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FOREWORD AND WELCOME
Message by the Chairperson of the RAPDASA 2020 

Conference
Prof André van der Merwe

This year the RAPDASA 2020 conference celebrates 21 years of association of rapid prototyping 
stakeholders in South Africa. Our year of 2020 has posed challenges to all. Our lives were disrupted 
and our business had to rapidly design new products and processes. Digital manufacturing became 
the new norm. Each and everyone debates when or whether life will return to normal. We have 
learned a lot, and have to embrace this conference as an opportunity to reflect on and share our 
assessments and our learnings.

The RAPDASA conference is the yearly platform for reporting and celebrating. It is our 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.
It is my privilege to welcome everyone to the 21st (consecutive) RAPDASA Annual International 
Conference, our first hybrid conference. The worldwide pandemic in 2020 has given the opportunity 
for rapid product development even in conference management. Sadly many business suffered 
and had to make innovative adjustment, which initiated our conference theme this year: Additive 
Manufacturing for our rapidly changing world.

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 into 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 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.
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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.

This year’s programme posed a significant challenge, due to restrictions in research. However,  30 full 
papers and 23 extended abstracts were received for publication, of which 5 papers were accepted 
for publication in the SA Journal for Industrial Engineering. I would like to highlight our editor; 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.

A special word of thanks to Miralde Kotze and her team at PDTS – for putting together the conference 
documentation.

Welcome to our international speakers, and thank you for the time taken 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 trust that you all enjoy the conference!

Prof André van der Merwe
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SUBMISSION FOR REVIEW PROCESS
A formal “Call for papers” for the 21st Annual International RAPDASA Conference was issued in April 
2020 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 EasyChair conferencing system where 
after acknowledgement of receipt was sent to authors through the system. 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:     15 April 2020
• Notification of acceptance of abstracts:  1 June 2020
• Deadline for submission of full papers:  6 July 2020
• Feedback on paper reviews:   17 August 2020
• Deadline for revised paper submission:   7 September 2020
• Preconference seminar:    3 November 2020
• Conference:     4- 6 November 2020

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 36 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?
• Any other recommendation(s)?
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• 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.

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

Five 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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INVITED SPEAKER

Dr Terry Wohlers
Wohlers Associates, Inc., U.S.A

Terry Wohlers is president of Wohlers Associates, Inc., an independent consulting firm he founded 
31 years 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.
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INVITED SPEAKER

Dr Kevin Slattery 
Advisor for the industrialization of Additive Manufacturing

The Barnes Group Advisors

The Barnes Groups Advisors (TBGA) is pleased to announce that Kevin Slattery, Ph.D. will be working 
with us to assist the industrialization of Additive Manufacturing. Kevin is well known in the world 
additive manufacturing, metal powder processing, titanium, and aerospace. 

Dr. Slattery was most recently the Chief Scientist for Additive Manufacturing in Boeing Research 
and Technology (BR&T). He was responsible for developing and integrating the technical roadmaps 
and development plans for metallics AM for the entire company, along with building and leading a 
multi-skilled team to execute and deliver the technology throughout the enterprise. Prior to that, 
he was the Chief Scientist for Metals, Ceramics, and Mechanical Systems in BR&T, with responsibility 
for portfolio development and coordination, while executing the additive manufacturing portion. 
He served at the Division Chief Engineer for USN & USAF fighters and US Army rotorcraft in Boeing’s 
Military Sustainment organization, including international operators. From 1997 to 2012, he was on 
the BR&T Metals Team as a researcher and senior manager, where he primarily developed advanced 
low-cost titanium processing technologies supporting all Boeing products. He was the technical and 
programmatic lead in implementing the first in aerospace metal additive manufactured structural 
aircraft components for both spares and production, along with 5 other “industry first” technology 
implementations. Kevin currently holds 34 US patents, with another 15 applications pending.
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INVITED SPEAKER

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 coauthoring 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.



The 21st Annual International RAPDASA Conference

Additive Manufacturing for our rapidly changing world | Solving diverse, complex and interconnected issues

16

INVITED SPEAKER

Prof Eric MacDonald
Professor and Murchison Chair, Mechanical Engineering

Deputy Editor, Additive Manufacturing, Elsevier Publishing
The University of Texas at El Paso 

Eric MacDonald is a professor of mechanical engineering at the University of Texas at El Paso.  Dr. 
MacDonald received his Ph.D. degree from the University of Texas at Austin in 2002.  He co-founded 
a start-up, Pleiades Inc, which was acquired by Magma Inc. (San Jose, CA) in 2003.  Dr. MacDonald 
has held faculty fellowships at NASA’s Jet Propulsion Laboratory and a State Department Fulbright 
Fellowship in South America.  His research interests include 3D printed multi-functional applications 
and advanced process monitoring in additive manufacturing.
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INVITED SPEAKER

Prof Deon de Beer
DSI Innovation and Commercialisation of Additive Manufacturing Chair

Deon joined the CUT in September 2018 as the incoming DSI/merSETA ICAM Chair at CRPM(CUT). 
Prior to accepting this position, he spent 10 years (industrial R&D) at the previous AEC (now NECSA), 
followed by 30 years in Higher Education (teaching, research and management). The focus of his 
research include Additive Manufacturing, concurrent product development, technology transfer, 
innovation, research development and commercialization. He was a founding member of RAPDASA, 
was part of the team that developed the SA AM road map and finally the SA AM strategy, and part of 
the CPAM development team.  Deon initiated many AM initiatives at various institutions. He believes 
in empowering others while maintaining personal excellence and leading by example. One of his 
personal objectives is continuous promotion and education of AM in SA and beyond. 
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INVITED SPEAKER

Prof Ryk Lues
Professor in Food Safety and Innovation: CUT

Ryk Lues is Professor of Food Safety and Director of the Centre for Applied Food Sustainability and 
-Biotechnology at the Central University of Technology, Free State, South Africa. He holds an MSc 
(Microbiology) and a PhD (Food Science) from the University of the Free State and has completed 
several short learning programmes and additional formal learning in amongst others Higher Education 
Studies and Food Safety Culture. His main field of specialization comprises social-behavioural aspects 
impacting on food safety and security with further interest in WASH with relevance to feeding 
schemes. He has a passion for capacity building in the broader food discipline and has been pivotal in 
establishing and developing CAFSaB to becoming one of the prominent research entities in the field. 
The Centre boasts noteworthy capacity and expertise in the areas of food effluent characterization, 
food safety culture and behaviours, food ethnobotany, vulnerable food environments and geophagia, 
functional fermentations and bioactive oils. The novel fermentations cluster of the Centre has been 
awarded a number of awards for innovation institutionally and nationally, including amongst others 
the annual AB-Inbev Brewing Intervarsity competition in amongst others the categories best brand 
and people’s choice product. The Centre has, furthermore, successfully commercialised products 
and intellectual property. 

As member of CUT faculty, Ryk previously held the positions of Program Head of Environmental 
Health, Director of the School for Agriculture and Environmental Sciences, Faculty Research Manager 
and Acting Dean for the Faculty of Health and Environmental Sciences. He has served on CUT Council 
for two terms in the portfolio of Senate Representative.  He is a professional natural scientist 
in the category microbiological sciences at SACNASP, he held the office of Vice-President of the 
South African Association of Food Science and Technology during the 2013/14 term and has been an 
uninterrupted NRF-rated researcher since 2001.
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INVITED SPEAKER

Tapiwa Samanga
CEO of the National Technologies Implementation Platform (NTIP)

Tapiwa Samanga is the CEO of the National Technologies Implementation Platform (NTIP) - http://
www.ntipweb.co.za/, South Africa – a wholly owned execution company of the Production 
Technologies Association of South Africa ( http://www.ptsa.co.za/ ). NTIP has developed skills and 
enterprise development solutions for the South African Tool, Die and Mouldmaking (TDM) sector for 
the benefit of the South African manufacturing sector.

A passionate industrial development practitioner, Tapiwa has a unique blend of expertise and 
experience, holding a Master of Law in Mining Law and Policy, Masters in Business Leadership and a 
BSc Hon in Mining Engineering as well post graduate certificates in business leadership and business 
administration. For over twenty 25 years, Tapiwa has worked in commercial and developmental 
mining initiatives, industrial development, regional economic and market integration programmes 
including a stint as Director – Industrial Development and Trade at SADC Secretariat. Tapiwa has 
worked and consulted in several African countries including Zimbabwe, Zambia, Uganda, South 
Africa, Malawi and Liberia. 

Current interests include building Africa’s industrial capacity to participate in the Fourth Industrial 
Revolution and prepare for the next, the continent’s accelerated industrialisation agenda and the 
development of industrial regional/continental value chains. 
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INVITED SPEAKER

John McEwan
Production Technologies South Africa (PTSA)

John is currently, the COO of PtSA which has the mission of promoting, protecting and supporting the 
collective interests of the tool, die, mould and special machining industries, the tooling industry, in 
South Africa. 

He has worked for nearly 50 years in the manufacturing industry, in particular in the machining of 
components for the automotive industry, and has been involved in the tooling industry for the last 
10 years. 

He studied manufacturing engineering, both in South Africa and USA, and has a passion for the 
localisation of manufacturing in South Africa, and in particular, the localisation of tooling, and the 
growth of the tooling industry in the country. 
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INVITED SPEAKER

Johan Pretorius
Aerosud Group IT Leader & Strategist

Johan Pretorius is the Aerosud Group IT Leader and Strategist with 20+ years of information and 
communication technology experience. He has an in-depth understanding of Digital Transformation 
in the manufacturing industry and the approach needed to unlock business value. He is a committed 
change agent and business agility coach.

Social media links.

https://www.linkedin.com/company/aerosud/
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INVITED SPEAKER

Prof Stephen Bosman
Head of Department,

Department of Industrial and Systems Engineering (acting)
Cape Peninsula University of Technology | #WeAreCPUT

Stephen Bosman has worked the manufacturing, mining, IT and telecommunications industries 
across Africa and Europe. He has worked at the operations level through to analytics, strategy and 
consulting in these and associated industries. He is currently acting Head of Department of Industrial 
and Systems Engineering at the Cape Peninsula University of Technology and is also the manager of 
the Product Lifcycle Management Competency Centre at the institution. Recent research has been 
on PLM in context of Industry 4.0.
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INVITED SPEAKER

Dr John Barnes
Founding ADDvisor®, Managing Director & CEO

The Barnes Global Advisors

John has a 25+ year career in product development and aerospace with Honeywell, Lockheed Martin 
Skunk Works™, Australia’s CSIRO, and Arconic. He’s been involved in metal additive manufacturing 
throughout this career beginning in the late 1990s where he was part of the Sandia National Labs 
LENS™ CRADA. Since then, he has been in and around AM working both technical and business cases 
for implementation and development efforts in materials, powders, processing, and printing to 
mature the technology for applications. John is recognized internationally for contributions to 
additive manufacturing, product development, and leadership in engineering. 

His teams boast world firsts in medical, therapeutic, and aerospace additive manufacturing. He 
is a Materials Engineer by background but has developed expertise in manufacturing, airframe 
structures, gas turbines and low observables. 
He has over 14 Patents or patents in application.  He was Purdue University’s Materials Engineer of 
the Year in2014.  He serves SME in Additive Manufacturing Technical Community as an SME AM Advisor 
based upon active industry contributions, reputation, and personal commitment to expand the use 
of additive manufacturing. He has many publications and invited presentations. He holds a B.S. and 
M.S. in Materials Engineering from Purdue University



The 21st Annual International RAPDASA Conference

Additive Manufacturing for our rapidly changing world | Solving diverse, complex and interconnected issues

24

INVITED SPEAKER

Prof Ian Campbell

After graduating from the Special Engineering Programme at Brunel University in 1985, Ian Campbell 
worked as a design engineer, first in Ford Motor Company, and later in the Rover Group.  In 1989, 
he was appointed as a Senior Teaching Fellow for CAD/CAM at the University of Warwick.  This gave 
him the opportunity to raise his awareness of CAD/CAM technology and practices.  He remained in 
this position for four years, during which time, he undertook a part-time MSc degree by research.  In 
1993, he obtained a lectureship at the University of Nottingham and gained his PhD, again through 
part-time study, in 1998.  He moved to Loughborough University in October 2017, where he was 
appointed as a senior lecturer. His current position, since April 2017, is Professor of Computer Aided 
Product Design in the School of Design and Creative Arts. 

He is currently supervising a number of research projects, mainly in the area of design interaction 
and 3D printing technologies. Prof Campbell is a Fellow of the Institution of Mechanical Engineers 
and Editor-in-Chief of the Rapid Prototyping Journal. He is also a Visiting Professor at Vaal University 
of Technology in South Africa and the Central Academy of Fine Arts in China.
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PRE-CONFERENCE PROGRAMME

Tuesday, 03 November 2020



The 21st Annual International RAPDASA Conference

Additive Manufacturing for our rapidly changing world | Solving diverse, complex and interconnected issues

26

Pre-Conference Seminar on Design and Additive 
Manufacturing of Titanium Parts

08:30 Registration
09:00 Welcoming Address - Dr Maina Maringa, CUT
09:10 Opening Address - Mr Sechaba Tsubella, Acting Director: Advanced Manufacturing 
 Technologies, DSI
09:30 Performance characteristics of a small Ti6Al4V additively manufactured 90° inward flow 
 radial turbine -  G Jacobs and M Cogho
09:50 Designing a Ceramic Particulate Composites to Enhance Selected Mechanical Properties of  
 Ti6Al4V. M. Seleso, M. Maringa and W.B. du Preez

10:10 TEA

10:40 Dynamically responsive scaffolds produced by additive manufacturing. H W Huysamen,
 I Yadroitsava, A du Plessis and I Yadroitsev
11:00 Parameters affecting the suitability of powder mixtures for additive manufacturing of 
 composites - M Seleso, M Maringa and W B du Preez
11:20 Towards predicting process parameters for selective laser melting of titanium alloys through 
 modelling of melt pool characteristics - M S van Rhijn, W B du Preez and M Maringa
11:40 Characterisation of DMLS manufactured Ti6Al4V porous structures for biomedical   
 applications - K Raselabe, P Mendonidis and N Baloyi

12:00 LUNCH

13:00 Plasma spheroidization of irregular Ti6Al4V powder for selective laser melting
 N P Nkhasi, W B du Preez and H Bissett
13:20 Value chain analysis of the spheroidisation of Ti6Al4V - T Dube, A F van der Merwe, 
 S Matope and H Bissett
13:40 Mechanical properties of Grade 5 Ti6Al4V versus Grade 23 Ti6Al4V for wire arc additive 
 manufacturing (WAAM) - L Mashigo, H Möller and C Gassmann
14:00 CPAM Phase 3 in the context of the Fourth Industrial Revolution - Prof W B du Preez
14:20 Closure - Dr Maina Maringa

14:40 COFFEE

Hosted by Central University of Technology, Free State (CUT)
Supported by the Department of Science and Innovation (DSI)

Science and Innovation  
Department:

REPUBLIC OF SOUTH AFRICA

science & innovation 
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ARRIVAL DAY

Tuesday, 03 November 2020

15:00 Registration opens at Stellenbosch venue @ STIAS

17:30 Welcome reception and champagne tasting – Stellenbosch venue STIAS
 Invited speaker – Dr Tshepo Mahanuke (on zoom from Vaal University of 
 Technology) 
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COLOUR LEGEND

STIAS - Stellenbosch

Japie van Lill 
Auditorium - Central 

University of 
Technology, Free State

Aerosud, Centurion Presented online only

ZOOM Room 1

Meeting ID:
465 036 9585

Passcode: Rapdasa

ZOOM Room 2

Meeting ID:
711 148 3284

Passcode: Rapdasa

ZOOM Room 3

Meeting ID:
722 577 2355

Passcode: Rapdasa

Wednesday, 04 November 2020

09:15 Welcome and opening
 Chairperson RAPDASA 2020 conference organizing committee
 Prof André van der Merwe [ZOOM Room 1]

09:30 Welcoming by Stellenbosch University management:
 Prof Wikus van Niekerk 
 Dean Faculty of Engineering Stellenbosch University

PLENARY SESSIONS
Chair :Prof Willie du Preez [ZOOM Room 1]

10:10 Prof Ian Gibson - “Industrialisation of AM”

10:50 Dr Kevin Slattery - “Impacts of COVID-19 on Additive Manufacturing”

11:20 Prof Eric McDonald - “Progress in Multi-Functional 3D Printing”

11:50 Panel discussion – Prof Willie du Preez (Chair)

12:20 TEA BREAK
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COLOUR LEGEND

STIAS - Stellenbosch

Japie van Lill 
Auditorium - Central 

University of 
Technology, Free State

Aerosud, Centurion Presented online only

TECHNICAL PRESENTATIONS

ZOOM ROOM 1 ZOOM ROOM 2 ZOOM ROOM 3

Sponsors and Exhibitors 
presentations

Chair:
Kobus van der Walt

Chair:
Didier Nyembwe

Theme: AM process development, 
material evaluation and post 

processing

Theme: AM for casting, tooling 
and product development

12:20

Sponsor session (Live feed from 
sponsor domain)

Aerosud

Copper ultrafine powders by 
sonoelectrochemical method for 

additive manufacturing
VN Shut
(Vitebsk)

A review of possible sand 
reclamation methods for additive 

manufacturing processes
A Motlhabane (UJ)

13:00

Sponsor session (Live feed from 
sponsor domain)

CRPM

Crystallographic texture analysis 
of as-built and heat treated 

TI6AL4V (ELI) produced by direct 
metal laser sintering

A Muiruri
(CUT)

Optimization of chromite sand 
based raw material processing 
for three-dimensional printing 

applications
N Tshabalala

(UJ)

13:20

Sponsor session (Live feed from 
sponsor domain)

STC/LAM

Evolution of acoustic emission 
signal during L-PBF at different 

operating modes
D Kouprianoff

(CUT)

Elimination of Shrinkage porosity 
in low alloy steel using Magmasoft 

simulation software
J Kabasele

(UJ)

13:40

EOS & Rapid 3D

Process parameters for direct 
metal laser sintering of TI6AL4V 

parts from a powder blend
L Ramosena (CUT)

Additive manufacturing case study 
in the railway industry

SE Hoosain
CSIR NLC)

14:00

LUNCH BREAK
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ZOOM ROOM 1 ZOOM ROOM 2 ZOOM ROOM 3

Chair:
Anton du Plessis

Chair:
Thywill Dzogbewu

Exhibitors SessionsTheme: Medical application of 
AM and AM material, process 

monitoring and modelling

Theme: AM process development 
and material evaluation

15:00

Parametric Mandible 
Reconstruction Plate

B Giddy
(SU)

Determination of process 
parameters for additive 

manufacturing of GelXA bone 
regeneration scaffolds M 

Moletsane (CUT)

LambdaG: SLM printing of 
RF components for satellite 

communication systems Riddhi 
Maharaj

15:20

Assessment of selective laser 
melted TI-6AL-4V for use in 

patient-specific femoral knee 
replacements B Nortje (SU)

Nano particulate reinforcement of 
TI6AL4V for use in the aerospace 

sector: An overview
M Mashabela (CUT)

AEROSUD R&D: NLR collaboration 
metal additive manufacturing 

programme phase ii
JP Serfontein

15:40

Population-based patient-specific 
orthopaedic implant design 

J van der Merwe
(SU)

Optimization of fused deposition 
modelling (FDM) production 

strategies of plastic components 
HW Huysamen (CUT)

MFI Mass Finishing, INC , US 
Minnesota 

Mr Cole Mathisen

16:00

Application of machine learning 
models for powder bed defect 

analysis
F du Rand

(VUT)

Developing process parameters 
for direct metal laser sintering 

of Ti6Al4V nano particulate 
composite

M Mashabela (CUT)

Form Alloy
http://www.formalloy.com

Kevin Luo

PLENARY SESSIONS
Chair :Prof Willie du Preez  ZOOM Room 1]

16:20 Dr Terry Wohlers  -   “New Developments in AM Around the World”

17:00 CLOSING
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Thursday, 05 November 2020

08:10 Opening and Welcome:
 Chairperson RAPDASA 2020 conference organizing committee
 Prof André van der Merwe

PLENARY SESSION
Chair: John McEwan PtSA

Commercial opportunity for SA AM 
[ZOOM Room 1]

08:15 Prof Deon de Beer
 Chair for commercial additive manufacturing at Central University of 
 Technology, Free State
 “Commercial strength in South African AM”

08:45 Prof Ryk Lues
 “South African Technology Network”

09:15 Tapiwa Samanga
 “CEO National Technology Innovation Program”

09:45 John McEwan
 “Production technologies South Africa – innovation during change -
 real world examples”

10:40 TEA

PLENARY SESSION
Chair: Malika Khodja

[ZOOM Room 1]

11:00 Dr John Barnes
 “Supply Chain Impacts and the State of Additive Manufacturing”

COLOUR LEGEND

STIAS - Stellenbosch

Japie van Lill 
Auditorium - Central 

University of 
Technology, Free State

Aerosud, Centurion Presented online only
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TECHNICAL PRESENTATIONS

ZOOM ROOM 1 ZOOM ROOM 2 ZOOM ROOM 3

Chair:
Andre van der Merwe

Chair:
Michele Truscott

Exhibitors sessions
Theme: AM business 

development

Theme: AM material, process 
monitoring and modelling and AM 

business development

11:40

A view on the manufacturing 
future integrated with concepts 
like blockchain, 3D printing and 

the internet of things. HL 
van der Merwe

(VUT)

Numerical simulations and 
experimental tests with artificial 
defects for mandibular implants

A Wessels
(CUT)

Wall Colmonoy Limited Wales UK
Dr Chris Weirman

12:00

A quality assurance framework for 
sulphonic acid coated sand used in 

3D printing applications
M van Tonder (VUT)

Rapid product development: A 
decision-making matrix for the 

manufacturing of injection mould 
inserts for small batch production

C Plekker
(CUT)

GEFERTEC GmbH
Rebekka Jurtz

12:20

Polymer Post Processing and 
Finishing with DyeMansion

Rapid 3D

Building additive manufacturing 
ecosystems in Africa using custom-

designed implants as transfer 
medium
De Beer
(CUT)

Weartech
Simon Wintle

12:40

Towards a standard procedure for 
the qualification of metal laser 
powder bed fusion equipment 
in the aerospace industry using 

functional models
DW Gibbons (SU)

How nature would have done it?
A du Plessis

TUT: Rapid Electronic Prototyping 
Platforms Lubabalo Ebenezer 

Nogilana

13:00

LUNCH BREAK - Sponsors live sessions



The 21st Annual International RAPDASA Conference

Additive Manufacturing for our rapidly changing world | Solving diverse, complex and interconnected issues

35

TECHNICAL PRESENTATIONS

ZOOM ROOM 1 ZOOM ROOM 2 ZOOM ROOM 3

Exhibitors sessions

Chair:
Maina Maringa

Chair:
Malan van Tonder

Theme: AM process development 
and material evaluation 

(polymers)

Theme: AM material evaluation, 
post processing, process 
monitoring and modelling

14:00

SIMTEQ Engineering: Complete 
simulation solutions for additive 

manufacturing
Paul Naude

Surface roughness and tensile 
properties of copper-carbon-

polyamide composite by selective 
laser sintering

WK Wolf
(CUT)

Review of constitutive material 
models applicable to simulation of 
the LPBF process with the inherent 

strain method
DF Louw (CSIR)

14:20

Aditiv Solutions – 
Development of a South 

African metal PBF system - the 
HYRAX

Marius Vermeulen

Effects of process parameters on 
the mechanical properties of fused 
deposition modelling of polymeric 

composites: A review
M Mokhali

(CUT)

Efficacy of the inherent strain 
method for residual stress 

determination of additively 
manufactured in 718 selective 

laser melted specimens
HJ Botha (NWU)

14:40

NLR: “commercialization and 
process improvement”

Marc de Smit

Preliminary testing to determine 
the best process parameters for 
selective laser sintering of a new 
polypropylene polymeric material

 Mwania
(CUT)

Effect of reinforcement 
particle distributions and 

applied load variations on the 
Wear characteristics of Hybrid 

Titanium alloy MMCs
F Ochonogor

(UJ)
15:00

Leveraging South Africa’s 
additive manufacturing hardware 

investment
H Strauss

Effect of carbon fibers on 
the physical and mechanical 

characteristics of polyamide 12 
fused deposition modelling printed 

parts
M Mokhali

(CUT)

Effect of stress-relief anneal 
time on residual stress of 

CO-CR-MO parts manufactured 
with selective laser melting

G Rousseau (NWU)

15:20

TEA BREAK - Sponsor live sessions
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TECHNICAL PRESENTATIONS

ZOOM ROOM 1 ZOOM ROOM 2 ZOOM ROOM 3

Exhibitors sessions

Chair:
Jacques Combrink

Chair:
Malika Khodja

Theme: Design for AM
Theme: Theme: AM process 
development and material 

evaluation

15:40

VUT Advanced Manufacturing 
Precinct (AMP)

VUT SGSTP

What the COVID-19 pandemic 
taught us about rapid product 

development: 5 Weeks from hand 
sketch to regulated product

GJ Booysen
(CUT)

Efficacy of Vickers indentation 
method to measure residual stress 
in additively manufactured IN718 

specimens
BC Stander (NWU)

16:00

Opportunities in Disruption: The 
merSETA Viro-Vent Innovation 

Challenge
Nickey Janse van Rensburg

Geometric compliance of a 
scaled-down aircraft nose wheel 
fork produced in TI6AL4V (ELI) by 

direct metal laser sintering
LF Monaheng

(CUT)

Laser parameter effects on 
surface quality of additive 
manufactured components

SE Hoosain
(CSIR NLC)

16:20

NWU “Learning and Development 
Experience of developing an AM 
facility and research program at 

NWU”
CP Kloppers

Feasibility of using a hand-held 
scanner for providing lower cost 

3d imaging for maxillofacial 
prosthetics
G Barnard

(CUT)

Characterization of titanium-
aluminide alloys fabricated using 

Laser Engineered Net Shaping 
S Motha
(WITS)

16:40

Form Alloy
http://www.formalloy.com

Kevin Luo

3D printed laryngoscope for 
endotracheal intubation

HW Huysamen
(CUT)

Exhibitor demonstration slots 
10 min

16:40

RAPDASA ANNUAL GENERAL MEETING

Gala dinner (venue in Stellenbosch - Volkskombuis)
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Friday, 06 November 2020

08:10 Opening and Welcome:
 Chairperson RAPDASA 2020 conference organizing committee
 Prof André van der Merwe

PLENARY SESSION
Chair: Prof Stephen Bosman 
PLM for quality management  

[ZOOM Room 1]

08:15 Johan Pretorius
 Mworx – Aerosud

08:45 Prof Stephen Bosman
 “Product Life Cycle Competency Center”
 Industrial and Systems engineering Cape Peninsula University Technology

09:15 Prof Jörg Niemann
 “PLM systems engineering for AM”
 Düsseldorf

09:45 Panel discussion – chair: Prof Stephen Bosman

10:30 TEA BREAK - Sponsors live sessions

PLENARY SESSION
Chair: Dr Malan van Tonder 

[ZOOM Room 1]

10:50 Prof Ian Campbell 
 Loughborough University
 “Product development”

COLOUR LEGEND

STIAS - Stellenbosch

Japie van Lill 
Auditorium - Central 

University of 
Technology, Free State

Aerosud, Centurion Presented online only
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TECHNICAL PRESENTATIONS

ZOOM ROOM 1 ZOOM ROOM 2 ZOOM ROOM 3

Chair:
Prof Ian Campbell

Exhibitors Sessions

Chair:
Marius Vermeulen

Theme: Product development Theme: AM process development 
and material evaluation

11:20

Conductive 3D printed material 
used for medical electrodes

R Stopforth (UKZN)

Travelling Hermit – ART in AM
Dirk Durnez & 
Charl Cilliers

Fractography and microstructural 
analysis of wrought TI6AL4V plates 
subjected to high velocity impact

T Moleko
(CUT)

11:40

System development for the five-
axis extrusion of a photopolymer

D Kirkman
(SU)

Bunny Corp – lessons learned in 
AM design development

Philip van der Walt

Tailoring residual stress profile of 
biomedical additive manufactured 

parts by laser shock peening
T Matina
(WITS)

12:00

Thermal fluid modelling of a 
titanium fluted tube condenser

M Jordaan
(NWU) 

PRIMA ADDITIVE: Metal additive 
manufacturing systems and open 

innovation path
Eleonora Marino

Justification for high velocity 
impact testing using as-built and 

stress relieved DMLS Ti6AL4V 
(ELI) based on results for wrought 

Ti6AL4V
T Moleko

(CUT)

12:20

Viability of heat support on 
powder bed selective laser 

sintering
B van Wyk

(NWU)

GE ADDITIVE
Vincent Deborde

12:40

Woman in 3D printing – international forum
Topic: Reflection on our changing world – chaired by Malika Khodja

13:20

ACKNOWLEDGEMENTS
Chairperson of RAPDASA 2020 - Prof André van der Merwe

CLOSING

13:30

LUNCH
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DESIGNING A CERAMIC PARTICULATE COMPOSITE TO ENHANCE SELECTED MECHANICAL 
PROPERTIES OF Ti6Al4V 

 

M. Seleso*1, M. Maringa2 & W. du Preez3 

  1Department of Mechanical and Mechatronics Engineering, Central University of 
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ABSTRACT 

Particle reinforced metals provide good specific strength, good specific stiffness, and 
isotropic properties. Ti6Al4V is mostly used in engineering applications due to its excellent 
combination of high specific strength, good fatigue properties and outstanding corrosion 
resistance. A limitation of titanium alloys such as Ti6Al4V is their poor abrasion resistance. 
This limitation of Ti6Al4V and other properties of this titanium alloy may be improved to 
extend its application in industries such as power generation, aviation, automotive and oil. 
This review examines the influence of ceramic particles as reinforcement on the mechanical 
properties of a Ti6Al4V matrix. The paper further examines the interface, failure mechanisms 
and thermal mismatch of the coefficient of expansion of ceramic/Ti6Al4V composites. 
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1. INTRODUCTION  

Composite materials are defined as a combination of two or more materials that results in 
better properties than those of the individual components alone. Composites are comprised 
of two phases which are the reinforcement and matrix phases [1]. Matrices are usually tough 
and ductile, while reinforcing materials are strong, have high values of stiffness and low 
density [2].The properties of composites are mainly determined by the properties of the 
matrix and reinforcement and the interface formed between the two, with the interface 
playing an important role in the performance of composites [2]. Additive Manufacturing (AM) 
is a manufacturing technique capable of producing components with complex geometries 
while ensuring minimal wastage of raw material, compared to conventional subtractive 
manufacturing techniques, such as turning and milling. This study is a precursor to building 
of powder based SiC/Ti6Al4V composites using the Direct Metal Laser Sintering (DMLS) 
additive manufacturing process. Direct Metal Laser Sintering involves the selective melting 
and fusing of powder particles as a laser beam passes over a powder bed to form a part 
according to a stipulated geometry, in a layer upon layer process [3]. 

Ti6Al4V is commonly referred to as surgical titanium or medical titanium grade because it is 
able to resist corrosion from body fluids and hence is a metal of choice within the medical 
industry [4]. Ti6Al4V is a preferred alloy in the aerospace sector for the manufacture of 
airframes, landing gear and engine parts as it has excellent strength-to-weight ratio 
compared to steel and aluminium. It is stronger than steel but 45% lighter. The high specific 
strength of Ti6Al4V allows for the manufacture of light weight components and therefore 
provides a reduction of fuel consumption [5]. Ceramics are good for reinforcing Ti6Al4V as 
they have complementary properties of high melting temperatures, high specific stiffness, 
high specific strength, high hardness, high abrasion resistance and high fracture toughness. 

The major failure mechanisms of particle reinforced metal matrix composites that depend 
on the behaviour of matrix and reinforcement include particle fracture, interface decohesion 
and matrix yielding. The mechanical properties of particulate reinforced metal matrix 
composites and their resistance to failure are strongly affected by methods of fabrication, 
interfacial bond strength, volume fraction, shape and size of particles, particle size 
distribution and properties of the constituents [6]. Interfacial decohesion is usually observed 
in composites with matrices of relatively low strength compared to that of the reinforcement 
particles, while particle fracture usually occurs for matrices with medium to high strength 
relative to the reinforcing phase. While not addressing incidences of matrix failure and strain 
related failure of the composite constituents, such failure is a departure from the predictions 
of theoretical modelling that assume perfect adhesion between the composite constituents 
till failure and has relevance in this work due to the different values of strength of SiC 
particles used in modelling here. 

Interfacial fracture is initiated by the nucleation of a crack at the interface as the stress at 
the interface exceeds the interfacial bond strength, normally at the point where the stresses 
are maximum [7]. Damage increases as the crack propagates along the particle/matrix 
interface and the magnitude of load transferred from the matrix to the respective particle is 
reduced. For effective reinforcement, the particles should be small and evenly distributed 
throughout the matrix. The particulate phase is normally harder and stiffer than the matrix, 
and the reinforcing particles tend to restrain movement of the matrix phase near each 
particle. The matrix transfers some of the applied load to the particles and, therefore, the 
degree of reinforcement or improvement of mechanical behaviour depends on strong bonding 
at the matrix/particle interface [6]. 

Yun Fu et al. [8], studied the effects of particle size, particle/matrix interface adhesion and 
particle loading on the mechanical properties of particulate composites and found that for 
poorly bonded particles, cracks are attracted to the equator of particles and subsequently 
move round the particles. For well bonded particles, cracks are attracted to the poles of 
particles, and then propagate through the matrix above or below the respective particles 
[8].This and the preceding discussion would imply failure in particulate composites emanating 
from interfacial cracks for weakly bonded particles, and from cracking of particles during 
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deformation for strongly bonded particles, which in both cases then transits into the matrix. 
In addition to size effects of particles, irregularly shaped particles experience weakening due 
to stress concentrations, while for rounded particles the stress concentration is much less 
severe than for the irregularly shaped particles with their sharp corners. Therefore, large 
size particles and ones with elongated shapes are more prone to failure than small 
hemispherical ones [9].  Ebrahim et al. [10] studied the interfacial strength between the 
matrix and the reinforcing particles and also the effective surface of debonding particles and 
found that the debonding mechanism had a negligible effect on the toughness of composites. 
However, they found that the debonding mechanism had a considerable effect on the tensile 
strength of particulate reinforced composites [10]. This is symptomatic of the opposing 
effects of reduced ductility (increased brittleness) and increasing strength, respectively. 
These opposing trends will affect design with composite materials depending on the 
requirements of strength and ductility for the final product. 

Rahman et al. [21] studied the mechanical properties and wear characteristics of silicon 
carbide (SiC) reinforced aluminium metal matrix composites and found that at 20vol% of SiC, 
maximum wear resistance, maximum tensile strength and hardness were achieved. Ghafar et 
al. [11] applied the rule of mixture (RoM) equations and the Halpin-Tsai semi-empirical 
equations to predict the modulus of particulate composites. They found that values of 
fracture stress calculated according to the Halpin-Tsai semi-empirical equations showed very 
good correlation with the experimentally determined values. At low volume fractions (up to 
35%) the values of elastic modulus calculated using the Halpin-Tsai semi-empirical equations 
also showed good agreement with data obtained experimentally. However, as the volume 
fraction increased above this value, the calculated and experimental values diverged from 
each other considerably [11].  

It is important to determine what the cut-off is and the rate of divergence of theoretical and 
experimental values above this cut-off for SiC/Ti6Al4V composite that is the focus of study 
here, as a way of determining whether the given cut-off is universal or specific to a specific 
composite. Dash et al. [11] reviewed the behaviour of aluminium matrix composites under 
thermal stresses. They found that under uniform changes of temperature, such as during 
cooling from fabrication temperatures, large thermal residual stresses were induced at the 
interfaces of the composite constituents due to thermal mismatch between the constituents. 
This is important in laser powder bed fusion (LPBF) of composites where high prevailing rates 
of cooling are likely to initiate cracks in the matrix and at the interfaces, which then act as 
sites around which eventual failure of composites occurs.  

The purpose of this design is to develop a SiC/Ti6Al4V composite with increased hardness, 
strength and stiffness relative to those of Ti6Al4V as well as decreased coefficient of thermal 
expansion that is close to that of carbon fibre epoxy reinforced composites. Using several 
theories for predicting the properties of composites, this paper demonstrates the flexibility 
of composites in design, in this case SiC/Ti6Al4V composites, in producing materials to satisfy 
various needs as a function of the volume fraction of reinforcing fillers. 

