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STRESS RELIEVING OF MARAGING STEEL INJECTION MOULD INSERTS BUILT THROUGH 
ADDITIVE MANUFACTURING 

I. Adam1*, W.B. du Preez2, J. Combrinck2 

1*Department of Design and Studio Art 
Central University of Technology, South Africa 

(Corresponding author: iadam@cut.ac.za) 
 

2Department of Mechanical and Mechatronic Engineering 
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ABSTRACT 

Additive Manufacturing (AM) has been identified as one of the key technologies in Industry 
4.0 and has become quite appealing in the Injection Moulding (IM) industry. The 
development of metal powders for selective laser melting (SLM) has created the potential 
for SLM to be used for the manufacture of high volume production IM tooling inserts. While 
this is appealing, the induced residual stresses present in SLM produced parts could prove 
to be problematic.  This paper describes the development of a suitable stress relieving 
heat treatment process for IM tooling inserts built using Maraging Steel (MS1) powder in the 
Direct Metal Laser Sintering (DMLS) process.  
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1. INTRODUCTION 

Injection moulding (IM) is one of the most used plastic forming processes and is generally 
used to mass produce dimensionally identical products. To continuously produce accurate 
moulded products, the IM tool has to be manufactured according to stringent dimensional 
tolerances. The use of additive manufacturing (AM) to produce IM tool inserts can be 
beneficial because AM offers freedom of design for parts having complex geometries and 
can also reduce tool manufacturing lead times [1].  
 
With the continuous development of new metal powders for selective laser melting (SLM), a 
suitable material for the manufacture of tooling components has come to the fore in the 
form of MS1 powder. Having similar properties to 1.2312 Tool Steel [2], MS1 is ideal for 
tooling applications.  Table 1 shows the material properties and SLM guidelines of MS1.  
 

Table 1: MS1 Properties from EOS datasheet [3]  
Chemical, Physical and Mechanical Properties Values 
Chemical Composition Fe (bal) 

Ni (17 - 19 wt-%)  
Co (8.5 - 9.5 wt-%)  
Mo (4.5 - 5.2 wt-%)  
Ti (0.6 - 0.8 wt-%)  
Al (0.05 - 0.15 wt-%)  
Cr (≤ 0.5 wt-%) 
 C (≤ 0.03 wt-%) 
Mn, Si (each ≤ 0.1 wt-%)  
P, S (each ≤ 0.01 wt-%) 

Minimum recommended layer thickness 40 - 60 m  

Minimum wall thickness 0.3 - 0.4 mm 
Relative density with standard parameters Approximately 100% 

Density with standard parameters 8.0 - 8.1 3cm/g  

Ultimate tensile strength – as built 1100 MPa ± 100 MPa 
Ultimate tensile strength - after age hardening 1950 MPa ± 100 MPa 
Yield strength – as built 1100 MPa ± 100 MPa 
Yield strength – after age hardening 1900 MPa ± 100 MPa 
Young’s modulus 180 GPa± 20 GPa 
Hardness – as built 33 – 37 HRC 
Hardness – after age hardening  50 – 54 HRC 
Thermal conductivity – as built 15 ± 0.8 Cm/W °  

Thermal conductivity – after age hardening  20 ± 1 Cm/W °  

Specific heat capacity  450 ± 20 Ckg/J °  

 
This study makes use of MS1 powder to produce IM tool inserts through the Direct Metal 
Laser Sintering (DMLS) process. DMLS can be described as an SLM process in which 
components are manufactured by the selective melting of metal powder particles in a layer 
fashion by a laser with the layer geometry defined by a Computer Aided Design (CAD) file 
[4].  
 
Due to rapid temperature fluctuations during the DMLS process, residual stresses are 
induced inside the component, resulting in geometrical deviation from the CAD geometry. 
Residual stress can be described as a stress present in an object without the influence of 
any external forces and is introduced into components during thermal processes such as 
heat treatments, forming or welding [6]. In this case, the rapid temperature fluctuations 
experienced by the metal during the build process are attributed to the rapid application 
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and removal of heat as the laser beam scans across the component being built, as can be 
seen in Figure 1.  
 
 
The rapid removal of heat and resultant rapid cooling of the metal causes the build-up of 
tensile stresses in the surface and opposing compressive stresses in the interior of the 
component, causing the component to deform [5].  

 
 

Figure 1: Heating and cooling of components during the DMLS process [5].  
 
 
While these stresses have an impact on the performance and longevity of a component, a 
major concern is the geometric deviation from the CAD design caused by these stresses [7]. 
Such deformation on an SLM produced tool insert could limit, or even ruin the benefits to 
be gained from the SLM technology. In an attempt to reduce the effects of residual 
stresses, SLM components normally undergo a stress relieving heat treatment [5]. While this 
relieves the residual stress, for certain alloys it could cause the component to harden. In 
the case of MS1, which is an age-hardening alloy, it is possible to reach a hardness of ≥50 
HRC after age-hardening making it difficult to machine [8].  
 
Heat treatment of metals is usually applied to alter the microstructure of the metal. This is 
done in order to obtain certain mechanical properties, depending on the application of a 
specific component. Heat treatment of metals can be achieved through a combination of 
the following processes: 
 
• Annealing: The metal is heated to a high temperature and allowed to cool slowly to 

room temperature; this results in the metal possessing high ductility but low hardness. 
• Hardening: The metal is heated to a certain temperature depending on the carbon 

content present in the metal and rapidly cooled or quenched in water or oil. This 
results in a hardened metal. 

• Tempering: The metal is heated to a suitable temperature after it has been quenched 
during hardening. This allows the microstructure of the metal to normalize, resulting 
in both high strength and hardness. 

• Age-hardening: The metal is heated to the aging temperature and kept there for an 
extended period of time to allow precipitation of alloying elements within the 
microstructure. These precipitates inhibit the movement of dislocations or cracks in 
the crystal lattice of the metal, resulting in a stronger metal. This heat 
treatment technique is used to increase the yield strength of malleable metals, 
including most structural alloys such as Al, Mg, Ni, Ti, and some steels [9]. 

The ideal stress relieving heat treatment for MS1 maraging steel would be one through 
which the residual stresses are relieved without subsequent age-hardening of the metal. 
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Since no specific stress relieving process has been published to date for AM parts produced 
from MS1 powder, this paper describes the development of such a suitable stress relieving 
heat treatment process.  
 

2. METHODOLOGY  

A set of experiments was conducted as indicated in Figure 2, to determine a suitable stress 
relieving heat treatment for an IM tool insert manufactured through SLM. A set of IM tool 
inserts of dimensions 150 mm x 120 mm x 25 mm, were manufactured using SLM. The 
effect of different heat treatments on the hardness of the IM tool inserts was determined 
through hardness tests on the metal before and after each heat treatment. To assess the 
effect of these heat treatments on the residual stresses in the inserts, 3D scanning of the 
inserts was performed before and after each treatment. The scan data was used to 
determine the extent of deformation of an insert due to induced residual stress. 

 

 
Figure 2: Stress relieving heat treatment development process 
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In Phase 1 of the investigation the as-built fixed half of the IM tool insert was cut from the 
build platform, its hardness was determined and it was scanned using a Kreon Ace arm and 
a Solano Blue 3D scanner. The scanned data was compared to the CAD model of the insert 
to determine the deviation of the as-built insert from the CAD geometry. For this 
comparison 8 points were selected on the tool insert geometry as shown in Figure 3. The 
yellow color shown in the scan data indicates a deviation from the CAD geometry in the 
positive z-axis and the blue indicates a deviation in the negative z-axis, whereas the green 
color indicates a match with the CAD geometry. The actual deviation from the CAD design 
at each of these points is also shown. Dz is the deviation along the Z axis, which is the axis 
perpendicular to the plane of the build platform (the X-Y plane). For comparison purposes 
the average of the eight data points was calculated to quantify the deviation of the IM tool 
insert from the CAD model. 

 

Figure 3: 3D Scanned geometry comparison points on the inserts 
 
During phase 2, the IM tool insert was heated to a temperature of 890°C for a time of 1 
hour and 2 minutes and allowed to air cool to room temperature. Thereafter, the hardness 
was determined and the tool insert was scanned. This phase of the test was repeated by an 
additional 1 hour at 890°C to obtain a clear indication of the effect of the increased time 
at temperature on the IM tool insert.  
 
During Phase 3 the moving half of the IM tool insert, while it was still attached through the 
support structure to the build platform, was scanned with the Kreon system and its 
hardness was measured. Based on the results obtained during Phase 2, a stress relieving 
heat treatment was performed for 3 hours at 890°C on this insert while it was attached to 
the build platform. Subsequently, the insert was cut from the build platform, its hardness 
was measured and it was scanned.   
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3. RESULTS AND DISCUSSION  

Figure 4 shows the scan data obtained during Phase 1 from the insert as built and cut from 
the platform, while Figures 5 and 6 show the scan data from Phase 2. The as-built insert 
displayed an average deviation over the 8 measurement points from the CAD geometry of 
0.154±0.05 mm, which is due to the residual stress generated in the insert during the DMLS 
process. Its hardness was measured as 35±0.5 HRC. 
  
The scan results obtained after the successive heat treatments applied during Phase 2 (see 
Figures 5 and 6) show that the average deviation with respect to the CAD geometry 
increased to 0.225±0.08 mm after the first heat treatment and further increased to 
0.303±0.05 mm after the second heat treatment. From the hardness measurements it was 
found that the metal softened after the first heat treatment to 31±0.5 HRC and after the 
second heat treatment to 26±0.5 HRC.   
 

 
 

Figure 4: Scan data from Phase 1, showing an initial average deviation of 0.154 mm. 
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Figure 5: Scan data from Phase 2 after the first heat treatment, showing an average 
deviation of 0.225 mm. 

 
Figure 6: Scan data from Phase 2 after the second heat treatment, showing an average 

deviation of 0.303 mm. 
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From the Phase 1 and 2 results it is clear that stress relieving heat treatments on the insert 
that was already cut from the build platform did not result in recovery of its shape to 
comply better with the CAD geometry. In fact, the deviation increased with the heat 
treatments applied during Phase 2, as shown in Figures 5 and 6. This indicates that the 
residual stress induced in the insert during DMLS is of such magnitude that it causes some 
extent of plastic deformation of the insert once it is cut from the build platform. This 
plastic deformation cannot be reversed during subsequent heat treatments. However, it 
was encouraging to find that the heat treatments applied in Phase 2 led to softening of the 
metal and did not result in age-hardening. 
 
Figures 7 and 8 show the scanned geometry found in Phase 3. Clearly, the stress relieving 
heat treatment applied to this insert while still attached to the build platform was 
effective and provided an un-deformed insert after removing it from the platform. 
 

 
Figure 7: Scan data of Phase 3, showing an initial average deviation of 0.07mm. 
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Figure 8: Scan data of Phase 3 after heat treatment, showing an average deviation of 

0.05mm 
 
Table 2 gives a summary of the test results obtained from the various scans and hardness 
tests. 

Table 2: Stress relieving heat treatment results. 

Phase 1 

  
Average Deviation 

(mm) 
Hardness (HRC) 

As-built after removal from platform 0.154±0.05 35±0.5 

Phase 2 – 62 minutes at 890°C  

After 1st heat treatment  0.225±0.08 31±0.5 

After 2nd heat Treatment 0.303±0.05 26±0.5 

Phase 3 – 180 minutes at 890°C 

As-built before heat treatment 0.07±0.01 32±0.5 

After heat treatment 0.05±0.01 22±0.5 
 

From Table 2 it is clear that the heat treatment applied in Phase 3 caused the average 
deviation from the CAD model to decrease from 0.07±0.01 mm to 0.05±0.01 mm and the 
hardness to decrease from 32±0.5 HRC to 22±0.5 HRC. This indicates that if the insert is 
stress relieved while still attached to the build platform, plastic deformation is limited to a 
minimum, thus allowing for the geometry of the insert to revert to the CAD geometry 
during the heat treatment. It is also evident that the increased soaking period of 3 hours at 
890°C had the desired effect of allowing the microstructure to normalize, ultimately 
resulting in a residual stress free insert. This stress relieving heat treatment provided an 
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83.5% reduction of the average deviation from the CAD geometry between the two inserts 
used in this study. 

4. CONCLUSION 

The study succeeded in delivering a stress relieving heat treatment of 890°C for 3 hours 
per 25mm thickness, which can be applied to MS1 components built using SLM. The 
possibility of further reducing the deviation by prolonged soaking of the component at 
temperature exists and will be explored.  
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DETERMINATION OF THE OPTIMAL PROCESS PARAMETERS FOR INVAR 36 COMPONENT REPAIR, USING A 
LASER METAL DEPOSITION TECHNIQUE 

R. Adams1*, A. Botes1, G. Le Roux2 

1*Council of Scientific and Industrial Research 
South Africa 

(Corresponding author: radam@csir.co.za) 
 

2Tool room and Maintenance 
Denel Aerostructures, South Africa 

ABSTRACT 

Invar 36 is a Nickel-Iron alloy containing 36% Nickel, with properties such as low thermal expansion coefficient, 
good formability and toughness. The main challenge of welding Invar is it’s susceptibly to reheat cracking. 
Laser based technology is highly suitable to repair cracks and dimensional defects on Invar components due to 
the low heat input. A 3kW IPG fiber laser was used to generate test coupons for the determination of optimal 
process parameters.  Results show that optimal fusion to the substrate is achieved at low heat inputs. Thermal 
expansion coefficient, Vickers micro-hardness and hot-spot evaluation showed satisfactory results for the 
desired application.  
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1. INTRODUCTION 
 
Invar 36 is an austenitic steel containing 36% Nickel; the addition of Nickel provides Invar with a very low 
thermal expansion coefficient which remains almost constant up to temperatures of approximately 400° C. 
Thus, Invar is generally used for applications that require high dimensional stability across a wide range of 
temperatures, such as during composite component manufacturing in the aerospace industry. The tooling 
associated with these applications are fairly bulky, and welding is generally used as the primary method of 
joining, although the mechanical properties are often degraded during joining processes (Corbacho, L. et. al. 
[1], Wohlfarth, E. [2], Jasthi, B. et. al. [3], Yakout, M. et. al. [4]). 
 
Previous welding investigation studies on Invar, showed its severe sensitivity to solidification cracking. This is 
expected since Invar is an austenitic steel (Ogawa, T. [5]). The selection of the filler material used for the 
welding procedure is crucial in limiting of solidification associated defects since a primary cause of reheat 
cracking can be attributed to the strengthening of the grain interior as a result of carbide precipitates (most 
probably coherent with the matrix).  Thus, the powder alloy (filler metal) quality and chemical composition 
used for laser based component repair plays a significant role in the final integrity of the component. Currently 
filler materials contain elements such as Titanium, Manganese and a greater percentage of Carbon is used to 
reduce the effect of solidification cracking and porosity (Corbacho, L. et. al. [1], Jasthi, B. et. al. [3], 
Corbacho, L. et. al. [6]).  
 
During the laser metal deposition process, it is crucial to prevent the introduction of oxide into the weld pool 
since the presence of oxides result in reheat cracking of the material.  Gas shielding during the laser 
deposition process significantly influence the introduction of oxides into the weld pool, and should therefore 
receive significant attention (Katayama, S. [7]).  
  
Laser based refurbishment has been identified as a suitable technology to repair cracks and dimensional 
defects on Invar surfaces, since it is a high energy, low heat input process with extremely fast cooling rates in 
excess of 2000° C/s. Due to the fast cooling rates, the deposited alloy forms unique microstructures i.e. 
extremely fine, which results in high hardness accompanied with high toughness (Rombouts, M. et.al. [8]). In 
comparison to other conventional high heat input welding processes such as arc welding, laser beam welding 
can effectively mitigate the problems associated with invar 36 welding (Zhao, Y. et.al. [9]). 
 

2. EXPERIMENTAL METHODS 

A 3 kW IP multi-mode Ytterbium fiber laser with a feeding fiber of 200 um was used for the generation of all 
test coupons. A Precitec cladding head with a stand-off of 193 mm between the nozzle interface plate and the 
work piece was used to give a resultant beam diameter of 2 mm on the workpiece. The clad layers were 
deposited on Invar 36 substrate coupons that was milled clean and wiped with acetone. The carrier gas flow 
rate was kept constant at 1.5 l/min and a shielding gas flow rate of 10 l/min. 
 
A total of five layers were deposited on the Invar base metals with excess oxides being removed by wire 
brushing between consecutive layers.  
 
Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS) evaluation of the powder used 
for the laser metal deposition process was also performed to ensure that the powder is suitable for the 
process.  SEM and EDS analysis was obtained using a JEOL 610 LV plus microscope. 
 
Metallurgical evaluation was conducted by taking cross-sections through the clad layers and observing the 
samples using an optical microscope. Vickers Micro-hardness (traverse) analysis was performed with a Zwick 
Roell Indentec using a 300g load. Thermal expansion coefficient (CTE) measurements were carried out in air at 
5 °C/min to 180 °C/min with an Orton 1600 dilatometer.  Samples were also evaluated for hot spot i.e. weld 
material reaching different temperatures than the base metal during heating to 180°C. For the analysis the 
samples were heat treated at 180ºC for 24 hours and monitored with a FLIR Infrared Camera for hot spots. 
 
The experimental parameters used to generate test coupons are shown in Table 1. 
 

Table 1:  Experimental parameters. 
 

Sample nr. Laser Power (W) 
Cladding Velocity 

(m/s) 
Heat Input 

(kJ/m) 
1A 1000 0.013 75 
1B 1000 0.017 60 
2 1000 0.018 55 
3A 1200 0.013 90 
3B 1200 0.023 51 
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4 1200 0.020 60 
5 1200 0.013 90 
6 1000 0.015 67 
7 1000 0.013 75 
8 1000 0.011 92 
9 1100 0.017 66 
10 1100 0.013 83 
11 1100 0.012 94 
12 1100 0.020 50 
13 1100 0.015 67 
14 900 0.015 60 

 

3. RESULTS AND DISCUSSION 

3.1. Powder Characterization 

SEM analyses of powders from two suppliers were conducted in order to ensure that the best powder 
(minimum oxides particles) be used for test coupon generation. The micrographs were obtained using Back 
Scatter Mode (BSE) to reveal the presence of oxide particles. The SEM image of the Supplier T powder is shown 
in Figure 1.  
 

 
 

Figure 1: SEM Micrographs of a) as–received Supplier T Invar 36 powder particles and b) their cross section. 

 
Figure 1 clearly shows the presence of oxide particles (darker particles) and internal porosity, the presence of 
oxide particles were confirmed by EDS analysis. The presence of porosity may be attributed to gas entrapment 
during the atomization process, as illustrated by (Qiu, C. et.al. [10]). The presence of oxidized particles and 
internal porosity pose challenges in obtaining defect free clad layers. 

 

  

Figure 2: SEM Micrographs of a) as-received Supplier X powder, and b) their cross section. 

 
Figure 2 shows the SEM micrographs of the powder from Supplier X. In BSE mode, there is no evidence of oxide 
particles. These results were confirmed by EDS analysis of the particles. The cross sectional analysis of the 
powder shows the presence of minimal porosity and small regions of lower atomic Iron, illustrated by small 
dark regions within the particles (Qiu, C. et.al. [10]). 
 
From the SEM analysis, it is evident that the powder supplied by Supplier X is more suitable for the laser metal 
deposition process since it does not contain any oxide particles and shows limited porosity, all of which will be 
beneficial in limiting reheat cracking. 
 

Oxide Particles a b 

c d 
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3.2. Metallurgical Evaluation of Cladded Layers 

Metallurgical evaluation was conducted by taking cross-sections through the clad layers and observing the 
samples with an optical microscope. Single clad layer height, clad height/width ratio and heat input values for 
the test coupons are given in Table 2. 
 

Table 2. Summary of the effect of heat input on single clad layer height and clad aspect ratio. 
 

Sample nr 
Line Energy 

(kJ/m) 
Single layer clad 

height (mm) 

Clad 
height/width 

ratio 
1B 60 0.8 0.4 
2 55 0.7 0.4 
1A 75 0.9 0.4 
3A 90 1.0 0.5 
4 60 0.7 0.3 
3B 51 0.6 0.3 
5 90 1.0 0.5 
6 67 0.6 0.3 
7 75 0.7 0.4 
8 92 1.0 0.5 
9 66 0.7 0.4 
10 83 0.8 0.4 
11 94 0.9 0.5 
12 50 0.4 0.2 
13 67 0.4 0.2 
14 60 0.5 0.2 

 
The resulting microstructure, defects and clad layer appearance are discussed and grouped in terms of process 
heat input (line energy, EL = P/v).  
 

i. Line energies 50-59 kJ/m 
 

 
  

Figure 3: Typical clad layer appearance (50-59kJ/m). 
 
Figure 3 shows the typical clad layer appearance for test coupons produced with line energies 50-59 kJ/m. 
Good fusion was observed between the base material and the first clad layer with large gas porosity and un-
melted particles also evident.  Un-melted particles can be attributed to the formation of partially melted 
particles as a result of insufficient energy density to melt powder particles (Yakout, M. et. al. [4]).  No 
evidence of clad layer cracking was observed. 
 

ii. Line energies 60-69 kJ/m 
 
The typical clad appearance of test coupons generated using line energies 60-69 kJ/m is shown in Figure 4. 
 
Metallographic evaluation revealed that good fusion was obtained between the base metal and clad layers for 
all samples produced. Process parameters that resulted in thicker layers showed a greater tendency to form 
cracks within the clad layers. The cracks generally occur along the grain boundaries of large columnar grains. 
Cracking susceptibility of invar may be attributed to grain coarsening and boundary migration during the 
cladding process (Zhan, X. et.al. [11]).  Evidently clad layer cracking appears to be relatively closely related to 
clad layer thickness, rather than heat input alone in comparison to samples produced at higher heat inputs.   
 
Samples 13 and 14 showed the least amount of gas porosity in the clad layers. According to Yakout et. al., an 
increase in energy density should reduce the formation of voids (porosity) (Yakout, M. et. al. [4]). 
 
 

Sample 12  Sample 3B 
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Figure 4: Typical clad layer appearance (60-69kJ/m). 
 

iii. Line energies 70-85 kJ/m 
 
Test coupons produced with line energies 75 kJ/m and 83 kJ/m showed good fusion and no evidence of un-
melted particles, however, clad layer cracking was observed on both test coupons as well gas porosity. This 
contradicts the observation by previous research that higher line energies will result in a lower degree of 
porosity distribution in the cladded layers.  It is evident that porosity formation is not solely dependent on the 
line energy used during laser metal deposition. However, it should be noted that Yokout et.al. also reported 
that an energy density limit is associated with laser processing of Invar 36. Energy densities exceeding these 
limits results in deteriorated samples, as a result of induced thermal and residual stresses (Yakout. M, et. al. 
[4]). 
 
The typical appearance of the clad layers at line energies of 75 kJ/m (Sample 7) and 83 kJ/m (Sample 10) are 
shown in Figure 5.  
 

 
 

Figure 5: Typical clad layer appearance (70-75kJ/m). 
 

iv. Line energies 90-99 kJ/m 
 
The typical appearance of the clad layers produced with line energies 90-99 kJ/m are shown in Figure 6. From 
the set of samples produced only Sample 5 showed no evidence of clad layer cracking, whilst the presence of 
gas porosity was observed in all of the samples to some degree. 
 

 
 

Figure 6: Typical clad layer appearance (90-99kJ/m). 
 

3.3. Vickers Micro-hardness  

The Vickers micro-hardness results of the preliminary experiments did not show evidence of any hard phases 
forming in the clad layer, Heat Affected Zone or base metal. Only test coupons that resulted in clad layers 
with no cracks and minimal porosity were selected for Vickers hardness profiles (Samples 6, 13 and 14). 
Hardness measurements were taken from the top of the clad into the base metal. The resultant hardness 
profiles are shown in Figure 7. 
 

Sample 14  Sample 1B  

Sample 4  Sample 9  

Sample 7 Sample 10

Sample 5 Sample 11
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Figure 7. Vickers micro-hardness profiles of Invar36 clad layers. 
 
A comprehensive summary of the statistical evaluation of the Vickers micro-hardness profile data is given in 
Table 3.  From the results it is evident that no metallurgical notch exists between the clad layer and the base 
material.  A metallurgical notch is generally observed when the variation in hardness values exceeds 120 HV 
units (Dieter, G.E. [12]). 
 

Table 3. Statistical evaluation of Vickers micro-hardness data. 
 

 Sample 6 Sample 13 Sample 14 
Max. 167 162 177 
Min. 140 132 147 

Average 151 151 161 
Δ HV 27 30 30 

Standard Deviation 7.7 7.9 7.7 
 

3.4. Hot-Spot Evaluation 

Thermal images for the hot-spot evaluation tests are shown in Figure 8. The analysis was performed on Invar 
36 base metal on which a groove was filled using the laser metal deposition followed by surface machining.  
From the images it is evident that no hot-spot areas were visible using the FLIR IR camera. The analysis shows 
that the clad layers (weld) do not affect the heat conduction of the base material.  
 

 

 
 

Figure 8. Infrared images of hot-spot testing analysis. 
 
 

3.5 Thermal Expansion Coefficient Measurements 

For CTE measurements, two samples were built up using the optimal laser cladding parameters for Invar 36. 
The samples were then machined to the desired dimensions required for the CTE analysis. The built up 
samples were compared to an Invar 36 base material. The CTE results of two samples produced by laser metal 
deposition and the base material is shown in Figure 9. 

4 Hours 

18 hours  24 hours 

8 Hours 
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Figure 9. CTE results of produced (build up) samples and base material. 
 
 
The CTE values of the two produced samples and base materials were determined to be 1.32 x10-6/°C, 1.51 
x10-6/°C and 2.45 x10-6/°C, respectively.  Testing was conducted within a temperature range of 25°C to 
180°C under annealing conditions. Results from the produced (build up) samples are lower than that of the 
base material and the variation is relatively small (0.94 x10-6/°C).  
 
For the aerospace tooling industry it is crucial that the CTE mismatch between the base material and the 
welded material is minimal.  The results indicate that the laser metal deposition process employed is suitable 
for the repair of tooling used in the aerospace industry (Smith, R. et.al [13]). 
 

4. CONCLUSION 

The optimal parameters for laser metal deposition of Invar 36 for the aerospace tooling industry was 
investigated. Clad layers with minimal porosity, good fusion and no re-heat cracking was obtained using a line 
energy in the range of 60-69 kJ/m. Although mininimal, porosity were still present in the clad layers but was 
not considered critical for the application provided no porosity is visible on the machined and polished surface 
of the tool.  The addition of niobium to the basic Invar 36 chemistry is expected to eliminate porosity and will 
be investigated in future. 
 
The Vickers hardness results did not show any metallurgical notch, thereby illustrating that the metal 
deposition process does not change the structure of the base material. Hot-spot evaluation of samples 
produced using the optimal parameters do not show any hot-spots, whilst the CTE results show minimal 
variation between the base material and the generated build up samples. These results indicate that the 
optimal parameters selected are suitable for the repair of Invar 36 tooling components used in the aerospace 
industry.  
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ABSTRACT 

Powder Bed Fusion is a process of building a part, layer-by-layer, using a Laser to melt the cross-
sections of a part in a powder layer.  Aeroswift is the first South African designed and 
manufactured PBF machine.  As part of its commissioning, two AHRLAC throttle grips were built to 
show its functionality. The primary achievement being that AHRLAC, a South African designed and 
manufactured multipurpose aircraft, would be flying parts printed on a South African built 
machine.  This paper discusses the steps that were followed to build the throttle grips; from 
design changes to better suit the build process, to the strategies used for the support structure 
design. 
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1. INTRODUCTION 

Powder Bed Fusion (PBF) is an Additive Manufacturing (AM) technology which builds a part by 
utilising a Laser to melt the cross-section of the part onto a powder layer (Sames et el. [1]).  The 
part’s CAD (Computer Aided Design) model is sliced into thin layers in order to obtain cross-
sections.  After each cross-section is melted in the powder layer, the build platform moves down by 
one layer thickness.  A new powder layer is then deposited and the next cross-section is melted. 
 
Aeroswift is the first South African developed metal PBF machine and, at full capacity, it is the 
largest and fastest in the world.  AHRLAC, on the other hand, is a South African developed low-
cost, multi-purpose aircraft.  As part of the commissioning of the Aeroswift system, it was decided 
that two flight grips from the AHRLAC aircraft will be built in Titanium (Ti6Al4V).  The end goal 
being to show the functionality of Aeroswift and to show that the produced parts can be 
implemented on an aircraft. 

 
 
The throttle grips were selected due to their complex geometries and that they are not high load 
bearing parts.  The one is the throttle lever grip (figure 3) and the other is the condition lever grip 
(figure 2).  The condition lever grip is a single part, where the throttle lever grip is composed of 
two shelled parts that fit together. 
 

 
Other than building the throttle grips as part of the commissioning of Aeroswift, the aim of this 
project was to optimise and validate the design for producibility of the parts.  This mostly entails 
the support structure design and will determine what would be needed to be improved or added in 
the future. 

Figure 2: Condition lever grip 

Figure 1: AHRLAC flight grips 
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2. METHODOLOGY AND RESULTS 

The CAD files for the grips were obtained from the AHRLAC team and the first iteration test build 
layout and part orientation was done.  The part orientation was chosen as such to minimise the 
required support structures and to minimise the support contact area on the outside of the 
throttle grips.  The reason being that these parts will be implemented as-built and that post 
processing be minimised.  Contact of the supports on the outside surface of the grips will cause 
rough spots and make these grips wear the pilot’s gloves quicker.  A compromise was made 
between minimum supports and minimum outside surface contact because if one was reduced or 
eliminated, the other one would increase.  The layout and support structures were done using 
Materialise’s Magics software with the SG+ module (Materialise [2]). 
 

2.1 First test build 

For the first test build, only the throttle lever grip parts were available.   
 

The support structures are shown in figure 5 and consisted of a combination of line, block and point 
supports.  Line supports are indicated by 5, 6 and 9, block supports by 1, 2 and 3, and point 
supports by 10 and 11.  The supports had a thickness of 1 mm. 
 
 

Figure 3: Throttle lever grip 

Figure 4: Build layout of the throttle lever grip parts 
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Block support 1 was made an angled block supports to prevent the support from anchoring to the 
part a second time, shown in figure 6. 
 

There was, however, one support that could not be prevented from intersecting the part twice.  
This support is shown in figure 7. 
 

 

Figure 5: Support structures for first test build 

Figure 6: Angled block support 

Figure 7: Intersecting support 
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The build was performed but failed with 200 layers remaining due to a large powder leak which was 
starting to interfere with the build.  Even though the build did not finish, the uncompleted parts 
were investigated and much was learnt.  It was seen that only one point support broke loose from 
the one part, the rest were still intact.  The following is what was learnt from the first test build: 
 
1. The left part in figure 4 was placed too high in the build processor and this had the effect 

that the support structures were unnecessarily high, which added to the build time. 
2. Supports were too solid and thick.  This would make them difficult to remove. 
3. Supports need to be “cleaned”.  Cleaning refers to removing small features, for instance were 

two walls of a support are close enough that the gap is almost non-existent.  Refer to support 
number 1 in figure 5. 

4. Supports add a significant amount of time to the processing time and should be minimised 
even more. 

5. With some design changes to the Computer Aided Design (CAD) model, the intersecting 
support could be eliminated. 

6. Due to the Laser spot size, the hole diameters were smaller than the CAD model. 

2.2 Second test build 

For the second test build, everything that was learnt from the first test build was taken into 
consideration.  The condition lever grip was also added.  The following design changes were made 
to the original models: 
 
1. Critical holes’ sizes were increased by 200 µm to account for the laser spot size. 
2. Added material to the part where supports could not be angled to avoid intersecting the part. 
3. Added material to the part to eliminate the need for block support 1 to be angled. 
 
During the build processing, the parts were all set at a height of 5 mm before adding the support 
structure.  This addressed unnecessarily high supports of the first test build.  The support 
structures were also broken up to make removal easier. 
 
The second test build completed successfully.  A few times during processing, it could be seen that 
some of the parts moved, most likely due to residual stresses. After removal of the build parts it 
was observed that some support structures broke free, shown in figure 10.   
 

Figure 8: First test build 
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Some supports were too thick and some of them difficult to remove and much post processing was 
needed in those areas where they were remove (indicated in figure 11).  The parts moving during 
the process caused dimensional inaccuracies, which resulted in more post processing requirments 
to get the two throttle grip shells to fit together.  This can potentially be fixed with better support 
structures and different support structure parameters, together with optimisation of the build 
orientation.  For instance, one area where the supports were difficult to remove could be 
improved by changing the offset of the break point (teeth) of the support into the part.  If this 
offset is decreased, the support would be easier to remove. 
 

These test parts were sent for microCT (3D x-ray imaging) to compare the actual parts to CAD 
data.  The results are shown in figure 12.  The black wire frame is the CAD model and the different 
colors show the difference in distance from the CAD model. 
  

Figure 10: Second test build 

Figure 9: Partially broken support structures 

Figure 11: Areas with difficult support removal 
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3. CONCLUSION 

From the test builds, many issues were encountered, for instance supports structures that were 
difficult to remove and parts moving during the process due to inadequate supporting.  These 
issues will be addressed and a third build will be attempted in the future.  Even though the second 
test build was successful, a lot is still to be learned regarding the support structure design 
strategies.  However, it has been proved that the Aeroswift system is capable of producing 
functional parts. 
 
Future work will be to optimise support structure design for Aeroswift and to have a set of design 
rules as a guideline to use when doing build preparation.  Also, higher preheating temperatures will 
be investigated to reduce the residual stresses during a build.  Build prediction software could also 
be considered and used to detect the possible build issues in a simulated environment. 
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Figure 12: Comparison of microCT to CAD 
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ABSTRACT 

Powder Bed Fusion is an Additive Manufacturing process which builds parts, layer-by-layer, by melting the 
cross-section of the part onto a powder layer.  Aeroswift is an PBF machine, designed and built in South Africa.  
A powder scraper was designed which would be flexible, work for extended periods of time and have the 
ability to operate at high temperatures.  In this study, the process of development toward carbon fibre 
scrapers and the evaluation for comparison to commercially available scrapers is explained.  Results showed 
that the carbon fibre powder scraper is comparable to commercially available scrapers such as those produced 
by EOS, and is a viable solution for Aeroswift. 
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1. INTRODUCTION 

Powder Bed Fusion (PBF) is an Additive Manufacturing (AM) process that produces a part by building it layer by 
layer.  This is done by melting the cross-section of the part onto a powder layer, using a Laser beam and 
scanner.  The build platform moves down by one layer thickness (typically between 20 and 50 µm), a new 
powder layer is added and the next cross-section is scanned.  This process is repeated until all the cross-
sections are scanned and a completed component printed.  The cross-sections are obtained by running the CAD 
model through slicing software. 
 
Aeroswift is a PBF machine, designed and built in South Africa, which has a build volume of 2000 x 600 x 600 
mm3.  Due to the large width of the build platform, a custom powder scraper was designed.  The quality of a 
powder layer is very important in PBF processes and influences the surface roughness of a built part and, to a 
certain extent, its dimensional accuracy.  This powder scraper had to fulfil the following specification: 
 
1. Operating temperature of 600 oC: the machine has a preheat temperature of up to 600 oC. 
2. Flexible: due to known defects in PBF, such as warpage and balling, a flexible powder scraper is required 

that would be able to deal with these defects without failing. 
3. Durable: the powder scraper should be able to operate for extended periods, as at full capacity, a build 

could be as much as 12 000 layers. 
4. Consistent powder layers: consecutive powder layers should not differ much from the previous layer. 
5. Smooth surface: the powder layers produced should have a good surface roughness and should be uniform 

throughout. 
 
After implementing the powder scraper, test builds were conducted for parameterisation.  Excessive roughness 
of consolidated layers caused premature failure of the powder scraper.  It was uncertain whether the failure 
was due to unsatisfactory powder layers or due to the lack of optimised parameters.  Thus, a quantitative 
method to determine the quality of the powder layer was needed, to show if the layer produced by the powder 
scraper was sufficient or not.  The quality of the powder layer refers to the flatness of the layer. 
 
Therefore the research objectives are: 
• Devise a method for a quantitative evaluation of the performance of a powder scraper. 
• Use the devised method to evaluate the developed powder scraper of the Aeroswift system. 
 

2. METHODOLOGY AND RESULTS 

A literature study was conducted to investigate possible solutions to the first research objective.  In the study 
conducted, no literature could be found on the qualification of powder scrapers used in AM.  However, two 
viable solutions were identified.  The first being that from the research done by Craeghs et. El. Error! 
Reference source not found., which uses a camera and lighting to look at the shadows casted by defects in 
the powder layer, and the second being a Laser Line Scanner (LLS).  After further investigation it was 
determined that Laser Line Scanner is the better option, as the camera and light method is not as accurate. 
 
An LLS obtains the line profile of a surface by using triangulation to calculate distance from the sensor to the 
points in the Laser line projected onto the surface.  The particular LLS that was used is Micro-Epsilon’s 
ScanCONTROL 2960-50/BL, which has a z-resolution of 4 µm.  The Laser line has 1280 points over a width of 60 
mm and results in an x-resolution of 40 µm.  For every point in the line profile the x- and z-values are given. 

