so, more post processing will be 
required, causing an increase in the cost.

5. Are there holes that require higher tolerances with regards to position? Pilot 
holes can be used, or the holes can just be added after the build. Can some 
holes be tear drop shaped (in case of a fastener hole) in order to eliminate the 
need for support structures within the hole (in the case of horizontal holes)?

6. Are there bearing mounts that will require machining? Add some extra material 
to allow for the machining and help with tighter tolerances.

7. What are the strength requirements of the part? Will it be load bearing and will 
this be a cyclic load? If the part is load bearing, a good idea would be to do an 
FEA analysis to determine what material would be suitable. If the part would 
be subjected to cyclic loads, then the areas where the cyclic load will have an
effect should be machined/surface finished after printing. One of the 
disadvantages of SLM parts is the fatigue properties of as-built surfaces.
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8. Can some areas be hollowed to save weight and build time? Thick areas cause 
higher residual stresses during a build and could cause the support structures 
to fail or cause part delamination. If these areas can be hollowed, or the 
cavities after hollowing can be filled by lattice structures, it would both benefit 
the cost and weight of the part. However, holes will have to be added to remove 
the powder contained in the cavities created. In some cases the powder can be 
left inside, for instance when weight is not a concern, as mentioned in section 
3.2.1.

9. What quantities are required? AM is more suitable for lower quantities, but, in 
some cases the complexity is such that only AM could work. If the quantities 
are in the hundreds range (depending on the size), AM would be a viable option, 
but in the thousands range, another manufacturing method might be better.

The next questions are for a new part (not yet designed), but should only replace the 
first two questions from the above.

Questions to ask when considering a new part:
1. What is the function of the part?
2. Will it provide a degree of complexity that would be suitable for AM?

4. CONCLUSION

With the AM technology continuously expanding and improving, it is getting cheaper and 
more viable to consider AM to produce parts, even if the parts were previously 
manufactured through subtractive manufacturing or other traditional manufacturing 
methods. Many advances have been made to reduce the cost of parts through SLM. Some 
of these advances are build simulation and topology optimization. Build simulation helps 
to predict build failure and allows one to determine how a part will react during 
processing without having to do it in the real world first. Analyzing the simulation results 
and using it to adjust ones build/support strategy will reduce the build attempts, which 
influences part costs and delivery time. Topology optimization is a great tool for 
reducing the weight and cost of a part. All this forms part of the pre-process, DfAM, and 
as time progresses, the process becomes more stream lined and effective, with new 
tools becoming available and advances made to current ones.
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