2. MATERIALS AND METHODS 

The constituent components used in the present work are SiC and Ti6Al4V powders, with the 
mechanical properties shown in Table 1. The higher values of specific strength and stiffness, 
as well as higher values of hardness of SiC than Ti6Al4V imply that the combination of the 
two materials will create a composite with these improved properties over those of the 
Ti6Al4V matrix alone, while providing light weighting. 
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Table 1:  Mechanical properties of SiC and Ti6Al4V powders [12, 13, 14] 

 SiC Ti6Al4V 
Mechanical properties 

Tensile strength 
(MPa) 

240- 1625 950 

Specific tensile strength 
(kNm/kg) 

75-490 211 

Young’s modulus 
(GPa) 

410 110 

Specific Stiffness 
(MNm/kg) 

132 24 

Knoop Hardness 
(MPa) 

2800 363 

Bulk modulus 
(GPa) 

176 125 

Shear Modulus  
(GPa) 

45 44 

Physical properties 
Coefficient of thermal 
expansion 
(10-6/K) 

4.2 8.6 

 

The size and shape of particles affect the mechanical properties of particulate composites 
such as stiffness and strength. The modulus of a composite is insensitive to particle size for 
particle sizes above 20 - 30 nm up to the micro scale (1-5 𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇), below which there is a 
significant increase of elastic modulus of composites [8]. The strength of reinforced 
composites increases continuously with increasing particles size. The interfacial bond 
strength of filler particles has no effect on the magnitude of elastic modulus of particulate 
composites due to the fact that the levels of loading are typically too low to cause expansion 
large enough to initiate interfacial separation. Moreover, the surfaces of nano particles are 
too small to facilitate stress transfer to the full strength of the reinforcing fillers [7]. 
However, the interfacial bond strength does support a continuous increase in the strength of 
particulate composites with increasing size of the reinforcing particles due to stress transfer 
through the interface [7]. Increasing the volume fraction of nano filler particles was noted to 
lead to an increase of stiffness and a decrease of strength [7]. The foregoing review shows 
that the size of reinforcing particles affects various mechanical properties of composites 
differently [15].  Particles with sharp corners lower the strength of composites due to effects 
of stress concentration, while spherical particles give rise to composites with higher values 
of Young’s modulus. Table 2 gives a summary of the shape and size of particles used in the 
present work. The foregoing demands that morphological studies of particulate composites 
be carried out for constituent powders prior to and after mixing, and further, after build of 
the final products. 

Table 2: The shape and size of SiC and Ti6Al4V particles used in the present work 

Morphology of particles SiC Ti6AL4V 
Shape Spherical Spherical 
Size <45 𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇 20-45 𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇 

 

3. ANALYTICAL MODELLING 

There are a number of analytical models used to predict the elastic behaviour of composite 
materials, including the Rule of Mixtures (RoM), Inverse Rule of Mixtures (IRoM), equations of 
Guth and, separately, Smallwood, Mooney Equation, Halpin-Tsai semi-empirical equations, 
Hashin and Strickman bounds, Kerner equations and the equations of McGee and McCullough 
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[9]. The Hashin and Strickman equations are widely used to predict the properties of 
particulate composites and fall between the upper and lower bounds [16]. Kerner equations 
are some of the most elaborate equations for a composite material consisting of spherical 
particles in a matrix. The assumption is made in these equations of perfect adhesion of the 
matrix and filler (particles). The Kerner equations are useful for composites reinforced with 
randomly dispersed spherical particles in a polymer and metal matrix [9]. For the reasons 
detailed in the next session, the Halpin-Tsai equations, the Rule of Mixtures and Inverse Rule 
of Mixtures equations are preferred for use here. 
 

3.1 The Rule of Mixtures 

The RoM, also known as the Voigt or iso-strain rule and the IRoM also known as the Reuss or 
iso-stress rule define the upper and lower bounds of the properties of composite materials, 
respectively. The assumptions are made in the methods that the constituent components of 
the composite are perfectly bonded together and that they deform together [2]. The upper 
and lower bounds are represented by the Voigt and Reuss rules shown as equations (1) and 
(2), and (3), respectively [17]: 

𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐 = 𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝜐𝜐𝜐𝜐𝑚𝑚𝑚𝑚 + 𝐸𝐸𝐸𝐸𝑝𝑝𝑝𝑝𝜐𝜐𝜐𝜐𝑝𝑝𝑝𝑝         (1) 

𝜎𝜎𝜎𝜎𝑐𝑐𝑐𝑐 = 𝜎𝜎𝜎𝜎𝑚𝑚𝑚𝑚𝜐𝜐𝜐𝜐𝑚𝑚𝑚𝑚 + 𝜎𝜎𝜎𝜎𝑝𝑝𝑝𝑝𝜐𝜐𝜐𝜐𝑝𝑝𝑝𝑝     (2) 

𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐 = 𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝐸𝐸𝐸𝐸𝑝𝑝𝑝𝑝
𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝜐𝜐𝜐𝜐𝑝𝑝𝑝𝑝+𝐸𝐸𝐸𝐸𝑝𝑝𝑝𝑝𝜐𝜐𝜐𝜐𝑚𝑚𝑚𝑚

 (3) 

In these equations, the symbols, E,𝜐𝜐𝜐𝜐, c, m, p 𝜎𝜎𝜎𝜎𝑐𝑐𝑐𝑐 denote elastic modulus, volume fraction, 
composite, matrix, particulate phases and strength of composites respectively [17].The Reuss 
and Voigt rules are also used to predict the coefficient of thermal expansion of composites. 
The Reuss Rule leads to the following expression of the coefficient of thermal expansion. 

 𝛼𝛼𝛼𝛼𝑐𝑐𝑐𝑐 = 𝑉𝑉𝑉𝑉𝑚𝑚𝑚𝑚𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝛼𝛼𝛼𝛼𝑚𝑚𝑚𝑚+𝑉𝑉𝑉𝑉𝑝𝑝𝑝𝑝𝐸𝐸𝐸𝐸𝑝𝑝𝑝𝑝𝛼𝛼𝛼𝛼𝑝𝑝𝑝𝑝
𝑉𝑉𝑉𝑉𝑚𝑚𝑚𝑚𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚+𝑉𝑉𝑉𝑉𝑝𝑝𝑝𝑝𝐸𝐸𝐸𝐸𝑝𝑝𝑝𝑝

   (4) 

Where the symbols 𝛼𝛼𝛼𝛼𝑐𝑐𝑐𝑐, 𝛼𝛼𝛼𝛼𝑚𝑚𝑚𝑚, 𝛼𝛼𝛼𝛼𝑝𝑝𝑝𝑝 represent the thermal expansion coefficients of the composite, 
matrix and particles, respectively. The Voigt model, which assumes uniform strain in a 
composite after the uniform change of temperature, leads to an expression for effective 
Coefficient of Thermal Expansion (CTE) as follows; 

 𝛼𝛼𝛼𝛼𝑐𝑐𝑐𝑐 = 𝑉𝑉𝑉𝑉𝑚𝑚𝑚𝑚𝛼𝛼𝛼𝛼𝑚𝑚𝑚𝑚 + 𝑉𝑉𝑉𝑉𝑝𝑝𝑝𝑝𝛼𝛼𝛼𝛼𝑝𝑝𝑝𝑝          (5) 

The RoM is not useful for making predictions in the transverse direction of reinforcing fibres 
and often overestimates the ultimate tensile strength of unidirectional fibre reinforced 
composites [18]. The RoM does not take into account the aspect ratios of reinforcing particles 
and is inexact in estimating the effective modulus of particulate metal matrix composites. 
However, it is more exact in the longitudinal direction of continuous fibre reinforcement with 
high aspect ratios. It is for this reason that the IRoM is used to predict the values of elastic 
modulus for composites in the transverse direction.  

3.2 The Halpin-Tsai Semi Empirical Equations 

The Halpin-Tsai semi-empirical model is the most widely used model to predict the elastic 
moduli of composites, though it suffers the drawback of being dependent on parameters that 
need to be determined experimentally. The Halpin-Tsai semi-empirical model predicts the 
transverse Young’s modulus and the shear modulus of composite materials [17, 19]. For 
composites with aligned fibres, the Halpin-Tsai semi-empirical model defines the transverse 
Young’s modulus as follows; 
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𝐸𝐸𝐸𝐸 = 𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚�1+𝜂𝜂𝜂𝜂𝜂𝜂𝜂𝜂𝑣𝑣𝑣𝑣𝑓𝑓𝑓𝑓�
�1−𝜂𝜂𝜂𝜂𝑣𝑣𝑣𝑣𝑓𝑓𝑓𝑓�

        (6) 

𝜂𝜂𝜂𝜂 =  
𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓

𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚� −1
𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓

𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚� + 𝜂𝜂𝜂𝜂
  (7) 

In this equation, the parameters Ef and Em denote the elastic modulus of fibre and matrix 
respectively, Vf the volume fraction of fibre, 𝜂𝜂𝜂𝜂 a stress partitioning factor and 𝜉𝜉𝜉𝜉 a shape 
factor which measures the reinforcing efficiency and depends upon the geometry and 
distribution or packing arrangement of the reinforcing fibres and the direction of loading [17, 
19]. When the value of 𝜉𝜉𝜉𝜉 becomes very small (𝜉𝜉𝜉𝜉 → 0) the Halpin-Tsai semi-empirical model 
reduces to the IRoM or Reuss rule. For composites with large values of 𝜉𝜉𝜉𝜉(𝜉𝜉𝜉𝜉 → ∞), the Halpin-
Tsai semi-empirical model reduces to the RoM or Voigt rule. For composites reinforced with 
randomly oriented fibres, the Halpin-Tsai semi-empirical equations are more elaborate and 
take the form; 

 𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐 = 𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚 �3
8
�1+ 𝜂𝜂𝜂𝜂𝜂𝜂𝜂𝜂𝑙𝑙𝑙𝑙𝑉𝑉𝑉𝑉𝑓𝑓𝑓𝑓
1+𝜂𝜂𝜂𝜂𝑙𝑙𝑙𝑙𝑉𝑉𝑉𝑉𝑓𝑓𝑓𝑓

� + 5
8
�1+2𝜂𝜂𝜂𝜂𝑇𝑇𝑇𝑇𝑉𝑉𝑉𝑉𝑓𝑓𝑓𝑓
1−𝜂𝜂𝜂𝜂𝑇𝑇𝑇𝑇𝑉𝑉𝑉𝑉𝑓𝑓𝑓𝑓

��  (8) 

In Equation 8, the symbols (𝜂𝜂𝜂𝜂𝑙𝑙𝑙𝑙 and𝜂𝜂𝜂𝜂𝑇𝑇𝑇𝑇) stand for; 

 𝜂𝜂𝜂𝜂𝑙𝑙𝑙𝑙 =
𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓

𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚� −1
𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓

𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚� + 2𝑙𝑙𝑙𝑙𝑑𝑑𝑑𝑑
      (9)   

 𝜂𝜂𝜂𝜂𝑇𝑇𝑇𝑇 =
𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓

𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚� −1
𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓

𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚� + 2
  (10) 

 

The Halpin-Tsai semi-empirical equations are good for predicting properties at low volume 
fractions of the reinforcing phase but underestimate the properties at high volume fractions. 
The Halpin-Tsai equations allow sensible interpolations to be made between the upper and 
lower bounds of composite properties. They offer the advantage of being simple and easy to 
use in design and give good predictions, though they suffer the setback of being dependent 
on parameters that need to be determined experimentally [19]. The Halpin-Tsai equations 
are also useful in determining the properties of composites that contain discontinuous fibres 
oriented in the loading direction. The Halpin-Tsai equations are seen from this review to be 
flexible and adaptable to model any type of composite, thus their preference here over other 
models. 

3.3 Hashin and Strickman Model 

The Hashin and Strickman equations are widely used to predict the properties of particulate 
composites and fall between the above mentioned lower and upper bounds [16]. They are 
described by the following equations; 
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 The lower bound equation [16] 

 𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐 =

9�𝐾𝐾𝐾𝐾𝑝𝑝𝑝𝑝+
𝑉𝑉𝑉𝑉𝑚𝑚𝑚𝑚

1
𝐾𝐾𝐾𝐾𝑚𝑚𝑚𝑚−𝐾𝐾𝐾𝐾𝑝𝑝𝑝𝑝

+
3𝑉𝑉𝑉𝑉𝑝𝑝𝑝𝑝

3𝐾𝐾𝐾𝐾𝑝𝑝𝑝𝑝+4𝐺𝐺𝐺𝐺𝑝𝑝𝑝𝑝

��𝐺𝐺𝐺𝐺𝑝𝑝𝑝𝑝+
𝑉𝑉𝑉𝑉𝑚𝑚𝑚𝑚

1
𝐺𝐺𝐺𝐺𝑚𝑚𝑚𝑚−𝐺𝐺𝐺𝐺𝑝𝑝𝑝𝑝

+
6𝑉𝑉𝑉𝑉𝑝𝑝𝑝𝑝(𝐾𝐾𝐾𝐾𝑝𝑝𝑝𝑝+2𝐺𝐺𝐺𝐺𝑝𝑝𝑝𝑝)

5𝐺𝐺𝐺𝐺𝑚𝑚𝑚𝑚(3𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚+4𝐺𝐺𝐺𝐺𝑚𝑚𝑚𝑚)

�

3�𝐾𝐾𝐾𝐾𝑝𝑝𝑝𝑝+
𝑉𝑉𝑉𝑉𝑚𝑚𝑚𝑚
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+
3𝑉𝑉𝑉𝑉𝑝𝑝𝑝𝑝

3𝐾𝐾𝐾𝐾𝑝𝑝𝑝𝑝+4𝐺𝐺𝐺𝐺𝑝𝑝𝑝𝑝

�+�𝐺𝐺𝐺𝐺𝑝𝑝𝑝𝑝+
𝑉𝑉𝑉𝑉𝑚𝑚𝑚𝑚
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�

  (11) 

In Equation 8, the symbols K and G represent the bulk and shear moduli, and the subscripts 
m and p refer to matrix and particle, respectively. The Poisson’s ratio of composites in this 
model are given by the expression; 

𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐 = 3𝐾𝐾𝐾𝐾𝑐𝑐𝑐𝑐−2𝐺𝐺𝐺𝐺𝑐𝑐𝑐𝑐
2(𝐺𝐺𝐺𝐺𝑐𝑐𝑐𝑐+3𝐾𝐾𝐾𝐾𝑐𝑐𝑐𝑐)

  (12) 

The upper bound Equation [16] 
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�+�𝐺𝐺𝐺𝐺𝑚𝑚𝑚𝑚+
𝑉𝑉𝑉𝑉𝑚𝑚𝑚𝑚

1
𝐺𝐺𝐺𝐺𝑝𝑝𝑝𝑝−𝐺𝐺𝐺𝐺𝑚𝑚𝑚𝑚

+
6𝑉𝑉𝑉𝑉𝑚𝑚𝑚𝑚(𝐾𝐾𝐾𝐾𝑚𝑚𝑚𝑚+2𝐺𝐺𝐺𝐺𝑚𝑚𝑚𝑚)
5𝐺𝐺𝐺𝐺𝑚𝑚𝑚𝑚(3𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚+4𝐺𝐺𝐺𝐺𝑚𝑚𝑚𝑚)

�

 (13) 

The Hashin and Strickman equations are also used to predict the coefficient of thermal 
expansion of composites since the mixture rules do not give accurate results. The Hashin and 
Strickman expression for the coefficient of thermal expansion is as follows: 

 𝛼𝛼𝛼𝛼𝑐𝑐𝑐𝑐 = 𝛼𝛼𝛼𝛼𝑚𝑚𝑚𝑚 + 𝛼𝛼𝛼𝛼𝑝𝑝𝑝𝑝−𝛼𝛼𝛼𝛼𝑚𝑚𝑚𝑚
1
𝐸𝐸𝐸𝐸𝑝𝑝𝑝𝑝−� 1

𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚�
(1

𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐� − 1
𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚� )  (14) 

4. MODELLING THE PROPERTIES OF SIC/TI6Al4V PARTICULATE COMPOSITES 

The properties of SiC and Ti6Al4V given in Table 1 are used in Equations 1 and 2 to predict 
the values of strength and stiffness of composites of the materials at different volume 
fractions of the reinforcing SiC particles. Figure 1 shows the strength of composites of 
SiC/Ti6Al4V with varying volume fractions of SiC particles from zero to 100vol%, based on the 
Voigt rule for both high and low values of strength of SiC particles. 
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Figure 1: Curves of the strength of SiC/Ti6Al4V composites versus volume fraction of SiC 
particles based on the Voigt Rule for high and low strength of SiC particles 

The curve of the composite with SiC particles of higher strength (continuous curve) is seen to 
increase with increasing volume fraction of the particles while that with the SiC particles of 
lower strength (hatched curve) is seen to decrease with increasing volume fraction of the 
particles. At 20% volume fraction, the hatched curve shows a composite strength of 808 MPa, 
which is lower than that of Ti6Al4V (950 MPa) and higher than that of SiC (240 MPa); a 15% 
drop in the strength of Ti6Al4V. At the same volume fraction of SiC filler, the continuous 
curve shows a composite strength of 1085 MPa, which is higher than that of Ti6Al4V and lower 
than that of the higher SiC value of 1625 MPa; a 14% enhancement of the strength of Ti6Al4V. 
The particulate filler volume fraction of 20vol% is used here based on the work of Ramah et 
al. [21] for SiC/Al composites, which showed that filler volume fractions above this volume 
fraction in MMCs lead to  increase in the hardness of the particles, thus encouraging initiation 
of cracks at the interface and consequent failure of the composites. Figure 2 shows the elastic 
modulus of SiC/Ti6Al4V composite with varying volume fraction of SiC particles. 
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Figure 2: Elastic modulus of SiC/Ti6Al4V composite with varying volume fraction of SiC 
particles 

It is seen from the graph that the rate of increase of stiffness of a composite increases with 
increasing volume fraction of the reinforcing particles. At a volume fraction of the reinforcing 
SiC particles of 20%, the curve for the IRoM gives a value of the elastic modulus of the 
SiC/Ti6Al4V composite of 130 GPa which is higher than that of Ti6Al4V (110 GPa) and lower 
than that of the SiC particles (410 GPa). This is an 18% increase in modulus over that of 
Ti6Al4V. At the same volume fraction, the Voigt curve gives a value of 170 GPa; a 55% increase 
in modulus over that of Ti6Al4V. At a volume fraction of the reinforcing SiC particles of 40%, 
the Reuss curve gives a value of 156 GPa while the Voigt rule gives a value of 230 GPa; 
increases of 42% and 109 % over that of Ti6Al4V, respectively. The higher and lower values 
predicted by the Voigt and Reuss rules, respectively, are not surprising as the first rule defines 
the upper bound while the Reuss rule defines the lower bound for composites. The reinforcing 
volume fractions of 20% and 40% are selected for analysis here based on the separate works 
of Ramah et al. [21] and Yilmaz et al. [20]  that showed the former and the latter to be 
limiting volume fractions at which cracks at the interfaces were initiated and where 
maximum stiffness of particulate composites occurred, respectively.  

Equations 8, 2 and 1 are used to plot values of the elastic modulus of SiC/Ti6Al4V composites 
with varying volume fractions of SiC particles, with the results shown in Figure 3. A shape 
parameter 𝜉𝜉𝜉𝜉=2 was used as recommended by Halpin_Tsai for predictions of elastic modulus 
[1] and the ratio (l/D) for the stress partitioning factor (𝜂𝜂𝜂𝜂𝑙𝑙𝑙𝑙) set to unity for idealised shperical 
particles. Equation 6 was used here instead of Equation 5 as it models randomly oriented 
short fibres, which better approximates particle fillers when their aspect ratio (l/D) is set to 
unity. 
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Figure 3: The curves of Reuss, Voight and Halpin-Tsai Semi-Empirical Equations 

All the three curves in Figure 3 show effective reinforcement at all volume fractions of the 
SiC reinforcing particles. At 20% volume fraction, the Voigt, Halpin-Tsai semi-empirical 
equations, and Reuss curves show values of elastic modulus for SiC/Ti6Al4V composites of 170 
GPa, 145 GPa and 129 GPa, respectively. This translates to increases of 55%, 31%, and 17% 
respectively. At a volume fraction of 40%, the Voigt, Halpin-Tsai semi-empirical equations 
and Reuss curves show values of elastic modulus for SiC/Ti6Al4V composites of 230 GPa, 188 
GPa, and 155 GP, respectively, which work out to  improvements of elastic modulus over that 
of Ti6Al4V of 110%, 70%, 41% in the same order. 

The Halpin-Tsai semi-empirical curve can be reduced to the lower or upper bound depending 
on the magnitude of the shape parameter (𝜉𝜉𝜉𝜉). When the value of 𝜉𝜉𝜉𝜉 becomes very small (𝜉𝜉𝜉𝜉 →
0) the Halpin-Tsai semi-empirical model tends to the IRoM or Reuss rule. For large values of 
(𝜉𝜉𝜉𝜉 → ∞), the Halpin-Tsai semi-empirical model tends to the RoM or Voigt rule. Figure 4 shows 
plots of the Halpin-Tsai semi-empirical equation for randomly oriented short fibres with the 
shape parameter 𝜉𝜉𝜉𝜉 set to 0.05, 0.5, 1, 2, 5, 10, and 5000. 
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Figure 4: Plots of Halpin-Tsai Semi-Empirical Curves with Different Shape Parameters 

It is observed from the graph that as the value of the shape parameter increases, the curves 
of elastic modulus tend to the Voigt curve. The curve with the largest value of shape 
parameter of 5000 plotted in this figure is seen to coincide with the Voigt curve. It is further 
observed from the graph that as the value of the shape parameter decreases towards zero, 
the curves approach the Reuss curve. The curve with the smallest value of 0.05 is seen in the 
figure to coincide with the Reuss curve. The power of the Halpin-Tsai semi-empirical 
equations is seen in the variation of the curves with changing values of the shape factor, as 
this enables the curves to be fitted to composites with widely varying values of elastic 
modulus. 

The values of the coefficient of thermal expansion of SiC and Ti6Al4V in Table 1 are used in 
Equations 4, 5 and 14 to plot curves of the CTE for SiC/Ti6Al4V composites. Figure 5 shows 
plots of Reuss, Voigt and Hashin and Strickman (HS) models for predicting CTEs of SiC/Ti6Al4V 
composites with varying volume fractions of SiC particles. 
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Figure 5: Plots of Voigt, Reuss and Hashin and Strickman models for predicting CTE of    
SiC/Ti6Al4V composites with varying volume fractions of SiC particles 

The coefficient of thermal expansion is seen to decrease with increasing volume fraction of 
SiC particles. At a volume fraction of 20%, the CTE predicted by the HS lower bound is 6.5 x 
10-6/K, the Reuss rule 7.71×10-6/K and HS upper bound and Voigt rule the same value of 7.72 
x 10-6/K. The CTE in these models is lower than that of Ti6Al4V (8.6 x 10-6/K) and higher than 
that of carbon fibre/epoxy reinforced composites sheets of (2.1× 10−6/℃) and carbon fibre 
tubes of 0.1× 10−6/℃ . At a volume fraction of 40%, HS lower bound predicts a CTE of 5.5 x 
10-6/K, the Reuss rule 6.06× 10−6/𝐾𝐾𝐾𝐾 and the HS upper bound and Voigt rule 6.8 x 10-6/K. At 
this volume fraction, the predicted values of CTE by these three models are all lower than 
the values predicted at a volume fraction of 20%. Clearly, by closely matching the CTEs of 
SiC/Ti6Al4V composites to those of carbon fibre epoxy resin composites, the effects of 
differential expansion and contraction at their joints during thermal cycling can be reduced. 

Reuss and Voigt models can also be used to explore the hardness (H) of SiC/Ti6Al4V thus. 

 𝐻𝐻𝐻𝐻𝑐𝑐𝑐𝑐 = 𝐻𝐻𝐻𝐻𝑚𝑚𝑚𝑚𝑉𝑉𝑉𝑉𝑚𝑚𝑚𝑚 + 𝐻𝐻𝐻𝐻𝑝𝑝𝑝𝑝𝑉𝑉𝑉𝑉𝑝𝑝𝑝𝑝  (11) 

𝐻𝐻𝐻𝐻𝑐𝑐𝑐𝑐 = 𝐻𝐻𝐻𝐻𝑚𝑚𝑚𝑚𝐻𝐻𝐻𝐻𝑝𝑝𝑝𝑝
𝐻𝐻𝐻𝐻𝑚𝑚𝑚𝑚𝜐𝜐𝜐𝜐𝑝𝑝𝑝𝑝+𝐻𝐻𝐻𝐻𝑝𝑝𝑝𝑝𝜐𝜐𝜐𝜐𝑚𝑚𝑚𝑚

  (12) 
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Figure 6: Theoretical values of the hardness of the SiC/Ti6Al4V composite 

In Figure 6, the Voigt and Reuss rules predict values of hardness for the SiC/Ti6Al4V composite 
at a volume fraction of 20% of 850 MPa and 440 MPa, respectively. At a volume fraction of 
40%, the Voigt and Reuss models predict values of hardness of 1338 MPa and 557 MPa, 
respectively. Both curves show that the hardness of SiC/Ti6Al4V increases with the increasing 
volume fraction of SiC reinforcing particles. 

Figure 7 shows values of the hardness of SiC/Al, determined experimentally in the work of 
Yilmaz et al. [20]. 

Figure 7: Experimental results of hardness of SiC/Al composite 
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Aluminium is considered a ductile metal as so is titanium. The hardness of the SiC/Al 
composite is seen to increase from 70.3 MPa at a volume fraction of the reinforcing SiC filler 
of 0% to a value of 89.8 MPa at a filler volume fraction of 10%. The curve in the figure shows 
an initial very low rate of increase that picks up with increasing volume fraction, which is 
consistent with the curve for the Reuss rule in Figure 6. This would imply the lower bound 
Reuss model gives better prediction than the upper bound Voigt rule 

5. CONCLUSIONS 

The study confirmed that it is indeed possible to design SiC/Ti6Al4V particulate composites 
with improved stiffness, hardness, strength, and coefficient of thermal expansion as detailed 
below. This study further demonstrated the flexibility of designing with composites materials 
that allows composites of different properties to be produced to meet required needs, as 
follows: 

• Increasing the volume fraction of SiC particles above 40%vol increases hardness and 
strength but encourages the initiation of cracks at SiC/matrix interfaces leading to 
composite failure. 

• At a volume fraction of reinforcing SiC filler of 20%, the Voigt rule predicted a 14% 
increase in strength, a 55% increase in stiffness, and a 53% increase in hardness. At 
the same volume fraction, the Reuss rule predicted an 18% increase in stiffness and 
62% increase in hardness. 

• At 40% volume fraction of SiC particles, the Voigt rule predicted a 28% increase in 
strength, 109% increase in stiffness, and 37% increase in hardness. The Reuss rule 
showed an increase of 43% in stiffness and 57% in hardness. The Halpin-Tsai semi-
empirical rules predicted a 71% increase in stiffness.       

• SiC/Ti6Al4V composites are likely to fail through particle fracture failure 
mechanisms as this usually occurs for matrices with medium or higher strength 
compared to that of the reinforcing phase.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

• The study has showed that it is possible to obtain values of CTE for SiC/Ti6Al4V 
composites that are lower than those of Ti6Al4V even at the lowest volume fraction 
of reinforcing filler, with lower bound values of 6.5 x 10-6/K and 5.5 x 10-6/K at 20% 
and 40% volume fraction of reinforcing filler, respectively. 

• The preferred model for predicting the elastic modulus of SiC/Ti6Al4V is the Halpin-
Tsai semi empirical model because it allows sensible interpolations between the 
upper and the lower bounds. For predicting the CTE of SiC/Ti6Al4V composites, 
Hashin and Strickman upper bound coincides with the Voigt rule while the Hashin 
and Strickman lower bound falls below the Reuss rule and is therefore a poor model 
to use. For hardness of composites, it has been shown that the fit of the two 
theoretical models is dependent on the range of volume fraction under 
consideration. 
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ABSTRACT 

The aim of this paper to study how heat treatment and build orientation affect the hardness 
and microstructure DMLS porous Ti6Al4V. The porous structures were manufactured by using 
the EOSINT M280 DMLS system. The stress-relieved microstructure revealed prior beta phase 
grains along the build direction. At the same time, the vacuum heat-treated samples showed 
alpha + beta lamellae microstructure with increments of epitaxial prior-β grains. Vertically 
built samples for both stress relieved and vacuum heat-treated show higher hardness than the 
horizontally built samples.  
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1. INTRODUCTION 

Ti6Al4V is one of the most utilised biomaterials globally; this is mainly due to its favourable 
characteristics as compared to other biomaterials like cobalt chromium CoCr alloys and 
stainless steel. These characteristics include high corrosion resistance, biocompatibility and 
high strength-to-weight ratio [1]. Recently, research has shifted its direction from dense 
products towards porous structures of Ti6Al4V because porous structures provide better 
oesintergration and reduced stress shielding effect of implants than fully dense Ti6Al4V [1-
6]. 
 
Research has shown that the manufacturing of porous structures using conventional methods 
is limited because of their geometry. However, additive manufacturing (AM) processes have 
been found to produce these structures with ease. The superiority of  AM processes over 
conventional methods include freedom of design, short lead time and maintaining 
dimensional control of the components produced [2]. AM processes make use of computer-
aided design (CAD) models to develop three-dimensional (3D) parts by building layer by layer 
and offer the beneficial capacity to construct parts with geometric complexities [3]. 
 
Researchers have succeeded in manufacturing porous Ti6Al4V structures using various AM 
processes. By using electron beam melting type of AM, Cheng et al., (2012) [4] investigated 
two different types of porous Ti6Al4V, namely stochastic and reticulated mesh in as-built 
conditions. The microstructures of both the porous structures revealed α’ martensite, which 
research has shown to be expected in all as-built Ti6Al4V manufactured by AM, this was also 
observed in work done by Sallica-Leva et al., (2013) [5], that showed similar microstructures 
of α’martensite, with a little β phase present. The as-built Ti6Al4V manufactured by additive 
manufacturing processes contains α’ martensite, which is hard and brittle, due to the non-
equilibrium solidification of the processes during manufacturing [5]. Research has shown that 
heat treatment can be employed to change the hardness and brittleness associated with as-
built Ti6Al4V [6-7]. The primary purpose of stress relieving heat treatment is to remove the 
thermal stresses induced by rapid solidification of AM processes. In contrast, other heat 
treatments methods at various conditions will result in a change of the microstructure and 
mechanical properties of Ti6Al4V [7]. 
 
The decomposition of α’ martensite accomplishes the alteration in microstructure to α+β 
phase through heat treatments [8]. Becker et al., (2015) [9] evaluated the microstructure 
and mechanical properties of DMLS Ti6Al4V heat-treated under various conditions, HIPed and 
compared to as-built and wrought Ti6Al4V. They reported that mechanical behaviour of 
Ti6Al4V was directly dependant on the microstructure and the crack growth, tensile 
behaviour and fracture toughness were comparable to the wrought sample. In contrast, as-
built Ti6Al4V performance was low due to the induced thermal stresses. Wauthle et al., 
(2015) [10] indicated that stress relieved T6Al4V porous structures result in no variation of 
microstructure and mechanical properties, while the HIPed Ti6Al4V showed α+β lamellae 
structure, with a reduction of tensile strength and increased ductility. Furthermore, Wauthle 
et al., (2015) [10] stated that this porous Ti6Al4V is favourable in load-bearing applications.  
 
In a study by Ahmadi et al., (2017) [11], which investigated the effect of heat treatments, 
both below and above the β-transus, of Ti6Al4V porous structures, α+β phases replaced the 
acicular martensitic structure after heat treatment, while mechanical properties such as 
ductility and hardness of the heat-treated porous samples remained the same. Fousová et 
al., (2017) [12] compared selective laser melted (SLM) fully dense and porous Ti6Al4V with 
hot-rolled Ti6Al4V. The microstructure of SLM Ti6Al4V showed very thin lamellae α phase 
with small amounts of inter-lamellae β phase. Thus, it concluded that heat treatment below 
the β-transus of SLM Ti6Al4V showed microstructure like that of hot-rolled Ti6Al4V. 
Nevertheless, Fousová et al., (2017) [12] stated that while fully dense Ti6Al4V may provide 
better mechanical properties than porous structures, the latter provides better biological 
fixation and tissue ingrowth. Chauke et al., (2013) [13] compared the tensile properties, 
hardness, and microstructure of vacuum heat-treated (VHT) above β-transus temperature 
(1200°C) to those of as-built Ti6Al4V. This work showed that the VHT Ti6Al4V gave lower 
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ultimate tensile strength and percentage elongation than the as-built Ti6Al4V, even though 
the resultant microstructure showed α+β microstructure.  
 
Fully dense Ti6Al4V induces stress shielding by the metal implants when used in high loading 
areas and their substitution with porous structures is advised. According to  Monkova et al. 
(2017) [14], porous structures give rise to advantageous properties like low weight and good 
energy absorption. Due to insufficient information in literature, there is a need to study 
porous structures [15]. Consequently, the present work was aimed at studying how heat 
treatment and build orientation affect the microstructure and hardness of Ti6Al4V porous 
structures manufactured by direct metal laser sintering 
 

2. METHODOLOGY 

2.1 Materials and methods  

The nominal chemical composition of the argon-atomised Ti6Al4V ELI (-45µm) from TLS 
Technik is shown in Table 1 where it is compared to ASTM F-136 standard, with Titanium 
being the balance of the total composition. The percentiles of the equivalent diameter of the 
powder particles are as follows D10= 8.13µm, D50=23.56 µm and D90=38.73 µm.  
 
   Table 1: Chemical composition of Ti6Al4V 

 Al V O N H Fe C Y 
ASTM F-
136 

5.50-
6.50 

3.50-
4.50 

Max- 
0.13 

Max-
0.05 

Max-
0.012 

Max-
0.25 

Max-
0.08 

Max-
0.005 

Actual 
value 6.15 4.10 0.12 0.09 0.002 0.19 0.016 <0.001 

 
The Ti6Al4V porous samples with a dimension 65x10x12 mm3 were manufactured using the 
EOSINT M280 DMLS system. The samples were designed with a square type unit cell of 5 mm 
and strut size (thickness) of 1.5mm (Fig.1).  

 

Figure 1. Front view of the Ti6Al4V porous structure a) and the CAD model of the 
porous structure b).    

 
During the manufacturing of the porous structures, argon was used as a protective 
atmosphere, and the oxygen level in the chamber was between 0.07-0.12%. The samples were 
manufactured in two different orientations, i.e. vertical and horizontal.  After AM, the 
samples were stress relieved in an argon atmosphere at 650 °C for 3 hours. After stress 
relieving, the samples heat-treated under vacuum (annealed) for 2 hours at 950 °C with a 
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heating rate of 10 °C/min, soaking for 90 minutes, and furnace cooled at a rate of 10-15 °C 
till room temperature. 
 

2.2 Sample preparation and characterisation 

After heat-treatment, the porous structure samples were sectioned by mechanical cutting 
under flowing coolant solution to prepare for characterisation. Standard metallographic 
sample preparation was done, and the samples were etched using Keller’s reagents (Distilled 
water 190 ml, Nitric Acid 5 ml, Hydrochloric acid 3ml and Hydrofluoric acid 2 ml). 
Microstructural analysis was accomplished by using an optical microscope Olympus BX41M-
LED and Jeol JSM IT500 SEM to reveal the microstructure of the stress relieved (SR) and 
vacuum heat-treated (VHT) samples. An Innova test falcon 500 Vickers hardness tester was 
used to measure the hardness of the SR and VHT samples using a load of 1kgf with a dwell 
time of 10 seconds per indentation. 

3. RESULTS AND DISCUSSIONS 

3.1 Microstructural analysis 

Figures 2 and 3 show the optical and SEM micrographs of the Ti6Al4V porous structures. Figure 
2 and 3 shows the optical and SEM micrographs of the Ti6Al4V porous structures. Figure 2 (a) 
and (b) reveal horizontally build microstructures of SR and VHT samples, respectively. 
Similarly, in figure 2 (c) and (d) shows microstructures of vertically build samples SR and VHT.  
 

  
Figure 2. Optical micrographs of Horizontally built-in stress relieved condition (a), 

vacuum heat-treated condition (b), Vertically built-in stress relieved condition (c) and 
vacuum heat-treated condition 

 
Stress relieved microstructure in figure 2 (a) and (c) reveals prior β along the build direction, 
with small amounts of α’ martensite still visible. This type of microstructure has been shown 
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in the literature [1-10], and it is due to fast cooling rates associated with AM processes [6]. 
Figure 2 (b) and (d) shows α+β type lamellae with small amounts of β, while area marked x 
on the micrographs shows a small amount of epitaxial prior β grains. Heating just below the 
β-transus temperature has shown the decomposition of α’ martensite to α+β phase if slow 
cooling and furnace cooling is applied [11]. The furnace cooling rate coarsens the 
microstructure, hence the formation of α+β lamellae structure shown in Figures 2 (c and d) 
and 3 (c and d).  

 
Figure 3. SEM micrographs of Horizontally built-in stress relieved condition (a), vacuum 
heat-treated condition (b), Vertically built-in stress relieved condition (c) and vacuum 

heat-treated condition. 
 
The SEM micrographs Figure 3 (c and d) show that the VHT Ti6Al4V laths are thicker than the 
SR Ti6Al4V in figure 3 (a) and (b), which is in agreement with previous studies of additively 
manufactured Ti6Al4V [11-13]. The variation in thickness of SR and VHT samples is attributed 
to the heat treatment in the region of (α-β), which lead to the coarsening of the laths of VHT 
samples.   

3.2 Hardness evaluation 

Figure 4 shows the hardness profile conducted on the porous Ti6Al4V. The VHT porous samples 
show high hardness than the SR samples (Table 2). Moreover, vertically built samples show 
higher hardness than the horizontally built ones (Table 2). In terms of heat treatment of 
Ti6Al4V below β-transus temperature, the literature suggests that the hardness of the heat-
treated Ti6Al4V is lower than the stress relieved and as-built Ti6Al4V.      
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Figure 4. Hardness profile of VHT (horizontal-vertical) and SR (horizontal and vertical) 

porous Ti6Al4V structures. 
 