2.1 Experimental set-up 

The preliminary tests were done inside the Aeroswift machine.  The LLS was mounted on a motorised 
translation stage, for linear movement in the x-direction, and the powder deposition system used for the y-
direction travel of the powder scraper to scrape the layers of powder.  A laptop was used to run the LLS’s 
software and motion control for the translation stage.  The powder deposition system was moved with the 
machine control panel.  Spherical Titanium (Ti6Al4V) powder was used with a particle size distribution of 20-
60 µm.  Three different powder scrapers were tested: a solid blade scraper, an EOS produced carbon fibre 
brush scraper and the Aeroswift custom carbon fibre brush scraper.  The blade scraper was included to give a 
baseline for comparison because it produces a near perfect powder layer.  The EOS scraper was chosen in 
order to make a comparison to a commercially used carbon fibre brush scraper. 
 

2.2 Experimental procedure 

The powder used in the tests was dried at 120 oC to ensure optimum flowability for the tests.  The scraper 
height was set to scrape a layer more or less 0.5 mm thick.  The LLS was set-up so that the Laser line is 
parallel to the powder scraper and level with the build plate.  A small amount of powder was dropped in front 
of the scraper and scraped over the build platform with the powder deposition system.  Six line profiles were 
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captured with the LLS to cover 360 mm of the 640 mm bed due to travel limitations of the translation stage.  
The data obtained was processed in Excel and the following was obtained: 
 
• Median line equation for each line profile (to allow for misalignment of the Laser line with the build 

plate) 
• The distance for each point in the line profile to the median line 
• Determination of whether a point in the line profile is a peak or a valley 
• Total amount of peaks and valleys 
• The distribution of peak and valley sizes given inside 20 µm intervals (0-20 µm, 20-40 µm, etc.) 
 
The results for all six line profiles were combined to give an overall result.  These results were then compared 
with one another. 
 

2.3 Discussion of results 

Preliminary test results showed that in some sections the Aeroswift scraper achieved equal performance and in 
some instances improved performance compared to the EOS produced scraper.  However, in other sections it 
performed worse.  The reason for the inconsistency could be tied to the method of manufacturing, as the EOS 
scraper is manufactured in large quantities in an automated process, whereas the Aeroswift scraper is 
manufactured in-house by hand.  None of the scrapers had defects larger than 80 µm. 

3. CONCLUSION 

It is thus concluded that a LLS can be used to quantitatively evaluate the performance of a powder scraper and 
that this method can be used to evaluate the custom carbon fibre brush powder scraper used in the Aeroswift 
system.  This scraper achieved comparable performance to a commercially used carbon fibre brush scraper.  
However, some improvements can still be done regarding the manufacturing process, which would further 
improve the powder scraper’s performance.  This project did not take into account the durability of the 
powder scraper and it is suggested to be done in future work. 

REFERENCES 

[1] Chua, C. K., Leong, K. F., 2014. 3D Printing and Additive Manufacturing: Principles and Applications, 4th 
Edition, World Scientific. 

[2] Craeghs, T., Clijsters, S., Yasa, E., Kruth, J., 2011.  Online quality control of Selective Laser Melting, 
Solid Freeform Fabrication Symposium 2011, pp 216-220 

0
10
20
30
40
50
60
70
80

0-0.02 0.02-0.04 0.04-0.06 0.06-0.08 0.08-0.1 

Nu
m
be

r	o
f	p

ea
ks

Size	(µm)

Average	peak	distribution

Solid	Blade
Aeroswift	CF
EOS	CF

Figure 1: Averaged results from line profiles 

Page 28



 

 

EMERGING TECHNOLOGIES: COMMERCIAL READINESS INDEX (CRI) FOR MEDICAL ADDITIVE 
MANUFACTURING (AM) 

L. Bezuidenhout1*, G. Booysen2, A.F. van der Merwe1 

1*Department of Industrial Engineering 
Stellenbosch University, South Africa 

(Corresponding author: 17761379@sun.ac.za) 
 

2Centre for Rapid Prototyping and Manufacturing 
Central University of Technology, South Africa 

ABSTRACT 

 
Technology Readiness Level (TRL) is widely used as a measure of technology maturity. 
However, TRL is not necessarily a good indicator of commercial readiness. In the renewable 
energy sector a Commercial Readiness Index (CRI) is used where only a technology with a 
high TRL qualifies for commercial readiness. Similarly TRL is used to measure the maturity 
of Additive Manufacturing (AM) technologies. This research proposes a Commercial 
Readiness Index (CRI) for Additive Manufacturing. A case-study on maxillofacial Ti6Al4V 
implants manufactured with AM is referred to.  
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1. INTRODUCTION 

Previous research[1]  on a step-by-step risk assessment of the process of manufacturing a 
successful maxillofacial implant showed to be theoretically unfeasible due to the risks being 
too high. In order to move from theoretical feasibility to real feasibility a mechanism to 
analyse the high risks needs to be developed.  
 
The following case study is used; a maxillofacial implant manufacturing process. The Centre 
of Rapid Prototyping and Manufacturing (CRPM)[2] has been accredited to manufacture 
implants according to ISO13485. The commercialisation of this manufacturing process is 
currently in the ramp-up phase. The commercial sustainability of the manufacturing process 
still needs to be verified. This research uses as a base the Commercial Readiness Index (CRI) 
assessment, created by the Australian Renewable Energy Agency (ARENA) [3] [4]. The 
ARENA CRI is modified to apply to AM by using analysis and synthesis approach. The CRI is 
divided into several independent indicators assessing various commercial aspects and then 
combined into a single commercial index.  
 
Therefore the CRI is compiled from commercial indicators including; Regulatory 
Environment, Stakeholder Acceptance, Clinical Performance, Technical Performance, 
Financial Performance - Cost, Financial Proposition -Revenue, Industry Supply Chain and 
Skills, Market Opportunities and Company Maturity.  A diverse group of 15 experts assisted 
in defining maturity in each of the commercial indicators. The compiled results are 
presented. The value of this research lies in the ability for investors to now assess the 
commercial viability of AM.  AM is considered a disruptive and emerging technology 
designated to replace conventional manufacturing processes.  

2. METHODOLOGY  

The research has started by interviewing seventeen experts on their view and opinion on 
commercial readiness. These experts were chosen based on their knowledge within specific 
industries. The professional environments of these experts include: Associate Professors 
from different South-African Universities, investment managers, senior directors of 
innovative companies, venture capitalists, executive managers and mechanical engineers. 
These experts are versed in: strategic decision making; experience in standards 
development for materials; paediatric applications; managing product-to-market 
endeavours; maxillofacial reconstruction; venture capitalism; commercial incubator 
activities; innovation processes ; aerospace product development ; enterprise engineering; 
regulatory and conformance quality; logistics and supply chain and systems integration. 
Their opinions contributed to defining the CRI indicators for AM. Using the TRL, introduced 
by NASA in 1970[5], each of the technologies are evaluated in terms of their maturity. The 
individual TRL’s will be added in the value chain in order to calculate the CRI  
 

2.1 Objectives 

1. Define CRI for AM based on CRI for renewable energy by process of expert opinion 
2. To define a framework against which the commercial maturity of processes using 

AM technology can be measured 
3. To use a case study to confirm the framework  

 

3. LITERATURE ANALYSIS REVIEW 

3.1 Additive Manufacturing technologies within medicine 

At the start of this research, a better understanding of AM in general was needed. Additive 
Manufacturing products within the medical industry are of high value and small physical 
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volume, custom-designed within the AM technology. These products continue to deliver 
innovative solutions for customer needs [6].  
AM medical devices can improve the manufacturing of the product and the physical fit to 
the patient, supporting the medical device industry which focuses on enhanced 
customisation. The alignment between medical device and AM is strong due to the demand 
for low-volume, high-customised products with life dependent outcomes. This is exactly the 
case for the maxillofacial implant.  
3.1.1 Maxillofacial implant 
 

 

Figure 1: Maxillofacial implant [2] 
 
The CRPM has been successful in manufacturing and implanting this implant, shown in 
Figure 1. The CRPM is an institute of the Central University of Technology (CUT).  
 
3.1.2 AM research funding 
The development of AM technologies in South Africa has been through provisional and 
upfront grants [7]. Grants from the government can be useful in assisting companies with 
funding for their projects. The introduction of new technologies into existing markets face 
difficulties in the commercialisation process [3].   
 

3.2 Defining key terms 

3.2.1 The manufacturing process chain 
The manufacturing process chain is the specific part within the production we are 
interested in to calculate the TRL. First we need to discuss the different types of TRLs.  
The technology that you buy from the supplier is integrated into your manufacturing 
process. That technology then has a new TRL within your process. The process leads to a 
product with a new TRL. Therefore we can summarise the different TRLs into three uses: 
1. The TRL the supplier promises when you buy a product from them and  
2. The TRL that you experience when using the product.  
3. The TRL of the process of manufacturing the product. 
 
 

3.2.2 “Emerging technologies” 
AM is not only an emerging technology that has the potential to replace many conventional 
manufacturing processes, but also an enabling technology allowing new business models, 
new products and new supply chains to emerge [8]. Emerging technologies are 
technological advances that are currently in development. They have the potential to 
replace current technology in the workplace and are within the development phase of their 
technological life cycle. Emerging products are becoming more complex and require 
multiple capabilities within the company. Without the certain manufacturing capabilities, 
companies are vulnerable to market shift [9]. This is just some characteristics of emerging 
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technologies. Many others exist; the researcher found that these are the ones relevant to 
this study.  
 

3.2.3 “Readiness” and “maturity” 
When companies want to implement an emerging technology, it is important to consider 
whether they are ready to implement it.  “Readiness” is a measure of the suitability of a 
technology or products for use within a larger system in a particular context [10]. Smith 
[10] recognised that the terms readiness and maturity are sometimes used interchangeably 
and argues that a mature product can have a greater level of readiness for a specific use or 
system than one with lower maturity. The individual readiness components and their 
contributions to the system or product make it difficult to determine the overall readiness 
of the technology and also the overall risk assessment [11]. This statement led to many 
articles on Technology Readiness Levels in general. 
 

3.3 Technology Readiness (TRL) 

The concept of “technology readiness levels” (TRLs) was first introduced by the National 
Aeronautics and Space Administration (NASA), in 1970 [5]. TRLs were initially introduced as 
a concept for an independent, programmatic figure of merit (FOM) to allow for effective 
assessment and communication of maturity of new technologies. In 1995, the TRL scale was 
strengthened by the articulation of definitions of each level [12]. Since then, TRLs have 
proven to be effective in communicating the status of new technologies within 
organizations.  

 

Figure 2: Technology Readiness Level (TRL) [12] 
 
TRLs defines the gap between the technology’s maturity and the maturity needed for it to 
be successful [13].The basic model of TRLs is shown in Figure 2. 
In South Africa, TRLs have been used within AM by the CSIR [7]. NASA used TRL to assess the 
maturity of a particular technology and a scale to compare technologies [14]. NASA 
originally created TRL to mature to TRL 6 which states that only at level 6 can a mission 
assume responsibility [15]. In 1999, the Department of Defence (DoD) embraced the TRL 
concept and expanded it to reach TRL 7 before the technology can be included in their 
program [14].  
 
These differences caused researchers [14] to state that TRL: 

1. Does not demonstrate the difficulty of integrating technologies into an operational 
system [13], [16], [10], [11] 

2. Does not include guidance towards uncertainty within maturity movement of TRL 
[15], [16], [10], [17] 
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3. Shows no alternatives to analysing alternative TRLs [13], [16], [10] 
 

When TRLs are now drawn from their individual level of technology to the system context, 
more concerns arise between the interaction of the multiple technologies [14]. Different 
views on how to integrate individual TRLs within a project or system has been explained 
[14], [18], [19]. The experts mentioned, explain that an Integration Readiness Level (IRL) 
can be used to determine the relationship of technologies within a system and then using 
the IRL to set-up the System Readiness Level (SRL).  
 
The concerns of  Sauser et al.[14] and Graettinger [20] stated that technology must be 
integrated within a system. Although the SRL is considered in literature as an indicator of 
system readiness it does not address all the indicators required for CRI. Therefore, 
addressing the concerns of Sauser et al.[14] and Graettinger [20]  we will attempt to draw 
the individual level of technology to a process context. The technologies will be 
investigated within a process context Graettinger [20]  to examine the processes to 
manufacture a product.  
 
Several literature articles [5], [12], [13], [15], [16], [10], [11], [17], [20]–[25] talk about 
technology readiness without the process chain and others [7], [26]–[29] about the process 
chain and process readiness without the technologies. A gap within this research is that the 
two differing views are not merging. In this research, the fundamental technologies meet 
the process chain and that is why we can argue that the lowest TRL is what we are 
interested in. The reason being that the weakest technology (lowest TRL) in the process 
chain is most likely to have the most adverse effect on the entire process chain.  If one 
technology fails, the entire chain will fail.  
 
The TRLs provide a good framework for gauging technology readiness; they are insufficient 
to gauge commercial readiness, since other, non-technological aspects also determine 
commercial viability. This then provide the motivation for the development of a CRI 
framework which links back to but extends the TRL framework. A viable way of setting this 
up is to determine the future or to-be TRLs of the technologies. This is then referred to as 
the goals that have to be obtained in order to achieve the to-be state.  
 

3.4 Commercial Readiness Index (CRI) 

The CRI framework developed by the Australian Renewable Energy Agency (ARENA) aims to 
complement the TRLs by assessing the commercial maturity of technologies across six 
indicators [4].  
The CRI determines the commercial ranking of the project, and the TRL index is a tool used 
for benchmarking the progress and development of specific technologies through the 
development chain[24].  
 
The CRI begins once the technology is at a stage where there is proof that is feasible in the 
field [3]. This is at TRL 2. The CRI ranges until the technology is commercially deployed, 
Figure 3. ARENA [3] argues that in order to improve commercial readiness of a technology, 
it needs to progress along certain commercial indicators.  
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Figure 3: TRL and CRI [3] 
 

3.4.1 Commercial Readiness indicators 

 
Companies can determine new technologies’ attractiveness by evaluating their technical 
and economic viability, market potential and value capture [30]. The financial overheads 
for running machines and buying feedstock are potential barriers to the commercialization 
of AM [8]. Accelerators in commercialization are organizational support, market proficiency 
and organizational-integration [26]. “Maturity” is encapsulated within the notion of 
“readiness” [31]. They are used interchangeably. ARENA [3]  has identified indicators to 
reflect on the commercialization process of their industry. The indicators were drawn from 
experience, consulting with stakeholders and reviewing literature.  
 
From the literature it is evident that commercial readiness indicators should include 
stakeholders [32], technical viability [30], market opportunities and proficiency [26], [28], 
[30], [33], economic viability and value capture [30], [34], organizational support [26] and 
strong R&D efforts [35]. The ARENA[3] CRI framework includes all the above indicators with 
descriptions of each, tailored for application for renewable energy projects. These 
indicators are Regulatory Environment, Stakeholder Acceptance, Technical Performance, 
Financial Performance – Cost, Financial Proposition – Revenue, Market Opportunities, 
Industry Supply Chain and Skills, and Company Maturity. 
 
Each indicator has a Level 1-6 maturity. This means that they are further described based 
on different level of maturity. Level 1 being the least mature for that specific indicator and 
Level 6 being classified as the highest maturity for that indicator. ARENA makes use of a 
Status Summary, described by the indicators, to evaluate at which level of business the 
project is.  
 
In the present work, the CRI framework developed by ARENA is used as a basis for the 
development of a customised CRI indicators and framework for assessing the commercial 
readiness of AM technologies. 
 
The TRLs can be averaged and then transferred to the corresponding CRI levels of 
Hypothetical Commercial Proposition, Commercial Trial, Commercial Scale up, Multiple 
Commercial applications, Market Competition driving widespread deployment and 
“Bankable” Grade Asset Class.   
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4. FINDINGS 

4.1 Definition of CRI Indicators for AM 

The CRI indicators were transformed from the renewable energy case study to the medical 
AM case -study. Seventeen experts in the industry were interviewed and their combining 
opinion on each indicator was documented. The Indicator descriptions are summarized in 
Table 1.  
 
 

Table 1: CRI level indicators 

Level CRI indicators 

Regulatory Environment 
6 Regulatory and planning process documented and defined with ongoing process of 

review and refinement. To have an internally flexible robustness to change to 
conform to. Investment markets see company policy settings long term, robust 
and proven. 

5 Regulatory, planning and permitting standards conformed to and accredited. 
4 Key findings published on planning, permitting and regulatory challenges based on 

actual evidence. Quality management strategy agreed for accreditation. 
3 Manufacturing quality checks and standards are in place. Process development 

address key barriers in order to gain certification. 
2 Key regulatory barriers emerge and require project specific consideration. 

Reference model with set of rules are referred to when decisions are made. 
1 Quality checks and operations are developed to meet specific standards. 

Operators are being trained to perform to specified standards. Regulatory body 
has not yet approved operations. 

Stakeholder Acceptance 

6 Processes for change are in place to ensure robustness. 
5 Stakeholders transparently represented in all aspects of the business. IP risk 

mitigated. Stakeholders would like to see the full clinical benefits AM can bring - 
shorter theatre and recovery time. 

4 Evidence and experience is available to inform stakeholders increasing their 
acceptance. Market dictates policy settings and consumerism drives thinking. 
Stakeholder networks based on trust result in funding. 

3 Systematic process to manage stakeholders' input. A plan to mitigate risks is in 
place. Technology features are publically explained to end users in order to 
develop market understanding of benefits. 

2 Stakeholder support is on a case-by-case basis with technology developer skills a 
critical success factor. Processes are based on best practice principles and 
documented accordingly. Intellectual Property (IP) risk identified and mitigation 
policy in place. 

1 Stakeholder support is limited to collaborative research group. A plan to mitigate 
risks is in progress. 

Clinical Performance 

6 The product as well as the procedure is internationally recognised for a high 
number of successful cases. 

5 Regular credit from peer reviewers. Standard operating procedure is in place. 
One component associated with procedure decreasing the risk. 

4 The research and proven studies must be published in several international 
journals and presented at medical conferences. Procedure is faster than the 
typical procedures. Patient has a high chance of survival. 

3 The research and proven studies must be published in several journals. Several 
successful procedures have been done. Product is available for purchase. 
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2 The procedure is done in a proven clinical study operating theatre. Many 
components associated with procedure and product, several components are used 
within complex procedure. Products are modified during procedure. High 
customisation of product is needed. 

1 Clinical performance is in progress. Patient has a chance of survival. The reaction 
of the body to the product is unproven. 

Technical Performance 

6 Secondary markets exist to access externally verified performance information 
for routine due diligence. Performance review and warranty credit rating 
transparent. 

5 Multiple data sets discoverable on our commercial products operating in a range 
of applications. Medical regulation approval. Proof of what you promise for 
example a certificate on the wall. 

4 Performance yield, efficiency vs. forecasts published and key drivers understood. 
Performance evaluation methodology and warranties becoming standard. High 
confidence in production viability. 

3 Quality standards and accreditations on technical performance proven. Product 
complies with customer expectation. Tacit knowledge of production process 
ensures 100% capability. Production becomes viable for venture capitalists. 
International evidence key in investment. Finite Element Analysis (FEA) procedure 
in place. The design criteria lead to an effective and sustainable product with low 
risk. 

2 Production performance forecasts based on simulation models from research & 
development or pilot scale demonstration. International performance used to 
support investment case. 

1 Standards and accreditation are in progress. Machine performance improvement 
in progress. Production data based on prototypes and forecasts with little or no 
prior data to substantiate. Design does not yet lead to a sustainable product. 

Financial Proposition -Costs 

6 Cost detail indices widely published and accepted for multiple similar 
applications. System cost competitive to drive uptake. 

5 The cost model reliably reports the recommended retail price of the product. 
Product price and value proposition clear and attractive. 

4 The cost model is flexible to allow for product variations. Commoditisation of 
major components occurring. Cost drivers are publically understood with 
roadmaps to market competitiveness. 

3 The cost model is verified to accurately forecast products cost for quotations. 
Focus moving towards lowering unit costs and risk. 

2 Key costs based on projections with some actual data available to verify. The cost 
model is being validated to actual accounting data. Supply chain stages' 
engineering costs based on time and materials with high degree of risk loading. 

1 Cost model is being developed to determine the risk management strategy for the 
feasible region in which we are operating. Cost data based on projections and 
forecasts with some data to substantiate. 

Financial Proposition - Revenue 

6 Transparent benchmarking is evident. Revenue sustainably robust through market 
variations. 

5 Revenue projections based on proven forecasts and accepted commercial data. 
Product price sustainable to ensure market share increases. 

4 Revenue projections backed by commercial data. Price gaps understood and 
roadmaps in place to address. Revenues generating sufficient cash flow to service 
debt and equity expectations. 

3 Revenue sufficient to break-even production costs. Overheads subsidised by 
research and development funding. Revenue projections being tested in 
commercial context by investors. Tax subsidies applied for. 
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2 Some revenue is generated and cash is received. Revenue projections highly 
discounted by investors. 

1 Revenue data based on projections and forecasts with little data to substantiate. 
Funding 

6 Stock exchange generated public funding. 
5 Recurring funding from investors based on underlying value of proposed asset. 
4 Investors comfortable to secure debt based on financial ratio such as recurring 

revenue as a % of operating expenses. 
3 Funding gaps between net present value of revenue and cost benchmarked to 

sector indicators. Capital invested is partially subsidised by research grants. 
2 Small scale production trials funded through research grants. 
1 Funding for prototyping established. 
Industry Supply Chain and Skills 

6 Multiple alternatives with proven capability. Product and service is key 
differentiation selection factor. Process flexible to react timeously to change in 
trends. 

5 The supply chain is set up for future development. Specialisation occurring along 
supply chain with standards defined and supplier performance externally 
benchmarked. Service level agreements are in place. 

4 Key skills demonstrate batch process efficiency with replicable results. Industry 
supply chain and market channels proven to deliver. Time-to-build measured as a 
key driver of efficiency. 

3 The supply chain is set up through several businesses to spread risk. Limited 
availability of key components and manufacturing, operational and maintenance 
skills. Business plan to move from start-up to scale-up approved by stakeholders. 

2 Most supply chain stakeholders conform and are willing to participate. The 
manufacturing process policy is in place as engineer-to-order. SCOR reference 
framework is used in collaboration with best practices. 

1 Key elements in supply chain identified and from specialist source. Service level 
agreements are being negotiated, often under technology proponent's 
specifications. 

Market Opportunities 

6 The company has a large market share. 
5 Market driving the investment process. Management policy robust to external 

factors. 
4 Market demand primary driver of the investment case with some concessional 

policy support. Market size widely available and verified by third parties 
competitors. Target segment customers are key stakeholders in the investment 
decision process. 

3 There must be proof of an irrevocable offer to purchase. Active advertising and 
marketing system to generate leads with follow up action plan. Detailed market 
research to understand the size, interest and readiness of the market available. 

2 Commercial trial has identified the target market segment proving to investors 
that the technology is clinically reliably. Market research has been done to enable 
proponents to estimate the market size locally and internationally. 

1 Some opportunities available. Expert opinion confirms commercial evidence for 
investment case based on market size and early channel to market. 

Company Maturity (CRPM Medical Pty Ltd.) 

6 The company can be listed as a public company. Company is resilient to react to 
external factors. 

5 Company lead by governance policy to ensure shareholder value. Company KPIs 
are aligned with shareholder value and met. 
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4 A recognised quality management system imbeds trust with stakeholders. 
Company structure is in place and systems are automated to support perceived 
shareholder value. The company is the main driver of the technology. 

3 Industry stakeholders in place and strongly represent the sector. Industry sector 
still driven by technology proponents within research institutes. The company has 
started developing a corporate governance system. 

2 Internal management systems are being developed and the company now has 
several decision makers with a unanimous goal. Industry stakeholders are weaker 
than research institutes. 

1 Company structure is in progress. Several high level responsibilities resides in one 
person. Manufacturing and technology capability is being transferred from 
research institutes to industry stakeholders. 

 
It will be noted that a ninth indicator called Clinical Performance and a tenth indicator 
Funding was added to the list. This is because medical AM products critically depend on 
clinical performance measures in order to be commercially ready and funding that was 
previously included within Revenue now forms an independent indicator.  
 

4.2 Definition of CRI Framework for AM 

The Status Summary Levels previously mentioned are described in Table 2. 
 

Table 2: Status Summary Levels  

 
 
Each indicator level is mapped on the Status Summary Matrix, in Figure 4.  
 

Level Status Summary 
6 Bankable Grade Asset 

Class 
Considered as a "Bankable” grade asset class with 
known standards and performance expectations. Market 
and technology risks not driving investment decisions. 

5 Market Competition 
Driving Widespread 
Deployment 

Competition emerging across all areas of supply chain. 
Verifiable data on technical and financial performance 
in the public domain. 

4 Multiple commercial 
application 

Becoming evident locally although still subsidised. 
Verifiable data on technical and financial performance 
in the public domain driving interest from variety of 
debt and equity sources however still requiring 
government support. Regulatory challenges are 
addressed in multiple jurisdictions. 

3 Commercial Scale-up Small scale, first of a kind project funded by equity and 
government project support. 

2 Commercial Trial Small scale, first of a kind project funded by equity and 
government project support. Commercial proposition 
backed by evidence of verifiable data typically not in 
the public domain. 

1 Hypothetical Commercial 
Proposition 

Technically ready – commercially untested and 
unproven. Still subsidized by government.  
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Figure 4: Simplified Status Summary Matrix 

 

4.3 Case study to demonstrate the AM CRI framework  

The AM CRI framework is demonstrated by example of medical AM products.  
 
4.3.1 Case Study: Maxillofacial AM manufactured in Ti6Al4V 
The case study is now used to help in understanding the methodology approach used to 
determine the CRI for medical AM products. The indicator levels are assesed according to 
an as-is and a to-be state. The to-be state is where we want to be in the future and the as-
is state is our current state. Table 3 shows the results. The as-is and to-be states are 
indicated in red and yellow respectively.  
 

Table 3: Indicator levels - maxillofacial implant 

Level CRI indicator - maxillofacial implant 

Regulatory Environment 
6 Make use of automatic software and streamline the technical files.  
5 Limited standards exist for manufacturing and implanting prosthesis into the 

human body. Standards are based on best practices and Standard Operating 
Procedures (SOPs). ISO system is in place and we know the regulatory body. 

Stakeholder Acceptance 

5 Tacit knowledge skills transfer program. Multiple successful case studies can be 
achieved. 

3 Design follows a process. The plan to mitigate risks is in place. Stakeholders are 
sometimes still uncertain. Number of doctors needed unknown if process gets 
commercialized. Many outsourced processes that bring uncertainties. 

Clinical Performance 

5 Hospitals and medical insurance companies use AM implants as the norm and 
medical assurance authorisation codes are developed for custom procedures.  

3 Product has been tested to render acceptable results. 

Technical Performance 

4 Successful ramp up of production to support a portion of SA market. Technical 
performance constant with higher production values. Process monitoring systems 
are in place to log process conditions. 

3 Yearly successful ISO surveillance audits shows that technical performance is 
sound. Production still limited but repeatable. 

Financial Proposition –Costs 

Regulatory 
Environment

Stakeholder 
Acceptance

Clinical 
Performance

Technical 
Performance

Financial 
Performance 
Costs

Financial 
Proposition 
Revenue Funding

Industry 
Supply Chain 
and Skills

Market 
Opportunities

Company 
Maturity

Bankable Grade 
Asset Class
Market Competition 
Driving Widespread 
Deployment
Multiple 
Commercial 
Applications

Commercial Scale-
up
Commercial Trial
Hypothetical 
Commercial 
Proposition

Indicators

St
at

us
 S

um
m

ar
y 

L
ev

el

Page 39



 

 

4 Publish more articles on cost structures. Cost structures should be benchmarked 
with other institutions. ROI is clearly understood if other similar spin-offs needs 
to be established 

3 Key costs not yet in the public domain. 

Financial Proposition – Revenue 

4 Proof of concept with the investors to see real revenue and market opportunities.  

3 Know where the profit lies, but market size unknown. 

Funding 

4 Private companies are investing into this venture. The manufacturing bureau is 
financially sustainably. 

3 Some of the activities are subsidised through research grants and other 
commercial activities. 

Industry Supply Chain and Skills 

3 Doctor information requirements must be standardised. Procedures from suppliers 
must be adjusted to comply with the AM process. 

2 Product manufacturer typically designing and procuring multiple elements to own 
specification. AM processes streamlined. Technology proponent specification 
given to suppliers. 

Market Opportunities 

4 Product line partnership with sector specific customers. 
1 Market size, locally and internationally not yet estimated. The technology is still 

in the critical stage of being a promising technical solution moving into a 
prospective commercial opportunity. 

Company Maturity  

5 Independent entity concentrating on manufacturing. Constantly engaging 
research institute for continuous improvement. 

2 Support structure in place for small scale production. The company needs to 
mature in terms of commercialization. 

 
 
Table 3 is then mapped in Figure 5. Using the average calculation [3], the as-is Status 
Summary of this product is at CRI 3 and the to-be Status Summary is as CRI 5. The 
difference between the as-is and the to-be state is a mechanism to identify actions to be 
taken by the manufacturer to improve the maturity of the indicators.  
 

 

Figure 5: Status Summary Matrix - maxillofacial implant 
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5. RESULTS 

Expert opinions are compiled into different maturity levels of each indicator. Subsequently 
these indicators are reiterated with individual experts for their conformation. Results from 
expert opinions provided the different levels of maturity for each indicator. The case study 
on maxillofacial implants was tested against this framework and the CRI reported 
accordingly. CRI determined at status of Commercial Scale-up at CRI 3. 

6. CONCLUSION 

A commercial readiness index for additive manufacturing technologies is proposed. The 
opinions of seventeen experts were compiled into levels of maturity for each independent 
commercial indicator. Commercial indicators are used to assess the commercial maturity of 
an enterprise’s ability to unlock the potential of emerging technologies. Commercial 
indicators are independent parameters, averaged to a single Commercial Readiness Index.  
 
The CRI framework helped recognise the KPIs within the case study’s manufacturing 
process. It also helped the expert to understand and learn about the possibilities regarding 
commercialization of a complex product. The CRI framework helped to identify the main 
barriers that need to be addressed to move from the as-is state to the to-be state.  
 
The technology framework will help with the technological uncertainty of the product, and 
show project and process risks associated with the manufacturing of the product. In South 
Africa it can be implemented within research organisations such as Idea2Product, 
LaunchLab and Maker Station, among others. This would mean more people embracing AM 
and enabling the average person to become economically active in the AM industry in South 
Africa.
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ABSTRACT 

Silica sand is the preferred refractory material used for rapid sand casting applications. 
However, this material is known to have limitations with regards to the quality of the final 
castings. The following research study explores the possibility of using ceramic sand as an 
alternative in a Voxeljet VX 1000 printer. Ceramic sand test specimens were manufactured 
on the printer and their mechanical properties assessed. The properties of the sand 
specimen produced with the ceramic sand were found to be comparable to the one 
obtained with an imported and local silica sands. In addition, ceramic moulds were 
produced free of visible defects ready to be cast.  
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1. INTRODUCTION  

Rapid sand casting refers to the application of additive manufacturing (AM) for the 
production of sand moulds and cores used for metal casting [1]. This application offers 
several benefits to foundrymen that includes the elimination of tooling in the form of sand 
pattern and core boxes, the reduction of lead design time in the casting process and 
topology optimisation of complex parts [2, 3, 4]. 

Several commercial AM technologies are available to produce castable moulds and cores 
[5]. Three-dimensional printing (3DP) appears to be the technology that has the most rapid 
growth due to its low capital and operating costs [6]. The 3DP process consists of an 
activator coated refractory sand that is aggregated in a layer by layer fashion with the 
deposition of a resin binder by means of a printer head. Voxeljet [7] and ExOne [8] 
technologies are prominent examples of 3DP systems for the production of foundry sand 
cores and moulds.   

Silica sand is generally the refractory sand of choice for sand moulding and AM applications 
due to its large availability and low cost. This refractory sand also produces good quality of 
iron and aluminium based castings without defects of types sand burn-on and scabs [9, 10]. 
Silica sand having an acid demand requirement less than 10 ml, is generally compatible 
with ordinary chemical activators and binders used in 3DP processes such as furfuryl-based 
alcohol resin catalysed with sulfonic acid [11]. 

Foundry practice shows that in the case of special sand casting applications, the use of 
alternative refractory sand is required. This is because silica sand exhibits inherent 
technical limitations, which include the low refractoriness, high thermal expansion and low 
reclamation yield. The properties of silica sand and other types of refractory sands are well 
documented in the literature [12, 13]. For instance, silica sand has a high thermal 
expansion of 1.9% compared to ceramic sand thermal expansion neighbouring 0%. In 
addition, pure silica sand has a refractoriness of 16000C while ceramic sands have sintering 
temperature close to 20000C [13].  

Non-siliceous sand for sand casting applications include chromite sand, olivine sand and 
zircon sands. Synthetic sands obtained by thermal calcination treatment include alumino-
silicate based ceramic sands [14]. These synthetic sands have spherical shaped grains and 
better anti-burn-on, thermal expansion and reclamation yield properties compared to 
natural occurring foundry sands [15].  

No literature could be found on the use of ceramic sands for rapid sand casting 
applications. The objective of this paper is to assess the mechanical properties in terms of 
bend and tensile strength and friability resistance of sand parts produced by AM using a 
ceramic sand commercially available locally. The achieved mechanical properties with the 
ceramic sand will be compared to the properties of imported and local silica sands 
commonly used for AM. As such, the paper explores the possibility of using synthetic sand 
for special rapid casting applications using available three-dimensional printing 
technologies. 

2. METHODOLOGY 
2.1 Experimental procedure 

A four steps methodology including raw material characterisation, sand preparation, 
additive manufacturing and sand testing was followed for this investigation. Table 1 
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presents the elements of the experimental work with the related techniques and equipment 
used. 

Table 1 Elements of the experimental work 
Experimental work 

steps 
Raw materials Techniques Equipment 

1. Sand 
characterisation 

Imported silica 
(VoxelJet 
recommended) 

Local silica sand 

Imported sand 

1. Scanning 
Electron 
Microscope 
(SEM) 

2. X-Ray 
Fluorescence  

3. Sieve Analysis 
4. Loss on Ignition 

(LOI) 

1. Tescan SEM 
2. WIRSAM XRF 
3. AFS Sieves 
4. Mufle furnace 

2. Sand 
preparation 

Sulfonic acid sand 
coating 

Mixer 

3. Additive 
manufacturing 

Three dimensional 
printing 

Voxeljet VX 1000 3D 
printer 

4. Sand Testing AFS test specimens Tensile/ bend/ 
Friability  

Universal sand 
strenght testing 
machine (AFS) 

Three refractory sands were used in this study, including a local refractory silica sand, an 
imported silica sand (recommended by the OEM manufacturer) and a locally commercialised 
ceramic sand. Various characterisation techniques listed in Table 1 were performed to 
determine the grain shape, the chemical analysis, the size distribution and purity of the 
refractory sands. 

The sand preparation of the local silica and the ceramic sands firstly consisted of sulfonic 
acid coating in a device of type cement mixer shown in Figure 1. The addition of sulfonic 
acid was maintained at 0.3% for a batch of 50 kg of sand in order to ensure a homogeneous 
coating. After mixing of the sand, it was subsequently dried in an oven at 100˚C for 12 
hours to complete the sand preparation as shown in figure 3. On the other hand, the 
imported silica sand was supplied already pre-coated and no additional sand preparation 
was required prior to additive manufacturing.  

AM (Figure 3) to produce sand test specimen and sand moulds was carried out using a 
Voxeljet VX 1000 Three-dimensional printer available at the Advanced Manufacturing 
Precinct (AMP) of the Vaal University of Technology Southern Gauteng Science and 
Technology Park [16]. Figure 4 shows the printed sand test specimens and mould 
components produced using the ceramic sand ready for testing and visual examination.  
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Figure 1: Cement mixer device used for sulfonic acid coating of refractory sands. 

 

Figure 2: Drying of pre-coated sand in oven. 

 

Figure 3: Three dimensional printing of ceramic sand mould components in progress on 
a Voxeljet VX 1000. 
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Figure 4: Printed sand mould components and sand test specimens ready for testing. 

Printed sand specimens were tested for tensile, bend and friability resistance in non-cured 
and cured state. Curing of samples consisted of heat treatment in a muffle furnace at 
110˚C for two hours. American Foundrymen Society (AFS) sand testing procedures were 
followed to determine the strength and friability resistance of the sand specimens [17]. 
Figure 5 shows the various Ridsdale- Dietert accessories and equipment used for sand 
testing [18].  

 

Figure 5: Sand testing accessories and equipment: (a) tensile test – (b) Bend test – (c) 
friability test equipment 

3. RESULTS 

3.1. SAND CHARACTERISATION 

3.1.1. Grain Shape 

Figure 6 shows the sand grain shape as obtained by scanning electron microscope (SEM) for 
the three refractory sands. The grain shape is generally defined in terms of two parameters 
namely the angularity and sphericity.  
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                (a)                                               (b)                                            (c) 

Figure 6: Grain Shape test results of the different type of refractory sands: (a) 
Imported sand, (b) Ceramic Sand and (c) Local sand 

It can be seen that the ceramic sand is characterised by a well-rounded and high sphericity 
grain shape compared to the silica sands having angular and medium to low sphericity grain 
shape. Spherical grain shape sands could free flow and compact better during additive 
manufacturing process leading to denser and stronger parts. With regards to the grain 
shape, ceramic sand would be better than silica sands.  

3.1.2. Grain size distribution  

Figure 7 shows the grain size distribution of the different sands in terms of percentage 
retained on a series of American System for Testing and Material (ASTM) sieve system.  