Table 2: Average Hardness Values comparison of stress relieved with vacuum heat-
treated of vertically and horizontally build Ti6Al4V porous structures  

Sample   Condition Build    orientation Average Hardness HV/1 (SD) 

Stress Relieved 
Vertical 315.83 (14.22) 
Horizontal 313.23 (10.56) 

Vacuum Heat-treated 
(Annealed) 

Vertical 385.24 (42.62) 

Horizontal 370.36 (50.55) 
 
Literature [11;13] further suggests that this decrease in hardness resulted from decomposing 
of α’ martensite to α+β lamellae structure. However, the results in Figure 4 and Table 2 
reveal the opposite of what literature has presented [11,13], but is corroborated by the work 
done by Chauke et al., (2013) [13], where VHT Ti6Al4V showed higher hardness than the as-
built Ti6Al4V. Furthermore, such behaviour of high hardness of VHT Ti6Al4V was not 
explained.   

4. CONCLUSION 

The aim of this work was to evaluate the effect of heat treatment and build orientation on 
the microstructure and hardness of DMLS manufactured Ti6Al4V porous structures. From the 
characterisations and analyses of the results, the following conclusions were made: 

• The microstructure of the stress relieved samples revealed prior β-grains along the 
build direction and the vacuum annealed heat-treated samples showed an α+β 
lamellae with small amounts of epitaxial prior β grain structure upon furnace 
cooling.  

• The vacuum heat-treated samples showed higher hardness values (horizontally built: 
370.36 HV and vertically built: 385.24 HV) than the stress relieved samples 
(horizontally built: 313.23 HV and vertically built: 315.83 HV), which is at variance 
with most previous studies.  

• The effect of build orientation on the hardness revealed that vertically built porous 
Ti6Al4V were more resistant to indentation than the horizontally built porous 
samples.   
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ABSTRACT 

In this work, a short review on methods for the synthesis of ultrafine powders of micron- and 
submicron size is presented. A sonoelectrochemical method was used for the synthesis of Cu 
powder. It is shown that this technique quite simple, economical and environmentally 
friendly. Influence of parameters of the process on the particle size distribution and 
morphology of copper powder is studied. The resulting powder can be used for in-situ alloying 
in laser powder bed fusion and as an antibacterial filler in selective laser sintering process. 
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1. INTRODUCTION 

The new industrial paradigm “Additive Manufacturing” (AM) combines a class of technologies 
that allow to create three-dimensional objects by sequentially adding material, usually layer 
by layer, as opposed to subtractive and formative manufacturing methodologies (casting, 
stamping) [1]. Additive manufacturing grows rapidly and requires new applications and 
advanced materials. Laser powder bed fusion (L-PBF) is an AM method that uses metal 
powders to produce parts. The high degree of freedom offered by L-PBF allows to create 
objects with unique geometry and complex internal structures, to apply topological 
optimization and consolidation of parts, combining many components into one functional 
part. By L-PBF, it is possible to create gradient structures both in terms of volumetric 
structures and from different materials. One of the promising directions in laser powder bed 
fusion is in-situ alloying, as a result of which additional opportunities to synthesize new 
materials from elemental powders. L-PBF in-situ alloying is used for reinforcing Al alloys, 
creation metal matrix composites (MMC) with unique mechanical properties [2,3] and for 
other functionalization of components.  
 
Advanced implants with biocompatibility and antibacterial properties can be produced by L-
PBF in-situ alloying [4,5]. Infection at a bone–implant interface is the most probable reason 
for implant failure directly after implantation [6]. Subsequently, utilization of materials with 
embedded antibacterial properties is advantageous as the antibacterial agent could act 
locally and permanently at the site of infection. For example, coating of the implant interface 
with materials that have antibacterial properties is a promising approach to prevent 
occurrence of the infection. Several metals like silver, zinc and copper have shown such 
antibacterial properties [7]. Therefore, alloying the base material with an antibacterial agent 
would increase the functionality and antibacterial performances of the implant. 
 
The benefits of in situ alloying by L-PBF to produce new materials with unique properties 
were shown recently. Vrancken et al. [8] sintered Ti6Al4V-10% Mo alloy to stabilize the 
β-phase in the L-PBF alloy; a combination of excellent ductility and high strength in this alloy 
was reported. Sistiaga et al. [9] mechanically mixed 4% Si powder (-10 µm) and Al7075 alloy 
powder with an average particle size of 53 µm and produced dense crack-free parts. Vora et 
al. [10] demonstrated successful AlSi12 in situ alloy formation from elemental Al (-66 µm) 
and Si (-100 µm) powders. It was noted that in situ L-PBF alloying method could be potentially 
cost and time effective in developing new materials.  
 
In our previous work, when the size of the refractory alloying 1.38% (wt%) Cu powder was 
comparable to the size of the base material powder (Ti6Al4V ELI powder had d50∼23 µm and 
pure copper had particles with d50∼22 µm), inhomogeneous areas were observed in in-situ 
alloyed material, although both Cu and Ti6Al4V particles were molten completely (Figure 1) 
[4]. It was shown that copper formed islands following solidification lines at the top surface. 
In the LPBF Ti6Al4V-1.38% Cu material, areas of increased copper concentration were 
associated with fusion boundaries in cross-sections. The enrichment of Cu varied depending 
on the region, between 1–5 wt % in areas with α’-martensitic microstructure and reached up 
to 20–35 wt % in areas with dendritic/cellular microstructure. Cu-rich areas influenced on 
tensile properties and fracture mechanism. It was found that nucleation of cracks at the 
surface occurred at regions with higher concentration of Cu. Thus, it is quite obvious that the 
size of the alloying powder should be significantly smaller than the size of the powder usually 
used in the L-PBF process. 
 
To successful in-situ alloying, the molten pool should exist long enough to guarantee as good 
as possible mixing of the components. At the same time, the conditions should satisfy the 
operation window, that is required to manufacture high-quality 3D objects [11]. Submicron 
particles and ultrafine powders (∼1 µm) are desirable to provide homogenous content of 
modified alloys. Nanoparticles have very poor flowability and requires special procedures for 
mixing and delivery, as well as handling [12]. 
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Figure 1: Etched by Kroll’s reagent cross-section of in-situ alloyed L-PBF Ti6Al4V ELI-
1.38wt.%Cu sample. Dark colour shows Cu-rich areas (confirmed by SEM-EDS analysis). 

Data from [4]. 

 
Present work shows one of the possible methods for the production of ultrafine powders. 
Sonoelectrochemical method was used to produce ultrafine Cu powder, since copper is one 
of the natural elements of the human body and is not toxic in small quantities. In the powder 
preparation process, a current pulse is first passed through the cathode, which is 
accompanied by powder electrodeposition. Next, an ultrasound pulse is generated, during 
which the powder is removed from the cathode. The method is widely used to produce 
ultrafine powders of pure metals and alloys [13]. The characteristics of such powders are 
influenced not only by inherent parameters of the preparation of powders by electrolysis 
(current density, acidity, the nature and temperature of the electrolyte, the concentration 
of metal ions being discharged on the cathode, and others) [14,15] but also by parameters 
peculiar to the sonoelectrochemical process (current and ultrasound pulse durations and 
ultrasound pulse intensity). Therefore, the method is very flexible from the point view of 
controlling the properties of materials. 
 
An ultrasound has a strong effect on electrochemical processes. In particular, it allows the 
current density to be raised considerably (for example, by 10 to 20 times in producing metallic 
coatings) [16–18]. It is, therefore, of great interest to examine the feasibility and understand 
general aspects of the preparation of fine powders at a higher current density (1 A/cm2), 
which is expected to enhance the effectiveness of the process. The purpose of this study is 
to investigate the influence of parameters of the sonoelectrochemical process on the particle 
size distribution and morphology of copper powder. 

2. MATERIALS AND METHODS 

For the production of copper powders, two electrodes were used, one of which serves as both 
a cathode and an ultrasonicator. The anode was made of a 4 mm thick copper plate. The 
ultrasonic part of the system was built around a generator with an operating frequency of 
22 kHz and electric power of 1 kW. A titanium concentrator with a working end face area of 
1.3 cm2 was used as an electrosonotrode. The system operates as follows: (1) a short current 
pulse is passed through the cathode, and this is accompanied by powder electrodeposition; 
(2) after the current pulse, ultrasound is turned on to remove the powder from the cathode; 
(3) everything is turned off and the system stabilizes. 
 
Many electrolytes of various compositions have been proposed for copper electrodeposition. 
Electrolytes are usually divided into two groups - simple and complex. Among simple 
electrolytes, the most widespread are sulfuric acid electrolytes, the main components of 
which are CuSO4∙5H2O and H2SO4, and this type of electrolyte (100 ml) was used in current 
experiments. Medical polyvinylpyrrolidone (FS 42-1194-98) with a molecular weight in the 



66

range of 8000–35000 was chosen as an organic stabilizer. The powders were precipitated and 
washed using a centrifuge with a separation factor of 350. 
 
Received powders were examined by high-resolution analytical scanning electron microscope 
(SEM) Tescan MIRA, which can be used for material characterization at the submicron scale. 
The particle size distribution (PSD) was done on ANALYSETTE 22 MicroTec Plus (Fritsch 
GmbH), which uses the principle of laser diffraction. X-ray structure analysis was performed 
on an X-ray diffractometer with FeKα radiation. 

3. RESULTS AND DISCUSSION 

Figure 2 shows the particle size distributions of copper powders prepared at various current 
densities (analysis on Fritsch equipment). The current pulse duration was 600 milliseconds. 
At cathode current densities of 1.15 A/cm2, 750 mA/cm2, and 450 mA/cm2, the arithmetic 
mean particle size is about 2.6 µm, 820 nm, and 500 nm, respectively. A particle size of the 
powder increases with current density (Figure 2).  
 
Figure 3 shows SEM images of copper powders prepared at two different current densities. It 
is clearly seen that the particle size is much smaller than indicated by the data of the laser 
diffractometer, which indicates the presence of a significant amount of agglomerates. 
However, electron microscopy data also confirm that particle size of the powder decreases 
with decreasing current density. It should be noted that the opposite trend was observed at 
low current densities in the range of 50–200 mA/cm2 [19,20]. It is known that changes in 
current density can influence the particle size in two opposite ways [21]. Increasing the 
current density usually leads to the formation of finer particle deposits on the cathode. At 
higher current densities, more ions are discharged per unit area of the cathode. At fixed 
cation concentration in the electrolyte the growth rate of each of them decreases, and finer 
particle deposits result from this process [22,23]. At the same time, at a lower current density 
a decrease in particle size is possible due to the decrease in the total amount of material 
deposited on the cathode [24]. In present study, the latter factor seems to play a decisive 
role. 
 

 

Figure 2: Particle size distributions of the copper powders prepared at various current 
densities. The current pulse duration is 600 ms. 
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Figure 3: Morphology of the copper powders prepared at current densities of 
450 mA/cm2 (left) and 1.15 A/cm2 (right). 

Among the other parameters influencing the sonoelectrochemical process, it is worth noting 
the ultrasound pulse intensity, which should be high enough to remove all of the metal 
deposited on the electrode surface. At the same time, high ultrasound intensity leads to an 
excessive energy consumption and overheating of the electrolyte, which is extremely 
undesirable, since it leads to a change in the properties of the electrolyte and its degradation. 
 
The SEM study made it possible to reveal some morphological features of the obtained 
powders. It is known that copper is deposited on the cathode in the form of dendrites [19]. 
Ultrasonic processing and centrifugation disintegrate most dendrites (with simultaneous 
agglomeration of particles). However, intact dendritic particles are still observed in some 
areas of the resulting product (Figure 4 left). Another noteworthy feature is that there are 
not only fine particles but also large particles with a size of several microns. One possible 
reason for this is that, in the presence of roughness and micro scratches on the surface of the 
sonotrode, not all of the particles are removed in one ultrasonication cycle, and some 
particles continue to grow during a few subsequent cycles. As a result, the final product may 
range widely in particle size (Figure 4 right). 
 

   

Figure 4: Dendrites in a copper powder (left) and SEM image of a copper powder 
containing a large particle (right). 

 
Note that powders were obtained using solutions containing an organic stabiliser 
polyvinylpyrrolidone. This stabiliser ensures both a reduction in particle size and stability to 
oxidation, as evidenced by X-ray diffraction data. Figure 5 shows X-ray diffraction patterns 
of copper powders obtained from electrolytes containing the stabilizer and without it (two 
weeks after synthesis). Immediately after the process, the powders consist predominantly of 
copper, with a small amount of Cu2O. The powders prepared with the use of the stabilizer 
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demonstrate a higher oxidation resistance over time (the amount of the copper oxide remains 
essentially unchanged). 
 

 
(a) 

 
(b) 

Figure 5: X-ray diffraction patterns of a copper powder prepared (a) with the stabilizer 
and (b) without stabilizer (two weeks after synthesis). 

 

4. CONCLUSION 

As it was shown in [4, 8-10, 25], in-situ L-PBF alloying is an efficient way to produce new 
materials by L-PBF; nevertheless, to manufacture a homogeneous alloy is a challenge. For 
efficient in-situ L-PBF alloying processes, not only process parameters (laser power, spot size, 
scanning speed, and so on) should be optimized, but also, material properties and powder 
size analysis must be performed to guarantee efficient melting and mixing of both materials. 
 
In the present work, the parameters influencing the morphology and size of ultrafine copper 
powders obtained by the sonoelectrochemical method were studied. Investigations show that 
the sonoelectrochemical process is suitable for the synthesis of ultrafine copper powder. The 
cathode current density has been shown to have the most significant effect on the 
characteristics of the powders. Reducing the current density leads to a reduction in the 
particle size of the copper powders. The average particle size (weighted by volume) was 
d10=520 nm, d50=1.75 µm and d90=6.0 µm at current density of 1.15 A/cm2 and d10=260 nm, 
d50=520 nm and d90=870 nm at current density of 450 mA/cm2. The described method makes 
it possible to obtain copper powders with an average particle size of 100 nm to several 
microns. The received powder is planned to be tested for L-PBF in-situ alloying of advanced 
antibacterial additively manufactured materials. 
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ABSTRACT 

With the escalating price of new sand and the disposal cost of waste sand, sand reclamation 
has become increasingly important for foundry processes. This paper reviews the possibility 
of reclaiming and reusing waste furan-bonded sand generated during three-dimensional 
printing of sand cores.  The paper describes the different reclamation processes applied to 
reclaim and reuse waste sand and discuss the suitability of the reclaimed sand in additive 
manufacturing, in particular voxeljet three-dimensional printing. The paper is a precursor to 
possible research in the field of three-dimensional printing sand recycling aiming at reducing 
the cost of local processes. 
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1. INTRODUCTION  

Three-dimensional printing (3DP) is an additive manufacturing technique for fabricating a 
wide range of structures and complex geometries from 3D model data [1]. It uses a software 
that slices the 3D model into layers. Each layer is then traced onto the build plate by the 
printer. Once the shape is completed, the build plate is lowered and the next layer is added 
on top of the previous one. 3DP technologies have evolved from rapid prototyping to rapid 
tooling, rapid manufacturing and rapid casting. The most important thing is that 3DP can 
realize the change from traditionally separated parts and labour-intensive processes to the 
saving of material, time, cost and weight. The layer-by-layer additive manufacturing methods 
are set to revolutionise the casting industry [2]. 
 
Ingberman and Assavaniwej pointed out that the casting process is very complicated. It 
involves making the pattern manually or by machine, making the core and mould separately. 
This requires skilled craftsmen to create each part of the pattern perfectly while considering 
the path of the molten metal, shrinkage allowance and the solidification process, which is 
often time-consuming. These disadvantages provide room for the application of 3DP 
technologies in casting production. 3DP is therefore slowly finding its way into the process, 
such as printing wax patterns, ceramic shells, sand cores and sand moulds [3]. 
 
Recent 3DP technologies for rapid sand casting include ZCast, ExOne and voxeljet; these are 
just some of the most visible examples on the market that are used to produce sand moulds 
and cores using a binder jetting technology. These technologies can be used in the foundry, 
automotive and design industry [4]. ZCast technology involves the printing of mould cavity 
and inserts directly on the 3DP using ZCast powder, a plaster-ceramic composite appropriate 
for metal casting. This technology eliminates the pattern-making step in the traditional 
casting processes [5]. ExOne 3DP uses a 3D CAD file to produce a custom-finished product 
from metal, sand or ceramic materials. With a high print speed and endless part geometry, 
ExOne technology is an optimum alternative for printing cost-effective, customized parts 
using industrial-grade materials [6]. 
 
Voxeljet technology uses a powder binder jetting process. A binder is selectively applied to 
a powder bed with the aid of nozzles, thus bonding the individual layers together. This type 
of technology produces sand moulds and cores for metal casting quickly and cost-effectively. 
The binding agents that can be used include furan and phenolic resins as well as inorganic 
binders [7]. However, during the printing of the furan-bonded sand cores using the voxeljet 
VX 1000 printer, waste sand is produced.  
 
Sand reclamation of used moulding and core sand is defined as a treatment of waste 
refractory material. This allows the recovery of at least one component where the properties 
of the reclaimed waste product are similar to the properties of the new component, and can 
be reused for mould and core production.  The advantage of sand reclamation is that it offers 
economic utilisation, self-sufficiency, no freight and delay, and no necessity for the bulk 
inventory [8].  If sand is to be reclaimed successfully the reclamation process must not only 
restore the condition of the sand by breaking down agglomerates and removing particles of 
metal flash but the process must also enable the sand to be reused with the same type of 
binding agent as before [9]. Equation 1 is used to determine the level of residual resin in the 
sand. For efficient reclaimed sand, P should not exceed 3.0% [10]. 
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𝑷𝑷𝑷𝑷 =
𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻

𝟏𝟏𝟏𝟏 − 𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻
 

Equation 1: %Resin in the sand. 

Where B is the binder addition (%), T is the fraction of binder remaining after reclamation 
and R is the fraction of sand re-used. There are three types of sand reclamation methods 
applied to reclaim used sand systems in the foundry, namely mechanical reclamation, 
thermal reclamation and sand dilution. 
 
1.1 Mechanical reclamation 

Mechanical reclamation or mechanical attrition is a process that involves the breakdown of 
the lumps of sand to grain size. This is followed by mechanical scrubbing and the removal of 
the partially burnt binder [10]. The process relies on the fact that the heat of the casting 
burns the resin binder close to the metal. The more the sand has been heated, the more 
effective the reclamation of the sand. Prolonged scrubbing is also known to be effective [11]. 
The major benefit of using mechanical reclamation is that it is a low-cost method of 
reclaiming waste sand efficiently and up to 90% of the sand can be reused, provided that 
Sulphonic acid was used as a catalyst.  Figure 1 shows the mechanical attrition process. 
 

 
 

Figure 1: Mechanical attrition process. 
 
Mechanical attrition does not remove all the residual binder from the sand; in fact, the 
continued re-use of reclaimed sand will result in increasing residual binder levels [10]. A 
decrease in ignition losses of the reclaimed material has been observed with an increase of 
reclamation time, indicating that the resin is removed more precisely with prolonged 
scrubbing [11]. 
 
Sand grain modification is another important aspect of mechanical reclamation [12]. During 
mechanical reclamation, rubbing occurs between sand grains and also against surfaces of the 
various equipment of the reclamation system. As a result, sharp corners of the original sand 
get rounded causing reduced surface-to-volume ratio, which ultimately reduces binder 
demand. Therefore the use of reclaimed sand to make sand moulds and cores is proving to 
not only be a green solution but an economical one as well, since less resin addition will be 
required. Consequently, there will also be a reduced chance of getting gas-related defects in 
castings [12]. 
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1.2 Thermal reclamation 

The thermal reclamation system is preceded by a mechanical system, which uses a unique 
fluidised, gas-fired bed design to combust and removes the remaining residual sand coatings. 
Figure 2 shows the thermal attrition process. 
 

 
 

Figure 2: Thermal attrition process. 
 

The thermal reclamation process has proven to be a better alternative to reclaim waste sand 
as most of the sand is reused; almost no dumping is necessary resulting in a safer and cleaner 
environment. It also conserves natural resources by eliminating the purchasing of new sand; 
making it a highly energy-efficient process. 
 
Thermally reclaimed sand has been demonstrated to be better than fresh sand because the 
sand undergoes lower thermal expansion resulting in better mould stability. The sand grains 
are more rounded resulting in less binder demand. Irrespective of the binder system in the 
previous cycle, thermally reclaimed sand can be used with any chemical binder system [8]. 
 
1.3 Sand dilution 

Sand dilution is a process that involves the mixing of contaminated sand with a portion of 
virgin sand while still maintaining the sand’s properties. This is because the quality of three-
dimensional printed moulds depends on properties such as strength, permeability, thermal 
stability, collapsibility and density, to name a few. During recycling, contaminated sand, 
which has a layer of resin from previous coatings, is mixed with new sand. The contaminants 
may change the shape and increase the size of the grains, consequently affecting the 
properties of the mould.  Large grains would result in low compaction and consequently high 
permeability. It is known that enough permeability allows gases to escape from the mould, 
reducing pressure ahead of the molten metal and subsequently improving filling ability. 
However, high permeability might hint at the likelihood of metal penetration defect and poor 
surface finish. In addition to the above-mentioned disadvantages, mould strength and density 
are also reduced due to poor compaction [3]. 
  
2. METHODOLOGY  

In this study, waste furan-bonded sand generated from 3DP using the voxeljet VX 1000 printer 
will be reclaimed using the previously mentioned methods of sand reclamation. The 
properties of the grains of sand produced from using reclaimed sand will be assessed and 
compared to those produced using new sand. 
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2.1 Raw material 

The raw material will include waste furan-bonded sand, virgin sand, furfuryl alcohol resin 
and sulphonic acid. The waste furan-bonded sand will be collected during the removal of the 
sand after printing is complete. 
 
2.2 Sand reclamation 

2.2.1 Mechanical reclamation 

The excess contaminated waste sand will be transferred into a batch mixer for dry milling. 
Milling time will vary between 20, 30 and 40 minutes depending on the residual resin after 
milling. Equation 1 will be used to determine the level of residual resin in the sand after each 
milling cycle. Sand dilution 
 
2.2.2 Thermal reclamation 
 
The thermal reclaimer unit with the fluidized bed is a mixing system that is composed of a 
fluidizing agent which is a combination of air and oxygen at a ratio of 1:2. The fluidising agent 
will be fed into the system for 10 seconds. Thermal reclamation with periodic fluid bed mixing 
will take place at 800 ºC and the time of reclamation will vary between 10, 20 and 30 minutes. 
Equation 1 will be used to determine the level of residual resin in the sand after each cycle. 
 
2.2.3 Sand dilution 

The excess contaminated sand will be characterized by performing X-ray fluorescence and X-
ray diffraction to check the chemical composition and the quality, followed by testing loss 
on ignition. Addition rates of 10, 20, 30 and 40 percent of used sand will then be mixed with 
new sand. Equation 1 will be used to determine the level of residual resin in the sand after 
each sand addition. 
 
2.3 Sand characterization 

The sand reclaimed will be tested as per procedures recommended by the American Foundry 
Society to determine the following properties: 

• Grain size distribution 
• Grain shape 
• Chemical composition 
• Flowability  
• pH  
• Loss on ignition 
• Acid demand value 
• Bulk density 

 
2.4 Sand coating 

The process of sand coating will begin once the reclaimed sand has been tested and 
characterized. Sand coating will consist of the addition of sulphonic acid to 50 kg of silica 
sand in a foundry batch sand mixer. The sulphonic acid addition will vary while the mixing 
time is maintained at a constant 5 minutes per batch of sand. The prepared coated batches 
will be stored in sealed plastic buckets before additive manufacturing in order to prevent 
acid evaporation and moisture pick up. 
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2.5 Three-dimensional printing 

A Voxeljet VX1000 three-dimensional printer will be used for this study. The pre-coated sand 
will be fed into the system. The system will apply successive layers of pre-coated sand which 
are 300 microns thick, printing out the tensile and transverse sand cores. The geometries and 
dimensions of specimens will be according to the AFS standards. 
 
2.6 Curing & testing 

The printed standard specimens will be oven-cured at 105-110̊ ºC for two hours to achieve 
complete bond strength. The transverse and tensile test specimens will be tested for 
mechanical properties and will be assessed in terms of tensile and transverse strength. The 
test specimens will also be tested for other physical properties such as hardness (Scale B), 
friability, surface finish and density. Appropriate foundry sand testing equipment and 
corresponding testing instructions from Ridsdale and Ridsdale Dieter [14] will be used to 
determine the strength, hardness, and friability. The surface finish will be determined using 
a TIME instrument model TR 110 [15]. 

3. RESULTS & DISCUSSION 

A study was conducted by Nyembwe et al. [16] to try and understand the suitability of 
sulphonic acid-coated sand for 3DP applications. The study found that a high content of 
sulphonic acid results in an increase in mechanical strength of the sand cores, but a drop in 
the flowability of the coated sand was observed which could cause difficulties such as clogging 
during the printing of sand which uses a layer-by-layer manufacturing technique. However, 
it was reported that the flowability of the coated sand tends to improve with prolonged 
storage time as the sulphonic acids in the sand drop due to acid evaporation [16]. Figure 3 
shows the effects of storage time on sulphonic acid-coated sand. 
 

 
 

Figure 3: The effects of storage time on sulphonic coated sand. 

Further work was conducted by Nyembwe et al. [4] to investigate the physical properties of 
the sand cores using the voxeljet VX 1000 3DP. Their observations found that the general 
strength and density of sand cores produced from 3DP are lower than hand-rammed cores 
simply because there is little to no compaction of the sand. The study also recommended the 
heat curing of the sand cores after 3DP to compensate for the poor compaction of the sand 
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as well as to maximize the strength. This process will ultimately improve the friability of the 
grains of sand produced. Hardness, surface finish and density were not found to be affected 
by the heat curing [4]. Figure 4 shows the effects of sand grain fineness on sand cores. 

 
Figure 4: The effects of sand grain fineness. 

Surface finish and density are majorly affected by the physical state of the sand. In a study 
conducted by Nyembwe et al. [17], it was found that the AFS and AGS will affect the surface 
finish of the sand: the finer the sand grains, the smoother the surface finish of the sand core 
and vice versa. The sand analysis was conducted on recycled sand and new sand. The results 
indicated that recycled sand is slightly finer than new sand, see figure 5. As such, recycled 
sand is expected to produce grains that have a smoother surface finish. An SEM analysis was 
also conducted on recycled sand and new sand and the results show that recycled sand is sub-
angular to rounded whereas new sand is more angular, see figures 5(a) and 5(b). In addition, 
round and spherical grains pack better than angular and elongated grains, and will generally 
produce much denser and more rigid sand cores and moulds [17]. 
  

 
 

Figure 5: Grain size distribution of new sand vs. recycled sand. 
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(a)  (b)   
 

Figure 6: Average grain shape of (a) new sand, (b) recycled sand. 

4. CONCLUSION 

The demand for more complex and highly precise castings is increasing in conjunction with 
strict health and environmental regulations. This becomes difficult for foundries that are still 
using the old traditional method of casting to remain competitive. And, with the rising 
foundry waste disposal costs as well as the possible restriction on the mining of sand, green 
solutions, such as reclamation and re-use of self-hardening sand, have become a matter of 
increasing importance. This research is aimed at reviewing possible sand reclamation 
methods for additive manufacturing of sand cores. The mechanical and thermal reclamation 
process is capable of specifically removing the binding agent thus allowing large quantities 
of sand to be reused. With the addition of recycling by dilution, all three processes result in 
reducing the costs of purchasing new sand, storage and transport to the landfills. Tonnages 
of discarded sand are reduced, which in turn saves lives and the environment. 
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ABSTRACT 

Steel is the most widely used material on rolling stock in the railway industry. One of the big 
drivers in the railway industry to increase efficiency, is mass optimisation of rolling stock in 
order to increase the payload. Additve manufacturing can play an enabling role in the mass 
optimisation process as complex designs can be manufactured achieving both functionality 
and weight reduction. This study details the potential use of additive manufacturing, not 
necessarily as a replacement, but integration into existing manufacturing processes to 
prototype weight optimised designs with the support of simulation and topology optimisation 
software.   
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1. INTRODUCTION 

One of the biggest drivers in recent years in the railway industry to increase efficiency, is to 
increase the payload and reduce maintenance costs. This is quantified by a carried payload 
to carrying mass ratio [1-2]. Payload increase can be achieved through weight optimised 
designs of railway ccomponents. The drivers for weight reduction include energy costs and 
infrastructure running costs. Weight reduction can also be achieved by the use of lighter 
materials such as aluminium, titanium, and composites as adopted by the automotive and 
aerospace industries. However, these may be perceived as risky and costly without a well 
documented rolling stock use [1]. 
 

 Additive Manufacturing (AM) has become an attractive method of manufacturing due to its 
inherent ability to create topology optimised complex structures. The impressive design 
freedom offered by AM allows for increased beneficial use of topology optimisation and 
generative design. [2]. According  to  the  definition,  topology  optimization  is  a  
“mathematical  approach  that,  within  a  given  design  space,  and  a  set  of  loads  and  
boundary conditions, provides a solution that respects certain constraints (i.e. displacements, 
accelerations, stresses) and either minimizes or maximizes the objective variable (i.e. mass, 
compliance, volume, displacement)” [2]. In the case of generative designs  this  “enables 
engineers to create thousands of design options by simply defining their design problem - 
inputting basic parameters such as height, weight it must support, strength, and material 
options” [3]. Topolgy optimisation and generative design has become an excellent tool for 
the design of weight optimised structures resulting in complex organic shapes and is available 
on many of the well-known CAD packages as an extension. 
 
Optimizing is not just a process and a way to standalone engineering task, but a tool that 
helps to make decisions. Algorithms, software tools, and the application of high-power 
computers, have made it possible to optimise based on computer simulation of physical 
models. Virtual models make the process of designing and analyzing physical models cheaper 
while saving time. Optimization procedures are applied in a variety of linear and nonlinear 
problems, such as the problems of optimizing mechanical structures [4]. Topological 
optimization allows changes to be made not only in the geometry of the structure, but more 
specifically in its topology, modifying the number and connectivity of components, and 
creating in the medium some boundaries, branches and holes. The process offers optimal 
distribution of material and void regions inside a predefined design domain for a given set of 
loads and boundary conditions [5].   
 
In this research, design and optimization principles are applied to the rail industry using the 
coupler system as a case study. The coupler is used to join rail cars and locomotives to each 
other so they all are securely linked together [6]. A coupler plays a key role in connecting 
the two railway cars with forces acting on it. A knuckle is the last member of the coupler 
that allows contact between two cars for connection. If the knuckle fails, there will be parting 
which may lead to derailment [6-7]. The coupling system is an essential part for the 
functionality of the train. Couplers must allow movement between cars vertically for 
suspension movements of each car, and horizontally for tracking differences and negotiating 
curves [8]. When designing a coupler, two factors must be considered: 1) the couplers must 
have sufficient strength and safety controls and factors. 2) the connection or disconnection 
of couplers must be simple [9-11]. An example of a coupler and knuckle assembly is shown in 
figure 1.  
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Figure 1: Knuckle (grey) and coupler assembly 
 
This study focuses on a weight optimisation reduction case study of the knuckle using the 
Altair (Inspire) software package for static structural analysis and topolgy optimisation. A 
further comparison is made between steel and titanium materials for the study.The study 
illustrates the advantages of the union of topology optimization with Additive Manufacturing 
within the railway industry.  
 

2. METHOD 

The design requirements of the knuckle to meet the permanent set test and ultimate strength 
as prescribed in AAR Specification M-211 [10-11] tabulated below and guided by reference 
[6]. The CAD model design of the knuckle was subjected to the same loading conditions and 
a non-linear static strength FEA was performed. 
 

 Permanent Set Test Min Ultimate Load 
(kN) Load (kN) Maximum set (mm) 

Knuckle 350 0.76 2.890 
 
The design process flow used to obtain a topology-optimised part is shown in figure 2. A 
generic design of a knuckle was imported into Inspire. The model was simplified to reduce its 
complexity and the calculation time. The non-design spaces were defined (orange areas), 
such as mounting interfaces and contact surfaces. Boundary conditions and load cases were 
set according to reference [6]. The remaining volume (dark red) was set as the design space 
and is where the optimisation will take effect. Another analysis was done to confirm that the 
topology optimisation would be sufficient for the load cases. A “best fit” model was then 
created which best represented the optimised volume and the geometry was converted to a 
usable CAD format like STEP. A final analysis on this part was done, to prove that the topology 
optimised part would work in a real-world application. 
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Figure 2: Process flow for the topology optimisation of the knuckle 
 

3. RESULTS 

The original design has low stress regions that allow for significant potential weight reduction 
of the part. The part's volume is 5728 cm3, with a design weight of about 44.967 kg in the 
current grade E steel. Based on the simulation and the visual inspection, key regions have 
been identified that could be redesigned. Figure 3 shows the numerical analysis of the current 
design where the maximum stress is at the mating interface (1), buffing shoulder (2), and 
pulling lug region (3) (higher stressed regions).  

 
Figure 3: Generic design von Mises stress analysis  

1 2 

3 
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After the topology optimisation was completed on the Inspire software, the simulation was 
then redone to analyse the von Mises stress and a “best fit” model was completed as shown 
in figure 4. The volume of the new part is about 3169 cm3, which comes down to a weight of 
24.876 kg for the grade E steel (7.85 g/cm3). This represents a weight reduction of 44.7 wt%. 
The results from FEA analysis are suggestions that the new design, through an interpretation 
of the design engineer, follows the shape proposed by the optimization software. In building 
the new parameterized CAD model, the design engineer usually includes manufacturing 
considerations and constraints, which hamper the full exploitation of the optimization and 
can potentially lead to compromised solutions. In the case of AM, the great design freedom 
allows to remove the extra weight and to achieve the best benefits from the optimization 
process.  
 

 
Figure 4: Topology optimised output from Inspire 

 
The simulation results for the resulting von Mises stress distribution for the new design is 
shown in figure 4. It is seen that the regions of maximum stress are located mainly at the 
pulling lug region, the buffing shoulder and mating interface from inspection, the von Mises 
stress has a maximum value of approximately 870 MPa. This value is more than the material 
yield stress (689MPa) [6], and hence there are some areas that will fail under the specified 
load. However, after further investigation, it was determined that these high stresses are 
due to stress concentrations such as sharp corners and edges. This can be easily solved in CAD 
software by the re-designing of those features.  
 
 

Factor of Safety, which is also known as safety factor, is calculated by using the ratio of the 
material yield stress to the actual stress in a part. The smaller the Factor of Safety, the higher 
chances that the design will fail, resulting in an uneconomical and non-functional design. As 

Figure 5: FoS for optimised part in Grade E steel 
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for higher Factor of Safety, the components would be more expensive resulting in a higher 
cost of the design. The FoS of a part is equal the lowest FoS of the entire part. The part 
showed a high Factor of Safety (FoS) in most areas, close to 6 in most areas. Other areas were 
observed to have a FoS close to 1 due to stress concentrations caused by sharp edges or 
corners, as mentioned previously. This can be rectified by modifying the areas with a low 
FoS. The mating interface also has a FoS of 2 to 3.5, which can also be improved by some 
redesign in that area. The benefits of the optimised design is shown in Table 2. 
 
Table 2: Weight, and stress comparison 

 Original Design Optimised design 
Design Weight (kg) 44.967 24.876 
Part volume (cm3) 5728 3169 
Von mises stress (MPa ±246 ±870 

 
 
Figure 6 shows a final version of the new design taking into account the topology optimised 
results and considering the manufacturability of the part. Figure 7 shows the AM knuckle 
prototype manufactured by powder bed selective laser sintering (SLS), produced from nylon 
being trialled for fitment prior to manufacturing.  
 
 

 
Figure 6: New design of the knuckle 

 
 

 
Figure 7: Knuckle prototype fitment trial 
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4. CONCLUSION 

After the topology optimisation, the simulation gave the “best fit” model with weight 
reduction of 44.7 wt%. The volume of the new part is about 3169 cm3, which comes down to 
a weight of 24.876 kg for the grade E steel (7.85 g/cm3). The mass optimised part showed 
high FoS, close to 6 in most areas however there were some areas with lower FoS due to the 
presence of sharp corners and edges. The design can easily be changed in the relevant CAD 
package to offer a functional and economic knuckle design. It should be noted that this case 
study was to prove that it is possible to design a much lighter part without affecting the core 
functionality and that some design refining is still required to ensure that a usable part can 
be produced considering manufacturing constraints.  The FoS for this component, after the 
changes are made to remove stress concentrations and some redesign (figures 6 and 7), 
improves significantly without significant mass increase.  
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ABSTRACT 

The monitoring of the quality of parts that are manufactured using additive manufacturing 
has become vital, especially with the integration of these technologies alongside traditional 
manufacturing processes. In-situ monitoring methods have been devised to monitor the 
quality of parts throughout the manufacturing process. However, in-situ monitoring of builds 
during the manufacturing process still lacks effective autonomous monitoring strategies. In 
this paper a computer vision-based machine learning re-coater defect monitoring system has 
been developed that can classify defects instead of simply detecting its presence on the 
powder-bed surface. 

                                                           
1 The author is enrolled for an PhD (Industrial) degree in the Department of Industrial 
Engineering, Stellenbosch University  
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1. INTRODUCTION 

When manufacturing parts for industries such as aerospace or medical, the parts must be 
manufactured according to very specific industry quality standards [1]. This requires 
additional systems that can be used to monitor the manufacturing lifecycle of a part to ensure 
the traceability and conformance for each step of the manufacturing process. In order to assist 
with the monitoring of the manufacturing quality of powder bed fusion process, specific 
techniques have been developed that can be used to monitor each step of the manufacturing 
process. Some of these techniques include melt pool analysis [2], re-coater monitoring [3], 
post scan analysis [4] and spatter analysis [5]. The monitoring of the re-coating process has 
been examined by several researchers, specifically looking at the detection of recoating 
defects [6] and in defects that occur during the sintering and melting process [3]. Most of 
these methods make use of computer vision cameras for the imaging of the powder bed 
surface before and after re-coating. These images are then processed using a variety of image 
processing techniques to detect defects on the powder bed. Studies performed by Scime and 
Beuth, from the Carnegie Mellon University [7][8], demonstrated the feasibility of using 
machine learning for the classification of defects that occurred during the re-coating and 
sintering process. The classification of defects that occur during the re-coating and sintering 
is critical for the development of a closed-loop feedback system for additive manufacturing 
technologies [8]. Both of these studies achieved defect classification by training a machine 
learning (ML) model with a set of training images, and then used this model to isolate and 
detect defects on the images captured during an actual build of the powder bed surface. 
Scime and Beuth have proved the effectiveness of applying a ML model to detect and classify 
defects on the powder bed surface. However, the method used by the researchers could be 
streamlined by using more optimised methods that could reduce the amount of overhead 
processing required and hopefully speed up the detection process and increase the defect 
detection accuracy. 

2. BACKGROUND 

In the field of Computer vision, image processing and ML have been used hand in hand for a 
variety of scenarios, such as face, object, pattern and character recognition and object 
tracking on images or videos [9]. The purpose of combining ML with computer vision is an 
attempt to have a computer autonomously perform the same tasks that is naturally performed 
by the human eyes and brain. However, to train a computer to have the same level of object 
or scene recognition as the human brain requires a lot of computing power and specialised 
mathematical models. Over recent years several types of mathematical models have been 
developed for specific applications and have produced very good results [10]. ML and 
computer vision have also been used for various applications in the field of additive 
manufacturing [11]. A number of these studies have used computer vision and ML models for 
the monitoring of different types of AM technologies such as fused deposition modelling (FDM) 
processes [11]. Some of the other studies have also looked at the application of computer 
vision and ML on powder bed-based AM technologies for things such as melt pool analysis [12]. 
As discussed in the previous section, two studies conducted by Scime and Beuth were 
identified that have used machine learning models for identifying and classifying re-coater 
defects on powder bed-based AM machines [7] [8]. These studies made use of a ML technique 
called image classification. Image classification that determines what class the premise of 
the image belongs to e.g. An image containing a dog will be classified as dog.  
 
Using this background information, Scime and Beuth trained an ML model using images of 
different types (classes) of defects. Then, in order to detect and classify defects that may be 
present on the image, the entire image was split into patches. The image that is to be 
analysed were sliced into 3 different size patches of 25x25 pixels, 100x100 pixels and 900x900 
pixels. The authors made use of 3 different sizes of image patches because some of the 
defects were bigger than others and an image patch can only contain one type of defect. This 
way all the different types of defects could be accommodated. These patches were then 
analysed by the model. Once each patch has been analysed, the model outputs the level of 
confidence that it has for each defect type that it may have detected in the image patch. 
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The image patch will be classified as containing the type of defect that it had the highest 
level of confidence for. However, since most of the powder bed surface will not be containing 
defects, images of the smooth powder bed had to be added as a no-defect class or type to 
prevent false positives. This technique proved very effective in the detection and 
classification of defects. Unfortunately, there are a lot of image processing overhead 
operations that means that the technique takes between 4-7 seconds to classify the image, 
let alone the splitting up of the images into patches and other processes. This is close to the 
amount of time it takes a machine to complete a re-coating cycle. Although this is still 
acceptable, it would be much more advantageous for a real-time feedback loop if the images 
could be processed before the re-coating cycle is complete or the sintering process is 
completed. An alternative ML technique exists, called object detection that has the potential 
to identify multiple objects in a single image, hopefully within a shorter timeframe. This 
technique does not require the image to be split into smaller blocks as the entire image can 
be processed at once. This eliminates a lot of the image pre-processing overheads that is 
required by the previous method for this specific application. For this research paper, the 
effectiveness of using an object detection model will be evaluated to determine if it can be 
used for this application. A model will be selected, trained and evaluated to determine its 
accuracy and speed at which it can analyse images. Although image classification models as 
used by Scime and Beuth differ when compared to object detection models, they do produce 
a measurable result which consists of two factors, namely speed and accuracy. These to 
factors will be compared then to determine whether the object detection model has a better 
speed or accuracy compared to the image classification model when used in an AM 
application. 
 

2.1 Selection of object detection ML Models 

In order to select the appropriate object detection model, two key points must be considered, 
namely the accuracy of the model and the speed of the model. The accuracy of a ML model 
for object detection is determined by the mean average precision or mAP. The mAP of an 
object detection ML model is governed by the precision and recall numbers [13]. The precision 
of a model is determined by the model’s ability to predict true positives compared to false 
positives. The recall of the model is determined by how many true positives the model can 
predict compared to false negatives. In order to provide literary background, Equation 1,2 
and 3 is used to calculate the mAP metric is included as follows: 
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(3) 

Where: 
TP = True Positive 

 

TN = True Negative  
FP = False Positive  
FN = False Negative  

 
The values for TP, TN, FP and FN can only be determined once the model has been trained 
and evaluated. These values are then used to calculate the precision, recall and mAP values. 
 
It can be inferred that the higher mAP metric a model has, the more precise a specific type 
of model is. Since it is anticipated that some of the defects that must be detected by the 
model will be very fine defects, an accurate model will be required. Also based on the limited 
amount of time that is available between recoating/fusion cycles (7-10 seconds depending 
on machine type), a model with a moderate speed performance will be required. There are 
2 commonly used object detection ML models, namely Single Shot Detector (SSD) and Region-



90

based Convolutional Neural Network (RCNN) models. It is worth noting that literature has 
revealed that “Faster-RCNN” models are more accurate when it comes to detecting smaller 
objects on images and is better suited to applications requiring high levels of accuracy 
whereas SSD models are faster and more often considered for real-time applications but at a 
lower accuracy [14].  
 
The models that will be considered for this application are called pre-trained models, thus 
the mAP metric is calculated based on the dataset that was used to pre-train the model. In 
this case, the models were pre-trained using the common objects in context (COCO) dataset. 
The COCO dataset contains various type of images that contains things like vehicles, persons, 
animals and more and is often used to train or evaluate ML models. Table 1 shows the mAP 
and speed values for the more commonly used COCO pretrained models available as part of 
the Tensorflow software platform. It must also be noted that the input image size that these 
models where trained with was 224 x 224 pixels. 

Table 1 ML models for object detection [15] 

Model 
Number 

Model Name mAP 
metric 

Speed 
(ms) 

1 Ssd_mobilenet_v1_coco 21 30 
2 ssd_mobilenet_v1_0.75_depth_coco 18 26 
3 ssd_mobilenet_v1_quantized_coco 18 29 
4 faster_rcnn_inception_v2_coco 28 58 
5 faster_rcnn_resnet101_coco 32 92 
6 faster_rcnn_inception_resnet_v2_atrous_coco 37 620 
7 faster_rcnn_nas 43 1833 

 
When considering the models contained in Table 1, it can be seen that the models that are 
contained in the Tensorflow model zoo that have the highest accuracy are model no.6 and 7. 
However, it is also clear that these models are not the fastest. Unfortunately, it is also clear 
that to have a faster model, the trade-off will be a lower accuracy as can be seen with the 
SSD models. When comparing the Faster-RCNN models, the most accurate model has a speed 
of 1833ms or 1.8 seconds. Since these models were pre-trained with images that only had a 
resolution of 224 x 224 pixels, it means that when processing higher resolution images, the 
model will perform slower than what is predicted by the model zoo. The images that will be 
analysed cannot be resized to a smaller resolution because this will result in the loss of fine 
detail on the image. Since the images to be analysed are 3264 x 2448 pixels in size which is 
over 100 times bigger than the normal input to the model, it can be estimated that the model 
will take 100 times slower to process the larger image. However, due to variations in the 
content contained in the images, it is extremely difficult to theoretically determine the exact 
performance of model given these bigger images. It can thus only be assumed that the model 
will perform approximately 100 times slower than predicted. Since it takes a powder bed-
based AM machine between 3-7 seconds to complete a re-coating cycle depending on the 
manufacturer, a model will have to be selected that would have a predicted performance 
within this range or less. The first 2 faster-RCNN models have mAP values that are significantly 
higher than the SSD models, but not as high as model no.7 . However, in this case a reduction 
in accuracy will be considered acceptable as the speed of the model increases significantly. 
For this cause model no.4  will be tested in this application as it has a reasonable accuracy 
as well as n relatively high operating speed. This research paper will not be focusing on the 
technical and mathematical aspects of the different machine learning models, but more on 
the suitability of the selected ML model to this AM monitoring application.  

3. METHODOLOGY 

3.1 Preparation of the training images 

In order to successfully train machine learning model, a sufficiently sized recoater defect 
dataset is required to ensure that the model achieves an adequate level of learning to detect 
defects with a very high degree of accuracy. If the training dataset does not contain enough 
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training images of each type of defect, the performance of the model will be very limited 
[16]. Additionally, in some cases if the dataset is too small it may lead to a condition called 
overfitting. Overfitting occurs when the model starts to identify patterns in the data that 
does not exist and as a result, perform poorly when predicting results from new data [17]. 
For this study, 3 different types of commonly seen recoater defects were selected [18], 
namely: debris Figure 1(a) on the powder bed, re-coater streaking Figure 1(b) and minor 
defects Figure 1(c). 

(a) (b) 

(c) 

Figure 1 Defect Images 

It must be mentioned that these defects do not necessarily result in a part or build failure 
but could serve as an indication of a critical failure. A Failure Mode and Effects Analysis 
(FMEA) must still be performed to determine what types of defects are critical to the overall 
success of a build and which are not. However, this is beyond the scope of this research study 
and will not be discussed as part of this study. Object detection ML models usually perform 
at its best when trained with images that contain the objects or features to be detected 
under various scenarios or with other forms of “noise” present in the training images [19]. 
However, the images that were captured containing defects often only had one defect 
present. The rest of the powder bed around the defect only appears as a smooth grey surface. 
This means that while a defect can be easily isolated, it does not represent the ideal 
conditions to train an ML model. However, it can be hypothesised that since this is the same 
type of conditions under which this model will be applied, it should not be a problem. Table 
3 provides the number of images for each type of defect that was used for training, as well 
as the number of images used for testing of the model to ensure that the training process has 
succeeded. As discussed previously some images may contain more than one type defect per 
image. 
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Table 2 Defect Image Dataset 

Defect Type Training Set Testing Set 
Debris 182 63 
Re-coater Streaking 69 28 
Minor Defect 156 61 
Total Number of Images 302 108 

The images used for the training and testing of the model was captured as part of a previous 
research study [20]. The images were captured on a Voxeljet VX500 binder jetting AM 
machine printing in a PMMA material. A total of 4 build jobs were monitored, capturing a 
photo of the powder bed after each recoating cycle. The three most prominent defects during 
the 4 builds are demonstrated in Figure 1. The resolution of these images are 3264 x 2448 
pixels and was captured using a Raspberry Pi V2 No-IR camera module using the standard 
factory fitted lens. The images were used as captured and were not resized or processed in 
order to retain as much detail on the image as possible. 

3.2 Training of the ML models 

A software platform called Tensorflow was used for the training and implementation of the 
discussed ML model. Tensorflow is an end-to-end open source software platform that contains 
a variety of machine learning models and techniques [21]. The software platform was 
developed by the Google Brain deep learning artificial intelligence research team. The 
Tensorflow platform can be used for software development in Python, C++ and Javascript 
programming languages. The scripts used to isolate the defects in the images and for training 
the ML model was written using Python 3 and run inside an Anaconda virtual environment.  

The computer that was used for the training of the model as well as the processing of the 
images had the following specifications: AMD Ryzen 5 3600 CPU, 16GB DDR4 RAM, RTX2070 
Super GPU. The Tensorflow software platform also supports the use of a graphical processing 
unit (GPU) for the training and application of ML models. GPUs have proven their capabilities 
in the Machine Learning field because of their excellent capabilities in handling complex 
mathematical calculations. Unfortunately, several of the ML software platforms such as 
Tensorflow only supports CUDA enabled graphics cards [21] which is manufactured by Nvidia. 

The training process was initiated for the model and took 41000 steps to reach a consistent 
training loss level of less than 0.05 [19]. This loss value varies between different types of 
models, but for this specific type of model this training loss value is considered and 
acceptable indicator that the model has reached a sufficient level of learning for the given 
training dataset. 

4. MODEL EVALUATION

Once the model has been trained on the training images dataset, it is ready to be evaluated. 
The evaluation process is used to determine the effectiveness of the model to identify the 
trained objects or features from images that was not used as part of the training dataset. 
This process of model evaluation is important when working with ML models as the evaluation 
process is used to determine whether the model has reached an adequate state of learning 
or have possibly gone into a state of over or under fitting. The process of evaluation for an 
object detection model can be performed by using the mAP metric or confusion matrix. The 
mAP metric can be calculated using an evaluation dataset, and a confusion matrix can be 
drawn up using the same evaluation dataset or even an actual production dataset. As 
discussed previously the evaluation dataset consisted of 108 images that contained all the 
various types of defects previously discussed. Some images also contained all 3 types of 
defects on the same image. For the purposes of this study both the mAP metric will be 
calculated for the evaluation dataset and a confusion matrix will also be drawn up to illustrate 
the performance of the model graphically. The Tensorflow model evaluation script that was 
used to evaluate the trained model against the evaluation dataset and calculated both the 
mAP metric as well as the confusion matrix. The only additional process that had to be 
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performed afterwards was to draw the confusion matrix graphically for easier analysis. Table  
displays the precision and recall results that was recorded for the Faster-RCNN model after 
being evaluated on the test dataset.  

Table 3 Precision and Recall for trained model 

Category Precision Recall 
Debris 82.258% 80.952% 
Streak 72.973% 93.103% 
Minor 68.831% 85.484% 

 
After evaluation of the model the overall mAP metric for the trained model was calculated 
using Equations 3 at 31.865. When comparing this to the original values as retrieved from the 
Tensorflow model zoo, the mAP metric calculated after the evaluation process is very close 
to the original value of 32. This would give an indication that the model has achieved an 
adequate level of learning from the training dataset.  
 
Figure 2 demonstrates the confusion matrix that was drawn up for the model from the after 
processing the evaluation dataset. A confusion matrix is used to compare the predictions 
made by the ML model to the actual pre-labelled test images. The rows are used to indicate 
the different pre-labelled defects and the columns shows the predictions made by the ML 
model. The integer values on the matrix indicate the number of images for that category, 
and the percentage value indicates the percentage of all the images scanned that fell under 
that specific category. 

 

Figure 2 Model Confusion Matrix 

The confusion matrix indicated the type of defects with which the ML model had a higher 
prediction accuracy and also with which types of defects it had a lower prediction accuracy. 
The model struggled with the minor defects even though it consisted of the biggest image 
dataset. When examining both the precision and recall values for all the different classes 
(types) of defects, a conclusion can be made that the model had an overall accuracy of 
74.687% and a recall rate of 86.513%. This is a high accuracy rate given the small training 
dataset but proves that the model was indeed able to detect and classify different types of 
defects. However, not all the types of defects fared as well. This would indicate that the 
model possibly might need more images for training of that specific type of defect. Figure 3 
demonstrates the output image, after being processed by the ML model. The software 
displays both the type and level of confidence of a detected defect. 
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Figure 3 Detected defects 

5. CONCLUSION

In this research paper the suitability of using an object detection ML model for an additive 
manufacturing application was investigated. The proposed idea was to use the model to 
detect and classify re-coating defects that occur on the powder bed surface. Literature has 
shown that image classification ML model could be used to detect and classify defects on a 
powder surface. In this research study a slightly different approach was taken to detect and 
classify recoating defects. A pre-trained object detection model was trained using a dataset 
of re-coating defects. This model was then applied to an entirely new set of images that were 
captured during 4 Voxeljet VX500 builds. From this evaluation process it was determined that 
the model had an accuracy of 75% and a recall of 87%. The model took 3 seconds per image 
to completely analyse the image and supply the coordinates of the defect as well as the 
defect type. The Faster-RCNN model has proved to be successful in identifying, localising and 
classifying powder bed defects as soon as they appear on the powder bed surface.  

Comparing the results of this study against the results obtained in literature, the MsCNN 
model used by Scime and Beuth achieved an accuracy of 82% and took 7 seconds for the 
MsCNN to classify the image and 4 seconds for the bag of visual word classifier. For this study, 
an accuracy of 75% was achieved and took 3 seconds per image to process. This means that 
the previous authors did have a model that had superior accuracy, but it was significantly 
slower. It must also be mentioned that this study made use of significantly larger image files 
compared to the previously mentioned study as the authors only made use of grayscale image 
of 1280 x 1024 pixels as compared to the 3264 x 2448 pixels used for this study. The processing 
of these size images come with a significant computing burden, but the object detection 
model did provide a higher processing speed of 3 seconds per image. The processing speed of 
the model exceeded the predicted performance of the model as highlighted in Section 2.1. 
As discussed in the same section, it is very difficult to theoretically calculate the speed at 
which a model will process an image as there are several factors that can influence the speed. 
Thus, the most reliable method to determine the speed of the model is by testing it with real 
images. If the accuracy of the model with the analysis of minor defects can be improved, it 
may be possible to provide comparative accuracy results at a much higher speed. 

Further build evaluation is also still needed, however due to restricted access to these 
machines during the 2020-year COVID-19 lockdown period precluded a detailed case study 
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from being performed. Some of the future work that will be looked at is the optimization of 
the ML model to attempt to increase the accuracy as well as conducting a full case study on 
a build job to determine the model’s effectiveness under real-world conditions and in near 
real time. 
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ABSTRACT 

This paper aims at proposing a Laser Powder Bed Fusion qualification procedure for use in 
the aerospace industry. Equipment qualification techniques are investigated along with the 
challenges currently faced when qualifying Laser Powder Bed Fusion machines. After which 
the qualification procedure is developed and modelled using systems engineering principles 
to fulfil the requirements of the aerospace industry. This procedure identifies the 
chronological steps required for qualification from equipment installation to pre-production 
readiness and identifies the relevant industry standards, required documentation and 
responsible persons at each step. 
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1. INTRODUCTION

Qualification of metal Laser Powder Bed Fusion (LPBF) is currently a focus area of research 
and development in both the additive manufacturing (AM) and aerospace fields [1]. 
Qualification is a broad term that can address various areas of the supply chain including 
designs, products, materials, processes, facilities, machines or equipment and can be 
formally defined as the “process of ensuring suitability to meet functional requirements 
(design intent) in a repeatable manner” [1]. Qualification of LPBF equipment is the basis on 
which the proceeding qualification processes are performed and it is, therefore, an essential 
part of ensuring high quality and ultimately certifiable parts are manufactured. There exist 
standards for the acceptance inspection of LPBF equipment for aerospace application and for 
assessing system performance and reliability, although there are currently no standards 
methods for LPBF equipment qualification for aerospace applications [2][3]. As LPBF is a fairly 
new manufacturing special process, it is essential to qualify both the machine or equipment 
and then the process [4]. This paper, therefore, aims at proposing a standard procedure for 
the qualification of LPBF equipment for aerospace by leveraging equipment qualification 
procedures traditionally applied in the medical device and pharmaceutical manufacturing 
industries and subsequently by the ASTM F3434 guide for AM equipment [5]. 

2. METHODOLOGY

The methodology applied in this paper follows a model-based systems engineering approach 
(MBSE) with elements of Functions-Based Systems Engineering (FBSE). MBSE, as the name 
implies, is a systems engineering methodology that involves the “application of modelling to 
support system requirements, design, analysis, verification and validation activities 
throughout the system lifecycle phases” [6]. FBSE is an approach that focuses on the 
functional architecture of a system and can be decomposed into functional elements through 
functional decomposition following a top-down approach [6]. MBSE is used in contrast to a 
traditional document-centric systems engineering approach and has various benefits as 
identified by INCOSE [6]: 

• Improved communication amongst system stakeholders.
• Increased ability to manage system complexity.
• Enhanced knowledge capture and reuse.
• Improved product and system quality.

• Improved ability to portray concepts and understanding.

Of the modelling language used for MBSE SysML and IDEF are some of the more popular. 
SysML, or Systems Modeling Language, is a general-purpose system modelling language based 
on the UML language and can support various types of models [6]. SysML offers functionality 
that can be executed and integration with various software packages but does not convey 
understanding and communication between stakeholders that are not knowledgeable about 
the language syntax and semantics very well. IDEF, or Integrated Definition, is a family of 
modelling languages that were initially developed for computer-aided manufacturing 
applications and based on the Structured Analysis & Design Technique (SADT). IDEF0 is the 
most often used IDEF language and was developed for functional modelling, other languages 
such as IDEF1 were developed for information modelling and IDEF3 for process description 
capture. IDEF0 is used to model the LPBF equipment qualification procedure in this study as 
it has the functionality to model inputs, outputs, controls and mechanisms in a simple yet 
functional means. IDEF0 can portray understanding and communicate the functionality of 
complex systems to stakeholders simply and logically, but also include the necessary 
information ensuring a quality model is developed. Figure 1 depicts the schematics of an 
IDEF0 diagram, towards the left. Each aspect of the diagram is assigned a label for traceability 
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to other systems and through the decomposition process. Figure 1 shows how functions and 
activities sare decomposed from a high-level through to the lower-levels or system elemental 
level, towards the right as depicted in the IDEF0 standards [7] [8]. Aspects shall transfer 
between parent and child diagrams but not necessarily between different abstractions of 
diagrams to reduce unnecessary model complexity. 

AX

Function/
ActivityIX Inputs OX Outputs

MX Mechanisms

CX Controls

Figure 1: The IDEF0 modelling language and decomposition functionality [7]. 

The research methods applied in this study consist of a review of the literature and industry 
best practice documentation and unstructured interviews with local industry experts. The 
framework of this study consists firstly of a review of the Installation Qualification (IQ), 
Operational Qualification (OQ) and Performance Qualification (PQ)  procedure to identify the 
aims and the benefits of this qualification procedure, secondly, a review of LPBF machine 
qualification challenges is conducted to highlight why LPBF machine qualification is currently 
a gap in the industry, lastly, an equipment qualification procedure is proposed utilizing the 
IQ OQ PQ procedure and systems engineering principles to fulfil these gaps. The proposed 
procedure and process diagrams aim at defining the LPBF equipment qualification procedure 
for the scope ranging from equipment acquisition to equipment qualification as part of a 
generic or baseline production process. This defines the LPBF equipment qualification 
lifecycle prior to part-specific process qualification. The author notes there are various 
additional qualification requirements that have an effect on the LPBF equipment qualification 
such as operator qualification and facility qualification. These have not been addressed 
within the scope of the paper. 

3. EQUIPMENT QUALIFICATION AND THE NEED FOR A STANDARD LPBF EQUIPMENT
QUALIFICATION PROCEDURE

Equipment qualification is a prevalent topic within the medical and pharmaceutical industry. 
Manufacturing practices within these industries are defined by the Good Manufacturing 
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Practice (GMP) and Good Automated Manufacturing Practice (GAMP) guidelines and enforced 
by regulatory agencies such as the Food and Drug Administration (FDA) [9]. These guidelines 
identify the best practices for validating manufacturing machines and equipment. The 
sequential procedure used to qualify equipment according to these guidelines is the Design 
Qualification (DQ), IQ, OQ and PQ procedure, this approach is recommended in the industry-
agnostic standard guide for LPBF machine qualification ASTM F3434 [5]. This procedure aims 
at ensuring the equipment has been correctly designed and installed to customer 
requirements, the operating limits and capabilities are understood and the equipment can 
reliably produce products of the required quality. Such a qualification procedure shall utilize 
a team approach whereby the team shall consist of multi-disciplinary members and the 
relevant stakeholders such as aviation regulatory agency representatives, machine OEM 
engineers, manufacturing and quality personnel [10]. Although this procedure is not 
mandated for manufacturing in the aerospace industry, the principles are universal and 
provide a standard approach to characterizing and controlling manufacturing equipment and 
processes and provide documented evidence of such as required for the qualification and 
approval of special processes in the aerospace industry [11]. 
 
AM and specifically LPBF equipment qualification is identified as a gap within the industry 
[1]. There are various reasons why the development of a standard qualification approach is a 
challenge, some of which include [1]: 
 
• The vast amount of process parameters that need to be understood and controlled. 
• Maintenance and calibration are performed by machine OEMs, each having differing 

procedures. 
• Understanding and characterization of machine-to-machine and part-to-part variability. 

• Varying manufacturing process configurations. 
 
4. PROPOSED LPBF EQUIPMENT QUALIFICATION PROCEDURE 
 
The IQ OQ PQ procedure provides a guiding framework for equipment qualification but does 
not define the activities that need to be performed for specific equipment. Therefore, the 
proposed equipment qualification procedure for LPBF machines follows this IQ OQ PQ 
procedure as a framework and leverages industry standards to define specific processes and 
activities required to qualify LPBF equipment. Such a qualification procedure qualifies the 
LPBF equipment, necessary post-processing equipment and their relevant operating 
procedures, this is in conformance with the requirements of AWS D20.1/D20.1M [12]. The 
proposed procedure addresses the full qualification lifecycle with a focus on equipment, 
requirements for qualification and control of LPBF systems have been reviewed in previous 
literature. It is noted that the proposed qualification procedure does not negate aerospace 
industry process validation procedures such as First Article Inspections, as these are part-
specific. 
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Figure 2: LPBF equipment qualification context diagram (A0 parent diagram). 

Figure 2 presents the procedure context diagram, referred to as the A0 parent diagram. As 
depicted the function of this procedure is LPBF equipment qualification. Figure 3 presents 
the first decomposition, the A0 child diagram, and provides an overview of the full 
qualification procedure.  
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Figure 3: High-level LPBF equipment qualification procedure (A0 child diagram). 

DQ has been excluded as this study aims at qualifying standard LPBF machines, DQ is 
performed solely by the machine OEM. IQ and OQ shall be performed for each critical 
equipment item within the proposed process, and the PQ is performed on the baseline process 
as a whole, further part-specific process qualification is required hereafter. A feedback loop 
has been included for the requalification of equipment. Requalification shall consist of a full 
OQ and PQ procedure. Requalification criteria are defined by SAE AMS 7003 [13]. Initial 
equipment calibration occurs during the IQ procedure, although periodic equipment 
calibration shall be performed and depending on the output of the calibration, may require 



102

requalification. Maintenance and calibration shall undergo a formal review to determine the 
severity and effect of the maintenance performed and decision as to whether requalification 
is required. Both calibration and maintenance procedures shall be defined as part of the 
quality management system. Manufacturing assessment methods such as Manufacturing 
Readiness Level (MRL) and SAE AS 6500 for manufacturing management provide additional 
means for assessing the maturity of the manufacturing process throughout the qualification 
procedure and should be applied as guidance for progressing to the next phase of the 
qualification procedure [14] [15]. Acceptance criteria shall be developed based on the 
criteria defined by these documents. 

The procedure presented in this study consists of three decomposition levels, additional 
decompositions typically would be addressed by formal procedures, qualification protocols 
and work instructions. 

4.1. Installation Qualification (IQ) 

IQ starts at the machine OEMs facility, a factory acceptance test (FAT) is performed following 
a predefined and agree acceptance test protocol. The machine OEM shall provide evidence 
that the LPBF equipment is of a production-ready Technology Readiness Level (TRL) during 
the FAT. It is recommended that a representative from the customer be present during the 
FAT. The IQ procedure is performed by the machine OEM technician or engineer, with the 
supervision of the customer. The installation phase consists of the installation of the LPBF 
machine as well as the installation and configuration of required auxiliary equipment. A 
prerequisite to installation is facility qualification consisting of a site assessment to ensure 
the installation environment is fit for purpose. Commissioning involves the integration of 
equipment and the initial start-up, diagnostics and calibration. The site acceptance test (SAT) 
follows a similar protocol as the FAT, ensuring the installed system is in accordance with 
requirements. Both parties are to agree to the SAT, after which a formal IQ report is 
documented. 
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Figure 4: Installation Qualification procedure. 
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4.2. Operational Qualification (OQ) 

The OQ procedure aims at characterizing the LPBF process and determining the machine 
capabilities. It begins with the lengthy process of developing and validating procedures and 
protocols for the newly installed equipment. Such procedures shall be in accordance with 
industry requirements such as SAE AS 9100D and Nadcap AC7110/14 and qualification 
protocols shall contain acceptance criteria for the OQ and PQ procedures dictated by the 
required part properties for the part classification the LPBF equipment is being qualified for 
[16] [11]. Identification of process variables is performed by structured failure modes and
effects analysis (FMEA), firstly through a Machinery FMEA (MFMEA) whereby machine-specific
failure modes and effects are defined including physical aspects, process parameters and
settings of the LPBF machine, such an MFMEA shall be performed for each machine or
equipment within the manufacturing process and be maintained in the machine or equipment
operating manual, and secondly, as a preliminary Process FMEA (PFMEA) whereby failure
modes and effects are defined for the proposed manufacturing process. An Ishikawa analysis
may be performed before the FMEAs for initial risk identification. Such techniques shall be
performed by a team of experts with the guidance of the machine OEM. Effective FMEAs are
required for screening Design of Experiments (DoE) to identify which process parameters have
a negligible effect on part quality. The focus shall be on the severity rating of the FMEAs
when used for such an application. The Plackett-Burman and Resolution III designs may prove
beneficial as a possible screening DoE as these allow a large number of variables to be
screened through relatively few experiments [17]. The Plackett-Burman design relies on the
effective identification of critical variables and the determination of acceptable levels of
such variables, hence the need for effective FMEA analyses performed by experts. If process
parameters are not determined internally, such parameters may be provided by the machine
OEM, in which case the machine OEM shall provide evidence that sufficient qualification of
the parameters has been performed. In both cases, specimens and artefacts are to be
manufactured and tested, either to determine the effects of the designed experiments or to
verify the parameters provided by the machine OEM on the installed equipment. Such
specimens and artefacts shall take into account material anisotropy typically exhibited by
LPBF, the AWS D20.1/D20.1M, ISO/ASTM 52941 and ISO 52911-1 provide guidelines for such
specimen and artefact development and testing [12][3][18]. Measurement System Analysis
(MSA) shall be performed to determine the accuracy and precision of the measurements, such
an analysis ensures the results of both the OQ and PQ phases are accurate. Results from the
experiments need to be analyzed to determine the optimal parameter sets, this is performed
by characterizing the response of the DoEs. The output of the OQ procedure is a report with
the LPBF equipment capabilities and optimal unvalidated parameter sets. The generic
production process is “frozen” upon the successful completion of the OQ phase. This generic
process shall consist of the LPBF process and required standard post-processes such as stress
relief and a hot isostatic pressing process and depending on the part classification the process
is being qualified for, certain surface finishing processes as well. Each of these processes and
equipment shall be subjected to individual qualification similarily to the IQ and OQ procedure
defined for LPBF equipment in this paper prior to the generic production process OQ.
Requalification is required if acceptance criteria aren’t met during OQ.
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Figure 5: Operational Qualification procedure. 

4.3. Performance Qualification (PQ) 

The aim of PQ is performance validation under normal operating conditions [10]. For 
aerospace applications, industry requirements, such as those depicted by the Metallic 
Materials Properties Development and Standardization (MMPDS) handbook, need to be met 
[19]. Material allowables may be generated or equivalence to previously generated and 
approved allowables shall be shown during the PQ phase. The part classification determines 
the required number of builds from the number of feedstock heats and lots required to qualify 
the LPBF equipment to a statistical significance. A method to reduce variability in recycled 
feedstock is proposed elsewhere [20]. These builds are then manufactured and tested, and 
the results are utilized to perform capability studies. It shall be shown that the data from the 
PQ builds are within acceptable limits and that the critical variables are controlled 
effectively. Such data, if conforming, can be used by an authorized design organization to 
design parts optimized for the LPBF process. These capability studies are continued through 
regular production. If the results show the process is not in control, a review shall be 
performed and the OQ procedure revisited. A formal qualification report is prepared upon 
the successful completion of the PQ phase, this identifies the process, parameter set and 
equipment, by serial number, that was able to meet the material specification for the part 
classification in question. The LPBF equipment and generic production process are qualified 
for the process window characterized during OQ [5]. Upon the successful completion of the 
PQ phase, the manufacturing process is at an MRL of 7. To advance to an MRL of 8 and beyond, 
part-specific qualification procedures shall be performed and the manufacturing process is 
frozen to that specific part. 
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Figure 6: Performance Qualification procedure. 

5. CONCLUSION

This paper investigates how industrial machines and equipment are qualified, and the 
challenges faced when qualifying LPBF equipment. A qualification procedure is then proposed 
for LPBF equipment within the aerospace industry by leveraging the IQ OQ PQ procedure. The 
proposed qualification procedure utilizes a model-based systems engineering approach to 
identify and define the chronological steps towards LPBF equipment and process 
qualification. Through the formal application of such a procedure, process variability can be 
reduced and controlled to a level required for the respective part criticality. Additionally, 
the proposed procedure identifies what documentation needs to be recorded at these steps 
for certification purposes, who are the responsible persons and what processes and activities 
need to be performed. 
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ABSTRACT 

Medical development in additive manufacturing (AM) has overcome multiple challenges in 
material functionality. Polymer materials are increasingly used in the manufacture of medical 
device components by AM. The presented investigations are concerned with the 
manufacturing and analysis of samples produced by selective laser sintering (SLS). Test 
samples were manufactured from conductive polyamide-12 (CB/PA12) and mixture of 
CB/PA12 with 10 wt.% pure Cu powder. Tensile properties and fractures as well as surface 
roughness of manufactured samples were evaluated during the study. 
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1. INTRODUCTION

Selective laser sintering (SLS) is a type of additive manufacturing (AM) wherein a bed of 
powder polymer or elastomer is targeted sintered by laser, with subsequent solidification of 
the powder layer. A laser sintering (LS) machine usually is composed of the powder reserve 
chamber, the printing chamber, and extraction chamber. Printing chambers are initially 
heated up to a certain temperature just below the melting point of the material to be 
sintered. The properties of SLS parts rely on various inputs of LS machine process parameters. 
The key contributing factors that influence the process are preheating temperature of the 
powder bed, laser power, scan speed, scan spacing, layer thickness and chamber 
temperature.  

One of the advantages of LS is the possibility to produce in-situ sintered materials from a 
powder mixture [1-4]. Fillers were introduced and were readily accepted because they are 
easy to incorporate into plastics and offer many possibilities for product improvement and 
differentiation. Fillers are an extremely diverse group of materials. They can be minerals, 
metals, ceramics, bio-based, gases, liquids, or even other polymers. The properties required 
of fillers for plastics include colour, strength, electrical and thermal conductivity. Addition 
of a filler changes many properties at once, so successful formulation depends on an 
understanding of structure–property relationships. It can change colour, increase the 
hardness and wear resistance of polymers, and furthermore improve other specific properties 
such as flame retardancy thus making the product more functional.  

Medical development in additive manufacturing (AM) has overcome multiple challenges in 
material functionality. New classes of modified biomaterials used in design and 
manufacturing of medical devices include metals, ceramics, glass and polymers. Polymer 
materials are increasingly used in the manufacture of medical device components because of 
the wide range of desirable properties they offer including biocompatibility, cost 
effectiveness, design flexibility, and balanced mechanical properties. Polyamide 12 (PA12) 
covers 95% of SLS powders and is used in almost all LS commercial systems. Polyamide-12 is 
a proven SLS plastic material for biomedical applications that is used for production of 
functional prototypes and end-use components. PA powders can be relatively easily 
reinforced with other materials in order to further improve their mechanical and thermal 
properties. PA coated copper powder (Cu-PA12) is also available for the production of plastic-
metal composite injection moulding tools. These moulds can be used for fabrication of a 
limited number of pre-production parts in the same material and manufacturing process as 
the final production parts. PA is characterised by mechanical properties ideally suited for 
medical tubing, where push ability and torque performance are primary considerations. 
Therefore, it has been extensively used for medical applications such as catheters, surgical 
planning, surgical guides and blood sets.  

However, many polymer surfaces are easily colonised by microorganisms, particularly in-
house devices such as urinary Foley tubes that pass through the skin or body-contacting fluids 
and tissues especially when they are used for extended periods [4-6]. The surfaces of these 
devices provide the opportunity for the formation of biofilms that can facilitate the growth 
of infection and fever causing microorganisms. Growth of microorganisms can also cause 
staining, discoloration, odour, and reduction of performance and material properties. The 
increasing awareness of hospital acquired antibiotic resistant infections has led to increased 
use of alternative antimicrobials in medical devices, equipment housings and hygienic surface 
applications. 