It can be observed that the ceramic sand is generally coarser than the silica sands. Coarser 
refractory sands will produce rougher surface finish of castings compared to finer sands. On 
the other hand, coarser sands have higher permeability which is preferable for resin 
bonded sands.  
 
It does also appear from Figure 7 that the ceramic sand has a narrow size distribution 
compared to the silica sands. In general, narrow size distribution is preferred to prevent 
sand grain segregation. The latter phenomenon could cause mobility of coarser sand grains 
during the three dimensional printing. This will result in AM recoating fault and visible 
ditches on printed parts  
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Figure 7: Grain size distribution of the various refractory sands 

3.1.3. Chemical composition 

Table 1 shows the chemical composition in terms of percentage SiO2 content and Loss on 
Ignition (LOI). The ceramic sand as alumino silica sand has a low silica content compared to 
the silica sand. The percentage of Al2O3 in ceramic sand was found to be 73.3% by XRF 
conferring it a superior refractoriness and low linear thermal expansion compared to the 
silica sands. 

Table 1 also indicates that the three sands had different LOI values. The LOI is directly 
related to the content of sulfonic acid of the pre-coated obtained after sand preparation. 
It does appear that the imported sand was coated with higher level of sulfonic acid 
compared to the local silica and ceramic sands experimentally pre-coated as described in 
section 3. This sulfonic acid content could have an influence on the strength as well as the 
resistance to friability properties.  

Table 2: X-ray Fluorescence results of various sands 

Sand Parameters Imported Sand Ceramic Sand Local Sand 
SiO2 [%] 97.1 15.6  97.8 
Loss on Ignition [%] 0.53 0.30 0.20 

3.2. Mechanical properties. 

Figure 8 shows the results in terms of the tensile and bending strengths for the three 
different types of sands. It can be observed that the ceramic sand appears to yield the 
strongest tensile behaviour than the imported and the local sand in the non-cured and 
cured states. This is possibly due to the well-rounded and high sphericity shape of the sand 
particles. On the other hand, the local sand seems to generate the highest mechanical 
property in term of bending strength as compared to the imported and ceramic sands 
conceivably because of its optimum sand grains size and shape. 
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Figure 8: Tensile and bending test results of the different type of refractory sands 

Figure 9 shows the friability resistance of the different sand samples. The lower the value 
in the graph, the better is the resistance to mould erosion during metal filling of the sand 
mould.  

 

 

 

 

 

 

 

 

 

Figure 9: Friability resistance of the different refractory sands. 

The ceramic sand exhibits highest resistance to friability in the non-cured state and the 
lowest in the cure state. This is possibly due to certain unexplained thermal-physical 
condition, which favour the ceramic sand in the non-cured state, but does not in the cured 
state. The lower friability resistance exhibited by the ceramic sand in the non-cure state is 
abnormally unexplained requiring additional investigation. Results of friability tests appear 
to indicate that silica sand could be better than the ceramic sands.  
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Visual examination of sand mould components produced using the ceramic sand (Figure 4) 
did not reveal any defect. The AM using the ceramic sand was optimised after error and 
trial but adequately controlling the flow ability of the pre-coated sand after oven drying. It 
was found that the sand’s flow ability decreased after the coating, which caused the 
recoater in the Voxlejet VX1000 to clog. After mixing, the sand was placed in an oven at 
100˚C for 12 hours, in order to dry it. The flow ability of the sand increased significantly 
after baking. The Voxlejet VX1000’s recoater gap and recoater speed had to be adjusted 
according to the flow ability of the various sands. 

4. CONCLUSION 

The objective of this investigation was to assess the mechanical properties of ceramic sand 
parts produced by additive manufacturing. The initial results appear to indicate that higher 
mechanical properties in terms of tensile and bending strength could be achieved with 
ceramic sands compared to silica sands owing to the spherical grain shape morphology of 
the ceramic sand. The friability resistance of the ceramic sand mould could be inferior to 
the one of the silica sand moulds. Future studies should include casting trials of the ceramic 
sand moulds to complete the assessment of this refractory material for rapid casting 
applications. 
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ABSTRACT 

In the world of additive manufacturing, specifically powder based technologies, failed 
prints can be very costly due to the costs and availability of the printing materials, in 
addition to the machine usage cost. The most common cause of failed prints on powder 
based technologies can be linked to recoating problems. Thus, the lack of a dedicated re-
coater monitoring system has been identified as the main driver for these problems, as 
there is no feedback to verify the quality of the recoated layer. Re-coater errors may cause 
the print process to fail or cause defects in the printed part. This paper describes the 
identification and benchmarking of an active re-coating monitoring system, which can be 
implemented into existing powder based additive manufacturing technologies. 
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1. INTRODUCTION 

Research has shown that powder based AM technologies often experience recoating 
problems that might lead to failed prints or defective parts. These failed prints will 
decrease the technology’s reliability. With the rise of AM technologies currently being 
integrated into existing manufacturing industries, a need has been identified to increase 
the reliability of these technologies. An example of a recoating error during the printing 
process is shown in Figure 1. Currently, powder based AM technologies have no recoating 
quality feedback into the printing system and can therefore be identified as one of the key 
aspects that may contribute toward the recoating problems [1]. 
 

 

Figure 1: Effect of Re-coater errors 

This indicates the need for a dedicated re-coater monitoring system that can be used to 
monitor the recoating quality during the printing process. The re-coater monitoring system 
will enable the system to pause the printing process in the case of recoating defects so 
that the re-coater can either be cleaned or refilled. In turn, this could minimise the 
amount of raw materials wasted due to a failed build, and will add to the efficiency of the 
process. 

2. STUDY BACKGROUND 

There are a number of scanning technologies available that can be used to develop such a 
re-coater monitoring system. These technologies include: Computer or Machine vision, 3D 
laser scanning and Time-of-Flight cameras. A brief comparison between the design features 
of each of the scanning technologies is shown in Table 1. The features of the scanning 
technologies that would be considered in this study to determine an appropriate technology 
that can be used to develop an active monitoring system include: measurement accuracy, 
scanning speed, cost and computing power. 
 
From the data given in Table 1, both the computer vision and 3D laser scanning techniques 
yield the best measurement accuracy. The next factor that will be taken into consideration 
for the selection process includes the scanning speed. Since the 3D laser scanning and 
computer vision technologies are different in terms of their operation, they cannot be 
directly compared to each other. However, both these systems have a high scanning speed, 
which makes them suitable to be used in the active re-coater monitoring system. As 
highlighted in Table 1, 3D laser scanning devices are very costly, and require significant 
processing power as it generates a 3D point cloud data set of the surface. The computer 
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vision has a low cost and requires less computing power. A major advantage when using 
computer vision is that compact computing devices such as the Raspberry Pi or Beagle Bone 
Black system can be used to process the images, which would significantly reduce the 
overall system cost. However, it needs to be taken in consideration that the computer 
vision technology is very susceptible to lighting conditions. Due to this fact, it is very 
important that the lighting must be carefully controlled in order to achieve the maximum 
effectiveness of the technology. Considering the given specifications of the three different 
technologies, the computer vision technology showed to be the most viable option to 
develop an active re-coater monitoring system. 
 

Table 1:  Active Monitoring Technology Comparison. 

Features 
Technology Type 

Computer 
Vision 

3D Laser 
scanning 

Time-of-Flight 
Camera 

Measurement accuracy High (+-150um) High(+-150um) Low(1cm) 

Scanning speed (points per second or frames per 
second) High (+30fps) 

High(16000 
points/s) 

Medium(+15fps) 

Cost Low High Medium 

Computing power required Low High High 

 

3. COMPUTER VISION 

There are a number of important variables that must be taken into consideration when 
using computer vision technology. These variables include the size of the area that must be 
analysed, the number of pixels that are required for the camera, the focal length of the 
camera lens and the type of lighting method used.  
 

 

Figure 2: Voxeljet VX500 [2] 

 
The Voxeljet VX500, as demonstrated in Figure 2 was identified as a suitable platform for 
the design and benchmarking of the recoater monitoring system. The Voxeljet VX500 was 
selected due to the fact that it is a powder based technology and the print envelope is not 

Page 56



 

 

heated. The print envelope dimensions of the Voxeljet VX500 is 500mm x 400mm x 300mm 
[2]. The length and width of the powder bed will be used to determine the number of 
pixels required to detect recoating problems. 
 
The minimum number of pixels required by the camera to detect a surface defect can be 
calculated using the formula displayed in Equation 1. 
 

!"#$%&	("$%)*+,%# = .,/")	0%1"&23"	× 5,")6	%7	8,"9
!:2))"$+	5"2+*&"  

Equation 1: Minimum sensor resolution [3] 

The pixel coverage can be defined as the number of pixels that will represent the smallest 
defect. The pixel coverage can be any arbitrary number, but is dependent on the detail 
that needs to be visible in the captured image. In this study, a two-pixel coverage was 
chosen to ensure that the two pixels that cover the defect will each have a different pixel 
value, thus increasing the accuracy of the system [3]. However, a too high pixel coverage 
value will increase the total number of pixels required by the camera to detect a defect on 
the surface, making it financially unviable. The dimensions of the field of view parameter 
will be the same as the length and width of the powder bed as mentioned previously. The 
smallest defect that needs to be detected by the camera was determined at 150µm in 
depth, since the Voxeljet VX500 technology uses a layer thickness of 150µm [2]. The exact 
width of the smallest defect is very difficult to determine, as defects can occur due to a 
variety of factors, with some factors causing larger defects, others causing smaller hairline 
defects. Because there are not much data available on the factors that causes defects, the 
smallest defect width for the purposes of this research was assumed at 150µm. Taking the 
above-mentioned parameters into consideration, a minimum resolution of 6667 x 5333 
pixels was calculated. However, cameras that support the calculated resolution are very 
expensive, and not commonly available for industrial computer vision applications. It 
should also be taken into consideration that an increase in the camera resolution 
significantly increases the computing power necessary to process the required image. A 
possible solution to eliminate the need for expensive high end computing equipment and 
cameras is to split the powder bed into four equally sized quadrants and assigning a 
dedicated camera to each of these quadrants. This provides the potential to use lower 
resolution cameras, with a micro-computing device being used to process the different 
images. An overlap of 5mm will be used between the images to ensure that the entire bed 
is being covered, as demonstrated in Figure 3. The overlapping regions may overlap more 
than stated due to the rectangle shape of the camera sensor, however a 5mm overlap was 
used for the calculations. 
 
Each of the four quadrants will have a dimension of 255mm x 205mm. Splitting the powder 
bed into four equally sized quadrants decreased the required minimum number of pixels to 
3400 x 2734 pixels. There are no commercially available camera sensor with a resolution of 
3400 x 2734 pixels. Thus, the closest standard camera sensor resolution that can be used is 
an 8-megapixel sensor, with a resolution of 3280 x 2464 pixels. This means that there is 
still a pixel deficit of 120 pixels on the width, and 270 pixels on the length. The next sensor 
resolution available would be 10-megapixels. However, this will have an effect on the file 
size, cost and processing requirements. Since the purpose of this study is to benchmark the 
computer vision technology, it was decided to use the 8-megapixel camera sensor to test 
its effectiveness under the required conditions. A Raspberry Pi development board with its 
8-megapixel camera module was selected to be used in the following research study [4]. 
Although the Raspberry Pi camera module is shipped with a wide-angle lens, the focal 
length of this lens may not adhere to the required focal length. Thus, the correct focal 
length needs to be calculated. The appropriate focal length, for the lens that will be 
required to capture the pre-determined powder bed quadrant, can be calculated using 
Equation 2. 
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Figure 3: Segmenting of the powder bed 
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Equation 2: Working Distance/Focal Length Formula [3] 

Using the formula shown in Equation 2, certain assumptions must be made before the focal 
length can be calculated. One of these assumptions include the working distance of the 
camera. The working distance of a lens can be described as the distance between the front 
of the lens to the surface of the object being captured. The working distance between the 
lid and the recoating surface was determined to be between a maximum of 465mm and a 
minimum of 440mm since the mounting positions for the cameras inside the actual machine 
is limited. The optimal placing for the cameras is demonstrated in Figure 4.  
 

 

Figure 4: Voxeljet VX500 Hood Lid 
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The required FOV (Field of View) is assumed to be the same for all 4 quadrants as the 
working distance for each quadrant will be the same.  Since the area to be imaged is nearly 
square, the diagonal size of the sensor can be used for the sensor size. Because the shape 
of the sensor is rectangular, but was designed according to a 16:9 widescreen ratio, the 
overlap over the width of the camera angles may be more than the assumed 5mm overlap. 
Fortunately, the increase in the overlap will possibly increase the potential of detecting 
defects. The sensor size of the Raspberry Pi camera module was determined to be 4.6mm 
when measuring diagonally across the CMOS image sensor [4]. Taking the above-mentioned 
parameters into consideration and using the minimum working distance, a focal length of 
8.4mm was calculated using Equation 2. However, it should be kept into consideration that 
this value is only valid for camera lenses that matches the ¼” CMOS sensor size. If other 
types of lenses are fitted to the camera sensor such as a CS mount or an M12 type lens, 
there is a certain crop factor that also need to be considered. An M12 type camera lens 
was selected for the following study as it is compatible with the raspberry pi camera 
module, due to the small crop factor compared to a CS mount lens. The M12 lens was 
fitted to the raspberry pi camera module by means of a lens adaptor, as demonstrated in 
Figure 5. 
 

 

Figure 5: Raspberry Pi Camera M12 Lens adaptor 

The adaptor has a matching screw thread for the lens, in order to adjust the focus of the 
lens. The focus can be adjusted by simply screwing the lens inward or outward. Certain 
models of the M12 lenses are designed for different camera sensor sizes, such as the 1/3” 
sensor and the 2/3” sensor. This creates a crop factor for the lens when used on a smaller 
sensor size. The crop factor for an M12 lens that was designed for a 1/3” sensor but used 
on a ¼” sensor was determined at 1.33 [7]. Thus, the previously calculated focal needs to 
be divided by 1.33 in order to determine the correct focal length for the M12 lens. This 
value is only valid for the Raspberry Pi Version 2 Camera Module, as each size of camera 
sensor has a different crop factor. Thus, the focal length for the M12 lens was determined 
at 6.316mm. Since this is not a standard focal length, the closest standard focal length is a 
6mm. However, the working distance will have to be adjusted accordingly.  
 
The lighting must be uniform across the entire surface to prevent blooming or lighting 
hotspots as this can severely impact the performance of thresholding operations on the 
images. In a lighting guide, published by Edmund Optics, the different methods to correctly 
illuminate objects and surfaces for specific purposes was discussed. Directional lighting 
was suggested as an appropriate method to illuminate a surface to help identify surface 
defects [5]. Directional lighting is a lighting method where the area is only illuminated 
from one side using a single or multiple light sources. The image in Figure 6 demonstrates 
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the artistic use of directional lighting, however it clearly demonstrates the desired effect 
that can be achieved using the directional lighting.  
 

 

Figure 6: Demonstration of directional lighting [6] 

When using directional lighting, irregularities on the surface will create shadows, making it 
easier to detect contrast differences between the smooth and defect in the surface. A re-
coating error can only occur in the direction of recoating. The lighting would then have to 
illuminate the powder bed perpendicular to the direction of recoating. 

3. PRELIMINARY TESTING 

The computer vision technology will be tested using a prototype model of the Voxeljet 
VX500 system. The prototype model will simulate the operation of a single camera module, 
capturing a single quadrant of the powder bed. The prototype model was constructed using 
Lego construction bricks as these blocks are very versatile and makes modifications to the 
structure easier as blocks can simply be added or removed as required. The prototype 
model is demonstrated in Figure 7. 
 
The prototype model of the designed system was constructed to the same required 
specifications as outlined in the previous sections. Flood lights were used to illuminate the 
imaging chart to ensure that the image can be captured as clear as possible.  
 
Since the purpose of this study is to benchmark the designed recoating monitoring system, 
to determine whether the resolution of the Raspberry Pi camera will be sufficient to 
capture recoating errors a resolution chart was used to determine the smallest features 
that can be captured by the camera. As discussed, an 8-megapixel Raspberry Pi camera 
module, but with a 2.8mm wide angle M12 lens was used. Although from the calculations a 
different focal length was calculated, when the testing was done, the focal length of the 
lens was determined to be too long, and as a result the FOV was too small. Therefore by 
trial and error it was discovered that the lens that provides the closest FOV was the 2.8mm 
lens. The reason for the discrepancy between the theoretical calculation is not entire 
clear, but the assumption can be made that the sensor size that the lens was designed for 
did not match the sensor size used for the calculation. This would mean that a different 
crop factor would have to be used. As the variety of lenses is very limited, and combined 
with the lack of data on these lenses, discrepancies like these are very possible. However, 
the lens FOV angle is still larger than would have been expected for a lens of that focal 
length. Therefore the working distance will need to be adjusted so that the camera only 
captures as much of the required area as possible. This portion of the preliminary testing 
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will only be to acertain the smallest feature that can be detected using the lens and 
working distance combination. The testing of the thresholding algorithms will not form part 
of this research, but will be tested as part of the future work.  
 

 

Figure 7: Prototype Model 

 
A 1951 USAF Resolution chart was used to determine the smallest feature that can be 
clearly identified by the camera. As demonstrated in Figure 8, the resolution chart consists 
of various groups of bars with varying sizes, ranging from 2.0mm in thickness down to 
0.00078mm [8]. A single bar on the chart is called an interval. Three intervals are grouped 
to form a pattern. Each pair of horizontal and vertical patterns is called an element. Each 
element is given a specific number. The elements are grouped together that is also 
represented by a number. 
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Figure 8 USAF 1951 Resolution Chart Example 

Initially the tests were done at a working distance of 465mm, which represents the 
maximum working distance achieveable in the Voxeljet VX500. The first image shown in 
Figure 9 demonstrates the full FOV of the camera using a 2.8mm wide angle lens at a 
working distance of 465mm. 
 

 

Figure 9 FOV @ 2.8mm wide angle and 465mm working distance 
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As can be seen in Figure 9, the camera was supposed to only capture the area covered by 
the paper, which was 255mm x 205mm. But due to the wide FOV angle, more detail was 
captured around the edges. The image in Figure 10 displays a cropped section of the center 
of the resolution chart. As can be seen on this image, the smallest feature that can clearly 
be identified is element 1 from group 1.  
 

 

Figure 10: Cropped image of 2.8mm wide angle at 465mm working distance 

The intervals from element 1 in group 1 had a width of 250µm. This means that the 
smallest feature that can be identified will be 250µm. This is still more than the required 
150µm, but it shows that the camera can indeed capture small details, provided that the 
tests are conducted under the right conditions. The second tests were performed using the 
same 2.8mm wide angle camera lens, but reducing the working distance to 440mm, which 
represents the minimum working distance. Figure 11 shows the full FOV of the camera 
using the 2.8mm wide angle lens at a 440mm working distance. 
 
When examining the image, it can be seen that due to the wide angle of the camera lens, 
there is not much of a difference between the FOV at working distance of 440mm and 
465mm. Thus, it would mean that the adjustment of the working distance alone will not be 
sufficient at this focal length. The focal length of the camera lens would definitely have to 
be adjusted accordingly. The image in Figure 12 shows a cropped section of the center of 
the resolution chart. 
 
When closely examining the image in Figure 12, the smallest intervals that can be clearly 
identified is element 3 from group 1. The interval thickness for this element is 198µm, 
meaning that at the working distance of 440mm, the smallest feature that can clearly be 
identified is 198µm. The adjustment of the working distance had little effect on the overall 
FOV, however it did have an effect on the details that could be captured. Although this is 
still higher than the minimum size required, it is significantly smaller compared to when 
camera was mounted at a working distance of 465mm.  
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Figure 11: FOV @ 2.8mm wide angle and 440mm working distance 

 

 

Figure 12: Cropped image of 2.8mm wide angle at 440mm working distance 

4. CONCLUSION 

The lack of an active re-coater monitoring system has been identified as one of the key 
aspects that may cause failed prints due to defects occurring in the powder bed. It was 
determined that the Computer vision technology may be suitable to design such a 
monitoring system. The required computer vision components and lighting requirements 
was determined to ensure an efficient operation. The Raspberry Pi camera module with a 
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2.8mm M12 camera lens was selected. Preliminary tests were done to determine the 
smallest features that could be detected using the computer vision setup. The smallest 
feature that could be clearly identified was determined at 198µm with a working distance 
of 440mm. This is more than the required 150µm, but the technology has proven to have 
the potential to detected recoating errors. The configuration addressed in this study will 
however be accurate enough for powder bed machines that uses a layer thickness of more 
than 198µm, such as the Voxeljet VX1000. The Voxeljet VX1000 uses a layer thickness of 
300µm [9]. The study showed that the calculated focal length did not yield the required 
FOV when the preliminary testing was conducted. A suitable lens had to be selected by trial 
and error until the desired FOV was achieved. This means that further investigation is 
required in order to determine to the required parameters to link the theoretical 
calculation with the practical experiments. Furthermore, experimentation is also required 
on the various image processing techniques to determine whether post processing will have 
an effect on the accuracy of the image before being processed by image thresholding 
algorithms. 
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ABSTRACT 

Tungsten carbide (WC) has been used on a large scale in the mining, manufacturing and oil 
and gas industries, due to its high hardness and outstanding wear-resistance material 
properties. An application field that is particularly sensitive to variations in powder 
properties is the additive manufacturing (AM) industry. Jagged, non-spherical powder 
particles may lead to parts with inhomogeneous material properties. Recycling of 
cemented WC scrap to a powder form happens on an industrial scale; however, the concern 
exists that the recycled powders have different particle shapes and size distributions when 
compared to equivalent ‘virgin’ powders that is suitable for AM purposes.  Direct Energy 
Deposition (DED) technologies can typically accommodate larger size distributions. In DED 
applications particle shapes have smaller effects on finished parts when compared to 
Powder Bed Fusion (PBF) technologies. The powders obtained from different recycling 
process are examined in this study to determine the suitability for use in both Powder Bed 
Fusion and Direct Energy Deposition applications. 
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1. INTRODUCTION 

Tungsten carbide (WC) is a compound containing the same amount of tungsten and carbon 
atoms. Cemented tungsten carbide, WC with a binder material such as cobalt or nickel, is 
traditionally used in the tooling industry, with applications in metal cutting and rock 
drilling. Cemented tungsten carbides are the most widely used material in hardfacing 
applications [1]. Cemented tungsten carbides are classified as cermets, a material 
consisting of a hard ceramic phase (WC) and a ductile metallic phase (Co/Ni) [2]. The 
customisability of cemented tungsten carbides allows the use of these materials in multiple 
application areas and a wide variety of operating conditions.  
 
Notable properties of cemented tungsten carbides are its high hardness, high transverse 
rupture strength, high electrical conductivity, and high thermal conductivity. These 
properties combine to provide the material with remarkable wear resistance, fracture 
toughness, and strength. 
 
If production volumes of WC continue on the trend it is currently showing, then the world’s 
tungsten resources will be depleted in roughly 35 years [3]. This put WC second on the 
British Geological Survey’s supply chain criticality list. Due to this, an increase in the 
recycling of cemented tungsten carbides is all but a certainty [4]. 
 
Many industry experts view AM as the future of manufacturing [5]. Due to the rising 
popularity of AM, cemented WC powders used for AM applications will ever more 
frequently have to be sourced as recycled powders due to the expected increase in WC 
powders for AM purposes and the decrease in available tungsten to produce these powders.  
 
Recycling of cemented WC can be classified into three broad categories. These categories 
are direct recycling, indirect recycling, and semi-direct recycling methods. The zinc 
reclamation method for cemented carbides is the method most widely used to recycle 
cemented tungsten carbides around the world.  
 
Recycling of cemented tungsten carbides in South Africa happens on a small scale only [6] 
with the only current plant capable of recycling the material to a ‘virgin’ equivalent state 
being operated by Pilot Tools (Pty) Ltd, Johannesburg. Due to high operating costs of these 
types of plants South African companies struggle to provide these reclaimed metal powders 
due to the low cost Chinese imported powders. 

2. MACHINE INPUT POWDER NEEDS 

In both DED and PBF applications the properties of the input powders are important [7]. 
The characterisation of a feedstock powder in general use is normally focused on 
morphology, chemistry, and microstructure. In AM processes the characterisation is mainly 
focused on morphological characterisation of the feedstock powders [8]. 
 
PBF technologies require powder with different characteristics than DED technologies as 
the two different manufacturing technologies have differing layer thickness capabilities.  
 
PBF technologies in general need spherical powder particles due to flowability, melt 
uniformity, and packing reasons [9]. The more spherical the particles are with a broad size 
distribution the better the flow, packing and resulting melt uniformity will be. DED 
technologies are more robust and powder morphology is less important than PBF 
technologies, allowing for the use of near-spherical powders but spherical powders are still 
recommended [10]. 
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2.1 PBF Powder Needs 

The PBF technologies evaluated in this study are Selective Laser Melting (SLM) and Electron 
Beam Welding (EBM). Suitable particle sizes for PBF technologies range between 15 µm and 
80 µm for SLM and particle sizes ranging between 20 µm and 150 µm for EBM due to 
differing layer thickness capabilities [8]. There are exceptions to these ranges with some 
machines being able to print thinner layers, but this presents problems with regards to 
powder flowability. A wide particle size distribution is preferred as the interstitial voids 
are smaller than that of monosized particles, resulting in a denser end product. It is 
assumed that the average powder particle size should be smaller than the chosen layer 
thickness for each. 
 

2.2 DED Powder Needs 

The DED technologies evaluated are Laser Engineered Net Shaping (LENS) and Laser Metal 
Deposition (LMD). Suitable particles for DED technologies range between 25 µm and 150 µm 
with optimal particle sizes being in this range but differing for different layer thicknesses 
(25 µm – 800 µm) [10]. A wide particle size distribution is preferred as the interstitial voids 
are smaller than that of monosized particles, resulting in a denser end product. 

3. RECYCLING PROCESS CAPABILITIES 

There are numerous recycling processes for recycling cemented WC. These processes can 
be classified as either direct or indirect recycling methods. The most commonly used direct 
recycling method is the zinc reclaim method. Indirect conversion of WC-Co scrap to 
precursors of WC through a hydrometallurgical route is possible. [11] 
 
Direct recycling techniques is where the recycled scrap has the same composition as the 
initial scrap source. Examples of direct recycling techniques include the zinc process and 
the Coldstream process [11]. Indirect recycling methods are where individual components 
are recovered from the source scrap. The components are purified individually using 
chemical methods. Popular indirect methods include Acid leaching, oxidation and 
chlorination [12]. Semi-direct recycling is where one component of a compound is dissolved 
chemically, leaving the other phase(s) intact. By dissolving one component the remaining 
scrap is compromised and attrition of this scrap can take place. 
 

3.1 Zinc Reclaim Method 

The zinc reclaim process (seen in Figure 1) is used to treat cemented WC scrap. This 
process treat the scrap by immersing large scrap pieces in either molten zinc or zinc 
vapour, with molten zinc being preferred by most process users. The zinc reacts with the 
binder material (Co/Ni) to form a Co/Ni – zinc alloy. The reaction causes a volume increase 
in the binder, therefore bloating the scrap.  
 
The next step is the vacuum distillation of the zinc at 0.06-0.13 mbar and 1000-1050ºC, 
leaving a precipitation of the binder on the WC particle surface. The recovered material 
must be cooled, crushed, ball milled and screened. The screening takes place to grade the 
reclaimed powder in terms of particle size. An additional processing step, spray-drying, 
after milling allows for greater control over the particle shapes and sizes in the final 
powder [13]. The duration of the ball milling step determines the powder grain size with 
milling times of up to 50h producing particles of the range 0.26-3.75 µm [14]. 
 
The energy consumption for producing straight grade cemented WC, such as WC-Co using 
this method is approximately 4kWh/kg in comparison to the 12kWh/kg needed to produce 
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virgin WC-Co from ores [11]. This makes the case for recycling old scrap rather than 
producing new powders. 

 

Figure 1: Zinc Reclaim Method 

 

3.2 Hydrometallurgical Reclaim Methods 

Indirect methods of recycling such as hydrometallurgical processes can be used to convert 
WC containing products to an intermediate. Hydrometallurgical reclaim methods operate 
by oxidising the scrap material by air, chemicals, or electrical energy.  The process forms 
an intermediate, ammonium paratungstate (ATP), which is the general intermediate for 
most tungsten products. From ATP powders suitable for most applications, including AM 
grade cemented WC can be obtained by the same processes as used when producing these 
powders from ores, depending on the powder manufacturing process. It is however a high 
energy consuming and chemical waste producing process [11]. One advantage is the 
process efficiency in terms of total amount of scrap material converted, as almost all of 
the scrap can be converted with minimal loss of material. These efficiencies are higher at 
smaller scale and decrease dramatically when scaling to industrial sized reclamation plants 
[15]. 
 

 

Figure 2: Research Methodology for Evaluating recycled WC powder as feedstock for AM 
applications 
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4. RESEARCH METHODOLOGY 

The objective of this research study was to evaluate the output of different cemented WC 
reclamation processes for suitable feedstock for PBF and DED technologies. The research 
approach was completed in two steps. The first step was a literature review and the 
second step an evaluation of the knowledge gained in the first step.The literature review 
consisted of gaining a thorough understanding of the capabilities of AM technologies as well 
as reclamation processes.  
 
Input powder needs for the different technologies were deduced from the layer thickness 
capabilities of the relevant technologies. The assumption is that the powder particle size 
should be smaller than the build layer thickness. 
 

5. RESULTS AND DISCUSSION 

This section discusses the results of the literature research done in the previous sections by 
evaluating the machine powder input needs against the reclamation process capabilities. 

5.1 Machine Powder Needs 

This section investigates the input powder needed by different AM processes. For each 
process the machines from different manufacturers are evaluated. 

Table 1: PBF Processes Powder Particle Size Ranges 

Process Manufacturer Model 

Layer Thickness [µm]  
 

Acceptable 
Average Particle 

Sizes [µm] 
Minimum Maximum Minimum Maximum 

SL
M

 

EOS 

M100 20 50 15 50 
M280 20 50 15 50 
M290 20 50 15 50 
M400-4 20 45 15 45 
M400 20 45 15 45 

3D Systems 

ProX DMP 400 10 100 15 80 
ProX DMP 320 2 50 15 50 
ProX DMP 300 10 50 15 50 
ProX DMP 200 10 50 15 50 
ProX DMP 100 10 50 15 50 

Concept Laser 

X Line 2000R 30 150 15 50 
M Line Factory PRD 20 100 15 80 
M2 Cusing 20 80 15 80 
M2 Cusing Multilaser 20 80 15 80 
M1 Cusing 20 80 15 80 
Mlab Cusing 200R 15 30 15 30 
Mlab Cusing R 15 50 15 50 

SLM Solutions 
SLM 500 20 75 15 75 
SLM 280 2.0 20 75 15 75 
SLM 125  20 75 15 75 

EB
M

 

Arcam 

Q20plus 90 150 90 150 
Q10 50 150 50 150 
A2XX 75 150 75 150 
A2X 75 150 75 150 
A2 75 150 75 150 
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The average minimum average particle size and the maximum average particle size for SLM 
purposes is 15 µm and 60 µm respectively. The average minimum average particle size and 
the maximum average particle size for EBM purposes is 73 µm and 150 µm respectively. 
This was obtained by averaging the values in Table 1. 
 

Table 2: DED Processes Powder Particle Size Ranges 

Process Manufacturer Model 
Layer Thickness [µm] 

 
Acceptable Average 
Particle Sizes [µm] 

Minimum Maximum Minimum Maximum 

LE
N

S 

Optomec 
LENS 450 25 180 25 80 

LENS MR-7 25 180 25 80 
LENS 850-R 25 180 25 80 

LM
D

 BeAM 
MOBILE 100 300 45 75 

MAGIC 2.0 100 800 45 90 

Trumpf 
Truprint 1000 10 50 25 50 

Truprint 3000 20 150 25 80 

 
The average minimum average particle size and the maximum average particle size for 
LENS purposes is 25 µm and 80 µm respectively. The average minimum average particle 
size and the maximum average particle size for LMD purposes is 35 µm and 74 µm 
respectively. This was obtained by averaging the values in Table 2. 
 

5.2 Recycling Process Capabilities 

The zinc reclaim method has successfully been used in conjunction with the spray drying 
process to create spherical particles with the particle size D50 ≈ 48 µm with a D10 ≈ 10 µm 
and D90 ≈ 100 µm [16]. The spray drying process is needed as the zinc reclaim method 
alone produces irregularly shaped powders. The result of this process is a variety of 
particle shape types (spherical and hollow), which lowers the process efficiency for 
producing exclusively AM grade powders. Without the spray drying step the particles can be 
jagged as well, further reducing the process efficiency. A particular advantage of this 
method is the process efficiency (82-97%) depending on the evaporation temperature and 
time. The spray drying process can yield particles ranging from 20 µm to 600 µm depending 
on the feedstock [17]. With the zinc reclaim slurry the powder ranges range between 10 
µm and 100 µm. 
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Figure 3: Process Flow Diagram for Zinc Reclaim Method 

As previously mentioned, indirect hydrometallurgical processes return cemented WC scrap 
to intermediate substances such as APT, AMT or tungsten and cobalt powder. Theoretically 
these methods can be used to produce any particle size and shape available today. Figure 4 
shows the processes followed to reclaim cemented WC powders from scrap cemented WC. 
 

 

Figure 4: Hydrometallurgical recovery of cemented WC 
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6. CONCLUSION 

The reason for this paper is not to suggest a best practice reclamation process but rather 
to evaluate the feasibility of utilising reclaimed cemented WC powders, obtained from 
different recycling methods, as feedstock for additive manufacturing applications, with a 
focus on PBF and DED technologies. Published literature as well as machine information 
brosjures were consulted. The study compared the available PBF and DED technologies’ 
powder feedstock needs with different reclamation process capabilities.   
 
The study found the indirect recycling processes to be more efficient for the production of 
AM grade powders due to the reclamation of almost all input materials, as well as the 
almost complete control of the final powder characteristics. However the immense energy 
consumption makes these methods of recycling infeasible on a large scale. The scale of the 
chemical waste production is also a major concern as environmental laws are increasingly 
restrictive. 
 
The zinc reclaim method, along with spray drying, can produce particles suitable for most 
SLM applications as well as some EBM applications, depending on the chosen layer 
thickness. All layer thickness will not be covered for the EBM applications due to the low 
overlap in process and machine capabilities. LMD and LENS applications are also possible 
using feedstock from this method. 
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ABSTRACT 

The paper presents a study of in-situ alloying Ti15wt%Mo powder mixture by Direct Metal Laser Sintering (DMLS) 
process. Titanium and molybdenum powders of similar particle size distributions were mixed, and the powder 
mixture was used to create DMLS samples using two different scanning strategies. Rescanning was also 
investigated as a means of ensuring homogeneity of the microstructure. The DMLS built materials were 
evaluated in terms of optical microscopy, SEM, Vickers microhardness and tensile testing. It was found that, in 
all cases, partially melted Mo particles remained in the microstructure. This causes variance in hardness and 
tensile properties, as can be expected from an inhomogeneous microstructure. 
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1. INTRODUCTION  

Ti6Al4V has being used extensively for biomedical applications due to its outstanding biological response. 
However, it is well documented in the literature that its Elastic modulus (80-120 GPa) is far above that of 
human bone tissues (10-30 GPa) [1] which has limit its use as a structural biomedical material. For replacing a 
critical damage load bearing structure such as the femur, the implant must have a good combination of low 
Elastic modulus and high ductility [2-4]. These limitations of Ti6Al4V has triggered a search for a more 
preferable biomaterial.  
β-type titanium alloys have been the focus of interest probably due to the fact that bone tissues respond 
better in β-type Ti alloys than in (α+β)-type Ti alloys [4-5]. A host of researchers have used the conventional 
methods to produce β-type Ti alloys such as Ti15Mo and reported that the mechanical properties of the Ti15Mo 
are more suitable for structural biomedical applications than Ti6Al4V [3-7]; due to its high ductility, good 
mechanical properties, excellent corrosion resistance, and well characterized biological response. Very 
recently a profound revelation was made by Disegi et al. [4] of the Ti15Mo alloy and the results were 
incorporated into ASTM F 2066 implant material standard. 
 
Xie et al. [8] produced Ti-xMo (x=4, 6, 8 and 10 wt. %) alloys using the selective laser sintering method. It was 
found that the mechanical properties of the Ti-xMo porous structures do not only depends on the pore 
properties but also on the microstructure. Collins et al. [9] carried out detailed studies of microhardness and 
microstructural evolution of Ti-xMo alloys by laser engineered net-shaping (LENS) process. It was concluded 
that the alloy is very sensitive to the Mo compositions. Recently Vrancken et al. [10] conducted in-situ alloying 
with mixture of Ti6Al4V and Mo (10 wt.%) powders and focused on the solidification mechanism, 
microstructure, mechanical properties and response to heat treatment of the novel alloy and compared the 
results to Ti6Al4V. Elastic modulus of 73 GPa and remarkable elongation to 20% was reported as compared to 
7.3% for Ti6Al4V alloy.  
 
It is therefore of prime importance to further unearth its promising biomechanical properties with relatively 
newer technology (DMLS) to harness the full potential of the alloy for biomedical application. The importance 
of producing structural bearing β-titanium alloys by DMLS, the increasing research interest in the subject 
matter and the huge unexploited potential of β-titanium alloys is the driving force behind the current research.  
 