Anti-bacterial properties in 3D printed parts have been intensively investigated in recent 
years due to the wide range of applications including bone tissue engineering regeneration 
to treat bone fractures, the fabrication of biomedical devices that are able to prevent biofilm 
formation, the fabrication of wound dressing, or the fabrication of scaffolds [1]. In biomedical 
engineering, the main focus has been on the development of biopolymeric materials for tissue 
and scaffold generation with improved flexibility, strength, and patient compatibility in order 
to prevent implant rejection and toxicity. In order to provide antibacterial activity to a 3D 
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printed part, different alternative strategies can be employed, which include among others 
the use of antimicrobial polymeric materials, the incorporation and release of antimicrobial 
agents, or introducing antibacterial functionality through the surface modification of the part 
[4-6]. 

Polyamides represent an important class of biomaterial as it may be possible to exploit their 
hydrophilic nature to increase the release of metal ions at a concentration level that is 
capable of ensuring antibacterial characteristics. Since pure copper (Cu) has anti-bacterial 
properties, polyamide-copper anti-bacterial composites will address the issues of reducing 
the total number of infections in the medical industry. Literature shows that significant 
research has been done on understanding which polymer characteristics could impact the 
efficacy of the polymer/antimicrobial composite [7-9]. Chemical structure, morphology and 
polarity could influence the rate of metal ion release.  

Direct incorporation of metallic antimicrobial agents into the polymer matrix is a better 
alternative to coating techniques for the development of antimicrobial polymers. The 
advantage of this approach is that the processing parameters, as well as the polymer 
technologies involved in the device manufacture, do not require significant modification. As 
a result, the cost of metallic antimicrobial composites prepared using this method will render 
long term antimicrobial efficacy when compared to coating techniques. 

2. MATERIALS AND METHODS

A Sintratec S1 (Switzerland) laser sintering system was used to produce specimens for this 
study. This system is equipped with a 2.3 W blue diode (445 nm) laser of 250 µm spot size 
and it has a 0.13 m x 0.13 m x 0.18 m print size which allows for building small prototypes 
and end-use consumer products from polymer materials. 

As is known, plastics absorb laser radiation in the ultraviolet and infrared regions, so for 
transparent plastics such as PA12, CO2 or excimer lasers are used (Figure 1). Diode lasers are 
light, have a long lifespan and are reliable which make them well suited for use in additive 
manufacturing. These lasers cover a wide spectrum of wavelength from 405 to 1080 nm. 

Figure 1: Absorption of laser radiation of plastics at different wavelength (adapted from 
[12]) 

To make transparent plastics “sensitive” to the generated wavelength and to absorb energy 
from the laser beam, different fillers and colorants such as TiO2 or carbon can be added to 
the plastic. Varying the concentration of these compounds allows for absorption and 
scattering in such plastics to be managed [10-12]. 
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Black PA12/CB powder from Sintratec was used in the current research. PA12 powder is 
transparent for the diode laser used in the Sintratec S1 system, so carbon is added to PA12 
power by Sintratec to improve absorption of the laser beam energy in the blue region. 
Magnification of the powder show that some of the particles are covered in carbon (Figure 
2a, b). The semi crystalline thermoplastic polymer powder is anthracite in colour with 
average particle size of between 60 µm and 100 µm. It has a low molecular weight, the 
melting temperature is in the range of 177°C–185°C and the density is 1000 – 1150 kg/m³.  

The employed Cu powder (–45 μm) (TLS Technik GmbH & Co. Spezialpulver KG) used in the 
study has 99.9% purity. The 10th, 50th and 90th percentiles of equivalent diameter (weighted 
by volume) of the powder are d10 =9 µm, d50=22 µm and d90=38 µm, respectively. The 
employed Cu powder was gas atomised and spherical in shape (Figure 2 c, d). The maximum 
size of Cu powder particles was compatible with average size of CB/PA12 powder particles. 

The Cu powder and matrix material, virgin nylon (CB/PA12), were used in a weight ratio of 
10/90 respectively. The Cu and PA12 were mixed in a horizontal rotating drum mixing station 
for 5 hours at 60 rpm to insure homogenous distribution of the powder particles. After mixing 
the material, it was left to dry for 12 hours at room temperature. The mixture was then 
sieved one time through a 150 µm sieving tool and was loaded into the SLS machine for 
building of specimens for mechanical testing. The material preparation was performed at 
room temperature. 

For initial experiments, standard process parameters recommended by Sintratec for CB/PA12 
powder were used (Table 1). Specimens were manufactured in different orientations as 
indicated in Figure 3. The dimensions of the specimen corresponded to the ASTM D638-12 
standard (Type V) [13]. Tensile tests were performed with a crosshead speed of 1.5 mm/min 
using a MTS Criterion universal testing machine. The surface roughness of the specimens was 
measured using a Mitutoyo SJ-210 surface roughness tester which fulfils ISO 1997 
requirements. The parameters used for the roughness measurements were as follows: six 
randomly selected samples were tested along the length of the tensile specimens; sampling 
length was 2.5 mm, transition length was 15 mm and the Gaussian filter was selected with a 
cut-off length λc=2.5 mm. The polymer blend specimens were observed under a Jeol 
Neoscope scanning electron microscope (SEM) to investigate the powders and fracture 
surface. The specimens were studied without any coating at 5-15 kV. 

(a)  (b) 
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(c)                                              (d) 

Figure 2: SEM photos of CB/PA12 powder (a, b) and pure Cu powder (d, c). 

Table 1. Sintratec Central build parameters recommended for CB/PA12 powder 

Parameter Value 
Layer thickness, µm 100 
Hatch spacing, µm 150 
Laser speed, m/s 0.65 
Printing surface target heating temperature, °C 150 
Printing surface target printing temperature, °C 170 
Chamber target heating temperature, °C 140 
Chamber target printing temperature, °C 140 
Pre heating time, hour 1.75 

Figure 3: Specimen orientation on the build platform (left) and dimensions of samples 
(right). 

3. RESULTS AND DISCUSSION

3.1 Surface roughness 

First, the roughness of manufactured samples was analysed (Table 2 and Figure 4). All samples 
that were built in the YZ-direction had slightly higher roughness in comparison with XY-
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samples, but from statistical t-test this difference was insignificant (p<0.05). The roughness 
measured in the YZ-directions specimens (between layers) was compaarible with in-layers 
roughness values of the XY-direction samples). The arithmetic mean of the absolute values 
of roughness profile from the mean line Ra was 9-10 µm. The root-mean-square (Rq) 
roughness was 11-12 µm; maximum height was about 50 µm which corresponds to a shrinkage 
of powder material during the sintering process. Maximum peak height Rp and maximum 
depth (Rv) were 25-27 µm and maximum roughness of samples Rt and Rz1max were close to 
the average value of powder particles (70-75 µm). The degree of asymmetry Rsk was near 0, 
so the amplitude distribution curves were symmetrical. 

Similar to CB/PA12 samples, CB/PA12+10wt.% Cu specimens built in YZ direction were slightly 
rougher in comparison with XY samples. Any significant differences were found when a t-test 
(p<0.05) was done to compare average values of roughness of CB/PA12 samples with and 
without the addition of copper. Typical roughness profiles of these two types of specimens 
look very similar as shown in Figure 4. It must be noted that analysis of the top surfaces of 
samples showed homogenous distribution of Cu particles and that they were randomly 
distributed in the samples (Figure 5). 

Table 2. Surface roughness of SLS samples 

Parameter CB/PA12 CB/PA12 + 10 wt.% Cu 
Set 1 (N=6) Set 2 (N=6) Set 1 (N=6) Set 2 (N=6) 

Average±S.D. Average± S.D. Average±S.D. Average± S.D. 
Ra, µm 9.2±0.51 9.96±0.84 8.6±0.94 9.3±0.80 
Rq. µm 11.3±0.60 12.1±0.93 10.7±1.02 11.6±1.06 
Rz, µm 50.5±3.3 54±3.34 49±2.9 52±5.8 
Rp, µm 25.1±2.22 26.4±2.86 23.6±2.75 26.6±4.83 
Rv, µm 25±±3.3 28±1.5 25±2.5 25.5±2.7 
Rt, µm 69±10.8 75±10.4 66±8.9 69±9.2 
Rsk 0.01±0.23 0.01±0.12 -0.06±0.28 0.05±0.44 
Rz1max 65±11.1 72 ±11.4 62±9.1 64±8.8 

(a)
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(b) 

(c) 

(d) 

Figure 4. Roughness profiles of CB/PA12 (a, b) and CB/PA+10wt%Cu samples: sets 1 (a, 
c) and sets 2 (b, d).
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Figure 5. Top surface of CB/PA12 (left) and CB/PA+10wt.%Cu (right) samples built in the 
XY direction. Cu particles are visible as bright spots in the right image. 

3.2 Tensile properties 

Experimentally observed mechanical properties are summarized in Table 3. The tensile 
stress–strain curves of the as-built samples are shown in Figure 5 and are summarized in Table 
2. It was found that as-built samples had no statistically significant difference (t-test, p<0.05)
in yield strength, ultimate tensile strength, modulus of elasticity and elongation at break
(Table 3). As can be seen from Figure 6, differences in the mechanical properties of XY-
direction specimens in each series were small, the only coefficients of variation were about
30% in elongation to break. For sample, samples that were built in YZ-direction, offset yield
stress and elongation varied significantly (∼30% and∼45% correspondingly).

(a)   (b) 

(c)  (d) 

Figure 6. Stress-strain diagram of CB/PA12 samples (a, b) and CB/PA12 + 10 wt.% Cu 
samples (c, d) manufactured in XY (a, c) and YZ (b, d) directions. 
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Table 3: Tensile properties of samples manufactured in different directions 

Specimens YTS (Offset 
0.2 %), MPa 

Elastic 
modulus, 

MPa 

UTS, MPa Elongation, % 

CB/PA12 Set 1 (XY direction), 
N=6 
Coefficient of variation 

39±3.7 1772±101 47±1 10±3.1 
9.4% 5.7% 1.7% 29.8% 

Set 2 (YZ direction), 
N=6 
Coefficient of variation 

31±9.1 1821±57 48±1 13±5.7 
29.8% 1.1% 1.1% 44.9% 

CB/PA12+ 
10 wt.% Cu 

Set 1 (XY direction), 
N=5 
Coefficient of variation 

31±3.5 1795±45 46±0.5 11±4.3 
11.4% 2.5% 1.1% 39.3% 

Set 2 (YZ direction), 
N=5 
Coefficient of variation 

33±7.4 1967±68 48±1 8±1.4 
22.7% 3.5% 2.0% 17.7% 

Samples were tested in direction parallel to  the SLS layers in both cases for sets 1 and 2. 
These results obtained were close to the tensile results of CB/PA12 specimens with similar 
dimensions as was performed by Wang et al. [14] where UTS was found to be 49-51 MPa with 
elongation at break of 10-16%. 

For CB/PA12+10wt.%Cu it was found that as-built samples had no statistically significant 
difference (t-test, p<0.05) in yield strength, ultimate tensile strength, modulus of elasticity 
and elongation at break (Table 3). As can be seen from Figure 6, differences in mechanical 
properties of XY-specimens (set 1) were small, only was the coefficient of variation about 
30 % for elongation to break. For samples that were built in YZ-direction (set 2), offset yield 
stress varied significantly (∼23%) and also elongation to break of about 18%. A comparison of 
the tensile properties of samples with 10 wt.% copper and without the addition of copper 
shows that only the elongation to break was different, all other parameters were very similar. 

3.3 Fracture analysis 

Tensile fractures of the test specimens demonstrated a complex brittle/ductile nature of the 
CB/PA12 specimens as shown in Figure 7a-c. Semi-sintered particles attached to the core 
facilitated creation of cracks. Fairly flat tearing surfaces of the fractured specimens indicate 
brittle fracture mode (Figure 7a), however, the fibrous and dimpled fracture surfaces (Figure 
7b.c) in the core shows ductile behaviour of the sintered core material. More layers in set 2 
increase the likelihood of defects so big cracks were found in different areas of the gage 
(Figure 7d), but fractures showed similar to set 1 complex behaviour. In Figure 7 c,e semi-
sintered particles are clearly visible as isolated spheres with diameter about 40-50 µm. This 
can be a reason of reduced ductile behaviour of the samples produced from CB/PA12 in 
comparison with pure PA12 samples sintered by CO2 laser that showed 18% elongation. These 
semi-sintered particles act as stress concentrators for testing and promoted brittle fracture 
of CB/PA 12 samples. 

(a)  (b) (c)
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(d)  (e)  (f) 

Figure 7. Typical fractures of CB/PA12 samples manufactured in XY (a, b, c) and YZ (d, 
e, f) directions. 

Figure 8 presents typical fractures of composite CB/PA12+10wt.%Cu samples manufactured 
in the XY- and YZ-directions. These specimens had more brittle behaviour in comparison with 
CB-PA12 samples: lower elongation to failure and more smooth areas of the fracture surface. 
Poor particle-matrix adhesion for big Cu particles can cause lower ductility of these samples. 
Cano et al. [16] investigated tensile properties of PA12 and PA12 filled with glass. Fracture 
tests were performed  perpendicular and parallel to the layered structure. The fracture 
behaviour of the composite was unaffected by the orientation in a manner similar to present 
study, but fracture resistance of PA12 was higher than that of the composite due to the poor 
adhesion of the glass beads to the matrix. In the present study, a 10 wt.%Cu addition to 
CB/PA12 was not a decisive factor on UTS and YS of composite samples.  

(a)  (b)  (c) 

(d)  (e)  (f) 

Figure 8. Typical fractures of CB/PA12+10wt.%Cu samples manufactured in XY (a, b, c) 
and YZ (d, e, f) directions. Round Cu powder particles are visible at high magnification 

(c, f). 

4. CONCLUSION

This work investigated some mechanical properties of selective laser sintered in-situ copper 
into CB/PA12, built using the recommended process parameters from the supplier of the 
material. Based on the investigation conducted, the following conclusion were drawn: 
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• Surface roughness of all samples built in YZ-direction had slightly higher values in
comparison with XY-direction samples.

• Since samples were quite small, high roughness could influenced results. Polished
smooth samples are preferable for tensile testing.

• Tensile properties of samples with 10 wt.% and without copper addition show that
elongation at break and fracture behaviour were different, but UTS, Elastic modulus
and YS were very similar.

• Further work on optimisation of process-parameters has to be done, such as example
to slightly increase build chamber temperature.

• Porosity analysis should to be done by CT scanning.
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ABSTRACT 

Fused deposition modelling (FDM) technology has grown from fabricating conceptual models 
and prototypes to fully functional polymeric parts. However, FDM produced parts suffer from 
poor mechanical and physical properties. To improve the quality of FDM printed parts, control 
of process parameters is required. This paper presents a review on the effects of process 
parameters, namely print speed, extrusion temperature, layer thickness, air gap, part build 
orientation, as well as, hatch width and spacing, on the physical and mechanical properties 
of FDM produced polymer composites. The paper further discusses various methods used to 
rationalise the process of optimising these process parameters. 
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1. INTRODUCTION 

Additive manufacturing (AM) has brought ease within the manufacturing industry by making 
it possible to produce geometrically complex, strong, light weight products, at lower cost 
with no additional tooling required [1]. Contrary to subtractive manufacturing methods used 
in conventional manufacturing, AM consists of the addition of material in a layer by layer 
format to form fully functional three-dimensional (3D) objects [2]. This technology has found 
wide application in the aerospace, automobile and medical implant industries [1]. The quality 
of AM parts relies also on the selection of feed stock material, which significantly impacts 
the mechanical properties and performance of produced parts. Polymers, metals and 
ceramics are materials that are commonly used as feed stock for AM processes [3]. Selective 
laser sintering (SLS), Stereolithography (SLA) and fused deposition modelling (FDM) are AM 
technologies that produce parts with superior mechanical properties in comparison with other 
methods such as binder jetting (BJ) and laminated object manufacturing (LOM) [4,5,6]. Unlike 
SLS and SLA process, FDM machines are office friendly and are available in a desktop size at 
low prices, which makes the technology more accessible and cost effective [7]. Despite the 
advantages that AM has brought within the manufacturing industry, much still needs to be 
done to fabricate parts with equal mechanical properties, dimensional accuracy and surface 
finish as compared to their counterparts produced through traditional manufacturing methods 
such as injection moulding for plastics, casting and machining [8,9]. Accessibility, user 
friendliness and broad range of materials that can be processed makes FDM the most widely 
used technology amongst other available AM methods [9]. Fused deposition modelling 
thermoplastic filament material is extruded through a nozzle onto a build platform, layer by 
layer until a three-dimensional object is formed (Figure 1) [3,10].  

 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 1: Schematic of the FDM Manufacturing Technique [10] 

The dimensional accuracy, surface finish mechanical and physical properties of the end-use 
products constitute important criteria of the performance of printed parts [8].Thus, 
understanding the impact of process parameters on the mechanical properties of FDM prints 
could help with the best selection of the optimum combination of process parameters to 
improve the properties of the parts [11,12]. This paper presents a review on the effects of 
FDM process parameters, namely print speed, extrusion temperature, layer thickness, air 
gap, part build orientation, as well as hatch width and spacing, on the physical and 
mechanical properties of FDM produced parts using polymer composites as feedstock 
materials. Furthermore, the review also elaborates on the ways FDM process can be improved 
for better quality of manufactured parts in order to expand its application in various 
industries. 

2. FUSED DEPOSITION MODELLING AND FEEDSTOCK MATERIALS 

Fused deposition modelling allows a variety of thermoplastic materials to be used, that can 
be mixed with fillers to improve their mechanical and physical properties [8]. However, FDM 
still faces drawbacks such as poor mechanical properties, anisotropy, high levels of porosity, 
poor surface finish and dimensional inaccuracy and this  limits its expansion in manufacturing 
industry, thus hindering the commercialisation of parts fabricated through FDM [1].  [7]. Thus, 

 



121

identification of process parameters that affect the quality of parts and the FDM process as 
a whole is very important. The FDM process is an interconnected manufacturing process in 
that the material that is selected to perform the building process also plays a significant role 
on the outcome of the object to be produced. Proper optimization of process parameters and 
the selection of appropriate feedstock materials in FDM constitute critical factors 
determining the attainment of high performing end use products [10].  
 
In addition to the advantage of a wide range of thermoplastic materials to choose from, the 
materials are quite easy to print with and are also environmentally friendly in terms of 
recyclability [7]. Ideally, materials with no warpage, shrinkage and moisture absorption, with 
high strength and durability are preferred for the FDM process [13]. Thermoplastic materials 
range from amorphous, semi-crystalline to elastomers. Amorphous materials possess low 
solidification shrinkage, which is one of the aspects that make it possible for them to be 
processed through FDM. Their melt viscosity is low due to small differences between the 
processing temperature and the polymer glass transition temperature [14]. Semi-crystalline 
polymers perform well in applications involving wear, structural loads, and chemical 
resistance. Exceptional properties including high durability, easy to process materials, 
biodegradability and thermal stability make elastomers valuable for tissue engineering 
applications. The most commonly used polymer materials in FDM include acrylonitrile 
butadiene styrene (ABS), polylactic acid (PLA), polycarbonates (PC) and nylon, which produce 
prints with good characteristics and performance [15,16]. The properties of melting 
temperature, glass transition temperature and coefficient of thermal expansion for these 
materials determine how mechanically sound printed parts will be [14]. However, much still 
needs to be done to minimize drawbacks of FDM such as poor mechanical properties which 
further limits expansion in the applications of the technology. Clearly, it is necessary to 
understand the relationship between material properties and process parameters in order to 
improve the quality of FDM parts [2]. 

3. SURFACE FINISH OF FDM POLYMERIC COMPOSITES 

The properties and quality of additively manufactured parts rely on the build process. 
Utilisation of the FDM manufacturing technique is affected by poor mechanical properties 
and aesthetic conditions of the components it produces which further limits its application in 
various manufacturing fields [11,17]. Surface quality, which is measured as surface 
roughness, is used as a measure of quality and is still a major setback of the FDM technique 
[16,18]. The existence of or increase in surface roughness is due to the staircase effect in 
building; an inherent disadvantage in the layer deposition manufacturing process [18]. 
Although it can be time consuming and costly to manufacture using thinner layers, larger 
layer thicknesses increases the surface roughness [18]. The staircase effect is aggravated by 
complex part geometry and results from a mismatch between the volume of extruded 
material and the volume of material set by the computer aided design model [19]. 
Overlapping of successive layers occurring during building gives rise to parts with rougher 
surface finish. Curves or inclined surfaces increase the surface roughness, except when they 
occur in the horizontal plane. Parts with better surfaces are normally obtained by orientating 
the largest flat surface of the print parallel to the print bed and through upright printing 
direction with reduced layer thickness from 0.4 mm to 0.1 mm [20]. Optimising process 
parameters greatly improves surface finish and further decreases time and cost for post 
processing using techniques such as chemical treatment, laser treatment, heat treatment or 
ultrasonic treatment [21]. Figure 2 shows poor the surface finish of an FDM printed part in 
the form of deposited filament lines. 
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Figure 2: Poor Surface Finish of an FDM Printed Part [22] 

3.1 Methods of Post Process Surface Finishing 

Acetone and dichloromethane are chemicals that can be used on fully functional part to 
reduce their surface roughness, and further improve their mechanical properties [20,22]. 
Printed components are treated with a CO2 laser to minimize their surface roughness in a 
process where the material is heated and softened to eliminate unnecessary irregularities on 
the surface [22,23]. Heat treatment or annealing is the most widely used post-processing 
method to enhance the surface quality and mechanical performance of the FDM prints. When 
heat is applied to a part, the layer-to-layer gaps are filled, causing a finer surface quality 
[23]. At the glass transition temperature, the molecular surface tension of a material is 
minimized, causing the material to flow on the surface due to the attendant reduction in 
viscosity [23]. Therefore, the material flows to fill existing pores and gaps on the surface, as 
well as gaps in the staircase effect in between layers, resulting in smoother surface finish 
and better mechanical properties [17]. Ultrasound can be employed to reduce stair case 
effect during and after printing to improve the surface quality of the print [24]. The technique 
is applied to improve the impregnation of polymer into fibre bundles and therefore, enhance 
bonding between them [21]. Ultrasonic transducers can be attached to the print platform to 
provide vibrations, which lead to a reduction of the staircase effect and an improvement of 
the surface finish [22,23]. Ultrasounds are applied to finished parts, leading to fusion of voids 
and gaps in them. The method offers the advantage of not causing any chemical reaction 
during the process [24]. Figure 3 shows an FDM print after being exposed to surface 
treatment. It is found that available post processing methods are able to improve the surface 
finish of FDM parts. 
 
 

 
 
 
 
 

 

 

 

 

 

Figure 3: Post Surface Treatment of an FDM Printed Part [22] 
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4. DIMENSIONAL ACCURACY OF FDM POLYMERIC COMPOSITES 

Although the FDM manufacturing process is regarded as the most widely used method in 
comparison with other AM technologies, FDM produced parts suffer from poor dimensional 
accuracy. Fused deposition modelling involves heating thermoplastic filaments just below 
their melting temperatures, then extruding them and finally allowing them to cool in air until 
they solidify [8,9]. Uneven heat transfer between the previously deposited layer and the 
newly formed layer of a print creates internal stresses. Moreover, this temperature difference 
results in dimensional inaccuracy as the part contracts due to cooling [12]. Thermoplastic 
materials with a high degree of crystallinity and fast rate of crystallisation tend to shrink, 
warp and distort, which leads to the production of dimensionally inaccurate parts [25]. Due 
to rapid heating and cooling cycles of successive extruded layers, residual stresses arise 
between them that affect the shape and dimensions of the final parts [26]. Inclusion of fibres 
in matrices enhances the properties of the built part but comes with some negative effects 
such as increased void content in the printed parts. This, together with uneven fibre 
distribution within the fibre-reinforced thermoplastic filament and poor bonding between 
fibres and matrix, further contributes to the distortion of printed parts [27]. Maximizing the 
dimensional accuracy of FDM built parts requires consideration of certain factors such as the 
orientation of the largest part side should be parallel to the build platform and the part be 
built in the z-axis direction [28,29]. Addition of supports if needed and the addition of a thin 
layer around the part to assist and increase the contact surface between the part and the 
powder bed to improve the dimensional accuracy of printed parts are other considerations 
[30,31]. Addition of a thin layer of glue or tape on the bed increases adhesion of the base of 
the print with the platform and act as a release agent when printing is finished [32,33]. 
 
Fused deposition modelling is a process parameter dependent manufacturing process. 
Therefore, selection and controlling the process parameters is necessary for optimum results. 
Material deposition rate and flow rate influence each other to maintain a constant raster 
width during the manufacturing process [31]. An excess of material extrusion gives rise to 
wider layers that lead to overlap and if not enough material is extruded gaps develop between 
tracks [12]. A wider raster width tends to improve bonding between adjacent tracks and 
improves the mechanical properties but leads to a reduction in the dimensional accuracy of 
built parts [32]. A smaller raster width on the other hand will ensure good dimensional 
accuracy but leads to an increase in manufacturing time and costs. 
 
Improvement of productivity through simple and faster manufacturing techniques, without 
compromising quality, safety and reliability of manufactured parts, is a growing demand 
[33,34]. Taking thorough control of all parameters associated with the manufacturing process 
will improve the properties and performance of manufactured parts [33]. Surface quality, 
dimensional accuracy, physical condition and mechanical behaviour of FDM printed parts 
depends on the control of process parameters including layer thickness, extrusion 
temperature, print speed, air gap, part orientation, as well as hatch width and spacing [35]. 
Thus, selection of an optimum set of process parameters is an important procedure that 
guarantees enhanced properties of FDM prints [36]. The selection of improper process 
parameters set leads to poor mechanical properties of printed parts, and escalation of build 
cost, time and material. The effectiveness of FDM process parameters depends on the 
material being used, as ideal parameters obtained for one material will differ from those of 
another material [37]. Materials such as nylon exhibit better functional properties such as 
low shrinkage, chemical wear and thermal resistance than other materials that are normally 
used such as ABS and PLA [38]. Due to these benefits, nylon is widely used in manufacturing 
home appliances, as well as aerospace and automotive engineering applications. The strength 
of FDM fabricated parts is usually less when compared to that of parts obtained from 
conventional manufacturing processes such as injection moulding. 

5. PROCESS PARAMETERS THAT INFLUENCE THE QUALITY OF FDM POLYMERIC PARTS 

A detail of some of process parameters mentioned here that influence the physical and 
mechanical properties of FDM prints is now presented. 
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The process capability of any manufacturing process is determined by the ability of the 
process parameters to produce parts with good mechanical performance [32]. Layer thickness 
affects both the surface roughness and dimensional accuracy of FDM prints [11]. 
Investigations of ABS and PLA have shown that surface roughness can be minimized by the 
use of lower values of layer thickness during printing [39]. Lower layer thicknesses give rise 
to parts with higher values of tensile and flexural strength [40]. Research has confirmed that 
increasing the layer height of the prints generates more voids in the microstructure, with the 
attendant reduction of the tensile strength of print parts [41]. Enhancement of the tensile 
strength of printed parts for lower layer thicknesses is the result of creation of stronger 
interlayer bonds [37]. The layer thickness in FDM typically lies within the range of 0.05 mm – 
0.5 mm [42]. A study of PLA builds with layer thicknesses of 0.125 mm, 0,250 mm and 0.500 
mm, showed the build with lowest layer thickness to have the highest value of elastic modulus 
and lowest surface roughness, despite taking more time to print [43]. Build time and layer 
height governs the productivity rate as, the more time it takes to print the lower the 
productivity. However, increasing layer height reduces the aesthetics of prints due to the 
presence of voids. Other studies carried out on ABS with layer thicknesses ranging from of 
0.075 mm to 0.5 mm produced parts with higher values of ultimate tensile strength and higher 
hardness for the lower layer thicknesses [43]. Comparison of the effects of layer thickness 
for PEEK and ABS that was done for layer thickness of 0.2 mm, 0.3 mm and 0.4 mm showed 
improved properties at lower layer thickness of 0.2 mm and 0.3 mm. The average tensile 
strength of PEEK was found to be 108% higher than that of ABS [44]. Figure 4 shows the various 
process parameters discussed in this section. 

Figure 4: Fused Deposition Modelling Process Parameters [44] 

Parts that are printed through the FDM process exhibit anisotropic properties as a function of 
the different build directions adopted, which affects their overall strength and appearance 
[44,45]. Build orientation significantly affects the mechanical properties of printed parts, 
particularly tensile and compressive strength [46]. It also influences the surface quality, 
geometrical accuracy, manufacturing cost and overall build time of parts [47]. Prints built in 
a direction parallel to the tension forces results in the higher tensile strength and stiffness 
than those built in a direction that is perpendicular the pulling forces [48,49]. Studies indicate 
that the strongest tensile performances of printed parts are obtained when the printing 
orientation of the filament extrusion is parallel to the direction of the applied force [49]. 
Part geometry can also make it impossible to achieve the best desired quality of FDM parts. 
Parts with concentric features resolve best when layers are printed parallel to the xy-axis 
[50]. Designing a part so that fragile and concentric features grow in the same direction will 
help determine the best orientation for a part to print [49]. 
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The two thermoplastic polymers, PLA and ABS, that are commonly used in FDM, manifest 
maximum tensile strength at build orientation angles of 0º followed by 45º and then 90º to 
the direction of extrusion of filaments [17]. Specimens built on flat (XY) orientations have 
higher ultimate strength in comparison with upright ones (Z-direction) and on-edge building 
(XY) orientation [9,50]. 
 
The air gap sizes between layers predicates the strength of prints. Lower levels of voids 
improve the tensile strength of FDM printed materials [12]. Negative air gaps which arise due 
to overlapping of successive adjacent layers forms denser structures, thus making parts much 
stronger [18]. Presence of voids prevents effective transfer of stresses and results in parts 
that loose integrity at a lower stress levels [51]. The formation of void regions can be 
minimized by employing smaller layer thicknesses as it enhances the bond strength between 
layers, which reduces the interlayer distortion that causes micro voids if no pressure is 
applied during FDM [30].  
 
Good quality FDM parts are obtained using thermoplastic polymer materials with low melting 
and solidifying temperatures, low viscosity, and minimal shrinkage to avoid prints with poor 
quality [14]. A low printing speed with low layer thickness gives better bonding with the 
previous layer to produce parts with better tensile and flexural strength. Poor interlaminar 
bonding between layers will result from increasing printing speed [51]. The most commonly 
used printing speed for polymeric materials that are normally processed through FDM ranges 
from 15 to 100 mm/s [51]. 
 
Printing temperature influences the rheological behaviour, crystallinity, deformation, and 
interlayer bonding strength of polymeric filament layers, which further influences printability 
and the physical and mechanical properties of FDM printed components [12]. Most polymeric 
materials can be processed at extrusion temperature of 200 to 2700C [52,53]. Even though 
use of higher temperatures is generally known to result in parts with stronger interlayer 
bonding, parts with excellent tensile strength were obtained at a moderate temperature of 
1900C with PLA [54].  
 
Hatch space is the separation between two adjacent hatch lines and is significant to ensure 
a high-density and minimum porosity on printed parts [55]. Changing of hatch distance leads 
to modification in the geometric characteristics of tracks and, consequently, surface 
morphology [56]. With larger space between hatch lines, undesired surface effects such as 
rough and porous surfaces are likely to arise [57]. Good quality parts require settings that 
lead to the formation of an overlap between adjacent hatches [58]. Reducing the hatch 
spacing parameter and introducing overlap assists in minimizing the emergence of air voids 
within the layers. However, when the hatch spacing is above 0,17 mm, the relative density 
of printed parts reduces drastically, which affects both the physical and mechanical 
properties of produced parts negatively [59]. 

5.1 Optimisation of Process Parameters 

Conventional manufacturing process such as injection moulding fabricate parts with better 
mechanical properties and good surface quality in comparison to FDM produced parts [60]. 
To improve these qualities in FDM, it is mandatory to understand the interconnection between 
material properties and process parameters before application of optimisation techniques. 
Optimisation of FDM process parameters can be achieved through various methods such as 
group method for data handling (GMDH), differential evolution (DE), quantum–based particle 
swarm optimisation (QPSO), Taguchi, response surface methodology (RSM), genetic 
algorithms (GAs), Process capability ratio technique for order performance by similarity to 
ideal solutions (PCR-TOPSIS), particle swarm optimisation (PSO), Bacteria foraging 
optimisation (BFO), desirability function, fuzzy logic, particle swarm optimisation–bacteria 
foraging optimisation (PSO–BFO), and non-dominated sorting genetic algorithm (NSGA) to 
mention a few [5]. Successful industrial application of the aforementioned methods indicates 
the Taguchi and RSM methods to be the most effective, reliable, and simple to apply in 
identifying critical process parameters. The ANOVA method cannot be utilised to regulate 
optimum process conditions in cases of multi quality optimisation [6]. This is because the 
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method cannot supply accurate results if sample cases are dependent on each other. With 
ANOVA, all population means and all variables from each data group must be roughly equal 
and this is rarely possible in real world applications [5,6]. For a large number of process 
parameters, the RSM method can be time consuming in comparison with the Taguchi method. 
With the Taguchi method, identification of critical FDM process parameters and their 
improvement can be achieved at lower costs and is thus preferable [1]. 

6. CONCLUSION 

The foregoing study shows that the quality of FDM printed parts is dependent on both the 
proper selection of materials as well as careful setting of process parameters. The study 
highlights the most critical process parameters as; layer thickness, extrusion temperature, 
air gap, printing speed, hatch width, hatch spacing and printing path direction. Surface 
roughness and dimensional accuracy of printed parts are affected more by the layer thickness 
than hatch width and printing speed. Air gaps between layers, contributes to failure of 
printed parts by delamination and be reduced by minimizing the layer thickness. Reduced 
hatch spacing leads to enhanced physical and mechanical properties. High printing 
temperatures and low printing speed both lead to the creation of stronger interlayer bonds 
and therefore production of parts with better mechanical properties. The printing direction 
is shown in the study to be significant with the best properties obtained for parts that are 
built in the x or y directions. 
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ABSTRACT 

In the current study, the selective laser melting process was used to manufacture hollow 
tubes and solid cubes from Ti6Al4V powders to evaluate the effect of laser parameters on 
surface finish. Laser power and speeds for the contours, and hatch-contour overlap were 
varied for evaluation. The samples were then analysed for, wall thickness, porosity and 
surface roughness with the use of micro x-ray tomography and surface profilometry 
respectively for comparison. Results show that the best surface finishes are obtained using 
higher scan speeds and power densities of between 5-6 kW/mm2.    
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1. INTRODUCTION 

Additive manufacturing (AM) or 3D printing complements conventional manufacturing 
techniques by providing another option utilising a layer by layer build approach [1-3]. This 
technique for metals, predominantly uses powder or wire as the feedstock material which is 
selectively melted using a focused heat source i.e. laser or electron beam, which is then 
consolidated upon cooling to form a part [2]. One of the inherent advantages of AM is that it 
allows the design of complex parts as AM has significantly less manufacturing constraints than 
traditional CNC manufacturing processes. Further advantages include the continued lower 
capital costs, reduced part count since a single consolidated part can be manufactured, easy 
product revisions, reduction in waste and energy as well as flexibility in choice of material 
to use. Additive manufacturing of metals still has drawbacks that require careful process 
control: the high temperature gradients and densification ratio during the process yield high 
internal stresses which can lead to part distortion; the risk of balling and dross formation in 
the melt-pool may result in poor surface finish [3]. Additive manufactured parts generally 
have poorer mechanical properties than the equivalent wrought material and are typically 
prone to defects such as voids or porosity, which negatively affect their mechanical 
performance. Defects should be minimized in size and extent, which can be achieved through 
process parameter optimization [4,10].  
 
Density, porosity and surface roughness metrology can play an enabling role in AM 
manufacture and research as a means of gaining further understanding of the physical 
phenomena taking place during the AM manufacturing process [4,5]. Surface conditions of 
components are prone to surface crack initiation resulting in premature failure. Surface 
roughness or finish can affect fatigue, mating and sealing surfaces, and geometrical 
tolerances of parts due to the presence of asperities. The surface finish depends on powder 
particle size, laser parameters, layer thickness and the orientation of surfaces relative to the 
build plate. [4-5]. From the literature survey there are a number of parameters in the AM 
process that can be controlled to improve the surface finish [7-9]. Laser power determines 
the temperature gradient leading to melting and re-melting of the powder and previous layers 
which significantly affects the surface finish. Interaction time between the heat source and 
the metal also determines the total energy input during processing which leads to variations 
in surface quality in terms of roughness. A hypothesis proposed is that larger melt-pools can 
drag semi-molten particles from adjacent areas into the melt-pool and become embedded in 
the edge of the track surface contributing to an increase in roughness. This would occur at 
slower scan speeds.  Orientation of the part layout and layer thickness can lead to the stair 
step effect which can result in poor surface quality [8-9]. The hatch distance has also been 
found to affect the surface roughness of parts [9].  
 
The contours which define the edge of every consolidated layer and ultimately the properties 
of the external surfaces of any part that is produced by the SLM (Selective Laser Melting) 
method. Contours follow the edges of the part, melting along free surfaces of the part 
geometry. The wall thickness of the contour scans becomes an important variable as this 
determines the appropriate hatch-contour overlap to use. According to Calignano et al. [3], 
narrower melt-pools lead to better surface finish which also leads to the desire for narrower 
wall thicknesses. Contour scans are done in SLM to improve the surface finish of components 
[10].  
 
The focus of this study is to determine the effects of laser processing parameters on the as-
built surface condition and quality of AM samples using the surface response method.  
 

2. METHOD 

The experiments were set up on the custom-built selective laser melting platform within an 
inert glovebox enclosure. The laser used was a 5kW IPG YLS 5000 ytterbium fibre laser with 
a wavelength of 1076 nm and a delivery fibre core diameter of 50 µm. The scanner used was 
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an Intelliweld 30 FC V system. Materials used were Ti6Al4V, gas atomized with particle size 
distribution of 20-60 µm supplied by TLS Technik GmbH & Co. (Germany). 
The high power Aeroswift operating parameters were varied to achieve power densities 
ranging from 3 to 6.5 kW/mm2 with consolidation rate of up to 20 m/s at fixed layer thickness 
of 50 µm. The samples built were 10 mm x 10 mm x 15 mm hollow square tubes to investigate 
the effect of power density and consolidation rate on surface quality and 10mm solid cubes 
to investigate the effects of the contour-hatch overlap on the surface finish. Figure 1 shows 
the custom designed and built glovebox.  
 

 
Figure 1: Image of the custom designed and built glovebox 

 

2.1 Hollow samples 

The qualitative criteria for elimination of the samples produced was the “light test” to 
identify the porous samples (insufficient densification) for elimination. A light was shined 
onto the thin wall and any see-through effects meant a large degree of porosity. The 
remaining samples were then subject to visual inspection for defects and from these 
remaining samples wall thickness measurements were done using a Vernier caliper. As smaller 
wall thicknesses would implicitly mean narrower melt-pools, the aim would be to aim for 
laser parameters leading to smaller wall thicknesses to support the hypothesis mentioned. 
Mechanical roughness profilometry measurements tests were done using a Mahrsurf PS1 
profilometer according to the ISO 4287 standard using a calibrated standard with a 4.8mm 
sampling length on the subsequent samples. The parameter for the best surface finish was 
then taken for the subsequent experiments in section 2.2.  
 
Design of Experiments (DOE) was used to reduce the number of experiments to obtain the 
maximum optimum conditions. Response Surface Methodology (RSM) correlates the 
relationships between the primary variables and one or more output response variables. The 
purpose of the analysis of variance (ANOVA) is to investigate significant forming parameters 
that affect the wall thickness of the contour to produce improved the surface finish of the 
parts.   
 
The parameters were modelled using the response surface method. This design consists of a 
complete 2k factorial design, where k is the number of variables whose factors level are 
coded as -1 and 1. The factors and levels used in the factorial design were given in table 1. 
 

Table 1: Factors and levels used in factorial design 
Parameters Units Min Max Coded Low Coded High Std. Dev. 

Power density (A) kW/mm2 3 6.5 -1 (3.00) +1 (6.50) 1.212 

Interaction time (B) s 50 175 -1 (50.0) +1 (175.0) 43.30 

Consolidation rate (C) mm/s 5.7 20 -1 (5.7) +1 (20.0)  
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Design Expert provides prediction equations in terms of actual units and coded units. The 
coded equations are determined first, and the actual equations are derived from the coded 
equations.  The quantitative criteria were derived to get the actual equation with each of 
the terms in the coded equation is replaced with its coding formula.  

 

2.2 Solid cubes 

The 10mm solid cubes were built using different contour – hatch overlaps of 0 %, 30 %, 50 %, 
70 % (70% being the closest distance between the contour and hatch centres) with parameters 
taken from the contour conditions of the aforementioned hollow tube experiments. The solid 
cube samples were analysed for porosity and surface roughness by Micro-Xray tomography 
(micro-CT) and mechanical profilometry. Micro-CT) was performed using a standard 
laboratory micro-CT system with scan settings of 200 kV, 70 uA, with 0.5 mm beam filter with 
image acquisition of 500 ms per image, 2400 step positions in a full 360 degree rotation were 
used. The data was then analysed in Volume Graphics VGStudioMax 3.1. The image processing 
works by including all material and air (closed pores) [10].  For surface topography 
measurement via micro-CT, an average line is fitted using two points on the surface. Along 
this line, at discrete points over the entire distance, a deviation distance is calculated for 
the actual surface vs the line. This deviation is the actual distance from the line, the average 
of these deviations will be the Ra value.  Mechanical roughness profilometry measurements 
were performed on the solid cubes using the aforementioned method and equipment. Results 
reported are Ra (mean roughness). Due to IP concerns only general parameters in table 2 of 
some of the remaining samples after the light test and visual examinations are shown:  

 
Table 2: Summary of parameters of remaining samples 

 
Sample # Power 

Density 
(kW/mm2) 

Consolidation 
rate 

(mm/s) 
5 3.0 5.71 
6 3.0 6.67 
9 3.7 10.00 
15 4.4 10.00 
19 5.1 20.00 
21 5.1 10.00 
25 5.8 20.00 
26 5.8 13.33 
31 6.5 20.00 

    

3. RESULTS AND DISCUSSION 

Figure 2 shows the as-built hollow square tubes. Visual inspection showed that samples 28, 
29, 30 and 34, 35, 36 (as marked in the image) did not consolidate on the base plate and thus 
delaminated before the build was complete. These samples had lower consolidation rates 
and  higher power densities. This can indicate an unstable melt-pool and a large degree of 
spatter due to the higher powers and lower speeds [3,11].  
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Figure 2: Titanium tubes as built. The blue square shows the delaminated samples of 

poor quality 
 

3.1 Effect of laser parameters on wall thickness 

The obtained ANOVA for response surface models are tabulated in table 3. The quality of the 
fitted model was given by the coefficient measured from the amount of variation around the 
mean of the model (R-squared). This gives the proportion of the total variation in the 
predicted response and a high R-squared is desirable (close to 1). Considering the adjusted 
R-squared (Adj. R2) of 40.28 %,  demonstrates  that  the  model  is  well  fitted.  Model terms 
were evaluated by the F-probability value with 95 % confidence level. The P-values were used 
to check the significance of each coefficient. The P-values less than 0.05 indicates that the 
model and model terms were statistically significant. In case of wall thickness, the model F-
value of 8.42, there is only a 0.03 % chance that the F-value this large could occur due to 
noise. The Adequate Precision signal the noise ratio, the model ratio of 15.201 which is well 
above 4, indicated adequate signals to use this model to navigate the design space. 
 
Based on figure  3, the  correlation  response  equation  for  wall thickness with  respect  to  
the  input  parameters  in  terms of coded factors are given by the following equation (2). 
The equation in terms of coded factors predicts the response for the given levels of each 
factor, by default, the high levels are coded as +1 and low levels as -1. The coded equation 
is used for identifying the relative impact of the factor by comparing the factor coefficients.  
 
Coded Equation:  
 
√(wall thickness) = 0.4425-0.2507A-0.0918B-0.1824AB    (1) 
 
The model is therefore represented in "coded" terms which fall within the range -1 to +1. The 
values in the range of the studied parameters that correspond to -1 and +1 are shown in able 
1. Their corresponding units are also shown. Where A is in kW/mm^2 and B is in seconds. 
However, since the model is in coded terms, to use this model equation, the corresponding 
coded values (-1 and +1) must be used, not the actual values of the parameters.  
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Table 3 ANOVA for Response Surface Quadratic Model (response: wall thickness in mm) 
Source Sum of 

Squares 
df Mean F-value p-value  

Block 0.79433 2 0.39717    

Model 0.44988 3 0.14996 8.42018 0.000329 significant 

A-Power 
density 

0.14909 1 0.14909 8.37114 0.007036  

B-Interaction 
time 

0.12070 1 0.12070 6.77716 0.014216  

AB 0.25650 1 0.25650 14.4025 0.000668  

Residual 0.53429 30 0.01781    

Cor Total 1.77850 35     

       

Std. Dev. 0.1335  R² 0.4571   

Mean 0.4454  Adjusted R² 0.4028   

C.V. % 29.96  Predicted R² 0.2161   

   Adeq 
Precision 

15.2012   

 
 
Figure 4 shows the graph for wall thickness experimental measurements plotted against the 
predicted values.  Most of the points are well distributed and closer to the straight line (R2 = 
45.71%) which gives the relationship between the experimental and predicted values. The 
interaction response surface plots are the graphical representation useful to understand 
interaction properties between the input and output parameters. The ultimate aim of the 
plot is to predict the optimum values of the variables such that the responses is maximized 
or minimized. From the analysis of the interaction graphs, the major parameters that 
influence wall thickness is power density. As mentioned a hypothesis proposed is that larger 
melt-pools can drag semi-molten particles from adjacent areas into the melt-pool and 
become embedded in the edge of the track surface contributing to an increase in roughness. 
Based on the results from figure 4 an optimum power density should be in the region of 5.1 
to 5.8 kW/mm2. Wall thickness affects the subsequent hatch-contour overlap and serves as a 
guide to the appropriate spacing.  
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Figure 3: Plot for experimental and predicted responses points to validate the model 

Figure 4: Response surface plot for wall thickness. 
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3.2 Laser parameter effects on surface roughness 

 
At lower interaction times at power densities of 5.8 kW/mm2, the samples produced have 
poor top surface edge quality showing rough and jagged edges. There are many theories on 
the effects of the process parameters on surface finish. According to Calignano et al. [3] low 
scan speeds could increase the volume of liquid produced within the melt-pool; this tends to 
widen the melt-pool provoking a larger thermal difference and consequently a greater 
variation of surface tensions. Attempting to reduce these changes in thermal difference and 
surface tension, the melt-pool may break off into smaller entities, well known as “balling,” 
which solidify at the edge of the melt-pool increasing surface roughness. Varying the power 
density below or above the window of 5.1 to 5.8kW/mm2 can lead to unstable melt-pools 
(>5.8kW/mm2) causing spatter or un-melted particles (<k5W/mm2) both leading to poor 
surface finishes assuming a constant consolidation rate.  
 
After the visual inspection and the “light test”, the samples considered for further analysis 
include were 5, 6, 9, 15, 19, 21, 25, 26, and 31. These samples correlated to the predicted 
optimal conditions from the DOE analysis. 
 
These nine samples were then subject to roughness profilometry measurements.  Figure 5 
shows the surface profile for sample 25 showing an average peak profile for calculating Ra. 
Table 4 shows the Ra measurements for the selected samples.   
 

   
Figure 5: Surface finish profile of sample 25 showing an average line fitted for 

calculating the mean roughness (Ra) 
 

Table 4 Roughness (Ra) results 
Sample # Power 

Density 
(kW/mm2) 

Consolidation 
rate 

(mm/s) 

Ra 

5 3.0 5.71 14.77 ± 2 
6 3.0 6.67 13.62 ± 4 
9 3.7 10.00 13.52 ± 3 
15 4.4 10.00 13.61 ± 3 
19 5.1 20.00 13.53 ± 2 
21 5.1 10.00 13.75 ± 3 
25 5.8 20.00 12.64 ± 2 
26 5.8 13.33 14.45 ± 2 
31 6.5 20.00 14.07 ± 3 

 
The results generally show that higher consolidation rates obtained better surface finishes. 
This result agrees with the results of Fallah et al. [11] that an increase of the scanning speed 
can improve the surface finish (at optimum power). According to Calignano et al. [3], higher 
speeds would also lead to smaller and narrower melt pools thus giving favourable surface 
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finishes. As previously stated, a hypothesis proposed is that larger melt-pools can drag semi-
molten particles from adjacent areas into the melt-pool and become embedded in  
the edge of the track surface contributing to an increase in roughness. Based on the optimum 
power density window derived from figure 4 (5.1 to 5.8kW/mm2) it correlates to the 
literature [3] and the hypothesis. From these tests sample 25 parameter set was selected for 
the subsequent testing as it showed minimum surface roughness of 12.64 ± 2 µm Ra.   
 
 

3.3 Effect of hatch-contour overlap on surface roughness and porosity 

 
Contour-hatch overlaps are implemented for geometrical and surface finish considerations. 
The porosity measurement obtained from micro-CT data only considers closed porosity and 
that large open pores to the surface are seen as exterior. The porosities measured and 
analysed from the micro-CT data are shown in table 2. Figure 6 shows the micro-CT image of 
the cube sample showing a quality view of the surface finish.  
 

 
Figure 6: Micro-CT image of sample 2 showing the general geometry and some surface 

features 
 

Table 5: Porosity results 
Sample Contour-hatch 

overlap, % 
Micro-CT Porosity % 

1 0 (no contour) 0.10 
2 30 0.35 
3 50 0.23 
4 70 0.18 

 
Table 5 shows that an increase in the hatch-contour overlap (the contour scan gets closer to 
the hatch) porosity is decreased. The samples are nearly fully dense ranging from 99.9% to 
99.65%. The results indicate that surface porosity was introduced by the contour scans and 
at 70% overlap between the hatch and contour the porosity was reduced to 0.18%. Figure 7 
indicates porosity near the surface as a result of the controlled contour scans and confirms 
most of the porosity is found near the surface of the sample which is the region of interest 
for these tests as only the contour scan parameters (overlaps) were varied. 
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Figure 7: Sliced Micro-CT images representative of the sample 2. The coloured markings 

show porosity concentrated near the surface 
 
Figure 8 shows the image of sample 2 and sample 4 superimposed – sample 4 is visible as grey 
values while sample 2 is transparent but shows only the surface as a bright white line (arrow). 
Clearly the bright white line is less rough than the sample 4 surface. The surface finish results 
are shown in table 5.  
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Figure 8: Surface roughness line for samples 2 superimposed. 

 
 

Table 6: Surface roughness results 
 

Sample 
 

Contour-hatch 
overlap, % 

 
Profilometer Ra, µm 

 
Micro-CT Ra, 
µm 
 

1 0 (no contour) 20.88 45.92 
2 30 11.54 21.57 
3 50 12.85 29.37 
4 70 14.74 34.65 

 
As shown in table 6, if the contour is too close to the hatch, more attachments on the contour 
can be found with the effect of the hatch “shining through” becoming evident [11-12]. The 
further the distance between the contour and the hatch, a decrease in roughness is observed 
at the expense of higher porosity near the surface (table 5). As observed, the micro-CT value 
is higher than the tactile probe values. This can be in part due to the resolution limits of the 
micro-CT (10µm). One contributing reason for the higher micro-CTvalue is also the additional 
deep open surface porosity seen by micro-CT which is missed by tactile probe or optical 
methods. The micro-CT is thus sensitive to such deviations. From the results it shows that 
the use of contour parameter 25 significantly improves the surface finish of the AM sample. 
By implementing an appropriate contour-hatch overlap further improvements can be 
achieved at the expense of an increase in sub-surface porosity.  

4. CONCLUSIONS 

A contour scanning strategy varying laser power density and laser consolidation rates was 
utilised as a method to improve the surface finish of as-built AM samples. The trend shows 
that samples with higher consolidation rates and 5-6kW/mm2 power densities have better 
surface finish  Based on the hypothesis proposed these power densities resulted in smaller 
wall thicknesses and the higher scan speeds also lead to narrower melt-pools which 
contributes to an improved surface finish [3].The optimal contour parameter gave minimum 
surface finish of 12.64 ± 2 Ra. Although still high it represents a significant improvement. 
Future work could include lower layer thickness to further improve the surface finish.  Lower 
hatch-contour overlaps (30%) produced better surface finishes with higher porosity just below 
the surface. The implementation of the contour scans significantly improved surface finish 
regardless of the degree of overlap. 
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ABSTRACT 

Maxillofacial prosthetics, a specialized branch of prosthetic care, may not always be capable 
of restoring a missing facial feature's function but aims to create a more normalized facial 
appearance through ever-evolving techniques and technologies. Despite CT and MRI having 
considerable advantages in acquiring reliable dimensional form and sizes of affected areas 
needed for designing a prosthesis through additive manufacturing, it is not without 
complications. One key drawback is the high costs involved and how this excludes a significant 
number of sufferers from gaining access. This study aimed to investigate if a state-of-the-art 
three-dimensional (3D) portable scanner used in healthcare and engineering industries 
(Artec® Spider®) can be used to generate external medical digital data suitable for the 
fabrication of maxillofacial prostheses. Results from the study showed that the scanner 
produces scans that are comparable in accuracy to that of CT scanner but at much lower 
cost. This enables a more significant number of patients who require maxillofacial prosthetic 
care to be helped. 
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1. INTRODUCTION 

The loss or absence of facial features can be devastating to the social wellbeing of a patient. 
This may result from several causes such as trauma, burns, disease or congenital disorders. 
Regardless of the causes, the psychological implications on the sufferer could be as 
debilitating as the physical leading to lower self-esteem and a diminished quality of life [1], 
[2]. 
 
The traditional process of fabricating a facial prosthesis such as an ear, involves taking a 
negative impression of the opposite ear using an impression material such as water-based 
alginate. The impression is then used to cast a positive of the ear in plaster and this is then 
used as example to sculpt the missing ear in wax. The wax model is next invested in plaster, 
the wax is molten out and bio-compatible silicone is cast into the plaster mould to create the 
prosthesis. This technique requires significant skill from the technologist sculpting the 
prosthesis in wax and is time consuming. Taking an impression to produce a nose prosthesis 
is furthermore a risky undertaking since the impression material may enter the patient’s 
airways which may lead to suffocation. Many patients experience taking an impression in the 
facial area as traumatic and some may furthermore experience an allergic reaction to the 
impression material. Facial silicone prosthetics have a limited lifespan and therefore need to 
be replaced regularly. Each time a new impression needs to be taken of the patient since the 
facial features of the patient changes over time. The weight of the impression material 
furthermore deforms the soft facial tissue of the patient during the impression taking 
procedure. This often results in a less than ideal fit of the final silicone prosthesis.   
 
In recent times, emerging technologies have begun to establish a presence in maxillofacial 
prosthetic fabrication through combinations of Magnetic Resonance Imaging (MRI), 
Computerized Tomography (CT), Computer-Aided Design (CAD) and various Additive 
Manufacturing (AM) processes. The scanning technologies are precise and reliable for 
acquiring dimensional data while AM produces accurate artefacts in short lead times [3], [4]. 
 
CT imaging, which is most commonly used to determine facial geometry, present the 
advantage of non-contact with the patient. The patient therefore experiences less trauma 
and the geometry is determined accurately without the risks and problems associated with 
impression material. The output format for CT is Digital Imaging and Communications in 
Medicine (DICOM) which need to be translated to Standard Triangulation Language (STL) 
format to make it suitable for AM technologies. Different software packages are available for 
this purpose such as Mimics® from Materialise®. Once the scan data is converted to STL 
format, the scan images can be manipulated as required. In the case of a missing ear, the 
healthy opposite ear can easily be mirrored about the mid-plane of the patient’s head in the 
virtual environment using a software package such as Magics®, also from Materialise®. A 
negative mould can be designed in Magics® and printed using a variety of AM technologies. 
This technique has been reported on by a number of authors [5 - 11]. 
 
Despite CT having considerable advantages in acquiring the geometry of the affected area 
needed for designing a prosthesis, it is not without drawbacks. One key concern is the high 
costs involved in having a CT scan taken and how this excludes a significant number of 
patients from gaining access. Unfortunately, this is especially the case in South Africa, where 
a large proportion of the population is dependent on the government for health care 
assistance [12], [13]. The use of an alternative, inexpensive methods of digital data capturing 
could be implemented as a means of delivering lower-cost assistance for maxillofacial 
prosthetic fabrication. 
 
The aim of this study was to investigate if a three-dimensional (3D) hand-held scanner can 
generate sufficiently accurate digital data suitable for the fabrication of maxillofacial 
prostheses. The use of such a portable 3D scanner should be able to generate external medical 
digital data that is more cost-effective in comparison to CT imaging. By contributing to the 
lower cost for the generation of such digital data, it can potentially provide access to a more 
significant number of patients who require maxillofacial prosthetic care. The study 
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furthermore aimed to evaluate the use and capabilities of alternative software packages to 
process raw CT image data into digital models needed for an AM process as a means of 
lowering facial prosthetic costs. 
 
Although numerous low cost hand-held scanners are now available commercially, high 
scanning resolution is required to scan intricate anatomical features such as ears to produce 
prostheses. An Artec® Spider® hand-held scanner was available to the research team and was 
used in this study (Figure 1). This is a state-of-the-art structured light 3D hand-held scanner 
used in healthcare and engineering industries. It has a resolution of 0.1 mm with a working 
distance of 170 – 300 mm and a cost of about US$ 25 000. 
 

 
Figure 1: Artec® Spider® hand-held scanner.  

 
In order to compare the scanning ability of the Spider® scanner to a CT scanner, a test artefact 
needed to be designed and produced. A literature search presented few examples of designed 
artefacts for the sole purpose of measuring scanning accuracies. Elements from research 
evaluating the accuracy of AM processes were therefore assessed and adapted for the test 
artefact in the current study. 
 
Kruth made one of the earliest attempts in designing a benchmark artefact for studying layer 
manufacturing technologies. In his design, he used squares, embossed letters, cylinders, 
inclines, overhangs, and an inverted U frame to create an artefact capable of being 
measurable in all three directions (Figure 2a). The model's dimensions are relatively small 
compared to most AM device's building platforms and possessed no repeated design features. 
This was due to the initial intention behind the model which was to determine the accuracy 
of a particular AM device over a series of repeated copies. The used orientation of the 
artefact, dimensions and printing resolution were selected to reduce production time [14]. 
 
In their research to determine variables affecting machine parts' accuracy, Cook and Soons 
used a circle-diamond-square test part with an inverted cone that is commonly used to 
evaluate the five-axis performance of milling machines (Figure 2b). The test artefact was 
based on the classic Aerospace Industries Association (AIA), National Aerospace Standard, NAS 
979 circle-diamond-square with an inverted cone. The several tests features making up the 
artefact was intended for measuring size, flatness, squareness, parallelism, and surface 
finishes. The features consisted of a squared shape rotated at 45° and intended for measuring 
size. A ramping feature with a 5° incline was included for defining angular deviation. The 
center circle was used for determining circularity, size and surface finish. Lastly, an inverted 
cone feature was additionally included to help further facilitate Computer Numerical Control 
(CNC) machining's performance evaluation [15]. 
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 a b 

Figure 2a: Design of additive manufacturing testing models by Kurth and Cook, Figure 
2b.  

In attempting to produce a standardized artefact for evaluating AM processes, Moylan 
suggested that several considerations be made before initiating the design process (Figure 
3a). Firstly, the artefact should be large enough to measure the AM's performance near the 
model's edges and centered areas. Secondly, the artefact should possess numerous small, 
medium, and large features. Thirdly holes and bosses (protruding features) should be present 
to help verify beam width compensation. Lastly, the artefact's fabrication should not consume 
a large quantity of material or time and be easily measurable [16]. 

To determine shrinkage and accuracy changes during the indirect laser sintering of the 
aluminum process and understand the underlying factors that affect tolerances inspired the 
artefact design by Sercombe and Hopkinson (Figure 3b). Their design used a square base with 
two staircases with uniform thickness, orientated along both the X and Y planes. One 
drawback of this design was that it could only determine linear accuracy and require 
numerous manufactured copies to determine accuracy [17]. 

a                b 

Figure 3a: Design of test models by Moylan and Sercombe, Figure 3b. 

2. METHOD AND MATERIALS

2.1 Design and fabrication of a test artefact 

The design, fabrication, and evaluation processes of the test artefact in the current study 
were divided into three stages: 

The first stage entailed establishing a design criterion that identified and demonstrated 
necessary elements and factors that should be implemented in the designs of a test artefact. 
These were gained from a literature review of research material where geometric test models 
were used to determine AM processing accuracy as descibed above. Specific features to 
highlight the limitations of CT scanning as well as optical scanning were also considered and 
incorporated into the design. This included for example the inability of the Spider® scanner 
to scan overhangs and undercuts and problems experienced by CT scanners to scan metal 
objects that may be present in the scanning field. After establishing the design criterion, a 
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series of individual developmental test artefacts were produced and subsequently combined 
into a single digital geometry. 

The second stage focused on the fabrication and evaluation of the first test artefact design. 
For this, the prototype’s digital format was converted into an STL format and was produced 
in nylon PA2200 on an Electro Optical Systems (EOS) P380 laser sintering system. After 
fabrication, it was presented to a group of experts who evaluated if the prototype had met 
all the requirements put forward in the design criteria. From this, the decision was made 
that additional elements sould be included in the design criteria for a test artefact. 

The third stage centered on designing and fabricating a revised second test artefact. All 
suggestions put forth through deliberations with experts were incorporated into this second 
design iteration. Upon recommendations, certain test features were modified while 
additional anatomical test features were added (Figure 4). 

Figure 4: Design of final test artefact with elements. 

Three metallic pins were also included in the design to represent the pins that are implanted 
into a patient’s scull to retain an ear prosthesis. These pins will be present when the patient 
is scanned to produce a replacement prosthesis. After completing the design, the final test 
artefact was prepared for the AM process as before by converting its digital format to STL 
and then printing on an EOS P380 laser sintering machine in nylon (Figure 5). 

Figure 5: Final additive manufactured test artefact. 
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2.2 Hand-held scanning of the test artefact 

Next, geometric data capturing of the artefact created in the design and fabrication phases 
was performed. The scanning process took place in a standard office cubicle using the Artec® 
Spider® hand-held scanning device with the artefact positioned on a rotational platform. In 
total, 71 scans were captured of the test artefact. Each scan was scrutinized, and many were 
eliminated because of either too low scan quality or not enough common geometric features 
visible which is required to align the scans. Based on this, the number of scans was reduced 
to 37, which were imported into Artec® Studio® software which is available to Artec® scanner 

users. The Artec® Studio® software allows for each scan's preparation by erasing irrelevant 
geometries, aligning, closing gaps and combining meshes into a single digital 3D model which 
can be exported as a STL file. The software also allows the digital 3D model to be simplified 
by reducing the number of polygons making up its digital surface to produce smaller file sizes. 
Figure 6 shows the scanning and processing steps. 

Figure 6: Hand-held scanning process of the test artefact. 

2.3 CT scanning of the test artefact 

A CT scan of the test artefact was performed at the Oncology Department of National Hospital 
in Bloemfontein. Various sets of cross-sectional DICOM image slices were produced at 0.5 mm 
which was the finest scanning resolution possible on the available Toshiba Aquilion LB® CT 
scanner. Thereafter, the raw DICOM data was uploaded to three selected software 
applications, namely Mimics®, 3D Doctor® and Invesalius® as shown in Figure 7. 

Figure 7: Scanning and processing the test artefact. 
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Mimics®, was chosen for having a well-proven track record and is generally regarded as a 
world leader generating high-quality 3D models from various medical scanning modalities. 
Mimics® is however the most expensive of the three translation software packages considered 
and can cost up to US$100,000 per seat [18]. The second selected software, 3D Doctor® is 
commercially available at a much more reasonable price of US$4800 per license. The third 
selected software, Invesalius® is open source-based and can thus be downloaded for free from 
the internet. The rationale behind choosing the last two mentioned software packages was 
to gauge the technological differences between what is commonly used, what is available at 
low cost and free of cost. Although differently priced, the software makes use of similar 
methods in processing the DICOM data into digital STL 3D models. These included using the 
Hounsfield scale to increase or decrease contrasts within DICOM images to define boundaries 
or regions of interest from unnecessary or irrelevant scan data and afterward applying this 
to each image within the image stack. 

2.4 Micro-CT scanning of the test artefact 

In the final phase of the study, the various digital 3D models produced through hand-held 
scanning and CT immages translated through the three mentioned software packages needed 
to be  compared to quantify differences. To achieve this, a digital benchmark model of the 
final test artefact had to be generated from the highest scan quality and accuracy available 
that reflected the exact physical sizes of the printed test model. The test artefact was 
subjected to a micro-CT scanning procedure using a Mediso® NanoScan® Micro CT scanner at 
the Nuclear Energy Corporation of South Africa (NECSA) to produce a digital 3D model 
(Figure 8) which was considered as gold standard in the study.  

Figure 8: Digital 3D model produced through Micro CT scanning of test 3D printed test 
artefact. 

Similar to medical CT scans, metal objects create scatter artefacts in the micro-CT scanner’s 
immages. It was therefore decided to remove the three metal pins representing implant 
retension anchors from the test artefact to create an accurate scan. The scan model and 
those produced through the hand-held and CT scanning procedures were then digitally 
compared through myVGL software from Volume Graphics in collaboration with the 
Stellenbosch University’s Central Analytical Facility. The comparrisons were performed by 
comparing volumetric sizing and using deviation analysis maps. 

3. RESULTS AND DISCUSSION

3.1 Evaluation of scans performed with the hand-held scanner 

The STL file of the scanned test artefact was uploaded into 3D viewing software and the 
following visual observations were made with reference to Figure 9. (see Figure 4 for 
description of specific test geometry features) 

• The elevation test geometry showed no visible difference in geometry on all five
elevations, except the top elevation, which showed a small misalignment at its side
(A).
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• As expected, the scanner did not perform well in scanning deep or small diameter
holes in the Depth test. The scanner works on a line of sight principal where there
is an angle between light projected from the camera and images captured by the
camera. There is therefore a limit to the depth of a cavity that can be scanned since
the edges of the cavity obscures the view of the bottom of the cavity at an angle.
Conical holes which were included in the design scanned better compared to holes
with straight walls. The feature best captured in the depth test was one of the holes
with walls set at an angle of 21 degrees (B).

• In the pattern test geometry, the four squares with variously sized patterns were
captured at a high precision showing no areas of missing or badly defined geometries
(C).

• For the Anchor point test geometry, all three metallic inserts embedded into the
test artefact were captured although some detail was lost (D). This is because
reflective surfaces do not scan well.

• In the Angulation test geometry, all features positioned at various degrees were all
captured sufficiently except for the corners with a pitch of 10 and 20 degrees
respectively. These were fused towards the centre in an attempt by the software to
create a “watertight” mesh (E).

• The Anatomical test geometry features were captured successfully without any holes 
caused by the intricate overhangs or undercuts of the geometries (F).

• The Spherical test geometry features displayed no visual deformation on either
impression or depression test features (G).

• The Wall thickness and Spacing test geometry features presented some minor
distortion. Some edges of the elements in the Wall thickness test geometry model
twist upwards, while the smallest spacing in the Spacing test geometry were closed
in an attempt by the software to repair the model's digital mesh, which is very
similar to result from the Angulation test feature’s results (H).

Figure 9: Result of hand-held scanning the final test artefact. 
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3.2 Evaluation of scans performed with CT scanner translated with different software 
packages 

The following visual observations were made from the 3D models generated by 3D Doctor®, 
Mimics® and Invesalius® from CT scans of the test artefact (with reference to Figure 10): 

• The Anchor point test feature, which included three metallic inserts representing an
area where a prosthesis could be attached, showed distortion and missing surface
geometry in all three STL models. In this regard, Mimics® (B1) produced a better
result followed closely by Invesalius® (C1) and lastly 3D Doctor® (A1).

• The Anatomical Test model feature of the "nose" appeared to possess a slight defect
present in all 3D models to varying degrees. The nose's bridge seems to have acquired
some additional thickness, stretching from the nose's tip to where it connects to the
main body. The Mimics® digital model (B2) possessed the least amount of deviation
followed closely by Invesalius® (C2) and lastly 3D Doctor® (A2).

• The Spherical test model showed no visible deviation in the impression feature;
however, the depression feature did show some flaws in the models from Invesalius®

(C3) and 3D Doctor® (A3). In both these models, additional surface geometry was
observed stretching from the centre of the protruding sphere to the top where it
attaches to the main body. This appears to be similar to the results from the
anatomical test feature. Regarding performance, the Spherical test model features
from Mimics® (C2) performed best-followed closely by Invesalius® and lastly 3D
Doctor®.

 A2  B2  C2 

A1  A3  B1  B3  C1  C4 

Figure 10: CT Results of Anchor point (3D Doctor® A1, B1, C1), Anatomical (Mimics® A2, 
B2, C2) and Spherical (Invesalius® A3, B3, C3) Test Features. 

• The Depth test (Figure 11), features were generated correctly across all three
software packages. The various depth, radius, and diagonal pitch of individual holes
were displayed without any visual deviations. This was expected since the CT
scanning is not restricted by undercuts or overhangs in test models when scanning
such as with optical scanning.
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 A  B  C 

Figure 11: CT Results of Depth Test Features for 3D Doctor® (A), Mimics® (B) and 
Invesalius® (C). 

• One of the more noticeable differences between the various 3D models was observed
in the Pattern test feature (Figure 12). The 3D model produced through the
Invesalius® (C) software package performed the best, displaying all four the pattern
grid sizes clearly. However, the smallest grid pattern of 2 mm x 2 mm in size was
not that well defined. The second-best result was from Mimics® (B), which accurately
displayed the two larger grid patterns but struggled with reproducing the smaller
3 mm x 3 mm and 2 mm x 2 mm sized patterns. The 3D Doctor® (A) model's result
was similar to that of Mimics® with the larger two grid patterns displayed clearly
while the finer grid patterns appeared smoothed.

 A  B  C 

Figure 12: CT Result of Pattern Test Features for 3D Doctor® (A), Mimics® (B) and 
Invesalius® (C). 

• The Angulation test feature (Figure 13) was generated correctly by Mimics® (B1) and
Invesalius® (C1) but in the 3D Doctor® model (A1), the 10° corner's surface geometry
appears to have been fused closed.

• The Wall Thickness and Spacing test features have been generated sufficiently
except for some minor warping on the fin structures' edges. The Invesalius® model
(C2) showed the least amount of deviation followed by Mimics® (B2) and lastly 3D
Doctor® (A2) software package (Figure 13).
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 A1 B1  C1 

 A2 B2  C2 

Figure 13: CT results of Angulation Test Features: 3D Doctor® (A1), Mimics® (B1), 
Invesalius® (C1), Spacing and Distance Test Features: 3D Doctor® (A2), Mimics® (B2), 
Invesalius® (C2). 

• The Elevation Test feature (Figure 14) was generated correctly across all three 3D
models. The Anatomical test feature of an ear was also generated sufficiently
without any visual deviations or errors due to undercuts or overhangs (Figure 16).

 A B  C 

Figure 14: CT Result of Elevation Test Features and Ear for 3D Doctor® (A), Mimics® (B) 
and Invesalius® (C). 

3.3  Comparison between scans performed with the hand-held scanner and CT scanner to 
scans performed with micro-CT scanner 

Two methods were used in comparing scans from the hand-held and CT scanner (translated 
through different software packages) to scans from the micro-CT scanner. In the first method 
of comparison, the digital models' volumetric sizing was calculated and displayed in relation 
to the size of the micro-CT scanned 3D-printed test artefact as gold standard. For the second 
method, a deviation map displaying various colours when two models are digitally 
superimposed on top of one another for comparison was used. These colours correspond to 
the amount of deviation between the models' dimensions. Areas displaying colours ranging 
from green to red indicate that particular areas are larger. In contrast, colours ranging from 
green to magenta show areas that are smaller.  
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3.3.1 Comparisons between CAD and Micro-CT STL models 

In order to determine how accurately the test artefact was produced, the CAD design of the 
artefact was compared to the micro-CT scan of the 3D printed artefact. After generating a 
digital model from the micro-CT image data, both the CAD and micro-CT STL models were 
uploaded to the myVGL® software application. Digitally superimposing the models on top of 
one another showed that the model generated through the micro-CT scan was slightly larger 
(3.31%) in volume with deviation in measurements shown along the X, Y, and Z-axes (Figure 
15). 

Figure 15: Comparison of dimensions between CAD and micro-CT scan models. 

The differences in dimensions are displayed through the colour tones ranging from yellow to 
red shown in the deviation analysis image map (Figure 16). Areas is green was a match to the 
dimensions of the original CAD model. 

Figure 16: Deviation map between CAD and micro-CT scan models. 
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3.3.2 Comparisons between hand-held and micro-CT scan models 

The second comparison was between the STL model produced from the Artec® Spider® hand-
held scanning device and the micro-CT scan model of the 3D printed test artefact. Through 
software analyses, it was shown that the STL model generated from the hand-held scanner 
was slightly smaller than that of the micro-CT, with a volumetric difference of 0.42% (Figure 
17).  

Figure 17: Size differences between Artec® Spider® and micro-CT scan models. 

Other variations in both the depth, angulation, and distance test features were also observed. 
These were the result of overhangs and undercuts restricting the line of sight of the hand-
held scanner. These differences are displayed in colours ranging from dark magenta to red 
glow in the deviation analysis image (Figure 18). Most prominent deviation can be observed 
inside the holes of the depth test features. Since the metallic pins were removed from test 
artefact during micro-CT scanning, the three positions show large deviation which is not 
actually the case. 
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Figure 18: Deviation map between hand-held scan and micro-CT scan models. 

3.3.3 Comparisons between micro CT and 3D Doctor® STL models 

For the third comparison, the STL model generated from medical image translation software 
application 3D Doctor® was compared against the micro-CT scan model. The comparison 
showed that 3D Doctor® model was slightly smaller than that of the micro-CT, with a 
volumetric difference of 4.05% (Figure 19). 