2. METHODOLOGY AND RESULTS 

2.1 METHODOLOGY  

The experiments were conducted with pure Ti (Cp Ti, grade 2) and Mo powders procured from TLS Technik. 
The powders were spherical argon-atomized powders. The Ti powder has the following chemical composition in 
wt.%: Ti (bal.), O (0.17), Fe (0.062), C (0.006), H (0.002), N (0.012). The 10th, 50th and 90th percentiles of 
equivalent diameter (weighted by volume) of the powder Ti particles were d10=11.6 µm, d50=24.6 µm and 
d90=38.4 µm, for Mo powder they were d10=10.9 µm, d50=22.4 µm and d90=31.9 µm. 85 wt.% of the Cp Ti 
powder was mechanically mixed with 15 wt.% of the Mo. The mixture was dried in an oven for about 15 hours 
at the temperature of 85°C. The powder mixture was stirred for 30 minutes to ensure the heating is evenly 
done to enhance free flowing of the powder.  
 
EOS M 280 DMLS machine was used for in situ alloying the elemental powders (Ti15Mo). A preliminary analysis 
was conducted to determine the optimum process parameters for the selected alloy (85wt% of pure Ti + 15wt% 
of Mo) by forming and studying single tracks and single layers according to well-known procedures described in 
the literature [11-13] and published [14]. The optimum process parameters in the previous studies (laser power 
of 150 W and 350 W with corresponding scanning speeds of 1.0 m/s and 2.4 m/s respectively) were used to 
produce as-built samples for microstructural and mechanical properties investigation.  
 
Cubes of dimension 10 mm ´ 10 mm ´ 7 mm (length ´ width ´ thickness) were produced for microstructure and 
microhardness analysis. For the microstructural studies, the samples were removed from the build plate via 
wire Electrical Discharge Machining and section/cross-section into smaller unit for mounting. Struers CitoPress-
1 machine was used for mounting the samples in MultiFast non-conductive resin. The mounted samples were 
grinded and polished with Struers Tegramin-25 according to the protocol suggested by Struers for Ti-based 
alloys and subsequently etched with Kroll's reagent. The microstructural examinations were conducted by an 
optical microscope (OM). The distribution of Mo in Cp Ti was done with Scanning Electron Microscope (SEM). 
Microhardness of the samples was measured at 200 g loading with FM-700 Digital Vickers Microhardness Tester 
in polished cross-sections cut perpendicular to the building direction (40 measurements for each cross-section). 
 
Mini-tensile test samples were produced from the Ti15Mo powder mixture with the EOS M 280 machine. The 
samples were rectangular in shape with 10 mm gauge length, 2 mm width and 1 mm thickness [15]. The 
samples were prepared according to E8/E8M ASTM standard. The tensile tests were carried out using MTS 
Criterion Model 43 Electromechanical Universal Test System machine at room temperature with a strain rate of 
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0.5 mm/min. The surface roughness of the mini samples was measured with Surftest SJ-210 portable surface 
roughness tester from Mitutoyo Corporation. 
 

2.2 RESULTS AND DISCUSSIONS  

2.2.1 Microstructure  
Due to the layerwise (step-by-step) building process used by the DMLS technology the microstructure of a DMLS 
build parts are different when viewed from different planes (Figure 1). A commonly used coordinate system is 
the scanning plane x-y and the built direction z. During the DMLS process, the individual scan tracks propagate 
in the scanning direction [12, 16] due to the directional heat flux and the large thermal gradient [17]. The 
directional variation in the microstructure of DMLS built parts is due to the very high rate of heating and 
cooling (10–4–10–6 K/s) [18, 19] simultaneously cum the solidification mechanisms [17]. It is also worth 
mentioning that other scholars are of the view that the rate of heating and cooling during DMLS is still a 
matter of research [20].  
 
The microstructures obtained in the current experiment generally consists of three distinct phases. With 
optical microscope photos it can be seen partially melted Mo particles, the gray and dark varying-contrast 
areas  (Figure 1a–b). From the SEM analysis, the gray and dark varying contract sections represent the 
dissolved Mo in the Ti alloy matrix (Figures 1c–d). The white contrasting areas at BSE mode by SEM were found 
as partially melted Mo particles. The concentration of Mo in grey areas (similar to the point A in Fig. 1d) was 
7.5-16 wt%. Bright grey areas had higher concentration of Mo, it was 24.7wt% in the point B in Figure 1d, for 
example. In whole, observed average concentrations of Mo in the alloy correspond well to the bi-modal a+b 
microstructures. 
 
The constituted microstructure demonstrates overlapping of subsequent scan tracks as a result of the optimum 
hatch distance and the selected scanning strategy employed. The overlapping edges are of curve shape 
(approximately parabolic – red curves, Figure 1b) from the side view which signify the welding of each layer 
onto the layers that surround it. 
 
Dark field micrograph reveals the presence of needles (fine acicular martensite) inside the prior β grains of Ti 
alloy (Figure 2a-b) due to the high cooling rates during the DMLS process [21-22]. Regions of beta cubic phase 
also were formed as cellular dendritic structure during solidification (Figure 2c). Cellular dendritic structures 
were associated with Mo particles; it was confirmed by higher concentration of Mo in these regions [14]. 
 

   
(a)                                                                             (b) 

  

100 µm 

A	B	
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(c)      (d) 

Figure 1: Ti15Mo microstructure produce at laser power of 150 W at speed of 1.0 m/s: (a) top view 
(unmelted Mo particles – red arrows) (b) side view (parabolic shape – red curves) 

 SEM image in BSE mode of top cross-section (c, d)  
 
Generally, from all the views (Figure 1-2) there were partially melted Mo particles distributed randomly in the 
alloy matrix. The distribution and mixing of the particles in the solidified melt pool could be related to 
convective flow in the liquid melt pool [23]. The Mo was not able to melt completely due to the thermo-
physical difference between the two materials. Mo has a melting point of 2623°C [24] while Ti has a melting 
point in the range of 1650-1670°C [25]. Secondly, the laser reflectance of Mo is higher than that of Ti [26]. Ti 
would absorb more laser radiation than Mo. These thermophysical differences induce the partial melting of the 
Mo leading to the formation of Mo particle - Ti alloy matrix microstructure.  
 
A rescanning strategy was employed, whereby after each layer is built before a new powder deposition the 
previously solidified layer was rescanned. This strategy was expected to melt any unmelted Mo particle before 
a new powder deposition; as presented in the earlier publication [14]. The rescanning strategy did not have 
any significant effect on the unmelted Mo particles (Figure 3). 
 
The microstructure of samples produces at 350 W with a corresponding scanning speed of 2.4 m/s (Figure 4) 
were similar to those of 150 W at a scanning speed of 1.0 m/s. However, there seem to be more unmelted Mo 
particle at laser power of 350 W than 150 W. This is due to the fact that at a high scanning speed, the dwelling 
time of the laser at a particular spot on the powder bed reduces [27]. The relative high laser scanning speed 
of 2.4 m/s at 350 W implies that not sufficient time to melt the Mo particles before the propagation of the 
laser beam to the next spot. As a result of the short stay at a specific point, fewer Mo particles were melted 
at the laser power of 350 W with the relatively high scanning speed of 2.4 m/s as compared to laser power of 
150 W with the slower scanning speed of 1.0 m/s. Becker et al. [28] noted that the high scan speed minimises 
heat transfer. 
 

  
(a)      (b) 
 

 
(c) 

Figure 2: Microstructure in dark field by optical microscope at laser power of 150W (a) SEM micrograph 
showing needles at laser power of 150 W (b) SEM micrograph showing cellular dendrite at laser power of 

150 W (c)  

Page 78



 5 

 

      
(a)                                                                   (b) 

Figure 3: Microstructure of Ti15Mo samples rescan at a laser power of 150 W at speed of 1.0 m/s: (a) top 
view (b) representing both side and front views. 

 

   
(a)                                                                          (b) 

Figure 4: Microstructure of Ti15Mo samples scan at laser power of 350 W at speed of 2.4 m/s: (a) top view 
(b) representing side and front views. 

 
From the current results it could be speculated that reducing the laser scanning speed could trigger complete 
melting of the Mo particles. But as pointed out by Yadroitsev et al. [16] the DMLS process parameters are not 
linearly related, rather only a careful combination of the laser power and scanning speed that could yield 
optimum results.  
 
2.2.2 Porosity  
For all the different sets of samples at the two process parameters (laser power of 150 W and 350 W at 
scanning speeds of 1.0 m/s and 2.4 m/s respectively), there were found some pores in-between the solidified 
layers (x-y plane) (Figure 5). The location of the pores justified the assumption that the pores occur due to in-
homogenous powder delivery. During DMLS process when the surface of the previously solidified layer is 
uneven with deep valleys and peaks the next powder distribution would be uneven. The uneven powder 
deposition would lead to pore formation in-between the solidified layers known as interlayer porosity [29-31]. 
The uneven powder deposition is currently assumed to occur due to the agglomeration of the mixed powder. 
The experimental powders were mixed mechanically which might have provoked the agglomeration of the 
powder during the DMLS process. The interlayer pores are a detrimental feature in DMLS built parts as far as 
the mechanical properties and fatigue life of biomedical objects are concerned since it compromises structural 
integrity and contributes strongly to premature and unexpected structural failure of the parts [31]. 
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Figure 5: Interlayer pores in the Ti15Mo microstructure – cross sectional view (white arrows). 

 
The interlayer pores were slightly bigger for the rescan samples at both process parameters. As mentioned 
earlier laser absorption increase with increasing surface roughness [32-33]. The irregular solidified layers after 
the single scan would certainly increase the laser energy absorption during the rescanning process which would 
lead to a higher temperature and more prominent flow of the molten pool. The high speed lateral liquid metal 
during the rescanning process is more susceptible of trapping gas bubbles [22] and therefore forming bigger 
interlayer pores at the bottom of the track. Yadroitsev, et al. [12] also noted that since rescanning process 
does not involve new powder deposition, the interaction of the laser beams with the solid material (thermal 
conductivity, heat transfer, laser absorptivity and reflectivity) is completely different. These thermophysical 
differences can lead to higher energy input during the rescanning process. “Higher energy input can cause high 
temperatures, overheating, boiling and evaporation of material in the laser interaction zone and irregular 
track formation” which could be the reason for the slightly bigger interlayer pores for the rescanned samples.  
 
2.2.3 Mechanical Properties Investigations 
 
2.2.3.1 Microhardness Test  
The microhardness of the front and side views of the as built Ti15Mo samples were investigated in order to 
study the anisotropic behavior typically of DMLS build parts [21,22, 34, 35]. The Vickers’s hardness numbers 
(VHN) presented in Table 2.1 attest to the fact that DMLS build parts are not holistically homogenous 
throughout the bulk material. This is generally link to the layer-wise building process and the direction of heat 
conduction. However, for the current experiment, the random distribution of partially melted Mo particles 
also contributed significantly to the varied microhardness values in the Ti15Mo material matrix.  
 

Table 2.1 Microhardness values of the Ti15Mo alloy at the optimum process parameters 
Process parameters Samples Front (HV) Side (HV) 

150 W, 1.0 m/s Single scan 426 ±27 441±40 
Rescan 439±32 443±45 

350 W, 2.4 m/s Singe scan 436±24 436±28 
Rescan 443±19 441±26 

 
It could be observed that the microhardness values varied which could be attributed to the random 
distribution of the Mo particles in the Ti15Mo material. Nonetheless, taking the mean of the scan and rescan 
results the microhardness of the two process parameters are almost the same; 438 ± 36 for 150 W at a 
scanning speed of 1.0 m/s and 439 ± 24 for the 350 W at a scanning speed of 2.4 m/s. These values correlate 
with the result of Collins et al. [9]. They produced a compositionally graded structure of Ti-xMo (x= 0-25at.%) 
by laser engineered net-shaping (LENS™) and reported the highest microhardness value of 450 HVN at 10wt.% 
Mo concentration and noted that the microhardness value of the samples reduces with increasing Mo content. 
Therefore, obtaining microhardness value of ~ 440 HV indicate a reduction in VHN with increase in Mo 
centration. The microhardness value recorded for the unmelted Mo particles randomly dispersed in the Ti15Mo 
alloy at the two optimum process parameters were almost the same (Figure 6).   
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Figure 6: Microhardness of the base Cp Ti plate, and DMLS Mo and Ti15Mo alloy 
 
2.2.3.2 Fracture analysis  
The fracture surface and geometry of the fracture of a metal is dependent on the microstructure of the metal 
[36]. Generally, after a metal undergoes a tensile test the fracture surface is rough and irregular as in the case 
of Ti15Mo samples (Figure 6a). SEM analysis reveals the occurrence of complex ductile/brittle fracture (Figure 
6b) with brittle fracture predominance.  The interior of Figure 6a reveals the predominance of brittle 
fracture. At a higher magnification (Figure 6b) there was evidence of areas of ductile tearing (quasi-cleavage 
fracture). This type of fracture is due to the occurrence of both ductile (dimples) and brittle fracture together 
on a single fracture surface (mixed mode). van Zyl et al. (2016) examined the fracture surface of Ti6Al4V mini 
sample produced by DMLS and observed ductile-brittle fracture with ductile predominance contrary to the 
brittle predominance observed for the Ti15Mo samples. 
 

  
(a)                                                                             (b) 

         vdbfdvf 
Figure 6: SEM micrograph of fracture surface – total view (a) and fracture surface at higher magnification 
showing predominant ductile fracture with some cleavage features at fracture surface (b). 
 
2.2.3.3 Tensile test 
Based on the above-detailed analysis samples were produced at a laser power of 150 W at a scanning speed of 
1.0 m/s for tensile test analysis. As generally demonstrated and accepted in literature, the stress is 
determined as the ratio between the applied load and the nominal cross-section of the samples while the 
strain is taking as the ratio between the normal height and the increased height after the tensile test.  
 
Five mini samples were pulled for the tensile test investigation. The average ultimate tensile strength value 
obtained for the five Ti15Mo mini sample was lower than that of Ti6Al4V mini sample reported by van Zyl et 
al. [15]. The average elongation at break for the five Ti15Mo samples was also lower than that of Ti6Al4V alloy 
mini sample (Table 2.2). Though the DMLS process has a great freedom of design which makes it a prime 
choice for biomedical applications the fast rate of heating and cooling which lead to martensitic formation 

Brittle fracture 

  Dimples  Cleavage  Quasi cleavage  
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reduces the ductility of the material greatly, as in DMLS Ti6Al4V alloy. In present experiments, partially 
melted Mo particles were randomly distributed in Ti alloy. Inhomogeneity in sintered material and residual 
stress can decrease ductility.  
 

Table 2.2 Comparison of the average tensile properties values of Ti15Mo and Ti6Al4V Mini samples 
Sample UTS (MPa) Elongation (%) Microhardness (HV)  Roughness  Ref. 

Ra Rz 
Ti15Mo 894±24 2.8±1.7 441±2 21.27±0.6 123.50±3.94  
Ti6Al4V 1243±49 6.6±0.4 389±14.8 21.7±4.37 125.2±20.49 [15] 
 

3. CONCLUSION  

The DMLS process successfully demonstrated its potency of sintering elemental powders (in-situ alloying). As 
demonstrated using DMLS to process powder mixtures of different materials would certainly broaden the 
material database of additive manufacturing. It would also permit the material scientist to mix different 
elemental powders for specific applications.  
 
In DMLS pure Ti and Mo powders mixture with similar particle size distribution, resulted DMLS material had low 
level of porosity, but was nonhomogeneous. Other approach, with smaller Mo particles has to be introduced for 
full melting at higher fusion temperature Mo component. 
 
Also inherent high rate of heating and cooling simultaneously introduce significant amount of martensitic phase 
into the mini-sample which lead to substantial reduction in the ductility of the samples.  
 
The ultimate aim of producing biomedical objects of high ductility for structural bearing implants in a single 
step by the DMLS process could not be achieved.  However, post processing strategies such as heat treatment 
could still be employed to achieve this aim. Producing implants with high ductility would greatly reduce 
implants failures associated with stress shielding effect which would translate to improve life for implant 
patients.  
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ABSTRACT 

Additive Manufacturing (AM) of high performance alloys such as Ti-6Al-4V potentially allows 
for improved component design and manufacturing, and is of specific interest to the 
aerospace industry due to enhancements in final geometry, weight, and even cost. 
Potential applications of metal AM components would offer a performance enhancement 
compared to conventional manufacturing techniques, therefore the use of a final surface 
enhancement process to provide further performance improvements may be highly 
beneficial to achieve superior components. The use of Laser Shock Processing is explored as 
a potential technology in order to generate beneficial compressive residual stresses into 
metal AM components. This investigation focuses on a stress relieved and machined AM 
surface, where preliminary investigations based on laboratory X-Ray Diffraction (XRD) and 
deflection coupons (Almen strips) were used to identify LSP process parameters for “with” 
and “without” (LSPwC) a protective coating. The incremental hole-drilling technique for 
non-uniform residual stress measurements reveals that the LSP process effective introduced 
high magnitude compressive residual stresses to a depth of around 0.75 mm in AM Ti-6Al-
4V.   
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1. INTRODUCTION  

Additive Manufacturing (AM) is a general term used to describe methods of building articles 
directly from a computer model. Typically, AM products are built up layer by layer to 
produce a complete or near net shaped component [1]. The AM process is specifically 
attractive for the manufacturing of high-value metal components as the geometric 
flexibility from a design and manufacturing perspective offers potential benefits in overall 
component performance in terms of weight and production costs. There is currently 
significant interest in the aerospace industry regarding the use of AM for component 
production, due to the perpetual pursuit of the aerospace industry to deliver components 
with reduced weight and improved performance at lower cost whilst maintaining high 
reliability [2]. Since a large drive to develop metal additive manufacturing technology is 
based on the requirement for superior component performance, the consideration of 
potential enhancements due to post-processing techniques is a vital consideration for 
successful technology adoption [3].  
 
Peening technology is a well-established technique in order to enhance the mechanical 
performance of metal components by introduction of beneficial compressive residual 
stresses [4]. Crack-based failure phenomena such as fatigue or stress corrosion cracking can 
be drastically affected by the presence of residual stresses [5]. Essentially cracks initiate 
and propagate under tensile stresses, therefore the introduction of compressive residual 
stresses into the surface of the component can lead to significant performance 
enhancements.  
 
Laser Shock Peening or Laser Shock Processing (LSP) is one of the most advanced forms of 
peening technology with superior performance compared to conventional techniques such 
as mechanical Shot Peening (SP) [6]. Typically the depth of compressive residual stresses 
achievable by with LSP technology are on a millimeter range (often 10 times deeper than 
conventional SP) with less surface roughness introduced. The implementation of LSP to high 
value components can result in order of magnitude life enhancements in terms of fatigue 
performance.  
 
The schematic in Fig. 1 illustrates the LSP process mechanism which uses a pulsed laser 
beam in order to generate a high pressure plasma expansion on the component surface. A 
laser pulse with a short duration (typically 5-30 ns) is focused toward the metal target to 
achieve power intensities in the rage of GW/cm2 [7].The high irradiance leads to near 
instantaneous ionization of the surface which produces a plasma at the target surface. The 
plasma reaches Giga-Pascal magnitudes in a nano-second time frame which drives a shock 
wave through the metal work-piece with sufficient strength to yield the metal and hence 
generate beneficial compressive residual stresses through the target surface [8]. It should 
be noted that an inertial confinement medium (typically water) is essential to the LSP 
process. When the plasma expansion occurs within a high density medium transparent to 
the laser irradiation, the pressure delivered to the target is enhanced by an order of 
magnitude, which enables yielding of high strength materials.  
 
There are two primary variants of the LSP process. The first commercial applications of the 
technology were developed whereby a thermal sacrificial ablative coating is used in order 
to preserve the surface integrity of the component [9]. A temporary coating such as a PVC 
or aluminium tape may be used in order to protect the surface from the thermal effects of 
the laser. When a coating is used, the shockwave propagates through the protective 
medium into the workpiece and the process is essentially a completely non-thermal, cold-
working process. A number of sequential applications of tape and LSP may be applied 
successively, where typically 1-3 sequential applications of LSP with tape layers are used 
[10].  
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Figure 1: A schematic of the LSP process (left) and a photograph of the LSP process 
(right).  

 
Alternatively, the LSP process may be applied directly to the metal surface whereby the 
laser interacts directly with the target material. This form of the process is referred to as 
Laser Shock Peening without a protective coating (LPwC or LSPwC). The application of LSP 
without a coating was developed by Toshiba for applications of nuclear reactor 
maintenance, and it was found that despite the surface ablation, high magnitude 
compressive residual stresses may still be achieved provided that high overlap is utilized 
[11]. Essentially, the LSPwC process requires a large number of repetitive pulses in order 
for the thermal effects to be dominated by the mechanical impulses generated in order to 
achieve surface compressive residual stresses [12].  
 
Both types of LSP may be attractive to the AM process as each approach has various 
advantages and disadvantages. When a coating is used, the surface integrity is typically 
completely preserved with no heat affected zone or surface roughness introduced. 
However, the application of the sacrificial overlays can be limiting for highly complex 3D 
geometries, and specifically for an as built AM surface, the adhesion of the tape under GPa 
shock loading conditions may be problematic due to poor adhesion on the rough as build 
finish [13]. Due to tape integrity considerations, a low overlap is used to prevent tape 
failures during processing. Typically increasing the number of impacts by increasing overlap 
can increase the depth and magnitude of the resulting residual stresses. For LSP with a 
coating, sequential applications of the coating and the LSP process are applied (typically 
up to 3).  
 
The LSPwC process may potentially be more suitable to small geometric features, however 
a larger number of impacts are required to achieve the desired surface compressive 
residual stresses. In addition, each laser pulse directly ablates the target surface which 
results in minor surface roughening and a modified surface due to exposure to the plasma. 
Since residual stresses are of course a significant concern during the SLM process [13-16], it 
is therefore expected that a component build would first a stress relief to eliminate 
detrimental tensile residual stresses. Regarding LSP in the context of AM, Zabeen et al. 
(2016) have investigated the use of LSP with a coating on as-built AM Ti-6Al-4V, however 
adhesion of the coatings to the as-built surface proved problematic under shock loading 
[17]. Kalentics et al. (2017) have investigated the use of LSPwC applied to SLM produced 
316L in the as-built state [18] which was shown to develop compressive stresses with 
depth. 

2. METHODOLOGY AND RESULTS  

This research has been conducted in the context of Additive Manufacturing of Ti-6Al-4V by 
the Selective Laser Melting process. There is currently substantial development of the SLM 
process within South Africa and the CSIR National Laser Centre, with a strong focus on Ti-
6Al-4V due to significant abundance of titanium minerals and drive toward value added 
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processes [19]. In order to obtain optimal mechanical performance in terms of fatigue, it is 
anticipated that immediate applications of AM components implemented in the aerospace 
industry will be in a machined state in order to adhere to tight manufacturing tolerances, 
and to improve the surface finish which is known to affect fatigue performance. The LSP 
research is therefore primarily on a machined AM surface.  
 

2.1 Materials and Methods 

2.1.1 AM Sample preparation 
Selective Laser Melting has been used to produce samples of 35 x 35 x 8 mm using an 
EOSINT M280 system at the Central University of Technology (CUT, South Africa) from EOS 
GmbH which incorporates a fiber laser with a power of 200 W, spot size of 80 microns and 
power density range of ∼	 40 kW/mm2. The samples were first stress relieved, and then 
removed from the base plate by wire EDM cutting. The top surface (of 35 by 35 mm) was 
then machined using an AMCO XH7132A CNC milling machine with a 12 mm diameter 
endmill at 240 RPM with flood coolant to remove around 0.5 mm by climb milling with an 
federate of  48 mm/min and cut width of 5 mm. The samples were then each polished 
using an SiC P#1200 (US#600) grinding paper so that the final surface roughness is within Ra 
of 0.2 microns which is necessary for the research to extend to future fatigue tests as per 
the ASTM E466 specification [20]. The samples are depicted in Fig. 2 below.  
 

 

Figure 2: Photographs of the samples after Additive Manufacturing (left), and after 
coupon preparation to a final machined surface (right).  

 
2.1.2 LSP Processing 
 
The LSP processing has been performed at the CSIR National Laser Centre on an in-house 
developed processing platform which incorporates a Spectra-Physics Quanta-Ray Pro series 
Nd:YAG pulsed nano-second laser operating at wavelength 1064 nm. A thin layer of de-
ionized water is used as inertial confinement applied with a water spray nozzle as depicted 
in Fig. 1. LSP parameters such as power intensity and coverage were first optimized on 
wrought Ti-6Al-4V plate using a deflection based technique referred to as an Almen strip 
approach. The Almen strips were laser cut 1.2 mm thick Ti-6Al-4V plate to the standard 
designation dimensions of 19.05 mm by 76.2 mm. Verification of LSP on wrought Ti-6Al-4V 
plate was then conducted by processing samples of 100 by 100 mm by 6 mm with 10 by 10 
mm LSP patches applied without a protective coating.  
 

As	built	 Stress	relieved,	wire	cutting	 
+	Machining 
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The LSP processing was performed both with and without a sacrificial thermal protective 
overlay. Essentially, the results described in section 2.2.1 and 2.2.2 of LSP of deflection 
coupons and on wrought Ti-6Al-4V are regarding the selection of an appropriate LSP 
parameter combination to be applied to the AM coupons. The coverage of the LSP 
processed area is achieved by a raster type pattern as depicted in the schematic in Fig. 3. 
The laser pulse repetition rate is fixed at 20 Hz, therefore control of the scan speed (x 
direction), and step dimension (y direction) can be used to control the spot to spot 
placement, which is quoted in terms of number of spots per mm2 (Np). The Np for the high 
and low coverage used for processing performed with and without a protective coating is 
depicted in the schematic in Fig. 3.  
 

 

Figure 3: A photograph of preliminary phase LSPwC processing of wrought titanium 
plate (left), and a schematic of a low and high overlap rater pattern to achieve spot 

coverage (center and right). 

 
The final parameters selected for LSP with a coating was a power intensity of 8 GW/cm2, 
and coverage of 2 spots per mm2 for a 1.2 mm spot diameter. A black PVC tape coating of 
around 100 microns thick with a 30 micron adhesive backing was selected. For LSP with a 
coating, the coverage is required to be low in order to preserve the tape integrity and 
adhesion to the surface during processing. Therefore to increase the local number of 
impacts, 3 sequential treatments were applied (where the coating is removed between 
each). The parameters for the LSP processing performed without a protective also utilized 
a power intensity of 8 GW/cm2, but with a smaller spot size of 0.8 mm, and a higher spot 
overlap of 40 spots per mm2. Photographs of the AM coupons after LSP processing both with 
and without a protective coating are depicted in Fig. 4. LSP processing was applied to 
produce 4 equi-distant LSP patches of 7 mm by 7 mm on the 35 mm by 35 mm AM coupon 
face. The LSPwC surface is clearly apparent as dark patches due to the direct laser-
material interaction.  

Page 89



 

 

	  

Figure 4: Photographs of the AM samples after LSP applied with (left), and without a 
protective coating (right) with the relevant sample preparation details.  

 
2.1.3 Surface Roughness 
 
Surface roughness measurements were conducted using a MahrSurf PS1 touch probe surface 
profilimiter with trace lengths of 17.5 mm with an Lc of 2.5 (n=5). For each sample, 5 x 
line scans were performed at approximately 3 mm spacing, and the reported values are the 
mean of the 5 measurements. 
 
2.1.4 XRD Residual Stress Analysis 
The residual stress analysis was performed using conventional laboratory X-Ray diffraction 
(XRD) measurements using a Proto iXRD (Proto Manufacturing Inc., Taylor, Michigan USA) 
instrument. A Cu-Kα X-ray source with a wavelength of 1.5418 Å was used with a round  2.0 
mm aperture. Reflections from the 213 peak for the Ti-6Al-4V were used with a goniometer 
range of ± 20 degrees with a 3 degree oscillation. The measurements were performed as 
per the sin2ψ technique, whereby 20 exposures of 4 seconds each were used for 7 
measurement angles per strain measurement. Tri-axial measurements were performed at 
0, 45, and 90 degrees in order to obtain the principle stresses. For both the wrought and 
AM built Ti-6Al-4V, stresses were calculated using the X-ray Elastic Constants of -S1 = 2.83 
x10-6  MPa-1 and 1/2S2 = 11.89 x10-6    MPa-1. 
 

2.1.5 Incremental Hole-Drilling Residual Stress Analysis  
 
The incremental hole-drilling has been performed using a SINT MTS3000 incremental hole 
drilling instrument which uses a high speed end mill. The hole drilling analysis has been 
conducted in order to obtain insight into the residual stresses within the coupons.  
Tungsten carbide cutters with a TiAIN coating (SINTCTT/1) have been used to effectively 
drill the titanium. The CEA-13-062UL-120 gauges have been used which have a nominal 
hole diameter of 2 mm, therefore allowing for computation of stresses to up to 1 mm 
deep. The data computation is performed using the Restress Eval software where the 
assumed material properties for the materials is E = 113 800 MPa, Sigma Y = 1000 MPa, V = 
0.34. The drilling was performed with 60 increments of 0.02 mm each, and the reported 
stresses are as per the ASTM E837-13 EXT formulation for non-uniform residual stresses. 

Stress	relieved,	wire	cut 
+	Machining 
+	Polish 
+	3	Layers	of	LSP	with	coating 

Stress	relieved,	wire	cut	 
+	Machining 
+Polish 
+	LSP	without	coating	(LSPwC) 
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The computed data is based on 20 linear steps of the interpolated strains, whereby the 
Tikhonov regularization has been applied. Since the incremental hole-drilling technique is 
considered a semi-destructive technique whereby execution of the tests is known to affect 
certainty of the measurements, at least two repeatability trails have been conducted for 
each test. 
 

2.2 Results and Discussion 

The purpose of the LSP processing and analysis of the Almen strips and the wrought 
titanium was to isolate a LSP parameter combination for the LSP process both with and 
without a protective coating. This is crucial since the LSP infrastructure used to perform 
the LSP process is an in-house LSP R&D platform that is still under development, and has 
not yet been industrialized.  
 
Regarding LSP processing parameters, the peak pressures generated are proportional to the 
power intensity in terms of GW/cm2. However, beyond a particular threshold, saturation 
effects occur due to plasma shielding, whereby plasma generated within the beam path 
absorbs incident laser irradiation [21]. Industrialized LSP processing typically does not 
exceed a power intensity of 10 GW/cm2, as this is the saturation threshold typically found 
at 1064 nm [22]. Shock processing of titanium typically requires the highest possible 
pressure to be developed at the surface, as under shock pressures materials such as Ti-6Al-
4V experience an increase of their effective dynamic yield strength (known as the Hugonoit 
Elastic Limits) by as much as 100% [23]. The preliminary Almen strip approach and 
processing of wrought material was performed to verify that the CSIR LSP processing 
platform could operate effectively near the typical saturation power intensity of 10 
GW/cm2 for 1064 nm radiation.  
 
2.2.1 LSP Deflection Coupons 
Almen strips are simply standard material coupons that were developed for the 
conventional Shot Peening industry in order to quantify process intensity and an 
appropriate peening time. Conventionally, an Almen strip is peened and will produce a 
convex deflection due to the plastic deformation that has been introduced into the 
surface. Plotting the Almen arc height deflections with increasing processing time is used 
in order to determine the saturation curve which enables conventional peening to 
determine an appropriate peening time by the definition of saturation which states a less 
than 10% change for twice the peening time [24].  
 

 

Figure 5: A photograph a LSPwC processed 1.6 mm thick Ti-6Al-4V Almen strip showing 
convex curvature (compared to a flat unprocessed strip in the foreground).  
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Almen strips have been incorporated into the LSP AMS-2546 standard for process control 
and repeatability, however the South African LSP group have also found the technique 
useful in order to compare preliminary LSP parameters. Specifically, the technique is 
useful to determine if power intensity saturation has occurred, as beyond the saturation 
point, the measured deflections will no longer increase due to an effectively maximum 
pressure developed. In addition, for a fixed LSP power intensity the deflections can be 
plotted against coverage (effectively peening time) to ensure that material saturation 
effects have not been reached.  
 
The Almen strip results are shown in Fig. 6. In Fig. 6 (left), the arc height deflections are 
plotted against power intensity for both LSP with and without a protective coating. For 
these tests a fixed coverage of 2.5 spots per mm2 was used with a spot diameter of 0.8 
mm. It is clear that operating up until 8 GW/cm2 does not produce any power intensity 
saturation effects (which would show a decreased deflection despite increased power 
intensity). Since 10 GW/cm2 is typically the limit of the LSP process, 8 GW/cm2 has been 
selected to ensure that processing is performed below the power intensity saturation 
point.  
 
The results in Fig. 6 (right) show the arc height deflections for LSPwC for increasing 
coverage at 8 GW/cm2. It is clear that even at 40 spots per mm2, the saturation point has 
not yet been reached. In terms of typical LSP processing parameters, Toshiba successfully 
commercialized LSPwC using the same spot size of 0.8 mm and coverage of 40 spots per 
mm2 applied to SUS304 however at a wavelength of 532 nm. The Almen strip deflections 
reveal that a coverage of Np = 40 spots per mm2 does not exhibit material saturation 
effects due to cyclic impacts.  
 

 

Figure 6: Almen strip deflections of 1.6 mm thick Ti-6Al-4V coupons to evaluate power 
intensity (left), and coverage (right).  

 

2.2.2 LSP on Wrought Ti-6Al-4V 
 
One of the challenges regarding the development of the LSPwC process (i.e. no coating), is 
that if the parameters are not correct (in terms of power intensity, spot size, and 
coverage), then the direct laser-material interaction may produce superficial tensile 
residual stress due to the thermal effect of the plasma generated at the material surface 
(which can be seen in Fig. 1). Since the time scale of events are short (due to the nano-
second laser pulse durations), the thermal events are extremely rapid with little time for 
thermal conduction into the material. Typically, it is only the first few microns that are 
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affected by the plasma generated; however a tensile residual stress on the surface can be 
highly detrimental for a peening process.  
 
LSP processing of 10 mm by 10 mm areas with different LSP parameter combinations were 
performed as an initial process development approach to ensure that surface compressive 
residual stresses are generated. The principle stresses for variation of power intensity and 
spot coverage are shown in Fig. 7 for LSPwC.  Fig. 7 (right) shows that increasing power 
intensity leads to an increase in the compressive stresses generated. Fig. 7 (left) shows 
that in the range of 20 to 80 spots per mm2, compressive residual stresses are generated. 
The maximum compressive stress was achieved for Np = 40 spots per mm2, however 
increasing the coverage is seen to increase the compressive state of the Smax as well.  
 

 

 

Figure 7: Principle stresses for LSPwC applied to wrought Ti-6Al-4V plate in order to 
evaluate the effect of power intensity (left) and coverage (right).  

 
The principle stresses shown in Fig. 7 have the minimum (Smin) component aligned to the 
stepping direction of the LSP raster pattern (indicated as y in Fig. 3). It should be noted 
that the stress results depicted in Fig. 7 are highly superficial as the laboratory X-Ray 
radiation only penetrates around 2.5 microns for Ti-6Al-4V. Although there seems to be 
little variation of the minimum principle stress for increasing the number of spots, there is 
most likely to be an effect within the depth of the material, whereby deeper levels of 
compression are expected for increased overlap.  
 

2.2.3 LSP on Machined AM  
This investigation is focused toward the application of the LSP process to machined AM Ti-
6Al-4V components as it is expected that the first potential applications of LSP technology 
in the context of high–value AM components would be for a machined surface. Particularly 
in the aerospace industry, a concern for fatigue for a high-value, complex AM components 
would most likely have a machined surface due to the known detrimental effect on fatigue 
crack initiation associated with the as-built surface roughness.  
 
The results in Fig. 8 show the surface residual stress measurements by X-Ray diffraction. 
The AM sample after stress relieving and removal from the build plate exhibits low level 
tensile residual stresses which are almost zero which is as to be expected from a stress 
relieved coupon. The effect of the machining alone can be seen to introduce significant 
residual stresses on the surface. The machining induced residual stresses are due to a 
combination of thermal effects and plasticity introduced. The beneficial compressive 
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nature of the stresses introduced suggests that the thermal effects were minimal. Whilst 
the machining certainly introduced high levels of compressive residual stresses into the 
surface, these are most likely to be highly superficial, and not exist to significant depths 
below the surface.  
 
After the application of LSP with a coating (3 consecutive layers), both principle stress 
components remain in a high level of compressive residual stress. After the direct 
application of the LSPwC process, the surface is still under compressive residual stress, 
however a reduction in magnitude is apparent, which is due to the thermally affected 
surface which consist of re-cast layer after rapid ablation and surface melting occurs 
during plasma formation during processing.  
 

 

Figure 8: X-Ray diffraction principle residual stresses for different AM surface 
conditions. 

 
Since the XRD results only provide insight into the very extreme surface condition, the 
incremental hole-drilling technique as per the ASTM E837-13 has been implemented in 
order to evaluate the LSP through the material thickness. The incremental hole drilling 
technique is considered a semi-destructive technique where the guideline state that the 
largest factors to uncertainty are instrument-to-operator skill [25]. Each measurement has 
therefore been completed at least twice in order to evaluate the repeatability, and 
therefore uncertainty of the measurement. The repeat tests for samples with and without 
a coating are shown in Fig. 9. Both tests (A) and (B) for the sample with a coating, and 
tests (C) and (D) for LSPwC show reasonable overlap between successive measurements 
which indicates repeatability of the measurement technique.  
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Figure 9: Principle stresses by incremental hole drilling for two repeat tests for LSP 
with a coating (left) and LSPwC (right).  