Figure 19: Size differences between 3D Doctor® and micro-CT scan models. 

In the deviation analysis image map, the first apparent visual difference is the presence of 
deformations around the area with the metallic inserts because of X-ray scattering during CT 
scanning. Another visual difference was the absence of more delicate details of the Pattern 
test feature. The smallest areas appear to be smoother than the larger patterns, with some 
additional shrinkage indicated by the colour magenta (Figure 20). Additionally, no deviations 
were found with the depth, angulation, or distance test features, as in the case with the 
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hand-held scanner’s model. This is due to the CT scanner's ability to capture data regardless 
of intricate overhangs, undercuts, or other visual obstructions of areas. 

Figure 20: Deviation map between 3D Doctor® and micro-CT scan models. 
3.3.4 Comparisons between Micro CT and Invesalius® STL models 

In the fourth comparison, Invesalius® was the second software application to be compared, 
which made use of CT scanning and DICOM translation to produce a 3D model. As with the 
previously created STL models from both CT and hand-held scanning, the Invesalius® model 
appeared smaller, with a volumetric difference of 4.20% (Figure 21).  

Figure 21: Size differences between Invesalius® and micro-CT scan models. 

Visually inspecting the deviation analysis image map, the first apparent difference was 
disturbances and missing mesh geometry surrounding area with the metallic inserts in the 
Anchor Point test geometry (Figure 22). The Pattern test features appear to be more 
prominent and more clearly defined than the 3D Doctor model, displaying all four grid 
patterns sizes, although slightly smaller in size, as indicated by the colours cyan to dark blue. 
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Figure 22: Deviation map between Invesalius® and micro-CT scan models. 

3.3.5 Comparisons between micro-CT and Mimics® STL models 

In the fifth comparison, the STL from the Materialize® Mimics® software package was 
compared against the micro-CT scan. As with all other compared STL models, this model 
appears somewhat smaller, with a volumetric difference of 5.00% (Figure 23).  

Figure 23: Size differences Mimics® model and micro-CT scan models. 

Upon visual analysis, one can clearly distinguish all the finer geometries in the pattern test, 
to a greater extent than those shown in the 3D Doctor® model, although similarly undersized 
as the Invesalius® 3D model (Figure 24). Other features are very clearly defined, except for 
missing surface data around the Anchor point test feature, similar to previous comparisons. 
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Figure 24: Deviation map between Mimics® and micro-CT scan models. 

4. CONCLUSION

The aim of this study was to investigate if a hand-held scanner can generate sufficiently 
accurate digital data for the fabrication of maxillofacial prostheses instead of using expensive 
and CT scanning to which many patients have limited access. The study furthermore aimed 
to evaluate different software packages to process raw CT image data into digital models 
required for producing prostheses through AM process as a means of lowering facial prosthetic 
costs. Results from the study point in favour of a hand-held scanner as a valuable, affordable 
tool in a small maxillofacial prosthetic unit to capture digital geometric data of patients. 
Although there are limitations to the ability of the scanner to scan areas with overhangs and 
undercuts, the accuracy of scans is comparable and, in some cases, even better than that of 
a CT scanner. Developing a scanning protocol that demonstrates the proper methods of 
capturing facial features of patients using a hand-held scanning device should lessen 
restrictions due to undercuts and overhangs. Considering various free to lower-cost DICOM 
medical image translation software applications should also be taken into consideration as a 
means of lowering the cost of generating digital 3D models either for viewing or prosthesis 
fabrication through additive manufacturing. 
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ABSTRACT 

The continuous study of Ti-Al based alloys has led to the exploration of Laser Engineered Net 
Shaping (LENS) as a fabrication process alternative to traditional methods such as ingot 
casting and hot isostatic pressing. However, the fabrication of Ti-Al based alloys using LENS 
poses various challenges such as post processing thermal cracking, which is caused by a 
combination of the brittle nature of Ti-Al based alloys and thermal residual stresses. This 
work investigates the effects of altering LENS parameters on microstructures, microhardness 
and post processing thermal cracks. The effects of altering LENS parameters on deposition 
mechanisms were studied by observing changes in the microstructure. The effects of heat 
treatment on microstructures were also studied. The resulting microstructures and 
microhardness revealed   that Ar gas flow rates lead to slower cooling rates during laser 
deposition while post heat treatment lead to the reduction in microhardness. 
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1. INTRODUCTION

There has been a great and growing interest in utilising Ti-Al based alloys as potential 
replacements for Ni-based superalloys in the aero-engine manufacturing industry. This great 
interest stems from the unique combination of the material’s physical and mechanical 
properties; which enable high temperature strength as high as that of Ni-based superalloys 
at half the density [1,2] . The use of Ti-Al based alloys for aero-engine applications has the 
potential to reduce fuel consumption and increase financial savings in the aviation 
industry[3]. However, the application of these materials is limited by their imbalance 
between high temperature creep resistance and ambient temperature ductility. Poor ambient 
temperature ductility leads to limited processability during manufacturing, This leads to an 
increase in the production costs when using traditional fabrication methods [4]–[6]. The 
ambient temperature ductility is attributed to the crystal orientation of γ and α2+γ phases 
which are arranged in a Burger’s Orientation: (111)γ || (0001)α and [110]γ||1120]α2 

[4,5].Numerous attempts have been made to improve the ambient temperature ductility of 
Ti-Al alloys. These attempts encompass methods such as directional solidification, controlling 
lamella colony sizes  and electromagnetic cold crucible directional solidification [4], [5], [9]. 
Directional solidification findings established that the maximum attainable ductility of Ti-Al 
alloys was 20% [6,7]. This value is obtained when the angle between the lamella colony 
boundaries and the tensile axis is 31° [4], [10], [11]. However, this maximum value of 
ductility is accompanied by the minimal value of creep strength of close to 0.0 MPa [10], 
[11]. It was also established that the maximum value of strength (400 MPa) occurs when the 
angle between lamella boundaries and tensile axis is 90° where ductility is at 0% [4], [10]. 
The best combination of ductility and strength occurs when lamella colony boundaries are 
parallel to the tensile axis [4], [10].  

Microstructural features which include α2-α2 spacing, interplanar spacing and lamella colony 
sizes have also been adjusted in an attempt to improve ductility [9]. However, in adjusting 
these microstructural features, it was also established that parameters favourable for the 
improvement of ductility are detrimental to the creep strength of the α2+γ structure [6], 
[11]. Deformation mechanisms which account for ductility can also account for microhardness 
behaviour of Ti-Al since microhardness is inversely proportional to ductility [12], [13].   

Strategies to improve the ductility of Ti-Al alloys have been attempted using traditional 
fabrication methods such as wrought ingot casting where heat treatment or hot isostatic 
pressing have been used as post processing methods and have been helpful in studying the 
evolution of microstructures [14]. These strategies have been successful in the improvement 
of the ambient temperature ductility, but are extremely costly, tedious and time consuming 
[15], [16]. In attempt to mitigate shortcomings from these strategies, additive manufacturing 
(AM) is continuously being investigated as a potential manufacturing process to replace these 
traditional processes. Laser Engineered Net Shaping (LENS) is an AM process that is able to 
produce components through a layer upon layer fashion according to a computer aided 
design. LENS machines, in the manufacturing sectors, are used for the free form fabrication 
and surface repair of metallic components and have the potential to minimize production 
costs, time and material wastage during production [15], [16].  

LENS comprises of a glove box in which process occurs. The laser and powder deposition head 
are enclosed in this glove box where processing can occur under oxygen depleted environment 
so that high purity parts can be produced. Typically, argon is used as both the purge and 
process gas. To this glove box, two external powder hoppers are attached. The set-up is 
controlled remotely from a central computer station that is installed an Optomec software. 
It is from this computer station that slice-files and process input parameters can be 
manipulated during manufacturing without having to stop and start. YAG laser supplied by 
(IPG PHOTONICS) is used to melt the depositing powder during manufacturing and is also 
controlled remotely from the computer station.  

Adjusting various process parameters when printing from the LENS system during fabrication 
can affect the microstructure and mechanical properties of the deposited structure. During 
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deposition, laser heat input (or energy densities) lead to thermal gradients pile-ups which in 
turn lead to post process thermal cracking in the build [17], [18]. The crack density and sizes 
can be influenced by the mechanical behaviour of the material and LENS parameters [17], 
[18].  This work investigates the effects of altering the Al feed rates and Ar carrier gas 
flowrates, and using heat treatment, as a post processing step, to transform the resulting 
microstructure of the manufactured part thereby improving their mechanical properties.  

2. EXPERIMENTAL METHODOLOGY

Ti-Al alloys were synthesised on Ti-6Al-4V substrates using the Optmec 850-R LENS machine. 
The alloys were synthesised from melting, with a laser beam, commercially pure spherical 
powders of titanium (Ti) and aluminium (Al). Both powders had an average particle size 
distribution of 45-90 μm. The mixture of Ti and Al powder are displayed in the SEM micrograph 
in Figure 1. Both Ti and Al powders were supplied by TLS Technik GmbH & Co Spezialpulver, 
Germany. Scanning Electron Microscope (SEM) micro-image of the feedstock powder is shown 
in Figure 1.  

Figure 1: SEM micrograph of Ti and Al powder feed stock (17) 

The depositing powders were formed into 1 x 1 x 0.7 cm cubes. The depositing powders were 
processed from their independent hoppers [Hopper-1: Ti and Hopper-2: Al] and injected into 
the laser melt-pool that was created on the Ti-6Al-4V base plate and upon cool the molten 
pool, now a mixture of Ti and Al, form into cube sizes of 1 X 1 X 0.7 cm3. Argon was used as 
a carrier gas and shrouded the melt-pool from being oxidised. The powder feed rates can be 
manipulated to obtain certain compositions (like in functional grade structures, metal matrix 
composites and so forth) in the printed component. LENS head deposition speed that was 
used was 1.198 cm/s while the Ti feed rate was kept constant at 2.5 rpm. Al feed rates and 
Ar carrier gas flowrates were varied as reported in Table 1. 
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Table 1: LENS parameters used during synthesis of cubes. 

Sample number Al 
Feed rates 
(rpm) 

Ar carrier gas 
flowrates (L/min) 

Power 
(W) 

Ti-Al-2.1 1,5 3 350 
Ti-Al-2.2 1,5 4 350 
Ti-Al-2.3 1,5 5 350 
Ti-Al-2.4 1,5 6 350 
Ti-Al-3.1 2 3 350 
Ti-Al-3.2 2 4 350 
Ti-Al-3.3 2 5 350 
Ti-Al-3.4 2 6 350 

2.1 Heat treatment 

Ti-Al cubes were sectioned in halves for as-built and heat treatment characterisation. Before 
heat treatment, samples were encapsulated and purged with Ar gas in silica tubes to prevent 
them from oxidising during heat treatment. Heat treatment was performed in a Nabertherm 
muffle furnace where the temperature was ramped up to 950°C at heating rate of 3.33°C/s 
and held for 3 hours before the sample was allowed to cool inside the furnace overnight.  

2.1.1 Characterization 

In order to understand the characteristics of all the samples, Olympus optical microscope (OM) 
was used to measure the lengths of the post processing thermal cracks. In addition, SEM with 
a backscatter diffraction (BSD) mode and Electron High Tension (EHT), was used to study the 
microstructures of all the samples. Energy Dispersive X-Ray Spectroscopy (EDS/EDX) was used 
to obtain the chemical compositions of the microstructural features that were observed. 
Samples were removed from the substrates using diamond wire cutting machine in order to 
study their phases and lattice parameters using BRUKER D2 PHASER X-ray diffraction (XRD). 
This XRD used a Cu-Kα (λ=1.54Å) radiation source at a current of 10mA, voltage of 30KV, scan 
range where 2θ=5° to 90° at a scan speed of 8.5°/min and step increment of 0.026°. Phases 
were identified using DIFFRAC.EVA V.4.2.2 XRD software. Electron Backscatter Diffraction 
(EBSD) was used to determine the phase proportions and crystal orientations. The influence 
of microstructure on mechanical properties was studied by performing microhardness tests 
were 90 microhardness indentations were made using the Future-Tech Micro hardness Tester 
Model FM-700, with a load of 500 gf and dwell time of 15 seconds. 

3. RESULTS

3.1 Microstructures 

Low Al TiAl alloys produced using low Ar carrier gas flowrates (3L/min) produce β equiaxed 
dendrites [19] as displayed in Figure 2a. When Ar carrier gas flow rates were increases to 
5L/min, an equiaxed α+γ nearly lamellar microstructure was produced as displayed in Figure 
2b. Heat treating of the low Al structures lead to an equiaxed α2+γ fully lamellar 
microstructure [8] which is displayed in Figure 2c. The grain sizes of the heat treated low Al 
alloys increased with increasing Ar carrier gas flowrates.  

High Al alloys produced with low Ar carrier gas flowrates (3L/min) produced α columnar 
dendrites as displayed in Figure 2d. When Ar carrier gas flowrates were increased to 6L/min, 
a basket weave α+γ microstructure [20] was produced as displayed in Figure 2e. Heat treating 
of high Al structures produced uniform γ duplex microstructures [21] as displayed in Figure 2f. 
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Figure 2: SEM micrographs taken with BSD mode, EHT set at 20.0kV illustrating 
microstructures of samples: (a)as produced with Low Al feed rate (1.0rpm)- 

42.71at%Al57.29at%Ti and low Ar carrier gas flowrate (3L/min) (b) as produced with low 
Al feed rate (1.0rpm) -56.02at%Al43.98at%Ti and high Ar carrier gas flowrates (5L/min) 
(c) heat treated TiAl alloy produced with low Al feed rate (1.0rpm) (d) as produced with 

high Al feed rate (2.0rpm) - 48.17at%Al51.83at%Ti and low Ar carrier gas flow rate
(3L/min) (e) as produced with high Al feed rate (2.0rpm)- 63.22at%Al36.78at%Ti and 

high Ar carrier gas flow rate (5L/min) (f) heat treated TiAl alloys produced with high Al
feed rate (2.0rpm) 

3.2 Microhardness 

Microhardness values for samples generated at low Al feed rate ( 1.5 rpm) range from 
509,056HV to 535,556HV with an average of 523,792HV. These values are wavy (up and down) 
with the lowest and highest HV value reported for 3 l/min and 6 l/min, respectively. 
Microhardness values drop when Al feed rates were increased to 2.0 rpm for the same Ar gas 
flowrate. In fact a significant drop in HV values was achieved for the sample that was 
produced with hardness was achieved for 4 l/min and was followed with a sharp rise in 
hardness value with an increase in Ar flowrate. Microhardness values at high Al feed rates 
drop to values within a range of 464,056HV to 498,889HV and averaged 476,24HV. These was 
attributed to the difference in the as-produced microstructures. Equiaxed dendritic and 
nearly lamellar microstructures seemed to be yielding higher microhardness values when 
compared to microstructures containing columnar dendrites, basket weave structure and 
fully lamellar equiaxed grain.  
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Figure 3: Graphical representation of the effect of Al feed rates and Ar carrier gas 
flowrates on microhardness of as produced TiAl alloys 

The micro-hardness values of heat treated Ti-Al samples dropped significantly compared to 
the as produced alloys as observed in the bar graph illustrated in Figure 4. The microhardness 
profiles are also wavy. Micro-hardness values of heat treated Ti-Al alloys produced with low 
Al feed rate (1.5 rpm) dropped to a range from 387 HV to 448 HV and an average of 408 HV. 
The maximum hardness for these heat treated structures achieved was 447,53HV at 5L/min 
and the minimum was 386,74HV  at 4L/min.  It was  observed that micro-hardness values 
increase with grain sizes. Micro-hardness values of heat treated Ti-Al samples produced with 
Al feed rate of 2.0rpm dropped to a range from 304 HV to 334 HV and an average hardness of 
315 HV. The maximum hardness value achieved for these structures was 334,34HV at 6L/min 
and the minimum value of 304,13HV at 4L/min. This indicates that microstructures that 
contain the γ-phase yield low hardness.  

Figure 4: Microhardness of Heat treated TiAl alloys 
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3.3 Crystal structure 

Since as produced and heat treated TiAl 2.3 sample number had the lowest crack density and 
lengths among all samples studied, further investigations regarding their behaviour was 
carried out by performing XRD. XRD confirmed the presence of γ phase with a [1 1 1] close 
packed plane as can be observed in Figure 5 alongside Table 2. It is observed that the as 
produced TiAl 2.3 sample number had XRD peaks from crystallographic planes that include [1 
1 1]γ, [2 2 0 ]γ  and  [ 2 1 1 ]β. The d-spacing d(Å) of the close packed planes [1 1 1] was 
calculated to have had increased from 2.139Å to 2.517Å and the lattice parameter increased 
from 3.705A to 4.359A  during heat treatment. The XRD peaks from different crystallographic 
planes which include [2 0 0]γ, [2 1 0]α, [3 2 0]α and [3 2 1]β were detected on heat treated 
samples. These peaks revealed various d-spacings and lattice parameter as observed in Table 
2. Heat treatment also led to the broadening of the peaks which indicated strain distribution
according to Stephen’s Model [22]. Bragg’s Equation for diffraction was used to calculate
lattice parameters 𝑝𝑝𝑝𝑝𝜆𝜆𝜆𝜆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐾𝐾𝐾𝐾𝛼𝛼𝛼𝛼 = 2 ∗ 𝑑𝑑𝑑𝑑[ℎ𝑘𝑘𝑘𝑘𝑙𝑙𝑙𝑙]𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝜃𝜃𝜃𝜃(ℎ𝑘𝑘𝑘𝑘𝑙𝑙𝑙𝑙)

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺   [23].

Figure 5: XRD patterns (a) As produced and heat treated TiAl-2.3 

Table 2: XRD peaks and lattice parameters calculated 

2θ( ֯)- 
peaks 

Miller 

Indices 

[h k l] 

Crystal 
structure/ 
Reflections 
present 

𝑑𝑑𝑑𝑑(Å)

=
𝜆𝜆𝜆𝜆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐾𝐾𝐾𝐾𝛼𝛼𝛼𝛼

2 ∗ 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝜃𝜃𝜃𝜃

𝑟𝑟𝑟𝑟
= 𝑑𝑑𝑑𝑑ℎ𝑘𝑘𝑘𝑘𝑙𝑙𝑙𝑙
∗ �ℎ2 + 𝑘𝑘𝑘𝑘2 + 𝑟𝑟𝑟𝑟2 

Phase 

42.199 [1 1 1] FCC 2.139 3.705 γ 
45.420 - HCP - - α2 
48.088 [2 2 0] FCC 1.889 3.779 γ 
63.540 [2 1 1] BCC 1.462 3.582 β 
70.196 [2 2 0] FCC 1.340 3.787 γ 
Heat treated 
35.626 [1 1 1] FCC 2.517 4.359 γ 
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38.420 - HCP - - α2 
40.687 [2 0 0] FCC 2.215 4.429 γ 
44.113 - HCP - - α2 
44.956 [2 1 0] HCP 2.014 4.503 α2 
77,689 [3 2 0] HCP 1.227 4.426 α2 
82,723 [3 2 1] BCC 1.165 4.348 β 
82,986 [3 2 1] BCC 1.162 4.359 β 

Figure 6 shows that post processing thermal crack lengths of heat treated samples were longer 
than the as produced samples. In the as produced state (Figure 6a), crack lengths have an 
average of 23.165 x10-6 m. The crack length in the heat treated state (Figure 6b) had an 
average crack length of 35.208 x10-6 m.  

Figure 6: (a) Average crack length of as a produced TiAl 2.3: 23.165 x10-6 m (b) Average 
crack length of heat treated TiAl 2.3: 35.208 x10-6 m 

The EBSD performed revealed the basket weave nature of TiAl-2.3 sample are primary and 
secondary basket weaves and were mostly comprised of the hexagonal close packed (HCP) α 
phase as displayed in colour coded image in Figure 7a. These HCP crystals have various 
orientations with respect to the z-axis as can be observed in the Inverse Polar Figure displayed 
in Figure 7b. The matrix phase is believed to be γ. But since the software used to identify 
the crystal orientations does not have FCC-γ in its databases, the solution does not appear 
on the images in colour codes.  
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Figure 7: (a) Colour coded EBSD image of as produced TiAl 2.3 (b) EBSD inverse pole 
figure (IPF) displaying crystal orientation map for as produced Ti-Al-2.3 

3. DISCUSSION

Inert gases such as Ar and He conserves thermal energy [25], [26]. This conservation of heat 
energy is influenced by Ar gas conductivity which enhances higher ratios of convective heat 
transfer of Ar gas to radiative heat transfer at melt free solidified surfaces  during laser 
deposition [27]. This enables higher radiative heat transfer to melt free surface which enable 
solid state phase reactions [8] on melt free surface post laser deposition. This leads to the 
formation of nearly lamellar and fully lamella microstructures which form through solid state 
phase transformation reactions [7]. As Ar gas flow rates increase, it becomes easier to blow 
the gas on the solid melt free surface, which increases heat transfer ratios [27].  

At low Al concentrations (45 – 49 at.% Al), solidification takes place through recrystallization 
of the β dendrites from the melt, followed by the peritectic formation of α phase upon cooling 
[19], [28] cooling. The development of these microstructures as Ar gas flow rates are 
increased are evident in microstructures observed in as produced state as Ar gas flow rates 
were increased. These microstructures provide evidence that increasing Ar gas flow rates 
allow peritectic phase reaction: 𝛽𝛽𝛽𝛽 𝛽 𝛽𝛽𝛽𝛽 + 𝛼𝛼𝛼𝛼 𝛽 𝛼𝛼𝛼𝛼 where α plates are formed and while Ti 
segregates to remaining β ribs [20]. As Ar flow rates are increased further, γ lamellae 
precipitate within α plates forming α+γ nearly lamellar or basket weave structure through 
the following solid state phase transformation reactions: 𝛼𝛼𝛼𝛼 𝛽 𝛼𝛼𝛼𝛼 + 𝛾𝛾𝛾𝛾 [19], [20]. 

At higher Al concentrations above 49 at.% Al, α columnar dendrites recrystalize from  molten 
[19] during solidification which occurs post laser deposition. This microstructure  later
transforms into the γ phase due to annealing at 950°C [8], [21].  This is a result of  solid state
phase transformation reactions which occur due to heating ( 𝛼𝛼𝛼𝛼 𝛽 𝛼𝛼𝛼𝛼 + 𝛾𝛾𝛾𝛾 𝛽 𝛼𝛼𝛼𝛼2 + 𝛾𝛾𝛾𝛾),  and leads
to fully lamellar equiaxed microstructure [19]. These microstructural developments are
observed as Ar flow rates are increased. This confirms that increasing Ar gas volumetric flow
rates allow for solid state transformation reactions which produce equiaxed granular
structures [20] and enhances the production of γ phase.

Heat treating at 950°C causes low Al concentration builds to produce fully lamellar α2+γ 
microstructures [7], while higher Al concentrations (>49 at.% Al) produce uniform duplex γ 
fine grained microstructures [3]. According to Schuster and Palm [28], phases produced during 
heat treatment are generally thermodynamically favourable at 950°C [28].  

At low Al feed rate as Ar carrier gas flow rates were increased during production, the 
equiaxed microstructure appeared coarser in the heat treated state. This indicates a 
reduction in cooling rates as Ar flow rates are increased since grain growth and coarsening is 
enhanced by slower cooling rates [29].  
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Heat treatment also lead to the increase in interplanar spacing and reduced microhardness 
values. This could be attributed to thermal stress relief due to heat treatment [30]  which 
softens the material and reduces microhardness values during the annealing process [31]. The 
increase in interplanar spacings can be attributed to  the ability of heat treatment to increase 
diffusion rates of both Ti and Al [32]. Faster diffusion rates lead to reduced lattice constant 
c/a [32], [33], since diffusion rates  increases during heat treatment. Lattice constants  such 
as c/a ratio are affected by thermal expansion which expands the lattice at higher 
temperatures during heat treatment [34] , which can account for the increase in interplanar 
spacings and lattice parameter a.   Thermal expansion also accounts for increased crack 
lengths post heat treatment. However, the nature of post processing thermal cracks can also 
be accounted by the general fracture behaviour of the material [18], [24] such as strength 
and ductility.  

The α2+γ phase has higher microhardness than the uniform γ-phase [35]. The uniform γ-phase 
microstructures have significantly lower microhardness due to the absence of α2 phase [36]. 
However, uniform γ had a higher number of post processing thermal cracks than α2+γ since 
thermal cracks were initiated at γ phase and propagated rapidly in a cleavage fashion through 
the microstructure. While in two phase α2+γ microstructure, α2 which is harder and serves as 
crack initiation sites and prevent rapid crack propagation during thermal strain. These two 
phase microstructures allow cracks to propagate on α2 in a ligament fashion, hindering rapid 
crack propagation during thermal stress to which materials are subjected [9].  

4. CONCLUSIONS

From the analysis of all experimental work performed, it was concluded that higher Ar carrier 
gas flowrates led to slower cooling rates. It was also established that Al is a γ phase stabiliser. 
Based on XRD findings, it can be concluded that heat treatment induced thermal expansion 
in the material leading therefore to an increase in the interplanar spacing and thermal crack 
lengths. Reduction in microhardness values are due to stress relief during heat treatment.  
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ABSTRACT 

Conductive polylactic acid (PLA) 3D printing material has been on the market, which consists 
of a mixture of resin and graphene. An investigation is performed in this paper to identify the 
effectiveness of medical electrodes that were 3D printed with the conductive PLA. A 
description of the construction of these electrodes are given, with the resistance properties 
that were measured and observed. The electrodes were tested in a hospital to be identified 
whether they will be appropriate for reusable electrodes in the medical field. 

1 The author has a BSc Eng (Elec), MSc (Comp Sci) and PhD Eng (Mechatronics) degrees and 
heads the Bio-Engineering Unit within the Stopforth Mechatronics, Robotics and Research Lab, 
currently at the University of KwaZulu-Natal.  
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1. INTRODUCTION

The United Kingdom (UK) National Health Services (NHS) purchase over 152 million adult 
electrocardiography (ECG) electrodes annually [1]. Currently, most disposable electrodes 
used for medical purposes have a wide range in price, yet averages to approximately US$ 
1.00 per electrode. Some hospitals have been known to reuse disposable electrodes to reduce 
costs [2]. Electrodes are commonly used in the medical sector for electromyography (EMG) 
for identifying muscle contractions [3]; electroencephalography (EEG) for signal analysis from 
the brain and scalp [4], and ECG for investigating heart muscle contractions [5]. 
Transcutaneous electrical nerve stimulation (TENS) is when a signal is induced onto a person’s 
muscles, often used to treat pain, or to identify a person’s reaction time in reflexes.  Reusable 
electrodes are considered ones that can be disinfected [2], with ideal conductivity or 
improved performance compared to current electrodes.  

Reusable electrodes such as those made from stainless steel have been developed and 
tested [5]. Non-contact electrodes have also been investigated [6] for EMG [3] and EEG [4] 
applications. ECG electrodes in wearable material is also new research being explored [5]. 
The problem with the non-contact and wearable electrodes is that it has been shown that 
the movement of the skin, muscles, tendons and alike happens within the body, the electrode 
positions alter, creating noise, and inaccuracy in readings. Screen-printing electrodes and 
their characteristics were also identified as possible re-usable electrodes [7]. 

Properties of ungelled ECG electrodes have also been researched, where a person’s sweat 
was considered as the electrolyte between the skin and electrode [8], which is similar to 
saline solution. Suction electrodes have been often used in some hospital applications [9]. 

It has been observed that there are many microorganisms and bacteria that can be spread 
with electrodes, especially those that have a wet surface [2]. It was found that a way to 
eliminate these microorganisms was to heat the electrodes to a temperature of 60 ⸰C for a 
period of 1 hour [2]. 

Protoplast have released a 3D filament that is a conductive PLA. It is more brittle than the 
normal PLA, as it has carbon / graphene infused in the filament. The manufacturers state 
that the printed parts have a resistance of 15 Ω-cm3 to 115 Ω-cm3, depending on the 
orientation of the printed part [10].  

The contributions of this paper are as follows: 

1. Identify the resistance distribution of an electrode printed with conductive PLA.
2. Identify the effectiveness of the 3D printed electrode for medical applications.

This paper will describe the construction process of the electrodes, followed by the tests that 
were conducted to identify the resistance distribution of the electrode. The observations that 
were reported by the hospital and medical doctors that have tested the electrodes are given 
in the results section. 

2. ELECTRODE CONSTRUCTION AND TESTS METHODOLOGY

The Anet A8 fused deposition modelling (FDM) 3D printer was used. A 3 mm glass was placed 
on the heating bed. The glass was sprayed with a layer of hairspray, to act as a gripping agent 
for the base layer that will be printed. The settings for printing were as the following:  

• Layer height: 0,15 mm
• Shell wall thickness: 1 mm
• Shell top and bottom thickness: 0,8 mm
• Infill density: 100%
• No gradual infill steps
• Printing temperature: 230 ⸰C
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• Bed temperature: 80 ⸰C
• Material flow: 100%
• Print speed: 60 mm/s
• Printing cooling disabled
• No build plate adhesion structure
• Print sequence: all at once.

The electrodes that were printed with the Protoplast conductive PLA, has a 4 mm hole in it, 
to allow for the leads with a banana plug to connect to it [11]. The 50 mm electrode and 35 
mm electrode was positioned next to each other for each print, to allow for a comparison 
between the different size electrodes. 

After the electrodes were printed, the electrode surfaces were cleaned with alcohol to 
remove the hairspray adhesive on it. The electrode surface was then sanded with a 220 grit 
sandpaper, and then with 1200 grit sandpaper, to remove the thin layer of printed material 
that could have mixed with the hairspray and act as an insulator. The 4 mm holes were also 
drilled, to make sure a smooth circular hole, to allow for better conductivity, was in place. 
The completed electrodes are shown in figure 1. 

Figure 1: The 35 mm electrode (left) and 50 mm electrode (right) that was 3D printed 
with conductive PLA. 

A stainless steel bolt was fastened to the electrodes with nuts as shown in figure 2, to allow 
ECG machines with the connections for the clip electrodes to be connected to the 3D printed 
electrodes. Stainless steel is often used for medical devices due to it not being able to corrode 
easily, and it can be disinfected. 

Figure 2: The 3D printed electrodes with a stainless steel bolt to allow connection to 
the medical devices. 
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2.1 Electrode resistance mapping 

The electrode resistance distribution was investigated. The Ohm meter’s one probe was 
placed on the connection point of the electrode, while the other probe was placed on 
different points on the surface of the electrode and the resistance was measured. The 
resistance at each point on the electrode was performed five times, which was recorded and 
the average value for each point was calculated. The different average points of the 
electrode’s resistances were plotted and mapped to identify the areas of similar resistance. 

2.2 Hospital and medical application tests 

TENS tests were conducted. The 35 mm 3D printed electrodes were attached to a patient as 
shown in figure 3. A saline solution was placed on the electrodes surface and they were taped 
to the forearm.  

Figure 3: A collage of images showing the hand and the placement of electrodes on the 
forearm. 

Three electrode ECG placements are used in theatre within the hospitals, to monitor a 
patient’s heart rate. More electrodes are often used for other ECG monitoring, depending on 
the observations required. The 3-electrode ECG configuration was conducted in theatre, to 
observe the results with the minimal electrode configuration possible. A saline solution was 
placed on the electrodes as a conductive agent between the patient’s skin and the electrode, 
and the electrodes were kept in position with medical tape. The position of the 3-electrode 
ECG configuration on the patient is shown in figure 4. 

Electrode disinfection was performed with the COVID-19 protocol, with the use of 70% alcohol 
mixed with chlorhexidine. Another means of disinfection is to heat the electrodes to the 
recommendation of 60 ⸰C for a period of 1 hour [2]. 
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Figure 4: Position of the 3-electrode configuration on a person’s chest 

3. TESTS AND RESULTS

Two sets of tests were conducted and are presented in this paper. The resistance distribution 
map of the electrode was identified, and then the tests conducted of the electrode in the 
hospital. 

3.1 Electrode resistance mapping results 

The resistance of different points on the electrode was measured five times at each point to 
be able to map the average resistance density of the electrode, as shown in figure 5. 

It was found that the 35 mm electrode had an average resistance of 738 Ω, while the 50 mm 
electrode had an average of 788 Ω. The 50 mm electrode has a larger average resistance. 
Round disposable Ag/AgCl wet gel foam electrodes have a diameter of 35.925 mm [12] and 
the average resistance measured from five different electrodes was a consistent 19 Ω with a 
deviation of 0.2 Ω. 



177

Figure 5: 35 mm electrode (left), ranging from 592 Ohms (lightest) to 862 Ohm 
(darkest). 50 mm electrode (right), ranging from 522 Ω (lightest) to 992 Ω (darkest). Red 
point indicates electrode lead connectivity point from which measurements were made. 

3.2 Hospital and Medical Application Tests 

Larger electrode would be able to obtain more signal [3], yet the larger electrode has a larger 
resistance, and therefore the 35 mm size electrodes were considered for the medical tests. 
The 35 mm size electrode uses 0,21 m of conductive PLA filament, resulting in a cost of 
US$0,083. This value excludes the production time (consisting of 12 minutes) and other costs 
related to manufacturing. 

It was found that with foam electrodes, the TENS device required to produce 40 mA to 50 mA 
of current, to initiate muscle twitching, while the 3D printed electrodes required 35 mA 
current. 

The electrodes were also cleaned with 70% alcohol mixed with chlorhexidine, as required for 
disinfection in hospitals and surgery, and there were no effect to the electrodes. 

The ECG machine was able to monitor the patient’s heart rate, and it was reported that the 
observations on the ECG monitor, was appropriate, as shown in figure 6. 
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Figure 6: The ECG monitoring that was observed with the 3D printed electrodes. 

A video compilation of the manufacturing of the electrodes, and the hospital tests 
conducted, can be found at: https://www.youtube.com/watch?v=fbY9rLUqZdY . 

It was also tested with a magnet to identify if there was any magnetic properties with these 
electrodes. It was found that the magnet did not attract to the electrodes, therefore making 
it possible to be left on a patient’s body should an MRI be needed to be performed on the 
person. 

The electrodes were placed in an oven at a temperature of 70 ⸰C for a time period of 1 hour. 
This temperature was 10 ⸰C higher than the recommendation of 60 ⸰C [2]. It was found that 
as long as the electrode’s flat side were placed on a flat surface, no deformation of the 
electrodes were found. The electrodes were tested after the heating process, and there was 
no change observed in the conductivity. Therefore it would be acceptable to have all 
microorganisms killed by placing the electrodes in a temperature of 60 ⸰C for a period of 
1 hour. 

4. CONCLUSION

The conductive PLA filament was used to construct the electrodes, which uses just over 
US$ 0,08 worth of material. The print time per electrode is 12 minutes. The constructions 
process, and printer settings have been explained to produce the electrodes. 

The two contributions of this paper were achieved. Resistance distribution of an electrode 
printed with conductive PLA was identified with the resistance distribution map, and a 
comparison of the average electrode resistance is compared to that of the disposable 
electrode resistance. 

The 3D printed electrode were tested in hospital for medical applications, including TENS and 
ECG applications. The electrodes were possible to be disinfected with the chemical agents 
used in hospitals, especially with the COVID-19 pandemic, and the electrodes were possible 
to be reused. Disinfection of microorganisms is also possible by leaving the electrodes in 60 
⸰C temperatures for a time period of 1 hour. The electrodes were also found to not have any 
magnetic properties, therefore being possible to use them in a MRI machine. With these 
properties, it allows for such electrodes to be reusable and to be used in the medical sector. 
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Future work to identify ways to make the electrodes to stick to the skin, in a way that will 
prevent the transmission of microorganisms. Further work is also required to evaluate the 
conductive PLA resistance properties, and how the material can be used for other sensors or 
purposes. An investigation of the different disinfection methods could also be conducted to 
identify the bacterial contamination between the FDM layers. 
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ABSTRACT 

High velocity impact testing on wrought Ti6Al4V reported in an earlier paper, confirmed the 
potential of using this alloy for ballistic armour applications. Given the level of design freedom 
offered by additive manufacturing, complex armour applications could be produced through 
Direct Metal Laser Sintering of Ti6Al4V. Based on the test results obtained for wrought 
Ti6Al4V, this paper presents a justification for investigating the high velocity impact 
properties of as-built and stress relieved Direct Metal Laser Sintering Ti6Al4V (ELI). The 
calculations in this justification use the theories of the V50 ballistic limit and absorbed strain 
energy to estimate the optimum thickness of the material. 
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1. INTRODUCTION

During the 1950s and 1960s aluminium alloy AA 5083  and also Rolled Homogeneous Armour 
steel (RHA) were developed for ballistic armour and have been widely used ever since [1][2]. 
In spite of the fact that RHA and AA 5083 are still traditionally used today, they do have some 
limitations in their respective applications [2].  

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 the expense 
of significantly increased weight due to its high density of 7.8 g/cm3 [2][3]. Plates of similar 
dimensions of the lower density wrought Ti6Al4V of 4.2 g/cm3 give a weight saving of about 
46% over RHA [2][3]. 

According to the military standard MIL-A-12560H (MR), it normally takes an 11.43 mm thick 
RHA plate to stop a 7.62 x 39 mm projectile also called a .30 calibre bullet 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 19.8 mm to stop the same projectile 
travelling at the same velocity. 