The comparison between in depth residual stress profiles is provided in Fig. 10. Firstly, it 
can be seen that the stress relieved, as-built coupons after machining and polishing still 
have rather low compressive residual stresses within the bulk of the coupons. The 
compressive residual stresses introduced by the two approaches (with and without a 
coating) are both seen to extend to around 0.75 mm within the material. However, the 
LSPwC processing produces far higher magnitudes of compressive stresses, with a peak 
compressive stress around twice that achieved compared to LSP with a coating.  
 
 

 

Figure 10: A comparison of the incremental hole drilling residual stress results for the 
untreated samples, and samples LSP processed with and without a protective coating.  

-1000 

-800 

-600 

-400 

-200 

0

200

0 0.2 0.4 0.6 0.8 1

Re
sid

ua
l	S
tr
es
s	(
M
Pa
)

Depth	below	surface	(mm)

Smin	[LSPwC]

Smax	[LSPwC]

Smax	[LSP]

Smin	[LSP]

Smin	[no	peening]

Smax	[no	peening]

-1000 
-800 
-600 
-400 
-200 

0

200

400

0 0.25 0.5 0.75 1

Re
sid

ua
	St
re
ss
	(M

Pa
)

Depth	below	surface	(mm)

Smin	test	B

Smax	test	B

Smin	test	A

Smax	test	A

-1000 
-800 
-600 
-400 
-200 

0

200

400

0 0.25 0.5 0.75 1

Re
sid

ua
l	S
tr
es
s	(
M
Pa
)

Depth	below	surface	(mm)

Smin	test	D

Smax	test	
D
Smin	test	C

Page 95



 

 

From the Almen strip data shown in Fig. 6, for the exact same LSP processing parameters, 
the use of a thermal protective coating produces higher arc height deflections, suggesting 
a higher impact pressure is delivered when a coating is used (possibly due to the lower 
ionization threshold compared to titanium). Although both LSP processing parameters used 
for samples with and without a coating both used 8 GW/cm2 (which directly relates to the 
impact pressure), the samples without a coating had a larger spot size of 1.2 mm compared 
to 0.8 mm for LSPwC. The significant difference between samples with and without a 
protective coating is the number of impacts seen locally. For LSPwC, the impacts seen per 
local spot on the surface are equivalent to 25.6, whilst the 3 sequential layers of LSP with 
a coating equate to 8.64 impacts per spot. The almost 3 x higher local number of impacts 
for the LSPwC process therefore effectively drives higher magnitude compressive residual 
stresses within the material.  
 
The incremental hole-drilling results prove to be rather promising as is evident by the 
depth and magnitude of compressive residual stresses achieved. However, these results do 
not compare well to the laboratory XRD. For example, both the samples before LSP 
processing and after LSP processing with a protective coating reveal minimum principle 
surface stresses in the range of -700 MPa, however the hole-drilling indicates a maximum 
compressive stress of only -350 MPa. The incremental hole-drilling technique is specifically 
unreliable for near surface resolution, especially where steep stress gradients may be 
present. The drilling steps were performed at increments of 20 microns. The high levels of 
compression shown with the XRD would be averaged over the depth increments, which may 
be very shallow. The fact that even the hole-drilling results before LSP (as seen in Fig. 10) 
do not indicate any high compressive stresses suggests that the machining and polishing 
induced compressive residual stresses are very shallow, where a sharp stress gradient may 
exist.  
 
As mentioned, one of the drives toward investigation of LSP on a machined surface was due 
to the expected machining to remove significant surface roughness inherent in the AM as-
built surface. The surface roughness results are shown in Fig. 11, which illustrates the high 
Ra and Rz for the as-built coupons as expected. The final surface finish before LSP 
processing was within Ra of 0.14 microns. Due to the ablation effect of LSPwC, there is 
some surface roughness introduction compared to a polished surface, however an Ra of 
2.28 is still an improvement compared to the as-built surface state.  
 

Figure 11: Surface roughness in terms of Ra (left) and Rz (right).  
 
From a technology industrialization perspective, after each LSP coating, the sacrificial 
coating must first be removed, the component dried (as water from processing will prevent 
effective coating adhesion) before the next sacrificial coating is applied before shock 
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processing. It is therefore not practical to perform this a large number of times (typically 
this is performed 1-3 times by commercial LSP service providers). The LSPwC processing is 
therefore highly attractive, except for the fact that surface oxidation is produced (as 
evident by the discoloration seen in Fig. 3 and 4) as well as a highly superficial thermally 
affected zone in the first few microns due to exposure to the high temperature plasma. 
Although the LSPwC process can be used effectively with the as-processed surface, future 
work will need to focus on quantification of the surface alteration due to the thermal 
effect associated with the LSP plasma. Potential additional  future work should consider 
application of the LSPwC to the as-built surface first, with final machining to simply 
remove the AM surface roughness and LSPwC surface effect.  
 

3. CONCLUSIONS AND RECOMMENDATIONS 

This investigation explored the use of LSP with and without a thermal protective coating 
for applications in the context of machined Ti-6Al-4V produced by Selective Laser Melting. 
The first phase focused on identification of suitable LSP process parameters, which was 
conducted using a coupon deflection based technique (Almen strips), and application of 
LSPwC to wrought Ti-6Al-4V plate material. The laser power intensity selected was 8 
GW/cm2, where the overlap for the use of a thermal protective coating was kept low (Np = 
2 spots per mm2) in order to maintain coating integrity. The Np of 40 spots per mm2 was 
selected based on surface compressive stresses measured by X-Ray Diffraction. The 
following conclusions regarding LSP in the context of application to machined Ti-6Al-4V by 
AM: 

• Machining introduces highly superficial compressive residual stresses of high 
magnitude. 

• LSP with and without a coating both produced compressive residual stresses to a 
depth around 0.75 mm in AM stress relieved coupons.  

• The LSPwC process produced significantly high magnitude compressive stresses 
with depth compared to LSP with a coating due to the higher local number of 
impacts (≈3x).  

Due to the significantly enhanced magnitudes of compressive stresses found for LSPwC 
compared to LSP with a coating, future work should focus to enhance the ability to 
generate high magnitude compressive stresses with depth when a coating is used without 
significant increase in overlap. Additional work should include detailed quantification of 
the surface alteration (such as oxidation) for the LSPwC process. Alternatively, the LSPwC 
process should be explored potentially before final machining to avoid actual material 
constituent modifications to final components.  
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ABSTRACT 

Titanium aluminides (TiAl) are acknowledged as promising high temperature structural materials due to their 
high melting point, high strength to density, high elastic modulus and high creep strength. Due to their low 
ductility, it is difficult to machine post manufacturing with conventional manufacturing techniques. TiAl 
components have been successfully produced using the cast methods, but prove to be very expensive and time 
consuming. In situ alloying, using laser processing, is a potential method of manufacture of these alloys; as 
elemental powders can be fed separately from different powder feeders and the feed rate can be controlled, 
independently, to control the composition and resulting microstructure.  
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1. INTRODUCTION  

 
Dual phase gamma (γ) titanium aluminides (TiAl) is a promising candidate material in high temperature 
aerospace and automotive gas turbine engines to replace Ni-based superalloys for its high specific strength, 
high stiffness, good corrosion resistance, high creep resistance between 600 - 750 ºC, and oxidation resistance. 
Ni – based superalloys are found to possess superior properties than γ – TiAl, however, the low density of γ – 
TiAl enhances its specific properties considerably in comparison to Ni – based superalloys [3]. Replacement of 
Ni – based superalloys parts with TiAl alloys is expected to reduce the structural weight of high performance 
gas turbine engines by 20 – 30% [3].Casting metallurgy methods followed by hot isostatic pressing (HIP) are 
commonly accepted by industry for raw γ-TiAl material production before mechanical processing but prove to 
be very expensive and time consuming [1]. The brittleness and low fracture toughness of γ-TiAl makes it 
difficult to manufacture with conventional methods. To improve on their ductility, research and development 
make use of ternary and quaternary alloys amongst others, e.g. GKSS and GE Alloys in the manufacturing of 
durable, weight reduced structures [4]. Near-gamma alloys containing a fully lamellar microstructure with a 
moderately small alpha grain size have been found to provide the desired better property mix [2-3, 5]. Several 
processing techniques have been developed to obtain such microstructures. Due to the complexity of 
conventional manufacturing of these alloys and the expensive pre-alloyed powder, direct energy deposition, 
using laser processing, is a promising method of manufacture of these alloys as elemental powders can be fed 
separately and independently, to save on costs, to produce the desired microstructure, and eliminate the need 
for post processing [1]. The phenomena here is such that the laser created melt pool will be able to 
convectionally mix the elemental powders  into a TiAl alloy when correct thermodynamics are met. Using this 
method, in-situ alloyed powder was processed on a 3kW, 1073 nm wavelength, IPG Nd-YAG fibre laser. This 
study looks into the effect of the processing parameters, specifically aluminium feed rate, on the in-situ alloy 
composition and microstructure and compares this to the commercial GE alloy (Ti-48Al-2Cr-2Nb).  
  

2. METHODOLOGY  

An IPG Nd:YAG 3kW 1073 nm fibre laser was utilised in these experiments for the deposition of single clad 
tracks onto Ti6Al4V substrates. Powder is carried to the workpiece by means of a GTV powder feeder together 
with a three-way cladding nozzle. The processed powders were pure aluminium and a master alloy consisting of 
Grade 1, commercially pure titanium, niobium and chromium which was subjected to satellite mixing. This 
master alloy powder was alloyed in-situ with the aluminium powder using two powder feeding hoppers. The 
feed rate of the powders were varied so to evaluate its effect on composition and microstructure. Samples 
were cut, polished, and etched according to standard metallographic procedures for titanium alloys. Samples 
were also subjected to heat treatment at 1200ºC for 20 minutes and then quenched in water. Parameters for 
the cladding are included in Table 1. The microstructures were investigated using optical microscopy and 
composition was studied with SEM-EDS. Zwick/Roell Indetec (ZHVµ) was used for measuring the micro-hardness 
of the produced alloy with a 0.5kg load.     

Table 1: Summary of operating parameters for the IPG laser system 
Sample Power 

(kW) 
Speed 
(m/min) 

Shielding 
gas rate 
(L/min) 

Master 
Alloy 
Feedrate 
(rpm) 

Al 
federate 
(rpm) 

Master 
alloy 
carrier gas 
(L/min) 

Al carrier 
gas 
(L/min) 

Commercial 
GE Alloy 

n/a n/a n/a n/a n/a n/a n/a 

1 1.25 0.5 12 1 1.6 1.8 2 
2 1.25 0.5 12 1 1.8 1.8 2 
3 1.25 0.5 12 1 2.2 1.8 2 
4 1.25 0.5 12 1 2.5 1.8 2 

 

3. RESULTS AND DISCUSSION 

Microstructure of the commercial GE alloy is shown in Figure 1, and reveals a dual phase fully lamellar 
microstructure typical of this alloy [6]. The EDS spectrum took on the microstructure, indicating composition 
of the alloy, is given by Figure 2.        
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Figure 1: Microstructure of the commercial GE alloy Ti-48Al-2Cr-2Nb showing the lamellar type 

microstructure 
 
	

 
 

Figure 2: EDS spectrum of the commercial alloy Ti-48Al-2Cr-2Nb 
 

Figures 1 and 2 report on the microstructure and composition of the GE plate that was purchased and 
analysed. The microstructure is fully lamella as expected and EDS composition gave mass percentages of Al: 
40.07, Ti: 55.44, Cr: 2.56, Nb: 1.93. These values correspond to a dual phase titanium aluminide. EDS results 
of the various in-situ produced alloys of samples 1,2,3 and 4 are shown in figure 3.  
 
The results shown in figure 3 show that it is possible to change and control the composition of the in-situ alloy 
by varying the feed rate of the powder feeders to achieve the desired composition. As the feed rate settings of 
the aluminium feeder is varied so too does the composition of the alloy change accordingly. The Nb and Cr 
content change can also be attributed to the inhomogeneous mixing of the powders in the master alloy. 
Corresponding microstructures are shown in figure 4. The microstructure of samples 1 and 2 show hexagonal 
grains consisting of coarse lamellae. According to the EDS composition (Figure 3) this alloy consists 
predominantly of the alpha 2 phase. Heat treatment at 1200ºC or above the alpha transus temperature at this 
Al composition and the subsequent rapid cooling results in this lamellae structure [7]. The dwell time of 20 
minutes contributed to the grain coarsening [5,7].  Samples 3 and 4 show a finer duplex microstructure. From 
the EDS data in figure 3, this alloy consists of a dual phase of alpha 2 and the gamma phase. In this 
compositional range heat treatment at 1200ºC takes place in the α + γ region and results in the duplex 
microstructure.	Duplex microstructures typically contain fine equiaxed γ- TiAl grains with low volume fractions 
of relatively fine lamellar γ-TiAl/α2-Ti3Al grains and/or very fine equiaxed α2-Ti3Al grains and are generated by 
heat treatment in the α + γ phase region [7]. Residual Nb can also be expected in all these microstructures 
due to the high concentration of Nb. Table 2 shows the micro hardness of the various produced alloys. It is 
evident that the hardness is affected by the change in Al content and the resulting microstructure. The GE 
alloy showed a hardness of 377 HV (0.5kg). The produced alloy sample 4 showed a comparative hardness due 
to the formation of the duplex microstructure.  
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a)                                                                              b) 

 

 
 

                                     c)                                                                                 d) 
 

Figure 3: EDS results of a) Sample 1, b) Sample 2, c) Sample 3, d) Sample 4 showing the effects of the 
change in feed rate of aluminium on the composition of the in-situ alloy 

 
 

   
a)                                                                             b) 

 

   
                                 c)                                                                                d) 
 

Figure 4: Microstructure of a) sample 1, b) sample 2, c) sample 3, and d) sample 4 
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Table 2: Micro hardness of the produced alloys 

 
Sample Hardness (HV0.5) 
GE alloy 377 

1 608 
2 556 
3 470 
4 378 

 
 

4. CONCLUSION  

The compositions achieved in this work were below the desired dual phase near gamma region of titanium 
aluminide as indicated by the commercial alloy. An increase in the feed rate of aluminium produced a dual 
phase duplex microstructure; however these structures (samples 3 and 4) did not consist of the fine lamellae 
of the commercial alloy. Reasons for this include the EDS indicating that the feed rates of aluminium need to 
be increased to produce the gamma titanium aluminide composition and microstructure. Further investigation 
is also required of the heat treatment profile. The current heat treatment temperature of 1200ºC showed this 
temperature is below the alpha transus temperature required to produce the fine grain lamellae.  This work 
shows promising results that it is possible to produce TiAl and to manipulate the microstructure using direct 
energy deposition laser processing via in-situ alloying. 
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ABSTRACT 

 
Many disabled patients rely on wheelchairs for mobility to participate as equal citizens 
within society. Wheelchairs supplied through state healthcare are often not well suited to 
especially rural conditions and often break-down. This study investigates if entry level 
Fused Deposition Modelling (FDM) can be used to produce front caster wheels and seat post 
guides that commonly fail on wheelchairs. Results of the study has shown that these parts 
can be produced with good quality and at reasonable cost through FDM. The ability to 
manufacture custom made parts on request through FDM was shown to be a real advantage 
to supply hard to source wheelchair parts in the rural communities.     
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1. INTRODUCTION 

A wheelchair is one of the most commonly used assistive devices, enabling many patients 
to become mobile. This creates opportunities for education and work and contributes to 
improved health and quality of life. The use of a wheel chair also makes patients more 
independent and frees up the time of their family members to pursue other productive 
activities. An estimated 1% of the world's population (65 million), need a wheelchair [1] 
while this number is roughly 2.3% (1.2 million) in South Africa [2]. 
 
Due to a lack of governmental funding and the large demand, occupational therapists in 
state hospitals are forced to prescribe cheaper less effective wheelchair designs. This 
problem is further highlighted in the rural areas where the basic folding frame wheelchair 
design is supplied to patients. These wheelchairs are for low activity, indoor environments 
and not rural settings often with dirt roads. These factors imply a high turnover of 
wheelchairs thus increasing the load on supply. Imported wheelchairs provided by 
governmental or donor organisations are not supplied with spare parts and local spares 
often do not fit them. Importing the missing or broken component sometimes costs more 
than purchasing a new locally produced wheelchair [3]. Presently wheelchairs in the 
governmental sector are maintained by therapists or local hospital maintenance personnel, 
depleting their already limited time and resources. A lack of repairs lead to many 
wheelchairs being discarded, leaving patients without wheelchairs.  
 
Analysis of the wheelchair records of the Mangaung University Community Partnership 
Program (MUCCP) occupational therapy department show that a total of 43 wheelchair 
repairs were conducted in 2016. For the month of May 2017, 12 wheelchair repairs were 
reported, of which 7 caster wheels and 8 seat post guides needed to be replaced. The cost 
of a caster wheel and a seat post guide are R175 and R16 respectively. In an interview with 
the head occupational therapist it was highlighted that the caster wheels fail due to 
bearing failure resulting in the failure of the bearing housing or objects getting lodged 
between the caster wheel fork and the ribs of the caster wheel thereby breaking the ribs 
of the wheel. Figure 1 shows a typical broken wheelchair caster wheel while Figure 1 b 
shows a damaged seat post guide such as is mentioned here.   
 
 

                               
             a                b  

 
Figure 1 Front caster wheel (a) and seat post guide (b). 

 
This study aims to determine if Additive Manufacturing (AM) can be used to produce custom 
made durable parts to replace parts that commonly fail on wheelchairs. AM also referred to 
as 3D printing is defined by the American Society for Testing and Materials (ASTM) F2792 as 
“A process of joining materials to make objects from 3D model data, usually layer upon 
layer, as opposed to subtractive manufacturing methodologies.” [4]. AM include a wide 
variety of processes that uses different materials and binding mechanisms but for the 
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purpose of this research study, the focus will be on entry level Fused Deposition Modelling 
(FDM). FDM printers selectively extrude plastic filament in adjacent lines to form a layer. 
Once the layer is completed it extrudes the same plastic filament onto the previously 
extruded layer thus forming a 3D object as shown in Figure 2. These entry level FDM 
printers can now be purchased for as little as R6000 via the internet. There is also an 
extensive variety of polymer filaments available that can be processed through the printers 
with a typical cost of around R280/kg for Acrylonitrile Butadiene Styrene (ABS) and 
Polylactic Acid (PLA). 
 

 
Figure 2. Working principals of a FDM machine [5]. 

 
FDM printing has been extensively use in recent years to manufacture “Do It Yourself” 
assistive devices and designs are freely available on websites such as Thingiverse and 
Instructables [6]. Effectiveness and reliability of these FDM produced devices is however 
debatable [7]. The quality of FDM produced part quality remain unpredictable compared to 
injection moulded parts. Dawoud et al. showed for example that the mechanical strength 
of injection moulded samples (37.7 MPa) was superior to that of the same samples 
produced through FDM (34.3 MPa) [8].  
 
FDM process parameters (orientation, layer height, raster angle, print speed and air gap) 
has a major effect on the mechanical properties of parts produced [9]. Investigating print 
orientation, Bagsik et al. showed that the upright orientation exhibits poor mechanical 
properties, while on-edge and flat orientation showed better mechanical strength and 
stiffness [10]. Tymrak, 2014 showed that the average tensile strength of FDM printed parts 
are 28.5 MPa for ABS and 56.6 MPa for PLA. The average elastic moduli of ABS was found to 
be 1807 MPa while that of PLA was 3368 MPa [11]. Lužanin et al. studied the influence of 
layer thickness, deposition angle and fill density on flexural strength of PLA FDM samples 
and showed that these factors have a significant effect [12]. 
 
A study conducted by Es Said et al. examined tensile strength, modulus of rupture, and 
impact resistance for different layer orientations of ABS models. The 0° orientation 
samples displayed superior strength (20.6 MPa) and impact resistance (44.4 MPa) compared 
to all other orientations [13]. They concluded that anisotropic properties were caused by 
weak interlayer bonding and interlayer porosity. Anisotropy refers to the material 
properties being directional dependent. 
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Lee et al. employed the Taguchi method to find the optimal FDM process parameters for 
ABS, concluding that layer thickness, raster angle and air gap significantly affect the 
material’s elastic performance [14]. 
 
For FDM printing to be considered as process suitable for producing replacement parts for 
wheelchairs, the accuracy, strength and durability of parts produced need to be proven.   
 

2. METHODOLOGY 

The entry level Wanhao I3 plus was selected as the FDM machine to conduct this study. It 
can be readily purchased at low cost in South Africa, it is easy to setup and use and 
produces high quality parts for its price range. ABS and PLA was investigated as possible 
materials to print the wheelchair parts under consideration since these materials are also 
readily available at low cost. To design reliable FDM printed caster wheel hubs and seat 
post guides the mechanical properties and dimensional tolerances need to be determined 
for FDM printed ABS and PLA. The following experimental procedure was followed to 
qualify the printer and materials for the intended application. 
 
2.1 Geometrical accuracy of parts produced 
 
A test geometry with specific features that highlight the strengths and weaknesses of AM 
processes was designed to test printing accuracy as shown in Figure 3. The test geometry 
included features to measure accuracy in terms of printing height, internal diameter, 
external diameter and rib thickness. 
 

           
                                a                                                               b 

 
Figure 3. CAD design of dimensional accuracy test part (a) and FDM printed part (b). 

 
The test geometry was printed in Wanhao supplied ABS and PLA material with a 0.4 mm 
diameter nozzle and at 0.1 mm layer thickness. Print speeds were 35 mm/s and 30 mm/s 
while nozzle temperatures were 220 ˚C and 195 ˚C respectively. Bed temperatures were 
100 ˚C and 60 ˚C for the two materials. These printing parameters were as specified by the 
suppliers of the printer. The dimensional accuracy was determined for various fill densities 
(25, 50, 75, 100%) and shell thicknesses (0.8 and 1.2 mm). Three test parts were printed 
for each fill density and shell thickness. Six dimensional measurements were taken of each 
feature on the test part with a digital Vernier caliper and noted. 
 
The feature on the lower right corner of the test part shown in Figure 3 was used to 
demonstrate the effect of overhang without support structures on printing accuracy. The 
feature had overhang angles at 30⁰,45⁰,50⁰ and 60⁰	as measured from the horizontal. The 
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feature on each test part was scanned with a Kreon scanning arm with a Solano Blue laser 
scanning attachment to acquire a point cloud. The scan data was then compared to the 
Computer Aided Design (CAD) of the test part using Geomagic Control X software. A 
selection plane was used to determine the dimensional deviation of the overhang at each 
angle. 
 
2.2 Mechanical properties of parts produced 
 
In order to determine the part orientation and fill density best suited for printing 
wheelchair parts, a range of ASTM D638 Type IV tensile samples were printed in ABS and 
PLA. The yield strength, Ultimate Tensile Strength (UTS), elongation and Young’s modulus 
were determined for various fill densities and shell thicknesses. Six samples were printed 
for each fill density and shell thickness, flat on the build platform in the y-direction as 
shown in Figure 4. Standard Cura slicing software build strategies were used to 
manufacture the samples. 
 

                        
 

Figure 4. Schematic representation of tensile sample orientations [15]. 
 
In addition to this, ABS at 100% fill density samples were printed in the flat, on the edge 
and upright orientations to determine the anisotropic mechanical properties of the printed 
material. Different percentages of fill density (25, 50, 75, 100%) and shell thicknesses (0.8 
and 1.2 mm) were applied to the samples. 
 
2.3 Wheelchair component design and manufacturing 
 
Caster wheel hubs and a seat post guide were designed to demonstrate the use of FDM 
printed wheelchair components in a real-world environment. The dimensions of an actual 
wheelchair caster hub was determined and designed in SolidWorks (Figure 5a). A standard 
wheelchair caster wheel is manufactured by injection moulding the hub and then over-
moulding the soft tyre onto the hub. The tyre was removed from a broken wheelchair 
caster wheel and a new hub was printed on the Wanhao I3 plus (Figure 5b). The hub had to 
be printed in two halves to be able to assemble it onto the tyre with six bolts joining the 
halves (Figure 5c). 
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      a                 b                                                 c 

 
Figure 5 Design for wheel hub (a), printed hub halves (b) and assembled wheel (c). 

 
A second design for a caster was also done (Figure 6a), this time utilizing the advantage 
that AM presents to produce internal structures. 
  

                              
                                  a                                                b 
 

Figure 6 Revised designs for a wheelchair wheel hub (a) and printed hub halves (b). 
 
The standard caster wheel has ribs to reduce the amount of plastic and cycle time of the 
injection moulding manufacturing process. These ribs are however easily damaged on a 
wheelchair. The revised design kept the ribs but has a 2 mm shell to cover the ribs (Figure 
6b). A Finite Element Analysis (FEA) was performed on one half of the revised designed 
caster wheel using data from the mechanical properties of the ABS materials used. An 
impact force of 2 kN (200 kg (person with wheelchair) traveling at 10 km/hr) as an example 
was applied simulating a frontal impact. An FEA was also applied to the hub with the 
exposed ribs for comparison.  
 
A seat post guide was designed according to the geometry of the original part and printed 
in ABS on the Wanhao I3 plus. Figure 7a shows a commercially available seat post guide 
while Figure 7b shows the printed guide and Figure 7c the printed guide as installed on a 
wheelchair.  
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                a                          b                                      c 

 
Figure 7. Commercially available (a), printed (b) and installed seat post guide (c). 

 
2.4 Cost comparison 
 
A cost comparison was performed between FDM printed wheelchair parts and commercially 
available parts. Taken into consideration was the cost of the material used (R 280/kg), 
replacement cost of the FDM printer (life span of printer was estimated at 5000 hrs) and 
maintenance cost on the machine (estimated at R 500/1000 hrs). The time required to 
design the wheel hub was three hours while the design time for the seat post guide was 
one hour. 
 
3. RESULTS 
 
3.1 Geometrical accuracy of parts produced 
 
With reference to Figure 8, PLA samples showed lower deviations in dimensions compared 
to that of the ABS samples for all features investigated on the dimensional accuracy test 
part. Height and inner diameter were undersize for both materials (PLA; 0.053 ± 0.012 mm 
and 0.0736 ± 0.035 mm, ABS; 0.097 ± 0.018 mm and 0.16 ± 0.067 mm). Outer diameter and 
rib thickness were oversize for both materials (PLA; 0.0812 ± 0.046 mm and 0.11 ± 0.055 
mm, ABS; 0.11 ± 0.044 mm and 0.144 ± 0.053 mm). 
 
 

       
Figure 8. Dimensional deviation for different features on PLA and ABS test part. 
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Fill density and shell thickness did not have a significant effect on dimensional accuracy as 
indicated in Figure 9 - 12 (the 25/8, 25/1.2, 50/08, 75/0.8 and 100/0.8 as indicated on the 
graphs indicate fill densities and shell thicknesses that was applied respectively). For all 
features, an increase in feature size showed a decrease in dimensional accuracy. 
 

          
 

Figure 9. Dimensional deviation for different features on PLA test part in terms of fill 
density and shell thickness. 

 

             
Figure 10. Dimensional deviation for different features on ABS test part in terms of fill 

density and shell thickness. 
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Figure 11. Dimensional deviation for height of features on PLA test part in terms of fill 

density and shell thickness. 

                   
 
Figure 12. Dimensional deviation for height of features on ABS test part in terms of fill 

density and shell thickness. 
 
In terms of the effect of overhang on accuracy as shown in Figure 13, ABS showed minimal 
deviation for angles of 60⁰ , 50⁰  and 45⁰  (0.034 ± 0.019 mm, 0.041 ± 0.006 mm and 0.051 ± 
0.046 mm). An angle of 30⁰ however showed poor dimension accuracy (0.55 ± 0.08 mm). 
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                    a                                          b                          c                         d 

 
Figure 13. Dimensional accuracy comparison at overhang angles of (a) 30⁰ , (b) 45⁰ , (c) 

50⁰  and (d) 60⁰  for ABS. 
 
PLA remained largely dimensionally accurate for overhang angles of 60⁰, 50⁰, 45⁰ and 30˚ 
(0.0885 ± 0.04 mm, 0.094 ± 0.08 mm, 0.13 ± 0.032 mm, 0.13 ± 0.09 mm). 
 
3.2 Mechanical properties of parts produced 
 
Table 1 indicate the mechanical properties of ABS and PLA printed on the Wahnao I3 plus 
printer at different fill densities. An increase in fill density and shell thickness improved 
the mechanical properties for both materials, however not significantly. The UTS of both 
100% fill density ABS and PLA showed impressive results at 41.1 ± 1 MPA and 45.2 ± 1.6 MPa 
respectively. In general, the PLA samples showed better mechanical properties compared 
to that of the ABS samples. 
 
Table 1 Mechanical properties of ABS and PLA test pieces at different fill densities (25, 

50, 75, 100%) and shell thicknesses (0.8 and 1.2 mm) 
 

 %Fill  Shell 
thickness(mm) 

Yield 
strength(MPa) 

UTS 
(MPa) 

Elongation (%) Young’s 
modulus 

(GPa) 

ABS 25 0.8 27.118±0.37 27.1±0.4 1.756±0.737 1.641±0.068 

25 1.2 28.875±0.75 28.9±0.7 1.883±1.139 1.632±0.033 

50 0.8 29.214±0.847 29.2±0.8 1.432±1.099 1.73±0.053 

50 1.2 29.52±1.083 29.5±1.1 2.210±0.749 1.866±0.052 

75 0.8 28.774±4.885 31.8±0.3 1.953±0.76 2.28±0.38 

100 0.8 30.54±4.68 41.1±1 2.7±1.6 2.6±0.29 

PLA 25 0.8 33.597±0.561 33.6±0.6 1.834±0.454 2.12±0.436 

25 1.2 38.16±0.770 38.2±0.8 1.842±0.575 2.182±0.073 

50 0.8 36±1.431 36.3±1.5 2.15±0.727 2.089±0.147 

50 1.2 38.967±1.2 39±1.2 2.561±0.595 2.168±0.0618 

75 0.8 39.091±1.268 39.1±1.3 3.426±1.819 2.36±0.057 

100 0.8 45.162±1.559 45.2±1.6 2.956±0.685 3.095±0.258 

 
An increase in shell thickness improved the elongation for both materials. The on the edge 
orientation (39.121 ± 0.69 MPa) showed better yield strength compared to the flat (30.54 ± 
4.68 MPa) and upright (8.8±1.9 MPa) orientations. The on the edge (0.33 ± 0.25%) and 
upright (0.59 ± 0.319%) orientations showed poor elongation compared to the flat (2.7 ± 
1.6%) orientation. 
 
3.3 Wheelchair component design 
 
Figure 14 shows results of the FEA as applied to the hub with the protective cover. A 
maximum stress of 27.19 MPa was determined for the 2 kN impact force that was applied. 
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Figure 14. FEA of FDM printed hub with protective cover. 

Applying the same 2 kN impact force to the hub with the exposed ribs (Figure 15) indicated 
a stress concentrations of 114.1 MPa at the tip of the rib which lines up with the direction 
from where the frontal impact force was applied. 
 

 
Figure 15. FEA of FDM printed hub with exposed ribs. 

 
The FEA of the hub with the protective cover showed that the hub experienced a lower 
maximum stress compared to the hub with the exposed ribs when exposed to the same 
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frontal impact force. This together with the benefit that the protective cover brings in 
terms of protecting the hub’s internal structure from stones that may be caught between 
the caster fork and wheel shows this to be the better wheelchair caster design.    
 
3.4 Cost comparison 
 
The cost comparison for ABS and PLA for the different fill percentages and shell thicknesses 
against yield strength is shown in Figure 16. The yield strengths that are indicated is taken 
from Table 1 while the costs indicated were calculated with the cost of the material used, 
replacement cost of the FDM printer and maintenance on the machine taken into 
consideration (see section 2.4). 
 
With an increase in fill density, the cost of production increased compared to the 
mechanical strength which only increased slightly. Increasing the shell thickness improved 
the elongation for both materials and only had a minimal effect on manufacturing cost. 
PLA samples cost more to produce compared to ABS samples, due to the slower printing 
speed needed to manufacture the samples. 
 

 

 
 

Figure 16. Cost - strength comparison of ABS and PLA at various fill densities and shell 
thicknesses. 

 
A seat post guide and caster wheel hub with protective cover was printed in ABS and costs 
determined again taking the cost of the material used, replacement cost of the FDM 
printer and maintenance on the machine into consideration. The cost for design was not 
added to the cost of the parts since in this application, the parts are only designed once 
where after a number of the parts can be printed as required. According to Figure 14, a 
maximum stress of 27.19 MPa was calculated for the 2 kN impact force that was applied. 
Table 1 shows that this stress can be withstood by printing ABS at a shell thickness 0.8 mm 
and with a fill density of 25%. Printing the seat post guide at this settings took 2.43 hrs and 
the calculated cost was R 18.77. The caster wheel hub with protective cover took 26.38 hrs 
at a cost of R 113.01. The seat post guide was more expensive (R 16.00) to manufacture 
through FDM printing compared to its commercially available injection moulded 
counterpart. The caster wheels were however printed at lower cost (R 175.00) compared 
to a commercially available injection moulded caster wheel. 
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3.5 Case study 
 
FDM printed caster wheels with open ribs as presented in Section 2.3 were installed on a 
wheelchair and tested in a real-world environment as a case study to demonstrate the 
durability of the parts. A patient has been using the wheelchair on a daily basis and travel 
an average of 6 km per day. After four months of use no signs of deterioration of the 
printed hubs are evident. As a follow up, the improved wheels with hubs that features 
protective covers will next be installed on the wheelchair and performance compared to 
the previous wheels over time.  

4. CONCLUSION 

This study has shown that low cost FDM printing can be used to print replacement caster 
wheel hubs and seat post guides for wheelchairs with quality comparable to commercially 
available replacement parts. Dimensional accuracy tests have proven that printed parts 
can be produced that is sufficiently accurate for this application. Mechanical testing of 
parts printed at different shell thicknesses and fill densities demonstrated the strength of 
parts that can be achieved. A simulated impacts on printed caster hubs indicated that the 
strength of the printed material as measured is adequate to handle the stress that it will 
be subjected to on a wheelchair. Testing a caster wheel with a printed hub by a patient as 
case study demonstrated the durability of the hub in a real-world environment. A cost 
comparison between commercially available caster wheels and wheels with a printed hub 
has shown that the latter can be produced at reduced cost. Printing seat post guides was 
shown to be slightly more expensive compared to the cost of commercially available 
replacement parts. Caster wheels and seat post guides are however difficult to source and 
the various wheelchairs available do not all make use of the same parts. The accessibility, 
availability and customization of AM to manufacture parts as needed makes it attractive as 
a solution to provide wheelchair spare parts in the rural communities.  
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ABSTRACT 

Selective laser melting (SLM) is one of Additive Manufacturing (AM) technologies that utilise 
metal powders. The main advantages being geometrical freedom that allows designing parts 
with complex shape, which are difficult or impossible to produce by conventional 
technology; shortened design to product time; customisation and possibility to use several 
materials in one process. But due to the powder layer-by-layer nature, SLM has the 
drawbacks such as are low accuracy and high surface roughness, and also some design 
limitations for parts containing overhangs. High thermal gradients cause residual stress. 
This can result in the formation of internal cracks and eventually to a substantial 
deterioration of the mechanical properties of the products and their application properties. 
In this study, some Non-Destructive Testing (NDT) techniques in terms of their applicability 
for quality control for small and intricate SLM components are considered. A comparison is 
based on the data obtained from Computed Tomography (CT), Acoustic Emission (AE) and 
Visual Testing – destructive cross-sectioning with microscopic analysis. 
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1. INTRODUCTION  

Selective laser melting (SLM) is a technology that allows producing 3D parts directly from 
CAD data by fusing of powder material by a laser beam. Microstructure and mechanical 
properties of SLM materials are different from traditional cast or wrought material. For the 
introduction and wide application of SLM components produced with this undoubtedly 
promising and powerful technology, it is required to study SLM material and its mechanical 
properties, degree of dimensional accuracy and roughness. The design of the SLM object is 
subjected to some limitations due to the fact that the powder materials have specific 
parameters; diameter of the laser beam spot, laser energy and speed of the movement, 
features of the chosen scanning strategy of various parts of the object, etc. – all influence 
on the result. Thus, detailed quality control and certification of the SLM process is 
necessary for understanding the capabilities of this technology. It is very important to 
identify defective parts before enrolling into service. NDT is effective for detection of 
internal defects without causing damage and widely used for various industrial applications 
[1-3].  
 
In serial production and safety related components such as automotive and aeronautic 
applications detailed documentation of the part quality are becoming increasingly 
important [4]. These documents can be obtained by different means including the 
manufacturing of ancillary test specimens or the non-destructive testing using computer 
tomography [3]. Computed Tomography (CT) is a very useful tool for control of the inner 
walls and complex inner structures, their sizes and locations.  
 
Another option is to monitor the process during building. This can be done due to the layer-
wise build up process of additive manufacturing which allows for detailed monitoring. SLM 
objects consist of a set of individual single layers and tracks. The primary units for SLM are 
single tracks, their combination creates a single layer, and from the sequence of layers, a 
3D object is sintered. To produce fully dense objects from the employed powder material, 
optimal process parameters and a specific strategy of manufacturing should be used. The 
major concerns in SLM are high roughness, porosity and residual stress. 
 