To qualify an armour material prior to testing as having good ballistic performance, the 
material should have a high hardness so as to blunt projectiles and also high ductility to 
absorb the energy from projectiles during impact [1][2]. In the velocity range of about 700 
m/s the performance of the wrought Ti6Al4V used for the preliminary testing does not fall 
too far short from that of RHA and is better than that of AA 5083; the two materials 
traditionally used this way [1], [2], [4]. In a previous paper, 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 [4].  

For 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][5]. 
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 [6][7]. 

Additively manufactured Ti6Al4V (ELI) with its higher value of hardness (326 BHN) compared 
to the wrought alloy with a hardness of 300 BHN is expected to perform better by providing 
more effective blunting of the projectiles and hence achieving better resistance to 
penetration [8][9]. Furthermore, its higher value of yield strength (1089 MPa) compared to 
that of wrought Ti6Al4V (948 MPa) implies a higher capacity to absorb energy during plastic 
deformation and therefore a higher capacity to stop the penetration of projectiles [9][10]. 

This paper presents a justification for high velocity impact use of as-built and stress relieved 
direct metal laser sintering (DMLS) Ti6Al4V (ELI), with reference to test results of wrought 
Ti6Al4V. The justification uses theoretical modelling to develop expressions for the V50 
ballistic limit and absorbed strain energy of elastic and plastic deformation to estimate the 
optimum thickness of the material. Furthermore, the justification also uses a comparison 
between the microstructure of wrought Ti6Al4V and as-built and stress relieved DMLS Ti6Al4V 
(ELI) to predict the performance of the latter under the same conditions. 

In ballistics, new choices of materials such as ceramics, polymers, and polymer fibres and 
lower density metals have significantly decreased the weight of the armour needed for 
protection [2][12]. Although, ceramics continue to be studied they have a downside of low 
fracture toughness. Polymers suffer the setbacks of low impact strength and poor moisture 
resistance, which causes swelling of reinforcing fibres [11][12].  
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The failure of any single material to possess all required ballistic properties of high strength, 
hardness, stiffness and toughness, has led to the development of hybrid armour comprised of 
hard material at the front (the side facing the projectile) joined to ductile material at the 
back [2][12]. The hard material is used to blunt projectiles during impact, while the ductile 
material absorbs their energy [11]. Direct metal laser sintered Ti6Al4V is attractive because 
of its high specific values of strength, hardness and toughness, hence the reason for its study 
here.  

2. THEORETICAL MODELING AND RESULTS

2.1 Justification Based on V50 Ballistic limit 

The V50 ballistic limit or limit velocity (𝑣𝑣𝑣𝑣𝑏𝑏𝑏𝑏𝑙𝑙𝑙𝑙) is the velocity required for a projectile or impactor 
to reliably penetrate a particular piece of material without any residual velocity [11]. 
Furthermore, the penetration has to occur reliably at least 50% of the time [11][12]. 

An expression for the plastic work required to shear a plate and bring about failure by plugging 
can be developed from first principles. The expression is developed with an assumption that 
a plug pushed out of the plate has the same diameter as the projectile. By definition, work 
is done when a force that is applied to an object moves that object [13][14].  

Based on this definition, the work done to bring about plugging of a target can thus be 
represented by the equation, 𝑤𝑤𝑤𝑤𝑃𝑃𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑃𝑃𝑃𝑃 = 𝐹𝐹𝐹𝐹 ×  𝑥𝑥𝑥𝑥, where the symbol 𝑤𝑤𝑤𝑤𝑃𝑃𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑃𝑃𝑃𝑃 stands for the work 
done to bring about plugging, 𝐹𝐹𝐹𝐹 the applied shear force and 𝑥𝑥𝑥𝑥 the displacement of the plug 
being pushed out of the target. In the case of a suddenly applied load such as in ballistic 
impact, the foregoing equation can thus be expressed as an integral as shown in Equation (1) 
[14].  

𝑊𝑊𝑊𝑊𝑃𝑃𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑃𝑃𝑃𝑃 = �𝐹𝐹𝐹𝐹  𝑑𝑑𝑑𝑑𝑥𝑥𝑥𝑥 (1) 

By definition a force is any interaction that when unopposed, will change the motion of an 
object [13][14]. In this case the applied shear force (𝐹𝐹𝐹𝐹), is the force acting on a material in 
a direction parallel to the extension or deformation of the material and thus causing shearing 
of the target material to form a plug as shown in Figure 1. Figure 1 is a diagram illustrating 
plugging of a target material under ballistic impact. 

Figure 1: Plugging under ballistic impact 

The projectile failure holes in the preliminary work on wrought Ti6Al4V were of the same 
transverse dimensions as the projectile. The projectile holes showed signs of friction around 
the middle which is thought to have been due to hole enlargement as the projectile forced 
its way through a leading narrower hole. The rugged edges of petalling signified rupture of 
fractured layers upon exit of the projectile. Clearly, the plug mode does not accurately 
represent penetration and failure for a projectile with a narrowed head. However, the 
method is quick and gives useful first estimates of the processes and therefore its adoption 
here.  
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From the failure shear stress (𝜏𝜏𝜏𝜏𝑓𝑓𝑓𝑓) and an elemental shearing area (𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚), the elemental shear 
force (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) can be represented by the equation 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝜏𝜏𝜏𝜏𝑓𝑓𝑓𝑓  ×  𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚, which when integrated gives 
a value of the total force necessary to push the plug out as = ∫ 𝜏𝜏𝜏𝜏𝑓𝑓𝑓𝑓  ×  𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚. 

The elemental shearing area (𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚) is the area indicated in grey colour in Figure 1 and is 
represented by the equation 𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚 =  𝜋𝜋𝜋𝜋 𝑑𝑑𝑑𝑑 (ℎ − 𝑥𝑥𝑥𝑥), which when substituted into the expression 
for force generates the equation:  

𝑑𝑑𝑑𝑑 = �𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = �𝜏𝜏𝜏𝜏𝑓𝑓𝑓𝑓  𝜋𝜋𝜋𝜋 𝑑𝑑𝑑𝑑 (ℎ − 𝑥𝑥𝑥𝑥) (2) 

Substituting this equation into Equation (1) and introducing the integration limits yields: 

𝑊𝑊𝑊𝑊𝑃𝑃𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑃𝑃𝑃𝑃 = � 𝜏𝜏𝜏𝜏𝑓𝑓𝑓𝑓   𝜋𝜋𝜋𝜋 𝑑𝑑𝑑𝑑 (ℎ − 𝑥𝑥𝑥𝑥)  𝑑𝑑𝑑𝑑𝑥𝑥𝑥𝑥
ℎ

0
 

(3) 

Noting that the shear failure stress is constant and taking this and other constant terms from 
inside the integral sign leads to: 

𝑊𝑊𝑊𝑊𝑃𝑃𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑃𝑃𝑃𝑃 =  𝜏𝜏𝜏𝜏𝑓𝑓𝑓𝑓  𝜋𝜋𝜋𝜋 𝑑𝑑𝑑𝑑 𝑑
ℎ2

2 � =  
𝜏𝜏𝜏𝜏𝑓𝑓𝑓𝑓   𝜋𝜋𝜋𝜋  𝑑𝑑𝑑𝑑  ℎ2

2
(4) 

Equation (4) can now be equated to the change in kinetic energy of the system to develop an 
expression for the ballistic limit (𝑣𝑣𝑣𝑣𝑏𝑏𝑏𝑏𝑙𝑙𝑙𝑙) and from it the optimum thickness (ℎ𝑜𝑜𝑜𝑜𝑝𝑝𝑝𝑝𝑜𝑜𝑜𝑜) required to 
resist through penetration [14]. The kinetic energy of the projectile is not all converted to 
work done during ballistic impact. The efficiency (η) of conversion of the kinetic energy to 
work of deformation is normally assumed to be constant and equal to 0.9 [15][16], thus: 

η∆𝐾𝐾𝐾𝐾𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑜𝑜𝑜𝑜𝑘𝑘𝑘𝑘𝑐𝑐𝑐𝑐 = 𝑊𝑊𝑊𝑊𝑃𝑃𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑃𝑃𝑃𝑃 (5) 

η �
1
2𝜇𝜇𝜇𝜇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑜𝑜𝑜𝑜𝑝𝑝𝑝𝑝�𝑣𝑣𝑣𝑣𝑘𝑘𝑘𝑘𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑜𝑜𝑜𝑜𝑝𝑝𝑝𝑝2 − 𝑣𝑣𝑣𝑣𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑜𝑜𝑜𝑜𝑝𝑝𝑝𝑝2� −  

1
2𝜇𝜇𝜇𝜇𝑝𝑝𝑝𝑝𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑃𝑃𝑃𝑃�𝑣𝑣𝑣𝑣𝑘𝑘𝑘𝑘𝑝𝑝𝑝𝑝𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑃𝑃𝑃𝑃2 − 𝑣𝑣𝑣𝑣𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑃𝑃𝑃𝑃2�� =  

𝜏𝜏𝜏𝜏𝑓𝑓𝑓𝑓   𝜋𝜋𝜋𝜋  𝑑𝑑𝑑𝑑  ℎ2

2
(6) 

In the foregoing expression the initial velocity of the plug �𝑣𝑣𝑣𝑣𝑘𝑘𝑘𝑘𝑝𝑝𝑝𝑝𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑃𝑃𝑃𝑃 = 0�, because the target is 
stationery before impact. Assuming also that the plug (𝑣𝑣𝑣𝑣𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑃𝑃𝑃𝑃) and the projectile (𝑣𝑣𝑣𝑣𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑜𝑜𝑜𝑜𝑝𝑝𝑝𝑝) have 
the same final velocity of 0 𝜇𝜇𝜇𝜇/𝑝𝑝𝑝𝑝 due to the fact that by definition of the ballistic limit the 
residual velocity should be so, Equation (6) then can be rewritten with the initial velocity of 
the projectile as the subject as follows: 

𝑣𝑣𝑣𝑣𝑘𝑘𝑘𝑘𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑜𝑜𝑜𝑜𝑝𝑝𝑝𝑝 =  �
𝜏𝜏𝜏𝜏𝑓𝑓𝑓𝑓   𝜋𝜋𝜋𝜋  𝑑𝑑𝑑𝑑  ℎ2

0.9 𝜇𝜇𝜇𝜇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑜𝑜𝑜𝑜𝑝𝑝𝑝𝑝

(7) 

In the ballistic impact tests done on wrought Ti6Al4V, an average initial velocity (𝑣𝑣𝑣𝑣𝑘𝑘𝑘𝑘𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑜𝑜𝑜𝑜𝑝𝑝𝑝𝑝) of 
the projectile of 701.18 m/s was recorded for testing done for various thicknesses of wrought 
Ti6Al4V plates to investigate the optimum thickness [4]. 

At the optimum thickness of a target being impacted by a projectile travelling at a specific 
velocity, the initial velocity of the projectile and the ballistic limit are equal [12][14]. The 
optimum thickness can be calculated from the foregoing equation thus: 

ℎ𝑜𝑜𝑜𝑜𝑝𝑝𝑝𝑝𝑜𝑜𝑜𝑜 = �
0.9 𝜇𝜇𝜇𝜇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑜𝑜𝑜𝑜𝑝𝑝𝑝𝑝 𝑣𝑣𝑣𝑣𝑏𝑏𝑏𝑏𝑙𝑙𝑙𝑙2

𝜏𝜏𝜏𝜏𝑓𝑓𝑓𝑓   𝜋𝜋𝜋𝜋  𝑑𝑑𝑑𝑑

(8)
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There are no published standard values for ultimate shear strength (𝜏𝜏𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) like with the 
ultimate tensile stress (𝜎𝜎𝜎𝜎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑢𝑢𝑢𝑢) and yield strength �𝜎𝜎𝜎𝜎𝑦𝑦𝑦𝑦�. The shear strength can be calculated 
using the Tresca or Von Mises criterion which both yield a value of 0.5 for uniaxial loading 
[17][18]. This value ignores the effect of other principle stresses that develop during plastic 
shear failure under uniaxial loading and is therefore not adopted here [18]. 

The Taylor factor (𝑀𝑀𝑀𝑀) and the ultimate tensile strength are used instead [19][20]. The Taylor 
factor is defined as the ratio of the sum of the magnitude of the slip system shear rate to the 
effective deformation rate [21]. The ultimate or failure shear strength can thus be calculated 
from the ratio of the Taylor factor and the ultimate tensile strength using the following 
equation [21]. 

𝜏𝜏𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜏𝜏𝜏𝜏𝑓𝑓𝑓𝑓 =  
𝜎𝜎𝜎𝜎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑢𝑢𝑢𝑢
𝑀𝑀𝑀𝑀

(9) 

In the case of ballistic impact tests conducted on wrought Ti6Al4V and future tests on DMLS 
Ti6Al4V (ELI) using a 7.62 x 39 mm projectile traveling at an average velocity of 701.18 m/s, 
an assumption is made that the increase of temperature during impact is significant enough 
to bring about an 𝛼𝛼𝛼𝛼 (HCP) to 𝛽𝛽𝛽𝛽 (BCC) transformation [4][24]. This assumption is made on the 
basis of findings that there is an adiabatic temperature rise that exceeds a 1000 K at an 
impact velocity of 550 m/s [24]. For BCC metals the appropriate Taylor factor (𝑀𝑀𝑀𝑀) is 1.67 
[25]. Table 1 below shows the mechanical properties of wrought and additively manufactured 
Ti6Al4V. 

Table 1: Mechanical properties of wrought Ti6Al4V and DMLS Ti6Al4V (ELI) 

Mechanical Property Wrought Ti6Al4V (1) DMLS Ti6Al4V (ELI) (2) 
Elastic modulus (𝐸𝐸𝐸𝐸) (Gpa) 105 [10] 112 [26] 
Yield stress (𝜎𝜎𝜎𝜎𝑦𝑦𝑦𝑦) (MPa) 948 [10][27] 1098 [26] 
Ultimate tensile stress (𝜎𝜎𝜎𝜎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑢𝑢𝑢𝑢) (MPa) 994 [10][27] 1265 [26] 

From Table 1, the ultimate tensile strength of DMLS Ti6Al4V (ELI) and wrought Ti6Al4V are 
seen to be 1265 MPa and 994 MPa, respectively. Taking these values of ultimate tensile 
strength and the Taylor factor of 1.67 and then substituting them into Equation (9), to 
calculate the ultimate shear strength gives rise to: 

DMLS Ti6Al4V 

𝜏𝜏𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜏𝜏𝜏𝜏𝑓𝑓𝑓𝑓 =  
1265 ×  106

1.67  = 757.5 ×  106 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 
(10) 

Wrought Ti6Al4V 

𝜏𝜏𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜏𝜏𝜏𝜏𝑓𝑓𝑓𝑓 =  
994 ×  106

1.67 = 595.2 ×  106 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 
(11) 

The projectile that was used for the preliminary testing on wrought Ti6Al4V is a 7.62 x 39 
mm bullet, with a mass of 7.9 grams and a diameter of 7.9 mm [4]. Taking the known values 
of the parameters of the projectile and the values of ultimate shear strength calculated in 
Equations (10) and (11) and then substituting them into Equation (8) gives rise to: 

DMLS Ti6Al4V 

ℎ𝑜𝑜𝑜𝑜𝑝𝑝𝑝𝑝𝐶𝐶𝐶𝐶 = �
0.9 (7.9 × 10−3)  (701.18)2

(757.5 × 106)  𝜋𝜋𝜋𝜋  (7.9 × 10−3)  = 13.64 𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇 
(12)
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Wrought Ti6Al4V 

ℎ𝑜𝑜𝑜𝑜𝑝𝑝𝑝𝑝𝑜𝑜𝑜𝑜 = �
0.9 (7.9 × 10−3)  (701.18)2

(595.2 × 106)  𝜋𝜋𝜋𝜋  (7.9 × 10−3) = 15.38 𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇 
(13) 

From the tests done on wrought Ti6Al4V it was established that the optimum ballistic 
thickness of the alloy is greater than or equal to 14 mm [4]. Taking this into account a 
correction factor (𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹) is determined from the calculated and the experimental values as 
follows: 

𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹 =  
𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑣𝑣𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝 − 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝜇𝜇𝜇𝜇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑣𝑣𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝

𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑣𝑣𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝  × 100 
(14) 

𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹 =  
15.38− 14

15.38  × 100 ≈ 9 % 
(15) 

Taking the correction factor for wrought Ti6Al4V calculated above and using it on DMLS 
Ti6Al4V to calculate the expected experimental value yields:  

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝜇𝜇𝜇𝜇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑣𝑣𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝 = 𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑣𝑣𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝 −
𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹 × 𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑣𝑣𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝

100 
(16) 

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝜇𝜇𝜇𝜇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑣𝑣𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝 = 13.64 −
9 × 13.64

100 = 12.41 𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇 
(17) 

2.2 General Solution for the Absorbed Strain Energy in Cases of Gradually Applied 
Loads 

Justification based on absorbed strain energy references the standard stress versus strain 
curve and considers the strain hardening phenomenon. Figure 2 shows the stress-strain curves 
of as-built SLM Ti6Al4V, annealed SLM Ti6Al4V and wrought Ti6Al4V. 

Figure 2: Stress-strain curves of As-built SLM Ti6Al4V, Annealed SLM Ti6Al4V and 
wrought Ti6Al4V [28]. 

From Figure 2 it can be seen that the non-uniform plastic deformation (from the advent of 
necking till fracture) part of the stress-strain curves makes up a very small percentage of the 
total deformation. Moreover, no equation was found in literature to describe this 
deformation. For this reason, the energy absorbed in this region is ignored in deriving the 
formula for estimation of the optimum ballistic thickness of DMLS Ti6Al4V (ELI).  



186

Figure 3 is a stress-strain graph of two forms of DMLS Ti6Al4V (ELI) that exhibits no non-
uniform plastic deformation. This further justifies ignoring the non-uniform plastic 
deformation shown in Figure 2. 

Figure 3: Stress-strain diagram of DMLS Ti6Al4V (ELI) [26]. 

Strain energy is defined as the energy stored in a body due to deformation as a result of work 
done on it [1][29]. During collision in ballistic impact, as the projectile makes contact with 
the target and deformation takes place the kinetic energy of the projectile is converted into 
strain energy in the target [1][29]. This therefore means that the loss in kinetic energy of the 
projectile is equal to the work done on the target, which is equal to the strain energy stored 
in the target [1][29]. There is an assumption in this that the projectile experiences minimal 
deformation and that negligible energy is absorbed through such deformation in it [2]. 

At failure and complete separation of a material, the total strain energy (𝑈𝑈𝑈𝑈𝑇𝑇𝑇𝑇) stored in it is 
equal to the strain energy for elastic deformation (till the yield point indicated by point B in 
Figure 3), plus the strain energy for uniform plastic deformation that is characterised by 
strain hardening till ultimate fracture indicated by point C in the same figure. 

For elastic deformation of a uniform target under a direct load the strain energy per unit 
volume (𝑈𝑈𝑈𝑈𝐸𝐸𝐸𝐸) can be  ca lculated us ing Equation (18) [30]. In  these equations the symbol 𝜎𝜎𝜎𝜎 
stands for the direct stress induced in the target, 𝑉𝑉𝑉𝑉 the volume of the target and 𝐸𝐸𝐸𝐸  the 
modulus of elasticity of the target. 

𝑈𝑈𝑈𝑈𝐸𝐸𝐸𝐸 =  
𝜎𝜎𝜎𝜎𝑦𝑦𝑦𝑦2

2𝐸𝐸𝐸𝐸 × 𝑉𝑉𝑉𝑉 = 𝑊𝑊𝑊𝑊𝐸𝐸𝐸𝐸 
(18) 

For the plastic region of deformation the strain energy per unit volume (𝑈𝑈𝑈𝑈𝑃𝑃𝑃𝑃) can be calculated 
through an integration of the stress versus strain curve following two different approaches; 
one ere integration is carried out with reference to strain (𝑈𝑈𝑈𝑈𝑃𝑃𝑃𝑃 =  ∫ 𝜎𝜎𝜎𝜎 𝑉𝑉𝑉𝑉 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝜎𝜎𝜎𝜎𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢

𝜎𝜎𝜎𝜎𝑦𝑦𝑦𝑦
) and the other 

where integration is carried out with reference to stress (𝑈𝑈𝑈𝑈𝑃𝑃𝑃𝑃 =  ∫ 𝜎𝜎𝜎𝜎 𝑉𝑉𝑉𝑉 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝜎𝜎𝜎𝜎𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢
𝜎𝜎𝜎𝜎𝑦𝑦𝑦𝑦

), to yield the 

following equation: 

𝑈𝑈𝑈𝑈𝑃𝑃𝑃𝑃 = 𝑉𝑉𝑉𝑉 𝑉
𝐾𝐾𝐾𝐾−1𝑘𝑘𝑘𝑘

𝑝𝑝𝑝𝑝 + 1 �𝜎𝜎𝜎𝜎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑢𝑢𝑢𝑢
𝑘𝑘𝑘𝑘+1
𝑘𝑘𝑘𝑘 � −

𝐾𝐾𝐾𝐾−1𝑘𝑘𝑘𝑘

𝑝𝑝𝑝𝑝 + 1 �𝜎𝜎𝜎𝜎𝑦𝑦𝑦𝑦
𝑘𝑘𝑘𝑘+1
𝑘𝑘𝑘𝑘 �� 

(19) 

But as stated earlier, the total strain energy stored in a material is equal to the sum of the 
elastic and plastic strain energies stored in the material, therefore: 

𝑈𝑈𝑈𝑈𝑇𝑇𝑇𝑇 =  𝑈𝑈𝑈𝑈𝐸𝐸𝐸𝐸 + 𝑈𝑈𝑈𝑈𝑃𝑃𝑃𝑃 (20)
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𝑈𝑈𝑈𝑈𝑇𝑇𝑇𝑇 =
𝜎𝜎𝜎𝜎𝑦𝑦𝑦𝑦2

2𝐸𝐸𝐸𝐸 𝑉𝑉𝑉𝑉 +  𝑉𝑉𝑉𝑉 𝑉
𝐾𝐾𝐾𝐾−1𝑘𝑘𝑘𝑘

𝑝𝑝𝑝𝑝 + 1 �𝜎𝜎𝜎𝜎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑢𝑢𝑢𝑢
𝑘𝑘𝑘𝑘+1
𝑘𝑘𝑘𝑘 � −

𝐾𝐾𝐾𝐾−1𝑘𝑘𝑘𝑘

𝑝𝑝𝑝𝑝 + 1 �𝜎𝜎𝜎𝜎𝑦𝑦𝑦𝑦
𝑘𝑘𝑘𝑘+1
𝑘𝑘𝑘𝑘 �� 

(21) 

2.3 Justification Based on Absorbed Strain Energy 

The two approaches adopted for the strain energy stored in a material (𝑈𝑈𝑈𝑈𝑇𝑇𝑇𝑇) are ideal for a 
case of gradual axial loading till fracture. However, in a case of transverse loading such as in 
ballistic impact, there is no opportunity for direct deformation because of the high strain 
rates prevailing and the target fails solely by shearing. In this case, the expression for shear 
strain energy per unit volume (𝑈𝑈𝑈𝑈𝐸𝐸𝐸𝐸(𝜏𝜏𝜏𝜏)) during elastic deformation of a uniform target under 
shear is applied and is expressed as follows.  

𝑈𝑈𝑈𝑈𝐸𝐸𝐸𝐸(𝜏𝜏𝜏𝜏) =  
𝜏𝜏𝜏𝜏𝑦𝑦𝑦𝑦2

2𝐸𝐸𝐸𝐸 × 𝑉𝑉𝑉𝑉 = 𝑊𝑊𝑊𝑊𝐸𝐸𝐸𝐸(𝜏𝜏𝜏𝜏) 
(22) 

In this equation the symbol 𝜏𝜏𝜏𝜏𝑦𝑦𝑦𝑦 stands for the shear yield stress of the material. The shear 
yield stress �𝜏𝜏𝜏𝜏𝑦𝑦𝑦𝑦� can be calculated from the direct stress using the Tresca or von Mises 
criterion, which both give the shear stress to be half the value of the direct stress elastic 
deformation [17], [18], [30]. 

The assumption is made here that there is no strain hardening during shear failure and that 
deformation beyond yield is purely plastic [31]. For the plastic region of deformation, the 
shear strain energy per unit volume (𝑈𝑈𝑈𝑈𝑃𝑃𝑃𝑃(𝜏𝜏𝜏𝜏)) is equal to the average work done to bring about 
plugging (𝑊𝑊𝑊𝑊𝑃𝑃𝑃𝑃𝑙𝑙𝑙𝑙𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃) which entails shear failure of the material [14]. The plastic shear strain 
energy per unit volume (𝑈𝑈𝑈𝑈𝑃𝑃𝑃𝑃(𝜏𝜏𝜏𝜏)) can thus be calculated using Equation (23) as:   

𝑈𝑈𝑈𝑈𝑃𝑃𝑃𝑃(𝜏𝜏𝜏𝜏) = 𝑊𝑊𝑊𝑊𝑃𝑃𝑃𝑃𝑙𝑙𝑙𝑙𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃  =  
𝜏𝜏𝜏𝜏𝑓𝑓𝑓𝑓  𝜋𝜋𝜋𝜋  𝑑𝑑𝑑𝑑  ℎ2

2 =
𝜏𝜏𝜏𝜏𝑦𝑦𝑦𝑦 𝜋𝜋𝜋𝜋  𝑑𝑑𝑑𝑑  ℎ2

2
(23) 

As established in the earlier calculations, the total strain energy stored in a material is equal 
to the sum of the elastic and plastic strain energies stored in the material. This is also the 
case for the total shear strain energy �𝑈𝑈𝑈𝑈𝑇𝑇𝑇𝑇(𝜏𝜏𝜏𝜏)� thus: 

𝑈𝑈𝑈𝑈𝑇𝑇𝑇𝑇(𝜏𝜏𝜏𝜏) =  𝑈𝑈𝑈𝑈𝐸𝐸𝐸𝐸(𝜏𝜏𝜏𝜏) + 𝑈𝑈𝑈𝑈𝑃𝑃𝑃𝑃(𝜏𝜏𝜏𝜏) (24) 

𝑈𝑈𝑈𝑈𝑇𝑇𝑇𝑇(𝜏𝜏𝜏𝜏) =
�𝜏𝜏𝜏𝜏𝑦𝑦𝑦𝑦�

2

2𝐸𝐸𝐸𝐸 × 𝑉𝑉𝑉𝑉 + 
𝜏𝜏𝜏𝜏𝑦𝑦𝑦𝑦 𝜋𝜋𝜋𝜋  𝑑𝑑𝑑𝑑  ℎ2

2

(25) 

From the tests done on wrought Ti6Al4V it was established that the optimum ballistic 
thickness of the alloy is greater than or equal to 14 mm [4]. Assuming the same amount of 
energy exerted by the projectile on the wrought Ti6Al4V and the DMLS Ti6Al4V (ELI), the 
total shear strain energies of the two can be equated to one another and the optimum ballistic 
thickness of DMLS Ti6Al4V (ELI) calculated. Such calculation assumes the same front area (𝑚𝑚𝑚𝑚) 
for the two metals. Wrought Ti6Al4V is denoted with subscript 1 and DMLS Ti6Al4V (ELI) with 
subscript 2, to generate the following expression. 

𝑈𝑈𝑈𝑈𝑇𝑇𝑇𝑇1 =  𝑈𝑈𝑈𝑈𝑇𝑇𝑇𝑇2 (26) 

�𝜏𝜏𝜏𝜏𝑦𝑦𝑦𝑦1�
2

2𝐸𝐸𝐸𝐸1
× 𝑉𝑉𝑉𝑉1 + 

𝜏𝜏𝜏𝜏𝑦𝑦𝑦𝑦1 𝜋𝜋𝜋𝜋  𝑑𝑑𝑑𝑑  ℎ12

2 =
�𝜏𝜏𝜏𝜏𝑦𝑦𝑦𝑦2�

2

2𝐸𝐸𝐸𝐸2
× 𝑉𝑉𝑉𝑉2 +  

𝜏𝜏𝜏𝜏𝑦𝑦𝑦𝑦2 𝜋𝜋𝜋𝜋  𝑑𝑑𝑑𝑑  ℎ22

2

(27) 

The shear yield strength of wrought Ti6Al4V and SLM Ti6Al4V (ELI) are 523 MPa and 634 MPa, 
respectively [32][33]. Furthermore, from Table 1 the elastic modulus (𝐸𝐸𝐸𝐸) of wrought Ti6Al4V 
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and DMLS Ti6Al4V (ELI) are 105 GPa and 112 GPa, in that order. The projectile that was used 
for the preliminary testing on wrought Ti6Al4V is a 7.62 x 39 mm bullet, with a mass of 7.9 
grams and a diameter of 7.9 mm [4].  

Noting that areas (𝑚𝑚𝑚𝑚1) and (𝑚𝑚𝑚𝑚2) are equal, Equation (27) can be rewritten as: 

�𝜏𝜏𝜏𝜏𝑦𝑦𝑦𝑦1�
2

2𝐸𝐸𝐸𝐸1
× ℎ1 + 

𝜏𝜏𝜏𝜏𝑦𝑦𝑦𝑦1 𝜋𝜋𝜋𝜋  𝑑𝑑𝑑𝑑  ℎ12

2 =
�𝜏𝜏𝜏𝜏𝑦𝑦𝑦𝑦2�

2

2𝐸𝐸𝐸𝐸2
× ℎ2 + 

𝜏𝜏𝜏𝜏𝑦𝑦𝑦𝑦2 𝜋𝜋𝜋𝜋  𝑑𝑑𝑑𝑑  ℎ22

2

(28) 

Substituting in the known values of the parameters in Equation (28) gives rise to: 

�523 × 106�2

2(105 × 109) × 0.014 +  
�523 × 106�  π  (7.9 × 10−3)  0.0142

2

=
�634 × 106�2

2(112 × 109) × ℎ2 + 
�634 × 106�  π  (7.9 × 10−3)  ℎ22

2

(29) 

7.867 × 106 ℎ22 +  1.794 × 106 ℎ2 −  19.507 × 103 = 0 (30) 

Equation (30) is a quadratic equation in terms of the parameter ℎ, whose general solution is 
equal to; 

ℎ =
−(1.794 × 106) ± �(1.794 × 106)2 − 4(7.867 × 106)(−19.507 × 103)

2(7.867 × 106)
(31) 

ℎ = 10.399 × 10−3    𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑    ℎ =  −238.44 × 10−3 (32) 

In Equation (50) the discriminant (𝑏𝑏𝑏𝑏2 − 4𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) > 0, therefore the quadratic equation has two 
real roots as seen in Equation (32). Based on the fact that the solution in this case is for a 
real dimension of a plate, the positive root is the logical choice between the two roots. 

∴ ℎ = 10.399 𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇   ≈  10.4 𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇 (33) 

2.4 Justification Based on Microstructure 

Comparison of the microstructures of as-built and stress relieved DMLS Ti6Al4V (ELI) and 
wrought Ti6Al4V provides further insight into the former as a better candidate than the latter 
for high velocity impact applications. At room temperature the microstructure at equilibrium 
of Ti6Al4V alloy consists mainly of the hexagonal close packed 𝛼𝛼𝛼𝛼 phase with some retained 
body centered cubic 𝛽𝛽𝛽𝛽 phase [22][23]. As the temperature is raised the alloy undergoes a 𝛼𝛼𝛼𝛼 
to 𝛽𝛽𝛽𝛽 transformation [22][23]. The lowest temperature at which a 100% 𝛽𝛽𝛽𝛽 phase can exist is 
called the beta transus and it is about 995oC [22]. Figures 4 and 5 show the microstructure of 
wrought Ti6Al4V and DMLS Ti6Al4V, respectively.  

Figure 4: Microstructure of wrought Ti6Al4V [8] 
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Figure 5: Microstructure of SLM Ti6Al4V [8]. 

Wrought Ti6Al4V has an equiaxed microstructure, while as-built and stress relieved SLM 
Ti6Al4V has a martensitic 𝛼𝛼𝛼𝛼 , microstructure [8][26][37]. This fine microstructure avails more 
grain boundaries which in turn provide better resistance to crack propagation in the alloy 
over the wrought Ti6Al4V [26][37]. Additionally, the fine microstructure of the as-built and 
stress relieved SLM Ti6Al4V also has higher values of hardness, strength and stiffness over 
wrought Ti6Al4V [8]. The higher hardness comes with an advantage of having a better blunting 
effect of the projectile during impact, while the higher strength and stiffness offer more 
absorption of energy before failure of the target material [1][2]. 

3. RESULTS AND DISCUSSSION

Table 2 shows the calculated optimum thicknesses from each approach adopted here. 

Table 2: Calculated values of optimum ballistic plate thicknesses 

Material Density 
(g/cm3) 

Description Optimum 
thickness 

(mm) 
Wrought 
Ti6Al4V 

4.2 Calculated V50 ballistic limit 15.38 
Experimental ballistic limit ≥14 [4] 

As-built and 
stress relieved 
DMLS Ti6Al4V 
(ELI)  

4.2 Calculated V50 ballistic limit 13.64 
Corrected calculated V50 ballistic 
limit 

12.41 

Calculated ballistic limit based 
on the absorbed shear strain 
energy 

10.40 

RHA 7.8 Military standard MIL-A-12560H 
(MR): Military specification for 
armour plate, steel, wrought, 
homogeneous (for use in combat-
vehicles and for ammunition 
testing) 

11.43 

AA 5083 2.7 Military standard MIL-DTL-
46027K (MR) Military 
specification for armour plate, 
aluminium alloy, weldable 5083, 
5456 and 5059. 

19.80 

From Table 2 it can be seen that the calculated values of optimum thickness of as-built and 
stress relieved DMLS Ti6Al4V (ELI) of 13.41 mm and 10.40 mm respectively, based on the V50 
ballistic limit and shear strain energy are lower than those of wrought Ti6Al4V of 15.38 mm 
and 14 mm, based on theoretical calculations of V50 ballistic limit and experimental results, 
respectively. The difference between the experimental and V50 ballistic limits for wrought 
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Ti6Al4V can be attributed to the fact that the non-uniform plastic and elastic deformation of 
the material was not considered in the calculations. 

Taking this into consideration, the difference between the two was expressed as a correction 
factor of 9 % in Equation (29) and then applied to the calculated V50 ballistic limit obtained 
for as-built and stress relieved DMLS Ti6Al4V (ELI) to give a final value of expected 
experimental optimum thickness of 12.41 mm. In the calculations based on shear strain 
energy, the comparatively much lower value of 10.41 mm obtained can be attributed to the 
disregard of the non-uniform plastic deformation of the material; wrought and as built and 
stress relieved DMLS Ti6Al4V (ELI). While theory normally assumes pure plastic deformation 
after yield, the work of Somnath Chattopadhyay and Byoungchul Hwang shows this not to be 
entirely so, and small amounts of shear strain hardening do occur in practice [35][36]. The 
much lower value implies a larger shear strain hardening effect for the wrought alloy than 
the DMLS alloy, and therefore a larger error of calculation for the former than the latter, 
when ignoring this effect.   

The optimum plate thickness of 10.40 mm calculated for as-built and stress relieved DMLS 
Ti6Al4V (ELI) using the strain energy approach is significantly lower than those of RHA and AA 
5083 at 11.43 mm and 19.8 mm, respectively. The calculated V50 optimum plate thickness of 
12.41 mm is marginally higher than the value for RHA and significantly lower than the value 
for AA 5083. Considering the effects of the densities of RHA, AA 5083 and Ti6Al4V of 7.8 
g/cm3, 2.7 g/cm3 and 4.2 g/cm3, in that order, the as-built and stress relieved DMLS Ti6Al4V 
(ELI) with a density of 4.2 g/cm3 gives a weight saving of about 46% over RHA for plates of 
the same in-plane sizes. 

The foregoing analysis shows that as-built and stress relieved DMLS Ti6Al4V (ELI) is expected 
to perform better under ballistic impact than the wrought Ti6Al4V. Therefore, ballistic 
testing with the DMLS Ti6Al4V (ELI) is recommended to validate the theoretically determined 
values and with anticipation that the material would yield better ballistic impact properties 
than wrought Ti6Al4V.   

4. CONCLUSIONS

The deviation of the theoretical calculations from the experimental results of optimal 
thickness is 9 %. This deviation can be attributed to not considering the non-uniform plastic 
deformation of the material before failure, which is not the case in reality. In estimating the 
minimum plate thickness using the V50 ballistic limit, a correction factor of 9 % should be used 
to adjust the calculated value of thickness down. 

It is safer to use the higher value of calculated minimum thickness of penetration for as-built 
and stress relieved DMLS Ti6Al4V of 12.41 mm obtained from the method of V50 ballistic limit, 
over the lower value of 10.40 mm obtained from the method of shear strain energy, as the 
former is the more conservative estimate. 

The lower calculated values of minimum thickness for DMLS Ti6Al4V (ELI) imply expected 
better performance of the material in comparison to thicknesses of RHA steel of 11.43 mm, 
AA 5083 of 19.8 mm and wrought Ti6Al4V of 14 mm. This justifies further investigation into 
the high velocity impact performance of the additively manufactured alloy. 

As the calculations done here are based solely on the strength and deformation of the 
impacted plate, considerations of hardness are expected to further decrease the optimum 
thickness it of DMLS Ti6Al4V as-built and stress relieved plates. 
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