In CT scans object is exposed to collimated X-rays and the absorbed radiation is measured 
with a sensor on the opposite side. Any discontinuities will affect the exposure absorbed by 
the sensor. The procedure is repeated from different angles around the object until a 3D 
image can be reconstructed. A particular advantage of this CT is the ability to view cross 
sections at various depths in the sample [5]. MicroCT has been applied successfully in AM 
industry thus far and therefore was investigated and reported. MicroCT has a higher 
resolution than conventional CT. Du Plessis et al. [6] found that pores in a Ti6Al4V SLM 
produced cylindrical sample (60 mm high and 30 mm diameter build direction in the long 
axis) could be detected using MicroCT with a 48 and 25 µm resolution and confirmed their 
results after taking micrographs of a physical sectioning within their sample. They stated 
that these defects are difficult to detect with other means such as traditional radiographic 
testing, due to the size and geometry and complexity of the SLM objects. This is because in 
conventional radiography a single scan through the object is used to produce a projection 
onto a film or sensor to reproduce a picture whereas in CT these scans are repeated at 
different angles around the object. These scans are then superimposed on each other to 
form a 3D model [5]. 
 
Acoustic emission testing (AE) is based on the principle that elastic stress waves are 
generated by the rapid release of energy in the material due to relaxation of the stress and 
strain fields. These waves are then measured by electric sensors and interpreted. AE is 
used in on-line monitoring of pipes and pressure vessels, leak detection rotating 
equipment, production line components and structures subject to stress and loading [7]. 
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AE NDT has not yet been implemented as a post manufacture quality control method on AM 
components, Kouprianoff et al. (2016) showed that a clear distinguish between the flexural 
frequencies of stress relieved and as-built SLM samples could be detected using AE 
technique [8].The Modal Shop from PCB electronics group made available some illustrating 
the capabilities of their RAM-NDT as an quick quality control option for companies with 
production lines, they are: Fundamentals of Resonant Acoustic Method NDT[9], Resonant 
Inspection as an Automated NDT Method for Sinter Brazed Powder Metal Components [10], 
Resonant Inspection to Validate Resonant Frequency Characteristics within Brake 
Components for Improved NVH Performance [11] and New Methodology Applying Resonant 
Inspection For Quality Testing Of Very Small Powder Metal Components [12]. Although 
these papers are not focused on the AM industry it could be of some value regarding the 
applicability of AE as an in-house NDT method for SLM produced parts. The latter 
mentioned article provides an insight as to how this method has been applied to small 
(approximately 25mm long 5mm wide and 3mm high) powdered metal components 
produced by metal injection moulding (MIM). In SLM the production of small intricate metal 
components are often realized due to the advantages of the technology. The part is 
dropped through a directing tube where upon exiting the tube it hits a force transducer 
which triggers the resonant frequency measurement. After impact, whilst falling the 
measurement is recorded. A large number of components were tested and the maximum 
frequency and amplitude were clearly distinguishable compared to that of the defect free 
components. Results for the MIM parts showed that there is a clear frequency shift with 
components that contain structural defects. This method was a more effective and time-
efficient way to test small MIM components as compared to the prior visual testing applied 
by the company. 
 
The goal of the work was to obtain the knowledge as how to apply and verify the 
applicability of CT scanning and AE methods taking into account the specificities of the SLM 
technology which produces components track by track, layer by layer from metal powder. 
To estimate real sizes and shapes in prescribed by CAD model samples, their cross-
sectioning was done. Thus, this research study is concerned to create an understanding of 
applicability of non-destructive methods for Ti6Al4V (ELI) objects manufactured by SLM. 
 

2. MATERIALS AND METHODS 

Samples were manufactured using from Ti6Al4V with extra low interstitials (ELI) powder 
that was pre-alloyed gas atomised powder. The equivalent diameters (by volume) of the 
powder particles were d10 = 12.03 µm, d50 = 21.38 µm and d90 = 31.15 µm. Ti6Al4V ELI 
samples were produced by the EOSINT M280 system with volume rate 5 mm³/s for 30 µm 
powder layer thickness. Samples were produced with the following process parameters: 
Laser power of 170 W, scanning speed of 1.25 ms-1, layer thickness of 30 µm and argon was 
used as the protective atmosphere. A back-and-forth (zigzag) scanning strategy by strips 
with width of 5 mm and the hatch distance between tracks of 100 µm was applied for 
manufacturing specimens.  
 
Samples were subjected to microCT scans and Acoustic Emission. To estimate the accuracy 
of detecting small defects in SLM components, samples with fine inner structure was built 
and investigated. These samples contained specific vertical and horizontal defects and are:  

• Pins with cubed cavities 
• Block with horizontal semi-cylinder channels  

 
Pins with small rectangular gaps (vertical built cavities) were manufactured. Prescribed 
CAD gap thicknesses were: 200; 160; 120; 80; 40; 30; 20; 15 and 7.5 µm. Identification of 
the samples is shown in Table 1. 

Page 121



 

 

Table 1: Sample Identification for pins with fine structure 

Sample Gap size, µm Sample Gap size, µm 
P1  7.5 P6 80 
P2 15 P7  120 
P3    22.5 P8  160 
P4 30 P9  200 
P5    37.5   

 

 

 
P9 P8 P7 P6 P5 P4 P3 P2 P1 

 

Figure 1: CAD model for pins with cubed built cavities 

The next CAD model contains a block with horizontal semi-cylindrical cavities with 
different prescribed diameters: from 60 to 360 µm (samples C1–C6, Figure 2). 
 
To determine the probability of using AE as a defect detection method, 4 blocks of the pins 
with were manufactured; 1 was  built as designed with cavities and the remaining 3 were 
without cavities (i.e. “solid pins”).The blocks with solid pins was then used as a control to 
indicate the frequencies of a “good part”. The block with porous pins was used as a 
defective sample. The samples were manufactured on supports in order to control sample 
mass more effectively when removing them from the substrate. The mass of all these 
samples was 7.5 g. 
 
The samples were dropped onto a horizontal pin to excite the sample and cause vibration. 
These vibrations were measured with a half inch ICP microphone and amplifier combination 
from PCB electronics. Model number: 378B02. Signals were measured with a PicoScope 
2207B oscilloscope. Each sample was dropped three times.  Recordings settings were as 
follows; 10 000 measurements, 5 µs sampling interval and 50 kHz low pass filter. Signal 
data (only first 8192 points) were fed into Mathcad 2001 for spectrum analysis using 
discrete Fourier transforms. 
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Figure 2: CAD model for horizontal block with semi-cylinder channels 

 

3. RESULTS AND DISCUSION 

3.1.1 Pins with cubed cavities 
To compare prescribed CAD sizes with the actual size of the cavities in the SLM Ti6Al4V 
pins, cross-sectional images of the pins were studied with an optical microscope. It is 
important to note that the depth of the cross-sections can differ when comparing images. 
Firstly, a continuous gap was achieved only for prescribed sizes more than 160 µm (samples 
P8–P9,Figure 3). For the smaller sized gaps, attached powders caused voids to close and 
form porosity. It should be noted that the straight shape of the square, which was 
developed in the CAD model changed during the SLM manufacturing. As it was indicated, 
90% of powder particles size distribution was about 31 µm, therefore any gap size smaller 
than 30 µm (pin P4), shows major irregularities in the intended edges. Powder particle size 
distribution, laser beam spot size (80 µm in our experiments) and energy input  influences 
track geometry, continuous edges were received when the CAD cavity size was more than 
the regular single track width (about 100 µm at selected process-parameters). 
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Figure 3: Cross-sections of internal cavities in pins 

Thus, selected process-parameters, scanning strategy, laser spot size and powder particle 
size distribution limit the manufacturing of straight vertical channels lower than 160 µm in 
size. Attached powder particles and irregularities of the track’s geometry, cause high 
roughness and low accuracy of the straight edges. 
 
Du Plessis et al. (2016) [2] showed that the cavities with sizes ranging between 90–200 µm 
can clearly be recognized by CT scans in the SLM pins with vertical cavities. As CT scans 
indicated the cube-shaped defects have vertical cavity walls with varying thicknesses, 
parallel to the build direction. The intended 7.5 µm cavity wall thickness was seen clearly 
and the detected cavity was estimated as 70 µm. This value found from cross-sectional 
analysis, had a maximal actual size of about 105 µm, which is close to the estimated value 
from the CT scans.  
 
Difference between prescribed CAD cavities and cavities were estimated by CT scans in 
SLM pins P1–P9. (Figure 5) For small prescribed cavities with size 7.5–80 µm difference in 
pore volume was about 60-70%. For the bigger cavities ranging between 120–200 µm CT 
scans showed a 50% increase to that of the CAD model. But images of cross-sections showed 
that continues edges can be produced from 160 µm gap thickness at chosen process-
parameters and scanning strategy. This value is governed by track’s width and satellites 
that in turn is limited by powder particle size distribution. 
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(a) 

 
(b) 

Figure 4: The pin samples with induced cubed defects. CT slice images from side (a) 
and top (b) views [2] 

 

 

Figure 5: Difference between prescribed CAD cavities and cavities in manufactured SLM 
samples estimated by CT scans in SLM pins P1–P9 

3.1.2 Block with horizontal semi-cylinder channels 

The SLM block containing horizontal semi-cylinder channels in diameter with 60–360 µm 
was CT-scanned then cross-sectioned to estimate real shape of the channels. In Figure 6, 
the intended diameters of the CAD are drawn on top of each hemisphere to make 
comparisons. Manufactured SLM channels differed from semi-spherical channels: they were 
irregular and had different sizes and shapes from the prescribed CAD model. 
 

4.5 mm 

5.5 mm 
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Figure 6: Cross-sections of rectangular block with hemispherical cylinders with 
intended diameters indicated 

The cause of these irregularities could be easily explained when looking at the effects of 
building direction. Since these channels were built in a horizontal direction, layer thickness 
as well as “up and down skin” plays a great role in small detail. Layer thickness in this case 
was set to 30µm for recoating, resulting in an actual about 45-60 µm layer due to 
densification of previous layers and roughness of the single layer. Looking at C1, it had an 
intended diameter of 60 µm, which consequently has a radius that is less than the layer 
thickness (45 µm) - therefore it is physically impossible to create a circular shape with only 
first layer (see illustration in Figure 7a). For diameters that are greater than the layer 
thickness, the edges of the hemisphere cannot be created in the building direction, as 
shown in Figure 7b; the blue lines indicate the point at which the laser scanning should 
stop. This problem is only applicable for small diameter/overhangs, but as they become 
larger another problem arises. This problem is due to the loose powder and the inability of 
the molten pool to penetrate into any solid part of the component being built. Therefore 
irregular surfaces below the upper edges are expected. 
 
Looking at the isolated 3D Micro CT image of channel C3 in Figure 8, it can be seen the 
track is not only irregular in the XY-plane as seen in cross sectional images, but also in the 
other horizontal plane (the Z-plane). Surface roughness of the straight horizontal top edge 
of the hemisphere could be a contributing factor. Micro CT gives an accurate indication of 
each channel. 
 
The designed semi-cylindrical horizontal pore C3 of 180 µm diameter was only marginally 
detectable by CT scans; whereas channel C2 of 120 µm in size was recognized as isolated 
pores. The expected pore of 60 µm (C1) was not seen at all [2]. The semi-spherical CAD 
shape of the pore in the actual SLM part changed to an irregular shape. This is not only due 
to the penetrating molten pool from upper layer, but also due to the attached particles on 
the inside edges (Figure 9). 
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(a) 

 

(b) 

Figure 7: Illustration of hemisphere-C2 build limitations 

 

Figure 8: CT reconstruction of semi-cylinder horizontal pore C3 with prescribed CAD 
diameter of 180 µm 

 
It is clearly that for chosen process-parameters and sizes, the top edges of the channels 
are no at the same height and it is not fully a pore space, that is, it is partially solid. This 
is speculated to be due to re-melting from subsequent layers, causing the internal regions 
to fuse together. 
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Figure 9: SEM image of cross-sections of prescribed semi-spherical cylinders with 
intended diameter of 150 µm 

 

3.1.3 AE testing of the blocks with pins  
Three samples without artificial pores were used as a control to indicate the frequencies of 
a “good part”. The 4th sample was used as a defective sample. The resultant plot of each 
sample’s average is in shown Figure 10. Peak resonating frequencies are clearly seen at 
approximately 10 000, 15 000 and 19 000 Hz.  

 

Figure 10: Discrete Fourier Transform of all 4 sample traces overlaid 

These 3 peaks were investigated in more detail and it was found that there was no real 
distinguishable difference between the samples at the 15 000 and 19 000 Hz peaks. Sample 
1, 2 and 3 had an identical peak frequency of 9522Hz. Sample 4 shifted to lower frequency 
9448 Hz as shown in Figure 11. 
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Figure 11: Amplitude of AE signals versus frequency for solid (samples 1–3) and 
“defect” block 

From CT scan, volume of cavities inside this block was 2.3 mm3. Taking into account the 
total volume of the solid block with pin, applied method permitted to recognize 0.13% of 
porosity. Although the results look promising because a clear difference was found, the 
question at hand is; is the shift due to the artificial porosity or are there some other 
influence such as surface roughness etc. Therefore future work entails duplicating the 
results before attributing the shift to porosity.  

4. CONCLUSIONS  

Surfaces and size resolution for fine structures remain a limitation in SLM, even after 
applying special scanning strategies. CT in combination with physical sectioning shows to be 
a powerful analysis combination. AE showed the possibility of determining the defects in 
SLM samples. Powder inside pores and component mass (due to removal from substrate) 
remain a concern for AE testing of SLM components. Establishing the limitations of AE, i.e. 
minimum size and the typical defects will allow showing whether it can be applied in-house 
as a quality control method for SLM components.  
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ABSTRACT 

Studies show that metallic coating of polymers could improve their surface properties and 
extend their application. The aggressive development and spread of nosocomial infections 
has given rise to this much needed research interest. The additive manufacturing 
techniques of cold spray and 3D printing were used to develop a novel antimicrobial 
surface coating, for the mitigation of hospital acquired infections. Theoretical cold spray 
modelling aided in parameter value selection. Surface topography was investigated for its 
potential in improving coating formation and enhancing antimicrobial ability. The 
developed coatings performed as effective antimicrobial agents.  
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1. INTRODUCTION 

According to Dr Brink, et al. [1],  
 

“Approximately one in seven patients entering South African hospitals are at 
risk of acquiring an HAI.”  
 

The spread of Hospital Acquired Infections (HAIs) is a major concern. Nosocomial infections 
may be transmitted through physical contact, droplet dispersion or airborne spread [1] and 
it has been shown that environmental contamination in hospitals, including surface contact 
sites, contribute up to 40% of all HAIs [2]. These contact sites include hospital instruments 
and devices, handrails and furniture; providing an intermediary for infection transmission. 
Dr Ted Schettler, the science director of Healthcare Without Harm [3], asserts that,  
 

“Microbes are able to colonize virtually any surface and can persist for 
weeks on materials commonly used in hospitals including stainless steel and 
various plastic polymers.”  
 

Targeting contact sites through the development of antimicrobial surface coatings, using 
additive manufacturing techniques, aims to mitigate this risk. Metals such as copper, silver 
and zinc have been observed to have very good antimicrobial action against bacteria [4]. In 
the case of copper, this activity is attributed to the release of ions, which subsequently 
damage bacterial cell membranes resulting in eventual cell death [5].  
 
Envisaging an antimicrobially active surface coating for integration within healthcare 
related surfaces, introduces the requirement of substrate selection. 3D printing, as a Fused 
Deposition Modelling (FDM) approach to additive manufacturing, offers alternative design 
benefits when compared to traditional manufacturing techniques. Design-for-function as 
opposed to design-for-manufacture is a fundamental paradigm shift, allowing for increased 
part complexity tailored to the design requirements.  
 
The contrasting material properties of the intended coating material (copper) and the 
substrate (3D printed ABS) offers a predicament with regards to coating technique 
selection. Metal deposition techniques exist for various applications, yet are not without 
limitations. Physical Vapour Deposition (PVD) and Chemical Vapour Deposition (CVD) 
techniques have high equipment and processing costs, as well as workpiece size limitations 
[6]. Electroplating results in a low adhesive force and is not environmentally friendly [7], 
and thermal spray techniques can lead to erosive thermal effects [8]. 
 
Therefore, an alternative coating method was required. Cold spray is a solid state 
deposition technique, utilizing a supersonic converging-diverging nozzle to accelerate 
powder particles in a carrier gas such that impact on a substrate results in particle 
deposition, adequate adhesion and subsequent layer build-up. The process is considered a 
low temperature process, since the operating temperature remains below that of the 
melting point of the feedstock powder material. Spray conditions are controlled through 
careful selection of the process parameters, namely: operating temperature and pressure, 
nozzle standoff distance and transverse speed, powder feed rate, spray powder (material, 
size and morphology) and the carrier gas (air, nitrogen or helium).  
 
Cold spray has received particular interest over the past few decades, from studies 
exploring the use of, and mechanisms behind cold spray surface coatings [9]; to theoretical 
modelling approaches. Using the cold spray process copper, zinc and tin were 
unsuccessfully deposited onto carbon fiber-reinforced PEEK (polyetheretherketone) 
substrates (PEEK450CA30) [10]. However, using aluminium as a binding layer allowed for 
the effective deposition of copper. Lupoi and O’Neil (2010) [11] observed a predominant 
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erosive effect for copper cold spray onto a polycarbonate/ABS substrate; yet reported that 
more material may be deposited with lower operating pressures. Uncertainty with regards 
to parameter set selection may be the cause of these flawed cold spray coatings. Vucko, et 
al. (2014) [12] used cold spray technology to embed copper particles into a thermoplastic 
polymer substrate to a depth less than 100 µm. Biofouling testing proved that softer 
substrates performed better than harder ones, related to the release of Cu+ and Cu2+ ions. 
 
Integration of cold spray and 3D printing offers innovative design and application potential, 
something which has not been previously considered. Independent application of these 
techniques for antimicrobial applications has shown promise [13][14], yet the potential for 
enhanced antimicrobial efficacy through combined techniques promoted this research. 
Artifacts of surface roughness and surface area are purported to achieve higher cold spray 
deposition efficiencies [9][15] and improved antimicrobial ability [16].  
 
Parameter selection plays a vital role in achieving an acceptable surface coating. However, 
it is a known problematic area in cold spray research. The inability to know, before cold 
spraying, the effect such a parameter set will have on coating quality introduces 
inefficiencies and design uncertainty. Theoretical modelling aims to reduce this 
uncertainty with regards to parameter selection in the cold spray process. Theoretical 
modelling may take the form of a one-dimensional, isentropic gas flow model 
[17][7][18][19][20], or a one-dimensional, yet non-isentropic model [21], or even a two-
dimensional model [22]. Some models have attempted to take into account boundary layer 
effects within the cold spray nozzle [23]. A suitable cold spray parameter set for deposition 
is usually defined as one in which the particle velocity at nozzle exit exceeds a predefined 
critical particle impact velocity [9][17]. Most calculations of critical velocity neglect the 
substrate material and only consider the effects of spray material, thus limiting the 
applicability to powder-substrate material combinations of relatively similar properties. 
Where materials of contrasting properties are used, the influence and subsequent inclusion 
of such differences is required. Particle depth-of-penetration, includes material property 
effects of both the powder feedstock material and the substrate material, and was 
therefore a suitable criterion for parameter set selection for the investigated material 
combinations. 

2. RESEARCH METHODOLOGY AND DEVELOPMENT 

A theoretical and experimental approach to cold spray on polymer substrates was made, 
preceeding antimicrobial surface coating testing. Commercial, high purity copper powder 
(Cu 99.7% min) from SST Centerline, Canada [24], was cold sprayed, using compressed air 
as the carrier gas, onto 3D printed ABS substrates. The cold spray process parameters were 
selected, based on the outputs of a programmed theoretical cold spray model and 
preliminary trial run testing. Substrate design involved the selection of desirable 3D printer 
process parameters and 3D modelling design, including interior fill style, part orientation 
and surface geometry creation. Antimicrobial testing investigated the relative efficacy of 
copper cold sprayed surfaces against pure copper samples. 

2.1 Cold spray model development 

The range of applicability of the cold spray system is far reaching. Its capabilities as a 
repair and restorative process to its application in precise surface coatings, exemplifies the 
diverse application in which cold spray may be found and effectively applied. The ability to 
accurately control this system requires knowledge of the independent and combined 
effects of the process parameters. Theoretical modelling provides a means of achieving 
this control.  
 
A mathematical model, based on the integration of one dimensional gas dynamics and a 
particle impact model, was developed. Spray gas and powder velocities were calculated 
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and used by a particle impact model to predict particle depth-of-penetration into various 
substrates. Typically cold spray models define acceptable deposition efficiency as the 
attainment of a material-specific critical velocity. The developed model, in contrast, 
makes use of the particle depth-of-penetration as a more appropriate discriminating 
criterion for deposition between dissimilar materials. Cold spray powder and substrate 
property variation is consequently taken into account. 
 
Due to the relative softness of the 3D printed substrates, particle embedment was not only 
expected, but desired, so as to achieve a mechanical entanglement bonding mechanism. In 
contrary to a metallurgical bond between the impacting spray particles and the substrate, 
as for typical metal-on-metal cold spraying, a moderate particle embedment in a polymer 
matrix was desired. Parameter selection was made on this basis: to achieve an embedment 
of spray particles, such that the first spray layer results in a stronger base onto which 
subsequent layers may build. 
 
Based on gas dynamic principles and the selected process parameters, the nozzle exit 
conditions were calculated. Due to the short standoff distance employed in a typical cold 
spray process, the deceleration of spray particles, between the nozzle exit and the 
substrate, was assumed negligibly small. The impact conditions were therefore evaluated 
based on the flow conditions at the nozzle exit. R.C. Dykhuizen, et al. (1998)[17] suggested 
the use of Equation 1 to predict particle impact velocity. 
 

                                                           !" = !$
%&'()*+

,(
                                          (1) 

 
Where Vp is the particle impact velocity, Ve is the gas velocity at nozzle exit, CD is the drag 
coefficient, Ap is the cross sectional area of the spray particles, x is the axial position as 
measured from the nozzle throat, mp is the mass of individual particles, and ρg is the gas 
density. 
 
The drag coefficient was evaluated based on the suggested model expressed by Equation 2 
by D. Helfritch and V. Champagne (2008)[25]. 
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Where Re is the Reynolds number based on the flow exit conditions and an average spray 
particle size, and Me is the Mach number of the gas-particle velocity difference. 
 
The particle impact model was based on research conducted by W. de Rosset (2006)[26]. 
The particle depth-of-penetration was calculated by way of Equation 3. 
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Where X/rp is the normalised penetration depth (X is the actual penetration depth by a 
particle of radius rp), L/dp = 2/3 (assuming a sphere is the mass equivalent of a cylinder 
with L/dp = 1), ρp is the powder density, ρt is the substrate density, K1 = 0.557 and Kt = 
1.046 are fitting parameters suggested by [26], and Rt is the substrate resistance as 
defined by Equation 4. Where Yt is the substrate flow stress and Et is the Young’s Modulus 
of the substrate material. 
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Theoretical analysis proved a powerful first approximation tool. In the pursuit of reducing 
the current uncertainty involved with parameter selection in the cold spray process, this 
model offers an alternative approach to coating quality evaluation. By considering the 
particle depth-of-penetration as the key discriminating criterion the powder-substrate 
properties and interactions may be evaluated and used to make informed parameter 
selections.  

2.2 3D printed substrate design 

3D printing allows for the possibility of retro-fitted and custom components, making this an 
ideal approach to substrate development. A uPrint SE 3D printer from Stratasys [27] was 
used to print the ABS (Acrylonitrile, Butadiene and Styrene) substrates used in this 
research. Three interior fill styles are possible (i) solid (for high strength components), (ii) 
sparse high density (solid shell with an internal structural lattice), and (iii) sparse low 
density (solid shell with a honeycombed interior, for the quickest build times and lowest 
material consumption). A solid interior fill for high strength substrates was selected. Part 
orientation during 3D printing influences, not only component build speed, but also its 
strength and surface finish. The 3D printed substrates were printed such that the load 
induced by cold spray jet impingement was perpendicular to the layer direction. This part 
orientation introduces a degree of roughness (≈10	Ra1), which was speculated to enhance 
cold spray deposition and antimicrobial ability by way of an increased surface area.  
 
Specific surface geometries were designed based on the overarching requirements of 
improving cold spray deposition, coating adhesion, improved operational durability and 
enhanced antimicrobial ability. Figure 1 depicts the two best performing surface 
geometries, besides the as-printed substrate surface finish. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.3 Cold spray coating  

The bonding mechanism between impacting cold spray particles and the substrate may be 
broadly characterised by the interacting properties of the materials. The hardness ratio is 
seen to be an ideal parameter for this purpose [28]. It is accepted that a soft-to-soft (soft 
spray particle impacting a soft substrate) or a hard-to-hard condition will, under carefully 
selected process parameters, result in acceptable particle penetration associated with a 
strong mechanical bond. A soft-to-hard condition observes negligible penetration and 
usually exhibits an insufficient bond for coating adhesion. In the current investigation a 
condition of hard cold spray particles impinging a soft polymer substrate, introduces 

                                                        
1 Solid ABS sheeting generally has a surface roughness of 0.222 Ra 

Figure 1: 3D printed substrate geometries (a) tapered cylindrical 
pores (b) raised hemispherical dots. (Dimensions in mm) 
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concerns of deep particle embedment, coupled with potentially erosive depositions; 
justifying the development and use of a predictive theoretical cold spray model.  
 
Based on the theoretical model’s outputs and preliminary trial run testing, a suitable 
parameter set for copper cold spray on 3D printed ABS substrates was achieved. The cold 
spray system makes use of a de Laval type nozzle. The critical dimensions of such a 
converging-diverging nozzle influence the selection of the other process parameters. A 
nozzle with a throat and exit diameter of 2.5 mm and 6.5 mm, respectively, and a nozzle 
divergent length of 120 mm was used for both theoretical and experimental testing. It was 
expected that mechanical entanglement would represent the bonding mechanism for the 
studied powder-substrate combination. Mechanical entanglement, which results in an 
interlocking of the spray particles and the substrate, is significantly affected by the 
operating gas temperature [10]. Additionally, thermal effects were a concern considering 
the substrate material, which has a Vicat softening point of 108°C [29]. Exposure to 
temperatures in excess of this causes thermal softening and may inhibit cold spray coating 
generation. The theoretical model was therefore used to isolate a parameter set capable 
of achieving particle embedment, while minimising operating temperature. Refinement of 
the theoretical parameter set resulted in an ideal parameter set for coating generation for 
touch-contact surface applications.  
 
Optical analysis of the test samples was conducted as the primary source of coating 
evaluation. Various visual inspections were made, including stereoscopic, optical and 
Scanning Electron Microscopy (SEM). A stereoscopic microscope (NIS-Elements on Nikon DS-
U3) was used to obtain images of the cold spray run surfaces at higher magnifications. An 
optical microscope (Leica DM6000M with Leica DFC490 camera mount) was used to obtain 
high resolution images of the surface coating’s top and cross-sectional views respectively. 
SEM analysis, using a Zeiss Sigma SEM-EDX (Energy Diffraction X-ray) system, investigated 
coating morphology and composition. 

2.4 Antimicrobial testing 

Antimicrobial testing involves: a contamination process, at which point a solution, sample 
or medium is inoculated with the test micro-organism and the antimicrobial test samples 
are suitably brought into contact; an incubation period, during which time the micro-
organisms attempt to colonise while the test samples, in theory, resist or actively 
eliminate them; lastly an efficacy analysis is made, either qualitatively or quantitatively.  
 
Two independent diffusion test procedures were carried out. The general procedural setup 
involved inoculating an agar plate and either embedding the test samples, active-coating-
side up, just beneath the surface (see Antimicrobial Test Case 1), or placing the test 
samples active-coating-side down, on top of the agar surface (see Antimicrobial Test Case 
2). An incubation period followed, after which the relative efficacy was evaluated based on 
the effective size of the zones of inhibition2 around the test samples.  
 

2.4.1 Antimicrobial test case 1 
A 1x106 Colony Forming Units (CFU)/ml concentration of Staphylococcus aureus3 (ATCC 
25923), Pseudomonas aeruginosa4 (ATCC 27858) and Candida albicans5 (ATCC 10231) was 
used to inoculate three agar trays respectively. Test samples were sterilized with ethanol 
and allowed to dry. Following sterilization, the test carriers (copper cold sprayed coatings 
on 3D printed ABS substrates with various surface geometries) and control samples (pure 
copper, stainless steel, mild steel, 3D printed ABS and a positive control dot (PCD) in the 

                                                        
2 A zone of inhibition is an area void of microbial growth.   
3 Staphylococcus aureus is a Gram-positive micro-organism. 
4 Pseudomonas aeruginosa is a Gram-negative micro-organism. 
5 Candida albicans is a yeast. 
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form of a Neomycin 10 µg disc for the Gram-positive and Gram-negative test organisms and 
a Nystatin oxoid 100 µg disc for the yeast) were embedded just below the surface of the 
inoculated agar trays. S. aureus and P. aeruginosa trays were then incubated at 37 °C for 
24 hours, while the C. albicans tray was incubated for 48 hours.  
 

2.4.2 Antimicrobial test case 2 
The second test case evaluated antimicrobial ability of the developed surface coatings 
against contaminated water supplies. The contaminated water was supplied by Eskom’s 
Research and Innovation Centre, in the form of cooling tower water - a high concentration 
blend of water, organics and bacteria. A pre-growth test procedure, evaluating biocidal 
activity, involved inoculating an agar solution with the cooling tower water, which was 
then plated and incubated at 35 °C for 48 hours. Following this, sterilized test samples and 
controls were placed face down on these incubated plates. A second batch was prepared 
that did not undergo the initial incubation. This was used for a simultaneous incubation 
test, evaluating microbial inhibitory action from test samples. Plates were then incubated 
at 35 °C for 48 hours.  
 
For both test cases an antimicrobial efficacy assay was made from the results. The zone of 
inhibition was used as the key discriminating criterion.  

3. RESULTS AND DISCUSSION 

The potential mitigation of infection transmission is dependent on the suitability and 
ultimate antimicrobial efficacy of the developed cold sprayed surfaces. The surface coating 
analysis and antimicrobial efficacy results are therefore presented and discussed. 

3.1 Surface coating topography and composition 

Cold spray uniquely allows coating of thermally sensitive and chemically dissimilar 
materials, and direct fabrication and thick coatings are possible [30], making this an 
attractive additive manufacturing technique. 3D printing offers design-for-function 
opportunities; affording increased part complexity, tailored to a design’s functional 
requirements. The integration of these two additive manufacturing techniques yielded 
interesting results, with practical potential applications. 
 
Surface irregularity, coating thickness, porosity and composition of the developed coatings 
were evaluated. Cross-sectional images, obtained from the optical microscope, were used 
to obtain an average measure of surface irregularity. Surface irregularity is an indication of 
surface erosion and interfacial mixing by impacting spray particles on the 3D printed 
substrate. Coating topography effects were compared directly with a measured average 
surface irregularity of the unsprayed 3D printed surfaces. A second criterion was required 
in order to further evaluate coating quality. This criterion was coating profile; including 
coating thickness, porosity and composition. An average measure of coating thickness was 
obtained. 
 
Based on the outputs from the theoretical model and the processed results, an ideal cold 
spray parameter set was isolated, one that achieved a suitable surface coating for the 
intended touch-contact application. Operating temperature was observed to be a key 
process parameter, having a significant effect on coating uniformity and surface area 
coverage. Through the integrated use of cold spray coatings on 3D printed substrates a 
unique surface finish was ultimately achieved.  
 
Substrate surface roughness has been shown, in specific cases, to achieve higher deposition 
efficiencies, especially of the first coating layer [5][13]. This observed effect of roughness 
is a consequence of the increased surface area, improving deposition efficiency [13]. The 
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degree of roughness, induced by the as-printed substrates played a critical role in cold 
spray surface quality; while the designed surface geometries led, in a number of cases, to 
increased surface erosion. This was related to the dissimilarity of the feedstock spray 
powder and substrate properties, as well as the designed surface features. It is reported 
that deposition efficiency reduction is negligible if the spray axis is varied by less than ten 
degrees from the perpendicular [31]. The substrates failed to withstand impact of cold 
spray particles in regions of unsupported or fine surface geometry, especially where the 
impingement angle deviated by more than that amount from the perpendicular. Successful 
surface geometries exhibited suitable surface coating and were suspected to improve wear 
resistance.  
 
Evaluation of the resultant surface morphology, particle depth-of-penetration and overall 
coating quality of the as-printed, as-sprayed surface coatings was made. EDX analysis 
identified the elemental composition of these coatings, as depicted in Figure 2(a). 
Spectrum 2 contained 82.12% copper content (by weight), while only 4.71% in Spectrum 1. 
This alone suggested a heterogeneous mixed coating. A threshold segmentation analysis, 
using image processing software, ImageJ, indicated an overall copper coverage of 
approximately 73%. The results are suggestive of material jetting, inducing effective 
mechanical entanglement. The copper coating, although thin, as seen in Figure 2(b), 
proved sufficient in the antimicrobial testing. An average coating thickness of around 50 
µm was observed. The copper feedstock powder particle size ranged from 5 µm to 45 µm 
[24], thus suggesting successful layering.   
  
 
 
 
 
 
 
 
 
 
 
 
 
The surface topography is suggestive of a suitable surface for antimicrobial applications. 
The unique surface features inherent to the as-printed 3D printed surface finish, designed 
surface geometries and the effects of the cold spray process, were expected to perform 
well in subsequent antimicrobial testing.  

3.2 Antimicrobial efficacy 

Antimicrobial efficacy was observed for both test cases. Results from antimicrobial test 
case 1 included the effects of surface topography and are presented here. Figure 3 depicts 
the zones of inhibition for various test samples after exposure of S. aureus. A rapid 
transition boundary between S. aureus colonies (speckled white region) and the zone of 
inhibition (clear region) reached at the test sample edges of all three test samples, is 
indicative of inhibition advantage gained from developed coatings under diffusive 
antimicrobial testing. Compared to the various control samples, as depicted in Figure 4, 
the developed surface coatings proved effective antimicrobial agents, outperforming even 
pure copper samples. The Neomycin PCD - Figure 4(a) - represents a strong positive 
response, validating any antimicrobial activity observed by the designed test samples. 
Similar results were obtained for P. aeruginosa and C. albicans.  
 
 
 

(a) 

Figure 2: SEM images of (a) an EDX surface analysis and (b) a cross-section of the 
copper cold spray coating on 3D printed ABS. 

(b) 
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The results for the second set of antimicrobial tests, investigating antimicrobial efficacy of 
copper cold spray coatings against contaminated water, corroborated the findings of the 
first test case. While biocidal activity was not explicitly observed, definite inhibitory 
activity was confirmed. In addition, the cold sprayed test samples outperformed the pure 
copper samples; exhibiting enhanced antimicrobial ability. Surface characteristics of 
increased surface area and cold spray effects were suggested as a probable cause.  
 
The aforementioned antimicrobial tests took the form of semi-liquid testing. G. Grass, et 
al. (2011)[5] conducted an antimicrobial study on metallic copper and subsequently 
suggested that dry copper surfaces are more antimicrobially effective than wet contact 
surfaces. The potential application of the developed material is ultimately for dry contact 
surface protection, and therefore the positive results obtained in an essentially wet 
contact environment only strengthens the potential for these surfaces within the 
healthcare environment for touch-contact applications.  
 
The results suggest that the copper cold spray coatings are inhibitors to microbial growth 
and therefore effective antimicrobial agents. It was further postulated that surface area 
enhancement attributed to an improved efficacy, as seen by the heightened antimicrobial 
ability of the cold spray coatings (Figure 3) compared with that of pure copper (Figure 
4(d)). This remains to be verified, since the effect of substrate thickness and sample 
embedment within the agar solution may offer alternative reasons. There was, however, 
no discernible difference between samples with designed surface geometries and those 
without. Suggesting that as-printed substrates offer suitable topographical effects to aid 
cold spray deposition and enhance antimicrobial ability. 

Figure 3: Zones of inhibition for various copper cold spray coatings on 3D printed 
substrates: (a) smooth surface topography, (b) raised hemispherical dots and (c) 

sunken hemispherical dots. 

(a) (b) (c) 

Figure 4: Antimicrobial test control samples: (a) Neomycin positive control dot, (b) 
3D printed ABS, (c) stainless steel and (d) pure copper.  

(a) (b) (c) (d) 
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4. CONCLUSIONS AND FUTURE RECOMMENDATIONS 

The research aimed to investigate the combined use of cold spray and 3D printing in the 
development of novel antimicrobial surface coatings. Cold spray theoretical modelling and 
subsequent spray trials were successful in isolating a parameter set for suitable copper 
coating of 3D printed substrates. Surface geometry effects were investigated; suggesting 
that the as-printed surface finish is ideal for antimicrobial touch-contact applications. It is 
claimed that copper cold spray coatings out-perform pure copper samples, with respect to 
antimicrobial activity, due to an increased surface area and coating qualities unique to the 
cold spray process. Further research is being conducted to validate this claim. It is 
suggested, that in order to offer continued advancement in the field of additive 
manufacturing, ancillary development of the cold spray theoretical model and further 
investigation into topographical effects should be conducted. In addition, if it is possible to 
provide evidence for antimicrobial activity from such surface coatings against resistant 
microbial strains, an additional step towards mitigating nosocomial infections would be 
made.  
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ABSTRACT 

In situ alloying is an important topic for alloy development and improvement of mechanical 
properties in additive manufacturing. With the scarcity of getting most commercial titanium 
alloys in powder form, development and qualification of such techniques are essential. This 
work therefore investigates the microstructural differences and mechanical properties of 
Ti-6Al-4V+10Mo manufactured by selective laser melting and directed energy deposition. It 
was found that the alloy manufactured by directed energy deposition exhibited better 
melting of molybdenum particles and hence a more homogeneous microstructure compared 
to the high power, high speed selective laser melting process. 
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1. INTRODUCTION 

 
In situ alloying is an important topic in terms of alloy development and improvement of 
mechanical properties in additive manufacturing (Attar et al. [1]). With the scarcity of 
getting most commercial titanium alloys in powder form, development and qualification of 
such techniques are essential (Fischer et al. [2]). Both the selective laser melting (SLM) 
process and the directed energy deposition (DED) process have been studied as a review of 
mechanical properties of components produced by additive manufacturing (Lewandowski et 
al [3]). In particular, titanium alloys are widely used in aerospace construction for the 
manufacturing of components (Shunmugavel et al [4]). Although both processes build parts 
according to CAD files and in a layer-wise profile, the SLM process is a powder bed 
technique while the DED process is a blown powder technique. 
 
The powder bed technique requires the use of a base plate (bed) where a layer of powder is 
spread using a scraper before the laser melts powder into the desired part shape, whereas 
the blown powder method utilizes a nozzle mechanism to deliver the powder, the heat 
source (laser) emanates from the central region between the nozzles and melts the powder 
at the point of convergence onto the base plate.  One such DED platform used is the Laser 
Engineered Net Shaping (LENSTM) machine, which has the added benefit and flexibility 
suitable for in situ alloy creation by mixing elemental powders through a multi-hopper 
system (Collins et al. [5]). Conversely, the powder bed fusion (PBF) process is not designed 
for in situ alloying, and requires a preliminary powder blending/milling step before 
processing. Processing from pre-alloyed material yields similar microstructural 
characteristics from both processes, and typical microstructures reported for pre-alloyed 
Ti-6Al-4V are alpha martensite “basketweave” microstructure growing within columnar beta 
grains (Arthur et al. [6] and Xu et al. [7]). 
 
Most investigations aimed at in situ alloying using the PBF process include the addition of 
refractory metals such as rhenium, molybdenum, niobium and tantalum, which are beta 
stabilisers, to titanium and titanium alloys (Chlebus et al. [8]). These metals are known for 
their high melting points, resistance to wear, corrosion and deformation (Chlebus et al. 
[8]). Studies conducted on the addition of refractory metals to titanium alloys reported as-
built microstructures have undissolved refractory particles (Fischer et al. [2], Chlebus et al. 
[8], Vrancken et al. [9], and Madikizela et al. [10]). This often leads to inhomogeneity of 
the alloy composition, which produces a composite-like microstructure (Fischer et al. [2], 
Chlebus et al. [8], Vrancken et al. [9], and Madikizela et al. [10]). This phenomenon is 
mostly due to the higher powers and speeds used in SLM processing, which leads to 
insufficient interaction times between the metal powder and the laser. Typical laser powers 
used on the LENS for DED range from about 300 W to 600 W, at speeds of approximately 
0.005 m/s to 0.015 m/s. Whereas typical laser powers used for PBF range from about 1 kW 
to 3 kW, at speeds of approximately 2 m/s to 4 m/s. Laser power used for DED is much 
lower than that used for PBF, however, the longer interaction times associated with DED 
allow for sufficient melting of material. 
 
Studies conducted using the PBF process, where 10 wt% Mo was added to Ti-6Al-4V led to 
stabilization of the beta phase, which resulted in increased fracture toughness and ductility 
(Vrancken et al. [9]). Molybdenum is a titanium beta stabilizer, therefore when added to 
Ti-6Al-4V, it increases the beta phase fraction, which is more ductile compared to the alpha 
phase. This study was conducted in an effort to improve the mechanical properties of Ti-
6Al-4V produced via the PBF process, as the microstructure (acicular alpha) gives poor 
ductility (less than 10% elongation) (Xu et al. [7]). It was reported that the hardness of the 
beta-stabilized composite, which is defined as a sample made up of several parts or 
elements, manufactured at 250 W was found to be lower (338±5 HV) compared to the 
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hardness of Ti-6Al-4V (360±9 HV) also at 250 W (Vrancken et al. [9]).  In another study 
which produced the same composite at higher power (1.3 kW), the hardness was found to 
be lower (277±3 HV) (Madikizela et al. [10]).  
Conversely, Collins et al. [5] successfully performed in situ alloying of molybdenum with 
commercially pure (CP) titanium using the DED process and reported no un-melted particles 
or inhomogeneity. This is attributed to the increased laser-material interaction time 
achievable with DED. The microstructure was composed of short alpha precipitates in a 
beta matrix (Collins et al. [5]). The observation made was that with increasing Mo content, 
there was an increase in the beta fraction and a decrease in the density of primary alpha 
laths. The micro-hardness results showed an increase with an increasing Mo content until a 
peak of 450 HV was reached at a Mo content of 10 at. %, thereafter the hardness decreased 
with further increases in Mo content.  
 
Other authors who have used other materials for in situ alloy development on the LENSTM 
system also found promising results. Collins et al [11] manufactured samples from an 
elemental blend of Ti–15Mo–3Al–2.7Nb–0.2Si and found that the microstructure resulting 
from using blended powders was identical to the microstructure obtained from pre-alloyed 
powder. Banerjee et al. [12] was able to successfully in situ alloy Ti-6Al-4V-TiB composites 
with a LENSTM. The conclusion reached was that for the synthesis of discontinuously 
reinforced metal-matrix composites, DED with LENSTM is a promising technique for 
producing such materials in situ in a near-net shape form (Banerjee et al. [12]). 
 
It is therefore important to further investigate the suitability of the different techniques in 
producing homogeneous microstructures. This study investigates the additive manufacturing 
of Ti-6Al-4V+10Mo employing both the PBF and DED techniques for comparison, and 
ascertain the effect of the resultant microstructures on their mechanical properties, such 
as hardness. 
 

2. EXPERIMENTAL PROCEDURE 

Powder samples were prepared and mixed in a tubular mixer for 30 minutes. The mixed 
samples were analysed and the morphology and the particle size distribution was 
characterized. The powders were then processed on a SLM machine fitted with a 5 kW 
Nd:Yag laser at 2 kW power and at a speed of 2 m/s to produce 10x10x10(mm3) samples. 
The mixed powder was also used for processing on the LENSTM fitted with a 1kW IPG laser, 
at 400 W power and at a speed of ranging from 0.008m/s. Samples were metallographically 
prepared, and etched with Kroll’s reagent to reveal the microstructures before optical 
microscopy and scanning electron microscopy (SEM) with energy dispersive X-ray 
spectroscopy (EDS) could be performed. Micro-Vickers hardness testing was done on the 
manufactured samples at a 300g load and a dwelling time of 10 seconds, the measurements 
were taken from the bottom of the sample to the top in a straight line. For comparison, 
macro-Vickers hardness tests were conducted at a 20 kg load and a dwelling time of 
10 seconds and these measurements were taken in a more random approach.  
 

3. RESULTS AND DISCUSSION 

3.1 Powder analysis 
 
Figure 1 indicates the morphology and particle size of the PBF samples. The Ti-6Al-4V 
particles are spherical and appear grey in colour, while the molybdenum particles are 
spherical and white in colour in the backscattered electron image. Working with spherical 
shaped powder particles is a precondition as it produces high flow-ability in the powders 
for processing, and promotes optimal conditions for powder melting, and ultimately better 
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builds of components. In order to obtain better melting of the molybdenum particles, 
molybdenum powder was sieved to get a finer distribution compared to that of Ti-6Al-4V. 
From the cumulative particle size analysis graph indicated in Figure 1, Mo is seen to report 
material at a finer size range of 20-50 µm as required, while Ti-6Al-4V reports material at a 
coarser size range of 50-100 µm. 
 

 

Figure 1: Powder analysis results of PBF powder, where (a) is the SEM analysis and (b) 
is the powder particle size analysis. 

 
The particle size distribution of the PBF powder could not be used for the DED powder due 
to the machine powder requirements. The LENSTM requires a powder particle size range of 
45-100µm for efficient flowability, and hence separate powders had to be mixed. Figure 2a 
indicates that both the Mo and Ti-6Al-4V had a spherical powder particle shape, and the 
particle size distribution revealed that both powders had a particle size ranging from 50-
100µm. Molybdenum had material at the finer size range than Ti-6Al-4V (Figure 2b). 
 
 

 

Figure 2: Powder analysis results of DED powder, where (a) is the SEM analysis and (b) 
is the powder particle size analysis. 

 
3.2 Microstructure 
 
The micostructure of the PBF sample had unmelted Mo particles, which are seen as the 
bright particles in Figure 3a, and a flow-like pattern, which shows the elliptic shape of the 
melt pool. Distinct light and dark bands running from left to right are also evident, and 
indicate a variation in composition. The light bands have more Mo dissolved in the matrix, 
hence more stabilized beta compared to the dark bands. Figure 3c indicates the PBF 
sample at higher magnification to reveal a fine needle-like structure in certain areas, 
which was associated with undissolved Mo therefore no stabilisation of the beta phase. 
Madikizela et al. [10] noted this previously, while Vrancken et al. [9] only reported 
unmelted particles in a fully beta matrix. EDS results revealed that ~5% out of the 10% of 
Mo mixed with Ti-6Al-4V dissolved into the matrix in the overall sample. 
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The DED sample had a more homogeneous mictrostructure with no sign of unmelted Mo 
particles, Figure 3b. EDS results revealed that ~9% of the Mo added dissolved in the matrix. 
There were also no flow-like patterns as was evident in the PBF sample due to considerably 
lower speeds used with a LENSTM (Figure 3b). At higher magnification, Figure 3d, 
precipitates/laths present in the microstructure were observed, agreeing with  Collins et 
al., [5].  
 
When performing EDS analysis on different areas in the sample, there were some areas in 
the PBF sample which had extremely low values of Mo. Conversly, the DED sample had 
consistent EDS results  throughout the sample, due  to a more homogenous microstructure, 
from the increased material-laser interaction associated with the DED process. Although 
the same mixing procedure was used in both processes, and the particle morphology/PSD 
was controlled for the requirements of each process for consistency, the laser processing 
method greatly influenced the homogeniety of the powder.  
 
The back-and-forth scraping mechanism used in the PBF process changed the homogeneity 
of the powder, as it acted as a secondary mixing stage, further spreading the particles and 
causing an uneven distribution of Mo in the sample. The inefficient melting of the Mo 
powder further added to the inhomogeneity, as inadequate heating and short interaction 
times were unfavourable for the even distribution of Mo. Although the homogeniety of the 
powder could also have been changed when the powder travelled from the hoppers to the 
nozzels, the slower speeds used in the DED process acted as a corrective measure by 
melting all the Mo powder and providing enough heat for Mo to distribute evenly 
throughout the sample. 
 

 

Figure 3: SEM micrographs in BEC (a and b) and SEI (c and d) modes: where (a) and (c) 
represents the microstructure of the PBF sample and (b) and (d) represents the 

microstructure of the DED sample. 
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EBSD results done on the PBF sample confirmed what was observed from the SEM and EDS 
results indicated by Figure 3a and Figure 3c. Figure 4 indicates EBSD results of a PBF 
sample where (a) shows the area of analysis and (b) shows the phases present. Figure 4b 
indicates that although some of the beta phase has been stabilized (presence of Titanium 
cubic phase), there is still a considereble amount of alpha present (Ti-Hex) present in the 
microstructure. The alpha phase is more prominent in the crevice-like areas of the 
microstructure (Figure 4a). 
 

 

Figure 4: EBSD results of PBF sample where (a) shows the area of analysis and (b) shows 
the phases present. 

 
Figure 5 indicates EBSD results of a DED sample where (a) shows the area of analysis and 
(b) shows the phases present. As discussed by Collins et al. [5], the precipitates consisted 
of the alpha phase (Ti-Hex) (Figure 5). There was no beta phase identified from the 
analysis done on this sample. 
 

 

Figure 5: EBSD results of DED sample where (a) shows the area of analysis and (b) 
shows the phases present. 

 
Comparing the Ti-6Al-4V microstructure (Figure 6a) with the Ti-6Al-4V +10Mo 
microstructure (Figure 6b) built at the same processing parameters (2 kW power and 2 m/s 
speed), a significant difference is evident. The acicular alpha microstructure in Figure 6a 
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changed to a more beta stabilized microstructure in Figure 6b, with some of the unmelted 
Mo particles present. The acicular alpha microstructure is known to be very hard, and the 
addition of Mo stabilizes the beta phase. This phenomenon results in reduction of the alpha 
microstructure, and an increase in the beta microstructure to give a softer alloy than 
conventional Ti-6Al-4V due to the addition of Mo. 
 

 

Figure 6: Comparison of Ti-6Al-4V (a) and Ti-6Al-4V + 10Mo (b) built at a power of 2kW 
and a speed of 2 m/s via the PBF process. 

 
Compared to Arthur et al. [6], where Ti-6Al-4V was produced in a LENSTM, at the same 
power (400 W) and speed (0.008 m/s) used in this work for Ti-6Al-4V+10Mo, there was a 
large difference in microstructure. Figure 7a shows the Ti-6Al-4V sample of Arthur et al. 
[6] revealing the Widmanstätten microstructure, which is characterized by long alpha 
needles ordered in a basket weave pattern. This characteristic pattern was transformed 
with the addition of 10 wt% Mo, Figure 7b. The resultant microstructure shows shorter, but 
thicker, alpha grains in a beta matrix.  
 

 

Figure 7: Comparison of Ti-6Al-4V (a) (Arthur et al. [6]) and Ti-6Al-4V+10Mo (b) built at 
a power of 400 W and a speed of 0.008 m/s using the DED process. 
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3.3 Hardness 
 

Table 1: Comparison of average Vickers hardness results 

 PBF process DED process 
Average Micro-
Vickers hardness 
(300g load) 

207±33 HV  407±36 HV 

Average Macro-
Vickers hardness 
(20kg load) 

301±29 HV 398±25 HV 

 
The average micro-hardness results for the DED sample were found to be 407±36 HV (Table 
1). The hardness profile in Figure 8a for the DED sample shows that hardness increased 
from the bottom of the sample to the middle, and then decreased near the top. This is 
attributed to material closer to the top of the sample having been exposed to the heat 
from the laser for a shorter period of time than the lower regions. The average micro-
hardness results for the PBF sample were found to be 207±33 HV (Table 1). The hardness 
profile for the PBF sample shows that hardness was approximately the same from the 
bottom of the sample to the middle, and then increased at the top (Figure 8b). The vast 
difference in the hardness results is due to the differences in the process parameters 
(higher energy densities in the DED process (281.30 J/mm3) compared to the PBF process 
(160.26 J/mm3)) used and the resulting microstructure. The energy density is defined by 
(Attar et al. [1]): 
 

! = #
$×ℎ×' 

 
Where P is the laser power (W), v is the laser scanning speed (mm s-1), h is the hatch 
spacing (mm) and t is the layer thickness (mm). 
 
The inhomogeneous microstructure of the PBF process gave varying micro-hardness locally, 
depending on the indentation area. If the indention was done on an area with less Mo 
dissolution, the hardness was higher e.g. 340 HV (Figure 8a). When the indention was on an 
area with higher Mo dissolution, the hardness decreased to 200 HV. For the more 
homogeneous microstructure (DED sample) of a beta matrix with alpha precipitates, the 
hardness showed less variation (Figure 8a). This is also evident when comparing the micro-
hardness results with the macro-hardness results. The average micro hardness results and 
the macro hardness results for the DED sample were almost identical, 407±36 HV and 
398±25 HV respectively, whereas the PBF process showed greater variation of 207±33 HV 
and 301±29 HV respectively.  
 
The hardness was significantly higher for the DED sample due to the microstructure (Figure 
3d). Collins et al. [5] explained that the decrease in alpha laths refines the microstructure 
therefore having a strengthening effect. It was also reported that there could be a fine 
dispersion of ω precipitates in the beta matrix, which would further increase the hardness 
(Collins et al. [5]). The SEM resolution used could not identify these precipitates therefore 
Collins et al. [5] suggested a more detailed investigation using the TEM which utilizes a 
higher resolution. Arthur et al. [6] found a hardness of 346 HV for the Ti-6Al-4V shown in 
Figure 7a. The addition of 10 wt % Mo in this work gave an average hardness value of 
407±36 HV. In order to obtain the same softening effect on the microstructure that 
Vrancken et al. [9] and Madikizela et al. [10] reported using the PBF process, more Mo 
would be needed when manufacturing using the DED process. Collins et al. [5] found that 
for an addition of 10 at.% Mo (18.21 wt % Mo), the hardness was at its peak at 450 HV. It 
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was reported that the lowest hardness value of 280 HV was obtained when 20 at.% Mo (33.4 
wt % Mo) was added to CP-Ti (Collins et al. [5]).  
 

 

Figure 8: Comparison of hardness results for the DED and PBF processes where (a) 
indicates the micro-hardness results and (b) indicates the macro-hardness results. 

 

4. CONCLUSIONS 

This work revealed that the differences in the process parameters of the PBF and the DED 
processes, such as speed and laser power, influence the interaction time between the 
powder and the laser, producined different microstructures. The DED process produced a 
homogeneous microstructure, whereas the PBF process produced an inhomogenous 
microstructure. The addition of 10 wt% Mo to Ti-6Al-4V in the the DED process had a 
hardening effect, giving 407 HV compared to Ti-6Al-4V (346.3 HV). Conversly, the addition 
of 10 wt% Mo to Ti-6Al-4V produced with the PBF process had a softening effect on the 
microstructure, giving a lower macro hardness value of 301 HV than  Ti-6Al-4V (360 HV). 
A higher amount of Mo would have had to be added for the DED process to obtain the same 
softening effect found in the PBF process.The LENSTM system is therefore more suitable for 
in situ alloying of Ti-6Al-4V+10Mo than the PBF process due to the increased material-laser 
interaction times. 
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ABSTRACT 

Major setbacks such as the occurrence of residual stresses still restrict the applicability of 
the Selective Laser Melting (SLM) process. The required product geometry plays an 
important role in determining the magnitudes of residual stresses and accompanying shape 
deviations. Presently, there is limited, non-conclusive research regarding the influence of 
part thickness on residual stresses in SLM-built components. This research seeks to fill this 
gap and build on existing findings by considering a wider range of part thicknesses, and 
studying the actual distribution of residual stresses in the components, using the neutron 
diffraction technique.  
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INTRODUCTION 

Selective Laser Melting is a powder based layer-by-layer manufacturing process in which 
near net and net shapes are built directly from CAD data. SLM has gained a lot of ground in 
low to medium volume manufacturing applications over the last two decades due to the 
vast advantanges that the technology offers such as high geometric flexibility capabilities, 
achievable final part density and minimum raw material wastage [1, 2]. Common areas of 
application of SLM are in the manufacture of injection moulding tooling inserts that have 
conformal cooling channels [3, 4]. For the aerospace sector, optimised geometrical 
topologies that would normally be difficult or impossible to manufacture using 
conventional methods can be easily processed. 
 
Despite these successes, limitations still exist due to distortion, cracking and failure 
emanating from thermal stresses that are set up during the localised heating, rapid cooling 
and solidification that characterise SLM and laser based manufacturing processes in general 
[5–7]. A lot of hurdles still need to be overcome to understand and effectively manage 
residual stresses and their effects. Compressive residual stresses are generally desirable 
because they slow down propagation of cracks. On the other hand, tensile stresses 
accelerate crack growth of cracks, usually leading to failure.  
 
One of the parameters that determine the manufacturability and accuracy of parts using 
SLM is the required final product geometry. Part geometry refers to length, thickness, 
shape, geometric features and so on. Bigger part sizes are prone to greater dimensional 
error when compared to smaller parts [8].  
 
With regards to the influence of part size on residual stresses, a few researches can be 
found in the literature. Casavola et al. [9] studied residual stress distributions in parts of 
different thicknesses from 3 mm to 9 mm. The results do not show any direct trend but 
both extremes of the thin and thick parts exhibited lower residual stresses compared to 
intermediate part thickness. Furumoto et al. [10] studied the effect of increasing number 
of layers on residual stresses. Although the deformation increased as the number of layers 
increased, the residual stress generally did not vary significantly. Similar research was 
done by Mercelis and Kruth [11] who used 2.5 mm, 5 mm and 10 mm thicknesses to study 
the distibution of residual stresses in the different components. The 2.5 mm had the least 
residual stress whereas the 10 mm thick part suffered the highest residual stress. Even 
though some studies have been carried out on the influence of part size on residual stress, 
these studies are either insufficent or non-conclusive. Furthermore, for all the related 
researches, no study was found on the distribution of residual stresses throughout parts of 
different sizes as all the previous research found involved near surface evaluation of 
residual stresses. In all the previous related studies on how number of layers or part 
thickness influence residual stresses, no corresponding study on porosity was done.  
 
The purpose of this paper, therefore, is to investigate how part thickness influences 
residual stress distributions in and achievable density of SLM manufactured components. 
Furthermore, residual stresses are evaluated for different positions and depths to allow for 
measurement through the entire thickness of the parts.  

1. METHODOLOGY 

50 x 15 mm (length × width) parts of thicknesses 9 mm, 12 mm, 15 mm, 18 mm and 21 mm 
and were fabricated under the same process conditions by selectively melting tool steel 
powder (CL50WS) on the M2 laser cusing machine which is equiped with the island scanning 
strategy. 3 samples were prepared for each of the part thicknesses investigated. The laser 
power, scanning speed and hatch spacing were set to 165 W, 600 mm/s and 105 µm 
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respectively. The composition of the hot work steel is given in Table 1. This material has a 
reported yield strength after SLM of between 815 and 1080 MPa [12]. Elsewhere, the yield 
strength is stated as 950 MPa before heat treatment in [13]. 

Table 1: Material composition for hot work steel (CL50WS) supplied by Concept Laser 

Element C Si Mn P S Cr Mo Ni Ti Co Fe 
[wt %] ≤ 

0.03 
≤ 

0.10 
≤ 

0.15 
≤ 

0.010 
≤ 

0.010 
≤ 

0.25 
4.50 

– 
5.20 

17.0 
– 

19.0 

0.80 
– 

1.20 

8.50 
– 

10.0 

Balance 

After the parts were manufactured, wire Electric Discharge Machining (EDM) was used to 
separate them from the baseplate. No visible distortions such as warping or cracking were 
observed before and after separation of the parts from the baseplate (the parts are shown 
in Figure 1 before removal from the baseplate). Thereafter, density measurements were 
carried out using the Archimedes’ density measurement method. A precision scale with a 
sensitivity of 0.1 mg was used to measure the weight of specimens in both air and distilled 
water. Details of this method can be found in Spierings et al. [14] and Gu et al. [15]. A 
theoretical density value of 8.1 g/cm3 is used as basis for relative density computation. 
This theoretical density value has been used by Becker and Dimitrov [12] as well as Yasa et 
al. [16]. 

 

Figure 1: Part of the finished components before separation from the baseplate 

 
Depth resolved measurement of residual stresses is possible using methods such as the 
contour method [17–19] or sectioning accompanied by XRD [20] or other methods. 
However, these methods are destructive. The Neutron Diffraction (ND) method used in this 
work provides an accurate, non-destructive technique which utilises the high penetrating 
power of thermal neutrons - penetrating to as deep as 40 mm [21, 22] into steel – into solid 
samples. The limitation with ND is that large facilities in the form of nuclear research 
reactors are required as an adequate source of neutrons. Residual strain investigations by 
ND is applicable to crystalline and semi-crystalline materials and relies on the precise 
measurements of changes in the crystallographic lattice spacing using the Bragg condition 
of constructive interference of the neutron waves. Strains are converted to stresses by 
applying Hooke’s law with the incorporation of the appropriate elastic constants [22]. 
Effectively, this residual stress measurement method uses the inter-atomic d-spacing as a 
built-in strain gauge. The Bragg principle relates that when a beam of neutrons is directed 
onto a sample, those atomic planes that are correctly orientated with respect to the 
measurement geometry will diffract the neutrons at a diffraction angle 2" which is 
precisely measurable. The lattice plane spacing is calculated from this angle and the 

Page 155



 

 

monochromatic wavelength of the neutrons used by employing Bragg’s Law. Residual strain 
is determined from these changes as: 
 

# = % − %'
%'

 

 
where %' is the stress-free lattice parameter and % the lattice parameter at a specific 
depth location and orientation in the sample. The ND measurements in this paper were 
performed with the MPISI neutron strain scanner instrument at the SAFARI-1 research 
reactor of South African Nuclear Energy Corporation (NECSA). Tri-axial stresses – 
longitudinal (()), transverse ((*) and normal ((+) - were calculated at each depth location 
of interest from the measured lattice plane spacing respectively along the sample 
directions longitudinal (X-axis; long dimension in the coating plane), transverse (Y-axis; 
short dimension in the coating plane) and normal (Z axis; distance from the base plate). 
Investigations were done along a cross sectional plane (shown as the red dotted surface) of 
the sample at ½ the sample length (X-axis) and a matrix over the width (Y axis) and depth 
(Z axis) as shown in Figure 2. No stress relief heat treatment was done on the samples prior 
to residual stress evaluations. The stress-free lattice plane spacing was determined from 
reference samples of sizes 5 x 5 x 5 mm3 that were EDM extracted in the as-manufactured 
samples. Experimental conditions were: a gauge volume of 2 x 2 x 2 mm3, neutron 
wavelenth of 1.667 Å and probing of the (211) peak of iron. Sample surfaces were located 
with theodolites to an accuracy of 0.1 mm. All displayed data points in this manuscript 
represent fully submerged gauge volumes. Measurement locations encompass points lying 
between 1.6 mm and 13.4 mm across the width (y-axis) of the specimens as well as 
between 1.6 mm from the bottom to 1.6 mm from the top surfaces (z-axis). Surface and 
subsurface stresses external to these depths were not investigated and will be the focus of 
future investigations. 

 

Figure 2: Direction of residual stress components 

 

2. RESULTS 

2.1 Density results 

The relative densities for the specimens of different thicknesses are shown in Figure 3Error! 
Reference source not found.. Since the processing conditions were identical for all the 
specimens, it would be expected that the densities should also be more or less similar. 
However, the results show a spread of relative density between 98.18 % ± 0.06and 99.03 % ± 
0.08. There is no huge difference in the densities of the 12 mm, 18 mm and 21 mm thick 
specimens as they have mean relative density values are 98.97, 99.02 and 99.03 % 
respectively. Although it has been suggested that increasing thickness results in a greater 
number of laser beam passes that tend to reheat the underlying layers (thus further melting 
them) [9], this should not result in differences in the densities as the “reheating” would 
only penetrate a few layers underneath. Variations in the densities of the different 
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thicknesses can be due to the errors in the powder coating system that result in less powder 
being deposited on some sections of the baseplate. The porosities for these parts are 
generally high due to the lower laser power used (165 W). This was due to unavailability of 
the default 185 W for tool steel material on the M2 lasercusing used. 

 

Figure 3: Calculated relative densities for the different part thicknesses 

 

2.2 Residual stress results 

Residual stress calculations had error values mainly between ±14 MPa and ±24 MPa. This 
shows a good accuracy for most of the results. For all the specimens, the distribution of 
residual stresses shows that residual stresses vary for different locations even though these 
locations may be at the same distance below the specimen’s surface or above the base of 
the specimen. The results show that these stresses generaly decline with increase in height 
above the baseplate but increase again towards the specimens’ surfaces. As shown in 
Figure 4 for the 9 mm specimen, the normal component of residual stresses ranges 
between -106 MPa and 164 MPa for the positions analysed. This stress component changes 
significantly in magnitude for different heights and widths, although there appears to be a 
general decrease of the stress with increasing height from the baseplate. The longitudinal 
stresses range from -89 MPa to 198 MPa. Except for the sharp increase in residual stress at 
about 4 mm above the baseplate at a width of 13.40 mm across the specimen, the 
longitudinal component of the stress is generally stable and does not vary much with 
position as compared to the normal stress compnent for this part thickness. On the other 
hand, transverse stress results, which range from -110 MPa to 174 MPa , have the least 
scatter. The distribution of the transverse stresses shows a clearer pattern whereby the 
stresses relax from a tensile state near the baseplate into a more compressive state 
towards the centre of the specimen before increasing again closer to the surface of the 
specimen.  
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Figure 4: Residual stresses for the 9 mm thick specimen 

 
The trend for the normal stress component of the 12 mm specimen is similar to that of the 
9 mm thick specimen discussed earlier. The residual stresses for this component range 
between -51 MPa and 144 MPa (Figure 5). The maximum stress relaxes from 144 MPa near 
the baseplate, reaching a much lower maximum value of only 19 MPa near the specimen 
surface. Longitudinal stresses for this specimen thickness fall between -58 MPa and 115 
MPa. The regions up to 4 mm below the surface are generally under compressive stress. 
The highest stresses were measured for the transverse component, spanning between -150 
MPa and 205 MPa. For all the widths at which measurements were taken, the residual 
stresses follow a similar pattern, declining from tensile stresses at a height of 1.60 mm into 
the compressive state at 3.96 mm from the baseplate, before picking up again into tensile 
state as the measurement height increases. The 15 mm specimen shows a more uniform 
pattern of residual stress variation with measurement position. The normal stresses decline 
gradually with height above the baseplate side of the specimen, becoming largely 
compressive at a height of 6 mm. This is followed by a gradual rise into the tensile state, 
before declining again as shown in Figure 5. The same trend is also observed for the 
longitudinal stresses which vary between -125 MPa and 111 MPa. Once again, the 
transverse stress component has the highest magnitude of tensile stress of 222 MPa. From 
the graph of transverse stress against height above baseplate shown in Figure 5, the central 
inner section of the specimen is seen to be under compression as opposed to the regions 
closer to the edges of the specimen. 
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Figure 5: Residual stress components for the 12 mm and 15 mm thick specimens 
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Figure 6: Residual stress components for the 18 mm and 21 mm thick specimens 

 
The normal stresses fluctuate between -110 MPa and 342 MPa for the 18 mm thick 
specimen. The high tensile stress of 342 MPa was measured at a width of 13.40 mm and a 
height of about 6 mm above the base of the specimen. Most of the compressive stresses 
were found between 6 mm and 12 mm above the baseplate whilst low tensile stresses 
between 0 and 108 MPa were concentrated close to the surface and base of the specimen. 
For this part thickness, the evaluated longitudinal stresses reach a maximum tensile value 
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of 140 MPa, and a compressive stress magnitude of 108 MPa. At 6.32 mm along the 
specimen width, transverse stresses relax from an initial 189 MPa to a compressive 141 MPa 
between heights of 1.6 mm and 8.65 mm. Further along the z-axis, the stress rises, 
reaching a peak of 294 MPa tensile at 15.7 mm above the base of the specimen. These 
results are illustrated in Figure 6 together with those for the 21 mm thick part. The bulk of 
the normal stresses for the 21 mm specimen fall between -110 MPa  and 50 MPa although a 
much wider range of stresses from -165 MPa to 344 MPa was measured for this component 
at a width of 13.40 mm. The longitudinal component lies between -99 MPa and 146 MPa . In 
similar fashion to the thinner sections discussed already, the highest stress value for the 21 
mm thick specimen corresponds to a transverse of 394 MPa (tensile). High compressive 
stresses were also found for this thickness along widths of 1.60 mm and 13.40 mm. The 
compressive stress reached 343 MPa. 
 

3. DISCUSSION 

All the specimens exhibited both compressive and tensile normal residual stress 
components at different measurement positions. The residual stresses are generally 
compressive at the centre of the components and are more tensile towards the regions 
closer to the specimens’ free surfaces. The regions closer to the edges of the specimens 
(widths 1.60 mm and 13.40 mm) are either associated with high compressive or high tensile 
stresses. These regions cool faster than positions centrally located on the specimen’s 
width. Overally, the highest residual stress magnitudes were measured along the transverse 
direction for all specimens. The longitudinal direction had relatively lower stresses. 
Although no warping was observed for the finished components after removal from the 
baseplate, it is inevitable that some stress relief occurs after the separation and this can 
have an impact on residual stress measurement results and the observed differences in the 
stress values between the transverse and the longitudinal components. Thinner specimens 
easily deform both during SLm processing and upon separation from the baseplate. On the 
other hand, thicker specimens have higher stiffness, enabling them to easily resist 
deformation. Where possible, stress measurements can be done whilst the specimens are 
still attached to the baseplate. In this work, the wire (EDM) cutting was done along the 
length (X-axis) of the specimens and this directly impacts on stress relief in this 
longitudinal direction. Thicker specimens had higher residual stresses compared to the 
thinner specimens. This applies to both compressive and residual stresses. The 21 mm thick 
part suffered the highest tensile residual stress of 394 MPa. Relative to the material’s yield 
strength of 950 MPa, stress levels in this range can be considered high. In comparison, the 
thinner specimens experienced lower stresses as seen from Figure 7 where it is clear that 
the magnitude of residual stresses experienced increases with increase in part thickness. 
The maximum residual stresses measured nearly vary directly with the measured relative 
densities. Although it is known that porosity relaxes stresses, the actual size or alignment 
of these pores was not investigated in this paper. Computed tomography and optical 
microscopy can be used to validate the Archimedes’ density test results. Microstructure 
characterisation is also important when discussing residual stress distributions in SLM 
manufactured parts. 
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Figure 7: Maximum stresses for the different part thicknesses 

 

4. CONCLUSIONS AND FUTURE WORK 

In this paper, depth resolved analysis of residual stresses was carried out for different part 
thicknesses using the neutron diffraction technique. The influence of part thickness on 
residual stresses has been presented and the following conclusions can be made: 
• The patterns of residual stress distributions are more consistent for the thicker parts 

compared to the thinner ones. More scatter is observed for the normal stress 
components compared to the longitudinal and transverse components.  

• The highest residual stress magnitudes for all the components were associated with 
the transverse direction. The direction of wire cutting is expected to have had an 
effect in relaxation of the longitudinal stress component. 

• Residual stresses are high closer to the specimen’s top surface and near the base. 
However, in order to fully understand the distribution of residual stresses in the 
specimens, measurements can be taken along the specimen’s length as well, and 
surface residual stresses need to be evaluated using x-ray diffraction method. 

• The observed differences in the relative density have a notable effect on residual 
stress magnitudes within the parts since porosity has an effect of relaxing residual 
stress. 

• Residual stresses are more pronounced for thicker specimens as compared to their 
thinner counterparts. This applies for both compressive and tensile residual stresses. 

• Although this paper demonstrates the effect of part geometry and porosity on residual 
stresses, it is necessary to understand how the actual pore size and alignment 
influence the magnitudes and distribution of these stresses. Thus, future studies 
should focus on investigating the size alignment of pores and their effect on the 
different components of residual stresses. 
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ABSTRACT 

Deformation behaviour under dynamic compression of Ti-6Al-4V (ELI) produced through 
additive manufacturing in two different forms; as-built (AB) and stress relieved (SR), was 
investigated. Both AB and SR specimens were printed using the DMLS EOSINT M280 system. 
Compression tests were performed on the specimens at strain rate ranges lying between 
(300s-1-400s-1) and (600s-1-700s-1) using a Split Hopkinson Pressure Bar. This paper presents 
Scanning Electron Microscope (SEM) micrographs of the resulting fracture surfaces of the 
tested specimens, as well as scanned surfaces of through cuts, parallel and perpendicular 
to the load-direction of specimens that did not fracture, with a focus on the 
microstructural features peculiar to shear and adiabatic deformation. 
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1. INTRODUCTION 

Ti-6Al-4V is an α+β titanium alloy. It has been used extensively for structural materials in 
aircraft systems due to its high specific strength and excellent mechanical properties. This 
alloy has shown properties against armour piercing rounds superior to those of aluminium 
armour and is therefore employed as a material for combat vehicles [1]. Generally, the 
mechanical properties of this alloy are closely related to the microstructural features 
governed by the relative fractions of the α and β phases [2]. As-built AB, Direct Metal Laser 
Sintering (DMLS) Ti-6Al-4V has an α- martensitic structure resulting in a higher tensile 
strength but also a lower ductility in comparison with the stress relieved (SR) alloy DMLS 
Ti-6Al-4V, which has an α+ β structure. Rafi et al. [3] have shown that the martensitic 
transformation depends mainly on the cooling rate and is not critically affected by slight 
variances in the composition of the alloy. The high cooling rate of the AB DMLS Ti-6Al-4V 
specimens generates residual stresses in them which distorts the produced components. In 
order to increase the ductility and limit the distortion of the specimens, the produced 
specimens are normally stress relieved. This transforms the martensitic structure into an 
α+β phase [4]. Generally, Ti-6Al-4V contains interstitial impurity elements, which affect its 
mechanical properties. Moreover, the microstructure of the alloy, and therefore, its 
mechanical properties, are strongly influenced by its thermo-mechanical history [5]. 
According to Burkin and Love [6] the interstitial elements can be used to optimize the 
dynamic performance of the alloy. Interstitial elements per definition have atomic radii 
that are less than that of titanium. These elements include nitrogen, oxygen, carbon and 
hydrogen. Hydrogen in solution has little effect on the mechanical properties of the alloy. 
However, diffusion of hydrogen into the alloys leads to the formation of hydrides whose 
precipitation in the alloy cause hydrogen embrittlement (loss of ductility) and reduction in 
the stress intensity threshold for crack propagation [7]. The other detrimental effect of the 
interstitials is the reduction of toughness. The presence of oxygen and nitrogen in the alloy 
lowers its impact resistance progressively, with their increasing content [8, 9]. Hence the 
extra low interstitial (ELI) level of this alloy implies that the alloy contains very low 
(controlled) levels of interstitial elements and therefore enhanced ductility and toughness 
of the alloy.   

The strain rates in most engineering applications ranges from 10-8 s-1 to 104 s-1. The strain 
rates are categorized into different domains based on the different applications. The 
different domains are tabulated in table.1 with their experimental setups and applications. 

Dynamic loading of materials usually refers to strain rates that are higher than 102 s-1 and is 
present in many engineering applications such as projectile penetration, turbine blade 
containment in the engine, high speed machining and automotive crashworthiness. 

Ti-6Al-4V is a lightweight high strength titanium alloy that is used extensively in the 
aviation and medical industries and to some extent in the motor industry. Many researchers 
have conducted experimental studies on the mechanical behaviour of the alloy at high 
strain rates as well as high temperatures. Yatnalkar [10], investigated the strain rate 
behaviour of Ti-6Al-4V under tension, compression and torsion. Significant strain rate 
dependence was reported in this work for all loading conditions studied with increases of 
50, 56 and 77 percent of flow stress for compression, tension and torsion loading, 
respectively, for strain rates ranging from 10-4s-1 to greater than 1300s-1. Results from the 
work of Wulf [11] displayed increasing linear stress flow-strain rate dependence for Ti-6Al-
4V in compression at strain rates of 3000s-1 to 30000s-1.Lee et al. [12] presented the Ti-6Al-
V4 data at compressive strain rates of 0.02s-1 to 1.0s-1 and at temperatures ranging from 
250C to 5000 C. The researchers found that the yield strength increased with increasing 
strain rate at the same temperature but decreased with increasing temperature at similar 
strain rates [11, 12, 13]. They also observed that work hardening decreased as the 
temperatures and strain rates increased. This was attributed to thermal softening which 
occurred at the high temperature and high strain rates. The former is due to the natural 
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consequence of elevated temperature while latter arises from the development of a rise in 
temperatures due to adiabatic heating during deformation at high strain rates. 

Table 1: Strain rates (s-1) and their different applications [10]. 

Strain rate 
range 

10-8-10-

4 

(Creep) 

10-4-100 

Quasi-
static 

100-102 

Intermediate 

102-104 

High strain 
rates 

104-108 

Ultra 
high 
strain 
rates 

Experimentation 
set up 

Dead 
weights 

Servo-
hydraulic 

Testing 
machine 

Drop 
weights/intermediate 
strain rate bars 

Split 
Hopkinson 
Pressure Bar 
(SHPB)/ 
Kolsky 

Pressure 
shear 
impact 
test 

Application Creep Statically 
loaded 
materials 

Low velocity impacts Penetration, 
blade 
containment 
in engines 

Planetary 
impact 

 
 
Adiabatic shear bands (ASBs) are considered as a strain localization phenomenon of metals 
and alloys during high strain rate deformations [14]. They are a result of plastic instability 
arising from thermal softening which can overcome the effect of work hardening/strain 
hardening. When a material is subjected to high shearing strain due to high rates of the 
applied load, the external work will initiate plastic deformation in the material. Most of 
this external work, especially for materials with high thermal conductivity, will be 
dissipated as heat. This process increases the temperature of the material. But since 
materials are rarely pure without flaws, inhomogeneities in material form concentration 
areas for plastic deformation. For high rates of loading and therefore high rates of 
deformation, the heat generated at these areas is more than is dissipated. This gives rise 
to higher temperatures in materials at such areas.  The experimental results by Meyers et 
al. [15] indicated that the formation of the adiabatic shear bands occurs in two stages. 
Stage one is the instability produced by thermal softening and enhancement of the thermal 
assistance in the motion of dislocations. Stage two is localization due to major 
microstructural changes in the material as a result of thermal softening. According to 
Teilink et al. [16], failure of ductile materials is associated with the onset of localised 
plastic deformation along narrow shear bands. Once formed, shear bands signify imminent 
failure by the rapid nucleation, growth and coalescence of voids and cracks within the 
bands under increasing stress [13, 17]. Failure may be delayed due to the collapse of the 
voids formed, increasing crack friction which affects the crack growth and propagation or 
suppression of void nucleation. In the limit of sufficiently large confining stresses, shearing 
of the band eventually produces fracturing of a sample. The adiabatic shear deformation 
mode is generally observed in ballistic impact, explosive fragmentation, machining grinding 
and metal forming [18]. 
 
Dieter [19] suggested that dislocations in alloys travel from one layer of the lattice to 
another as the shearing stresses increase. Dislocations are normally obstructed in their 
movements by atoms of the alloying elements or points defects, by stationary dislocations 
and grain defects. More force is required to overcome this obstruction. With further 
increase in stress the dislocation may get curved inward, ultimately transforming into a 

Page 167



	

	

ring dislocation and a new dislocation forms at the initial point of the dislocation. Dieter 
further explained that plastic deformation creates a large number of dislocations and 
hence higher forces are required for plastic deformation. This explains the increase in 
strength during plastic deformation which is called strain hardening or work hardening. 
 
Ti-6Al-4V is a material that exhibits failure due to adiabatic shear banding because it 
possesses the properties of high strength and low thermal conductivity [20, 21].Timothy 
[20] studied the structures of ASBs in the Ti-6Al-4V alloy resulting from ballistic impact. 
Metallographic examination of well-developed shear bands by the authors showed that they 
consisted of zones of intense shearing distortion of the original microstructure, modified by 
the elevated temperatures arising due to the applied high strain rates [20, 13]. Shear bands 
in an α + β microstructure were noted by the authors to consist of a distributed β phase 
within an α matrix whose characteristic differed from those of adjacent un-deformed α-
grains. In the study, the microstructure at the shear zones for the acicular martensite alloy 
appeared in a tempered form, which is different from the original microstructure. 
However, it was observed in this work that there was no clear evidence in this alloy to 
show that the shear bands in α + β microstructure had undergone a martensitic phase 
transformation. 
 
It is evident from the foregoing material that, the mechanical properties of the Ti-6Al-4V 
alloy vary significantly with strain rates. Moreover, studies have shown that the rate 
dependence effect becomes particularly pronounced at higher strain rates [11, 12, 21]. Use 
of static properties in analysis and design of structures which undergo dynamic loading can 
on one hand lead to a very conservative overweight design or lead to designs which fail 
prematurely or unexpectedly. The use of dynamic properties will ensure the design of Ti-
6Al-4V (ELI) structures that are weight efficient and structurally sound when subjected to 
dynamic loading. 

This paper seeks to examine the effect of high strain rates in compression and to study the 
resulting failure surfaces in order to identify any possible changes in microstructure of the 
Ti-6Al-4V (ELI). Through cuts in directions perpendicular and parallel to the direction of 
application of load are used to produce surfaces whose microstructures are studied in 
search of critical high shear and adiabatic deformation features. Future related work will 
be carried out to develop initial solutions for the strain hardening exponent and constants 
for the existing constitutive models such as the Johnson Cook and Cowper-Symonds, which 
are used to predict the response of materials at high strain rates. 

2. MATERIALS AND EXPERIMENTAL PROCEDURE 

2.1 Material 

Ti-6Al-4V (ELI) powder complying with the ASTM F3001-14 supplied by TLS Technik GmbH 
was used for manufacturing of the samples for high strain rate compression testing. The 
chemical composition of the powder used to build the specimens used in this work is shown 
in the Table 2. 

Table2: Chemical composition of  TLS Technik GmbH Ti-6Al-4V ELI alloy powder (wt. %) 

Materials Al V Fe C O N H Ti 

Wt. % 6.34 3.944 0.25 0.006 0.082 0.006 0.001 Bal 
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Ti-6Al-4V specimens were produced by the DMLS EOSINT M280 system. A back-and-forth 
raster scanning pattern with varying angles for each pass was used in the production of 
specimens. The substrate and powder materials were similar in chemical composition. 
Argon gas was used as a protective inert atmosphere. Of the 32 unpolished specimens 
manufactured for use in compression testing, half were used in the AB and the remainder 
taken through a stress relieve heat treatment in argon Gas atmosphere at 6500C, with a 
soaking period of 3hours, thus reference to them as Stress Relieved (SR) specimens. Both 
the AB and SR specimens consisted of α’phase (acicular martensitic structure) as is evident 
from the two micrographs shown in Figure 1. This also is consistent with the work of 
Moletsane et al.[22]  who showed that this regime of stress relieve heat treatment did not 
alter the microstructure of the Ti6Al4V (ELI).   

    

Figure 1: The Optical micrographs of (a) the as-built (AB) and (b) stress relieved (SR) 
samples for the transverse section of the build direction. 

The compression specimens were cylindrical in shape with a nominal diameter of 6mm and 
a height of 12mm as per the specification of the SHPB apparatus in the Department of 
Mechanical Engineering, Blast Impact and Survivability Research Unit (BISRU) of the 
University of Cape Town that was used to conduct the test reported on here. The 
specifications required a height to diameter ratio of at most 2 to be used in order to 
facilitate dynamic stress equilibrium [23]. The tolerance on the diameters is not critical, 
but the ends were required to be flat and parallel within a tolerance of 0.02mm. This 
tolerance was achieved by facing off the two ends of the specimens on a lathe machine. 
This tolerance was set in order to ensure close contact between the specimen and the 
pressure bars of the SHPB apparatus during impact loading. To reduce the friction at the 
free ends of the specimens and maintain uniaxial compression in the test samples when 
mounted in the SHPB test equipment, molybdenum disulphide grease was used to lubricate 
the interface between the pressure bars and the specimen.  

 

2.2 Experimental Procedure 

A standard Split Hopkinson Pressure Bar (SHPB) was used to realize the high test strain 
rates required. The incident and the transmitter bars of the SHPB apparatus used for 
compression testing were made of steel, each with a length and diameter of 3000 mm and 
20 mm, respectively. A momentum trap at the end of the transmitter bar was used as an 
energy damping material to bring the bars to rest at the end of each test cycle. The setup 
of the SHPB test bench is shown in Figure 2. 

(a)	 (b)	
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Figure 2: Schematic representation of the SHPB for compression testing 

 
During testing the specimens were sandwiched coaxially between the incident and 
transmitter bars, and the incident bar was then impacted by the strike bar. The 710mm 
long and 20mm diameter steel striker bar was fired into the incident bar at velocities in 
the range of (10-11m/s) by triggering the gas gun at a pressure of 3.5 bar. This resulted in 
the generation of a compressive wave that propagated along the incident bar until it 
reached the input interface with the specimen. At this point part of the wave was 
reflected back along the incident bar, while the other part was transmitted through the 
specimen and into the transmitter bar. 

The incident pulse (εi) was produced in the incident bar through the striking action of the 
striker bar moving at a velocity (10-11m/s) onto it. The test specimen experienced high 
strain rate deformation under the action of the stress pulse imposed on it by the incident 
bar of the SHPB equipment. The strike action resulted in the generation of a reflected 
pulse (εr) in the striker bar and a transmitted pulse (εt) in the specimen and transmitter 
bar. These pulses are shown in the Figure 3. An ADLINKPCI-9812 high-speed data acquisition 
card was used to record the voltage time signal for the incident, reflected and transmitted 
waves during the deformation process where the pulses were sampled at a frequency of 
20MHz and at a 12-bit resolution, and stored as a TEXT files. 

 

Figure 3: Schematic diagram of the pulse in the compressive (SHPB) incident, specimen 
and transmitter bars. 

During the experiment, the test under each strain rate range was repeated seven times and 
the stress, strain and strain rate data captured, in all instances, averaged in order to 
enhance its credibility. Generally the SHPB experiment is associated with uncertainties of 
dispersion and effect of friction which affect the recorded pulse leading to spuriously 
results [24]. The variability of data obtained is not addressed here as the present work 
focuses on the fracture surfaces and the wire cut surfaces of the un- fractured specimens. 
The dimensions of each specimen were measured carefully and recorded prior to testing in 
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order to detect differences due to fabrication. In order to obtain two strain rates regimes 
under the compression testing, the lengths of the specimens were varied. 12mm and 6mm 
long specimens were used for testing at strain rates in the ranges (300s-1-400s-1) and 
(600s-1-700s-1), respectively. Based on the assumption that the elastic wave propagated in 
the incident, specimen and transmitter bars was one-dimensional, the strain (ε), strain 
rate	(#), and the flow stresses (s) in the specimen were calculated using the reflected 
wave pulse (εr) and the transmitted wave pulse (εt)

 in accordance with the following 
formulae [25]: 

%(&) = ()*+
, %-.&                                                                                      (1) 

# & = ()*+
, %-  =/0(/123

                                                                                   (2) 

4(&) = 56
67
	%8(&)                                                                                           (3) 

Where C0 is the longitudinal wave velocity in the incident and the transmitted bars, L is the 
effective gauge length of the specimen, E is the Young’s modulus of the incident and the 
transmitted bars, A and As are the cross-sectional areas of the bars and the specimen, 
respectively. 

3. EXPERIMENTAL RESULTS AND DISCUSSION  

3.1 Microstructural observation of Micrographs  

The test samples were examined using an optical microscope and a scanning electron 
microscope (SEM) in order to determine the deformation behaviour of the specimens upon 
imposition of dynamic compression on them. While all tested specimens showed 
deformation, the results shown in Table 3 demonstrate that 14%AB and 29%SR failed for 
testing conducted in the range (300s-1-400s-1) while 42%AB and 71 %SR failed for testing 
conducted in the range (600s-1-700s-1). It is evident,that a higher number of specimens 
fractured at the higher testing range. 

Table 3: Conditions of the specimens after dynamic compression testing. 

Specimens. As Built. Stress Relieved. 
Strain Rates (s-1) 300-400 600-700 300-400 600-700 

No. of Fractured specimens 1 3 2 5 
No. of Un-fractured 
specimens 

6 4 5 2 

Total 7 7 7 7 
 

The compressive fracture strength of the Ti-6Al-4V is expected to decrease as a result of 
stress relieving heat treatment, while the ductility is expected to improve. This was a 
result of the reduced residual stress in the AB microstructure [26] as a result of due heat 
treatment.  

The un-fractured specimens tested at the lower strain rate range, were cut through using 
Electrical Discharge Machining (EDM) for examination in a SEM. Cutting of the specimens 
was done both along the axial and transverse directions of the compression load as is 
shown in Figure 4.  
 
The cut specimens were mounted on plastic holders and polished using silicon carbide 
grinding/polishing cloth in three stages: 9µm, 3µm and 1µm. After mounting and polishing 
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the specimens, they were etched in order to reveal the details of the microstructure. The 
polished metallographic specimens were etched using a solution of Kroll’s reagent 
consisting of 97mL H2O, 3ml HNO3 and 1ml HF. The fractured surfaces of the AB and SR 
specimens were cleaned for a period of 3 minutes in an ultrasonic cleaner, using ethanol as 
the cleaning solvent, and then investigated on a SEM. 

 

 

Figure 4: The orientation and cut-directions of the specimen 

 
For compression loading in the strain rate range of (300-400) s-1, the SEM micrographs of 
the deformed specimens is as shown in Figure 5 (a & b). The micrographs show adiabatic 
shear bands with the average orientations of (40±10)0 for the SR specimens and (50 ±10)0 
for the AB specimens to the axis orthogonal to the compression axis as also shown in Figure 
5. The average values of the orientation were obtained from various sections along the 
same shear band. 
 
Figure 5 reveals the presence of voids and micro cracks that appear as dark patches on the 
micrographs, coalescing along the shear bands. The shear bands are therefore seen to be 
sites in which voids formed and coalesced, which eventually leads to separation of the 
specimen along the ASBs. The nucleation of voids at a section of the shear surface in which 
shear bands exist occurs when significant thermal softening is experienced [17, 21, 27]. 
The width of the shear band for the AB specimens is seen in Figure 5 to be narrower in 
comparison to that of the SR specimens. Measurements of the shear bands in Figures 5 (a & 
b) give average respective values of 20µm and 5 µm, respectively. This is consistent with 
the observation made by Bradley and Yilong [28] that, the width of the shear bands is 
greatly influenced by the material hardness; it decreases with increasing hardness of the 
material. Moletsane et al. [22] demonstrated that stress relieving at a temperature of 
6500C and a soaking period of 3hours decreased the Vicker micro-hardness of AB specimens 
from an average value of 389 ±14.8HV300 to 374±17HV300.  
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Figure 5: The longitudinal deformed microstructures of (a) SR and (b) AB viewed in the 

SEM, for compressive deformation at a strain rate between 300s-1 – 400s-1. The thick 

blue arrow on each micrographs indicates the build direction 

 

Figure 6 shows the occurrence and orientation of shear bands for AB and SR specimens. 

 

Figure 6. Schematic description of the mode of failure of (a) SR and (b) AB specimens. 
The       numbers 1 & 2 indicate the input and output interfaces of the SHPB bars. 

 
The locations of the shear bands for the AB and SR were found to differ along the 
longitudinal direction of the compressive specimens as shown in Figure 6. This is expected 
to be as a result of increasing magnitude of residual stresses with the height of the samples 
in Z-build direction [29, 30, 31]. This phenomenon will imply lower compressive stresses at 
on upper surfaces of AB specimens, for the same applied compressive load and therefore 
less likelihood for failure inducing shear bands to occur on these upper surfaces. For the 
two stress state (sx = sec and sy = 0) that prevails in this case, the angle of maximum shear 
stress (2: = ;<=(> )?@A

BCD
) is expected to increase with decreasing values of the effective 

compressive stress. The effective compressive stress (sec) in this case in the sum of the 

20µm 50µm 
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applied compressive stress (sc) and the residual tensile stress (srt) in the specimen. This 
trend is clearly evident in Figure 6 which shows the average angle of inclination of the 
shear bands to be higher for the AB than the SR specimens; noted to be on average (50 
±10)0 and (40±10)0 for the AB and SR specimens. 

At large plastic deformations due to imposition of high strain rates such as those between 
600s-1 - 700s-1, localised heating is expected to lead to localisation of the plastic flow which 
was reported by Bradley [21] to be a catastrophic phenomenon since it may lead to 
fracture by intense localized shear. Most of the fractured specimens were loaded at this 
higher strain rate range. The schematic description of the fracture features and orientation 
of the ASB as summarized in Lee’s study and comparison with the fracture surfaces in this 
study are shown in Figure 7. Generally, compressive loading causes a transverse bulging of 
specimens as a result of circumferential /hoop stress that is induced along the equatorial 
plane of a cylindrical specimen. This creates a tensile loading state. This explains the 
coexistence of the tension and the shear regions which form an X-shape on the fracture 
surface. Failure/fracture of the compression loaded specimens occurs along shear bands. 

 

Figure 7: .Schematic descriptions and  features of the fractures surface [27] 

 

Figure 8 shows voids and cracks with different features that form within the ASB for the AB 
and SR specimens. As was seen in the Figure 5, voids form on the shear band. Circular or 
elliptical voids then coalesce along the section of the shear band. Bradley and Yilong [28] 
demonstrated that there exists a difference between brittle and ductile transformed shear 
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bands. The brittle transformed shear bands are characterised by sharp cracks within the 
transformed sheasr band, while the ductile transformed shear bands are characterised by 
equiaxed voids forming along the shear bands, which then link up together to cause ductile 
rapture. 

 

Figure 8: The growth of cracks and micro voids along the transformed band taken at 
different   magnifications. (a) The equiaxied voids in the SR specimens noted at a 
magnification of x400(b) the sharp growing crack in the AB specimen noted at a 

magnification of x550.The blue arrows in each image indicates the build direction. 

 

The fractographs presented in Figures 5 and 8 suggest that the specimens may have failed 
as a result of separation along one of the formed adiabatic shear bands. Similar observation 
was reported by Peng et al. [13].  In every case it is seen that the fracture surfaces consist 
of two main characteristics, a relatively smooth surface and a dimple like structure 
corresponding to ductile fracture. The smooth surface is likely to have arisen from rubbing 
of opposing surfaces during shear.  

Another feature that was observed along the fracture surface of most tested SR specimens 
was clusters of knobbly regions such as those shown in Figure 9(c). This feature may have 
formed as a result of (a) the local high temperatures within the shear band transforming 
the band into liquid, which is cooled by the surroundings almost immediately and/or (b) 
frictional heat produced by the two fractured surfaces subjected to shearing. These two 
effects alone or together make it easier for the formed dimples to deform into the features 
seen in Figure 9(c) during fracture.  

The dimples structures seen in Figure 9 were elongated towards the direction of the shear. 
At the same magnification of x350 it was observed that the dimples in the SR micrograph 
shown in Figure 9(a) were more elongated and dense in comparison to the AB micrograph 
shown in Figure 9(b) which were shallower and less dense. This observed difference in the 
elongation of dimples is likely to be a result of the difference in ductility and strength of 
the two forms of specimens that were tested. The AB specimens, with their acicular 
martensitic microstructure are expected to have higher values of strength and lower 
ductility than the SR specimens. 

50µm	50µm 
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Fig 9: Scanning electron micrographs of the fracture surface (a&c) SR and (b) AB. 

 
4. CONCLUSIONS 
 
Compression tests of DMLS prepared Ti-6Al-4V (ELI) alloy in two different conditions AB and 
SR were performed to investigate the influence of the strain rates on the deformation 
behaviour of the material. It can be concluded from the work presented here that: 

1. The adiabatic shear bands are the primary zones in which failure occurs for the 
two forms of the alloy. 

2. The width and the morphology of the shear bands differ for the two forms of the 
alloy, which is known to be a result of variation in the hardness of the alloy due to 
stress relieving. 

3. The equiaxied voids and cracks formed in the SR specimens eventually produced 
ductile fracture with elongated parabolic dimples as opposed to the AB specimens 
which produced shallower dimples. The AB samples showed a more brittle failure 
mode than the SR specimen. 

4. The	 distribution of the residual stress in the AB samples has an effect on the 
plane of maximum shear stress, which results in the observed locations and 
inclinations of the ASBs. The exact distribution of the residual tensile stresses 

20μm	

50µm 50µm	
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along the longitudinal axis of the specimens and therefore location and 
inclinations of the ASBs are the subject for further research.	

5. The AB DMLS produced Ti-6Al-4V (ELI) is not suitable for application where high 
ductility is required. Stress relieving on the other hand improves the ductility 
while the strength decreases. There is a need to develop an optimum 
microstructure through the heat treatment of the AB samples produced through 
DMLS process to obtain well balanced mechanical properties such as strength and 
ductility. Further research is aimed at the development an optimum 
microstructure for dynamic loading. 
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ABSTRACT 

The formation of in-situ Ti6Al4V-x%Cu (1%, 3% and 5% Cu) alloy structures by Direct Metal Laser Sintering 
(DMLS) for application in medical implants was investigated. Ti6Al4V (ELI) powder was mixed with pure Cu 
powder of similar particle size distribution. Optimal process parameters were established for in-situ alloying of 
Ti6Al4V-x%Cu to form dense parts with suitable microstructural and surface quality. Process parameters such 
as laser power, scanning speed, hatch distance and layer thickness directly affect the surface quality and part 
density. Firstly, single track formation was studied at different scanning speeds  for 170 W and 340 W laser 
powers. The effect of laser power and scanning speed on the track width and shape was described. Secondly, 
the surface roughness and single layer morphology were considered.  
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1. INTRODUCTION  

Ti6Al4V Extra Low Interstitial (ELI) alloy is commonly used for medical implants because of its biocompatibility 
and suitable mechanical- and corrosion resistant properties. The most common reason for implant failure and 
complication after surgery, is infection.  Manufacturing implants from materials  with antibacterial properties 
(such as Cu) is a promising approach to infection prevention [1, 2]. Copper is a proven antibacterial agent and 
in small amounts not toxic to the human body [1]. DMLS can be applied to directly produce implants having a 
biocompatible Ti6Al4V structure with Cu additions at the bone–implant interface to reduce the risk of 
bacterial infection and implant failure. 
 
Fundamentally, DMLS is an Additive Manufacturing (AM) process in which a laser beam is scanned over a thin 
powder layer. The laser beam melts a row of powder particles, forming a molten pool and finally a single 
track. Single tracks, or the continuous linear formation of the molten pool is the most basic building block in 
the DMLS process. DMLS objects are formed by fusing multiple single tracks layer by layer upon one another. 
Thus the optimization of formation of the molten pool and single track plays a major role in the quality and 
mechanical properties of the manufactured 3D object [3]. 
 
The geometric characteristics of the DMLS tracks are mainly determined by material properties, energy input 
(laser power, spot size and scanning speed) and the thickness of the deposited powder layer. The depth of 
penetration into the substrate is determined primarily by the power of the laser beam, and the layer thickness 
which determines the powder volume involved in the melting process [3, 4]. At optimal process parameters, 
DMLS single tracks are continuous and have stable geometrical characteristics. 
 
Single tracks produced with DMLS can be characterised into continuous tracks with regular geometrical 
characteristics (Figure 1, zone B) and undesired irregular tracks (Figure 1, zones A and C). Single track 
formation is directly influenced by the process parameters. If the scanning speed decreases, it results in a 
higher linear energy input (power per unit speed). Irregular tracks in zone A; are formed at higher energy 
inputs and the heat affected zone becomes larger involving more powder particles. Tracks in zone A tend to 
have more satellites or dislodged sections that form during solidification. Deep keyhole penetration into the 
substrate and surface-satellites provoke porosity in the final 3D part. Drop formation (balling effect) occurs at 
insufficient energy input because the surface tension breaks the melting single track into individual droplets 
(zone C). At low effective power the powder experiences lower temperatures, thus the surface tension 
coefficient as well as melt viscosity increase leading to drop formation [5]. 
 
Modern DMLS systems use fibre lasers with high power densities. For a laser power of 200 W and a spot size of 
80 µm, power density reaches ~40 kW/mm2. The concentrated heat input of the DMLS process leads to high 
thermal gradients which induce residual stress within the part. After laser scanning, the stress state near the 
surface of the part is biaxial and in tension, the major component is double that of the minor stress [6]. High 
residual stress leads to part deformation, delamination from the substrate during manufacturing and crack 
propagation. Cracks in the DMLS parts are indicates that the ultimate tensile strength of the material has been 
exceeded during manufacturing. 
 
 
 

       
V, m/s   1.2   1.4   1.6      1.8    2.0    2.2    2.8 

Figure 1: Ti6Al4V tracks at the substrate at 300 W laser power and different scanning speeds 

This research was aimed at obtaining an insight into the development of the single-track and layer formation 
of Ti6Al4V-x%Cu (1at.%, 3at.% and 5at.% Cu) during DMLS. Since single layer is a superposition of the 
synthesized single tracks, surface morphology of the layers depends on geometrical characteristics of single 
tracks, scanning strategy and hatch distance. Roughness of the sintered single layer defines the thickness and 
homogeneity of the next layer. Non-uniform thickness of the next deposited powder layer could be critical for 
the resulting part. If the deposited powder layer is too thick for a set of chosen process-parameters the 
penetration depth will not be great enough for it to fuse into the previous layer, pores will occur in the DMLS 

200 µm 

Zone A         Zone B        Zone C 
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sample. The influence on track geometry and morphology of the layers of different scanning speeds, laser 
power and %Cu were investigated in this work. 

2. METHODOLOGY  

Argon atomized Ti6Al4V (ELI) and Cu powder spherical in shape were used. Chemical composition for  Ti6Al4V 
(ELI) being 89.26 wt% of Ti, 6.31 wt% of Al, 4.09 wt% of V, 0.12% of O, and Cu powder 99.9 % purity. Thermo-
physical properties of employed materials are shown in Table 1. The 10th, 50th and 90th percentiles of 
equivalent diameter (weighted by volume) were respectively 12.6 µm, 22.9 µm, 37.0 µm for Ti6Al4V (ELI) 
powder and 9.45 µm, 21.9 µm and 37.5 µm for Cu powder. To produce the Ti6Al4V-x at.%Cu powder mixture, 
the elemental Cu and Ti6Al4V(ELI) powders were mixed for 1 hour. Before laser processing, the powders 
mixture was dried at 80°C for 2 hours without protective atmosphere, to increase powder flow ability. 
 

Table 1. Thermo-physical properties of employed materials 

 Ti6Al4V Cu 
Specific heat capacity, J/(kg×K) 560 387 
Thermal conductivity, W/(m×K) 7.2 401 
Thermal diffusivity, m2/s 2.9×10-6 1.16×10-4 
Density, kg/m3 4430 8940 
Melting temperature, K 1922 1356 
Latent heat of fusion, kJ/kg 370 205 
Viscosity in liquid state, mPa×s 

1356 K 
1950 K 
1750-2050 K 

 
 
 

4.42 [7] 

 
4.02 [8] 
1.96 [8] 

 
To determine the effect of scanning speed and laser power as well the influence of amount Cu on the DMLS 
process, single tracks with length of 20 mm and surfaces with size 10 mm x 5 mm were manufactured by an 
EOSINT M280 machine. Three tracks were produced at each set of process parameters. Two sets of process 
parameters were used: laser power 170 W at six scanning speeds (0.4 m/s, 0.6 m/s, 0.8 m/s, 1 m/s, 1.2 m/s 
and 1.4 m/s) and laser power 340 W at increase in scanning speeds by two times accordingly. Laser spot size 
was approximately 80 µm and the powder layer thickness was 50 µm. This strategy was then carried out on all 
three Ti6Al4V-x%Cu alloys (1at%, 3at% and 5at%). 
The building chamber was filled with an inert (Argon) atmosphere. This results in an atmosphere with a low 
oxygen content during building. Experiments were done on Ti6Al4V substrates with 3 mm thickness which was 
attached to the machine base plate with 4 screws in the corners. 

3. RESULTS AND DISCUSSION  

To determine the influence of the process parameters in the formation of the single-tracks, two different laser 
powers were used at different scanning speeds. In the first set, the laser power was set at 170 W for each 
scanning speed, applied to the Ti6Al4V-x%Cu powder mixtures and then a similar set was done at 340 W laser 
power at double the scanning speed. 
 
At 170 W laser power and 1%Cu, balling effect was found only at 1.8 m/s and higher, for 3%Cu the balling 
effect starts to be noticed at a scanning speed of 1.2 m/s. The surface tension deformed the track though the 
track is still continuous at these scanning speeds (Figure 2). For scanning speeds lower than 1.0 m/s the tracks 
are fully continuous and stable with no signs of irregularity. At 5%Cu, DMLS tracks were regular and continuous 
up to 1.4 m/s.  
Figure 3 shows single tracks at 340 W laser power. As predicted, drop formation becomes less with the 
increase in laser power; the range of scanning speeds where tracks were continuous increased with laser 
power. With an increase in scanning speed the single track width decreased (Figure 4). Also track’s width at 
lower laser power (170 W) had a tendency to be wider with an increase of copper in the initial powder 
mixture. This can be a result of slight variation in powder layer thickness for the experiments but also due to 
more prominent capillary flow effect in the molten pool with higher copper content. At the temperature close 
to melting point of Ti6A4V, copper has very low viscosity (Table 1) and wetting dynamics can be different in 
comparison with lower percent of Cu in powder mixture. Changes in thermo-physical properties of the 
material may also be a reason for this phenomena. 
 
 
 
 
 
 

Page 182



 

 

V, m/s 1% 3% 5% 
0.4 

   
0.6 

   
0.8 

   
1.0 

   
1.2 

   
1.4-1.8* 

   
    

*  For 1at%Cu, scanning speed was 1.8 m/s, for 3-5at.%Cu it was 1.4 m/s 
 

Figure 2: Single tracks at 170 W laser power at different scanning speeds 

 

     
(a)                        (b) 

   
(c)                        (d)  

Figure 3: Single tracks at 340 W laser power at scanning speeds: (a, b) 0.8 m/s and (c, d) 2.8 m/s for 3% 
(a, c) and 5%Cu (b, d) 

At the higher laser power (340 W) the difference between 3% and 5% track width was negligible, but tracks 
were about 30% wider compared to 170 W. Higher laser power density led to a higher temperature in the 
molten pool and accelerated fluid flow. 

 

Figure 4: Single tracks at various scanning speeds for Ti6Al4V– xat.% Cu 

200 µm 
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On the top surface of the tracks, cracks were found at 3 and 5 at.% of Cu (Figure 5). When the powder mixture 
is exposed to the laser beam, it melts, but since Cu has a higher thermal conductivity and lower heat capacity 
than Ti6Al4V (Table 1), copper transfers heat to the surrounding titanium alloy faster. Different properties of 
powder materials influence the in-situ alloying and the resulting DMLS material properties. Ti6Al4V has a 
higher melting point and absorbs more energy from the laser beam than Cu. 
 
In pilot study [9] was shown that at 170 W laser power, 0.7 m/s scanning speed, 80 µm hatch distance and 30 
µm layer thickness, 3D samples of Ti6Al4V–1at.%Cu were inhomogeneous and had Cu-enriched regions. In [10] 
the presence of hard intermetallic compounds in DMLS Ti6Al4V–xCu alloys was found. The relative diffraction 
intensity of Ti2Cu phase gradually increased with the Cu contents. This may have an influence on mechanical 
properties. High residual stress during DMLS and embrittlement of the material with intermetallics led to crack 
creation. This effect became more pronounced with an increase in copper content in the initial powder 
mixture (Figure 5). 
 

Ti6Al4V–1at.%Cu Ti6Al4V–3at.%Cu Ti6Al4V–5at.%Cu 

   
(a) (b) (c) 

 

  
 (d) (e) 

Figure 5: Single tracks at 170 W laser power at 0.4 m/s scanning speed (a–c) and 350 W and 0.8 m/s (d–e) 

The second set of data shows surfaces at 170 W laser power with a scanning speed of 0.4–1.4 m/s, 340 W laser 
power and scanning speeds of 0.8–2.8 m/s and hatch distance of 80 µm. On 1%Cu samples, solidification lines 
and grain boundaries were clearly visible (Figure 6). As it was indicated, experiments were done on a 3 mm 
plate attached to the base plate with 4 screws in the corners. After detaching the substrate from the base 
plate, the thin substrates deformed due to introduced residual stresses during DMLS processing. Cracks across 
tracks, perpendicular to the scanning direction were found on the 3% and 5% Cu layers, but not in the first 
experiment with Ti6Al4V–1 at.%Cu samples (Figure 6 and Figure 7).  
 
It was shown previously that in DMLS Ti6Al4V samples near the surface, major principal stress was parallel to 
the scanning direction [6]. In the present study, cracks perpendicular to the scanning direction were found in 
single tracks (Figure 5 b–e) and single layers (Figure 6 c–f and Figure 7b–c). After formation of cracks 
perpendicular to the scanning direction, relaxation of the major component of residual stress occurred, shear 
and minor stresses became dominant. If these stresses were higher than the ultimate tensile strength of the 
sintered material, other directional cracks would form.  
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(a) 

 
(b) 

  
(c) (d) 

  
(e) (f) 

Figure 6: Single layers at 170 W and 0.6 (a), 1.3 m/s (b) in 1%Cu samples; 170 W, 0.6 m/s (c) and 340 W, 
1.4 m/s (d) in 3%Cu samples; 170 W and 0.6 m/s (e), and 340 W, 1.2 m/s (f) in 5%Cu samples at hatch 

distance of 80 µm  

 
In produced samples, transversal cracks were dominated in 3–5at.% in DMLS single layers. The most probable 
cause of cracks was embrittlement of sintered material with intermetallic phases, further XRD measurements 
have to be done and analysed for the identification of phases present in the sintered materials. One-scanning 
direction can lead to deformation of the sample and crack formation in 3D DMLS Ti6Al4V–x%Cu samples, thus 
changing direction for the next layer to disorientate the residual stress is necessary for producing in-situ 
alloyed samples. Another reason for deeper cracks in Ti6Al4V–5at.% layers can be higher residual stress and 
lower tensile strength of the in-situ alloyed material. Further investigations are required to produce Ti6Al4V–
3-5%Cu alloy by DMLS without cracks. 
 
 

Page 185



 

 

  
                               (a)                                                                                (b) 

 

 
(c) 

Figure 7: Single layers at 170 W and 0.6 m/s scanning speed after single scan at hatch distance of 80 µm 
for 1% (a), 3% (b) and 5% Cu (c) samples 

 
The in-situ alloyed Ti6Al4V–xat.% DMLS surface morphology showed complex behaviour when comparing it to 
laser power and scanning speed. Surface morphology depends on the shape of the single tracks and the hatch 
distance. At the hatch distance of 80 µm the surface roughness increased with per cent of Cu and scanning 
speed (Figure 8a, b). Surfaces at higher scanning speeds produced humping effect and more satellites as the 
molten pool became more pronounced, especially at higher laser power (Figure 8b). Layer surface quality 
dramatically decreased at 5%Cu samples with lower energy input (Figure 8c).  
 
 
 
 
 

50 µm 
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(a) 

 
(b) 

 
(c) 

Figure 8: Surface roughness Rz of single layers at 170 W (a), 340W (b) and versus energy input (c) at 
Ti6Al4V–xCu samples at different scanning speeds and hatch distance of 80 µm 
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4. CONCLUSION  

In this work, in-situ alloyed Ti6Al4V-x%Cu single tracks and layers were fabricated. The results indicated that 
track width increased with laser power, Cu per cent in initial powder mixture and decreasing of scanning 
speed. The surface roughness of the produced layers improved with a decrease in scanning speed.  
 
From experimental work it was found, that optimal process-parameters for single tracks and single layers are: 

• laser power of 170 W, scanning speed ≤1.0 m/s for Ti6Al4V–1–5at.%Cu 
• laser power of 340 W, scanning speed about 1.6 m/s for Ti6Al4V–3–5 at%Cu. 

 
The size and number of cracks on the top surface of single layers increased with addition of Cu in initial 
powder mixture. Cross-sectional analysis will be done to investigate the depth of molten pool and chemical 
analysis for Cu homogeneity in single layers. The issue of crack formation in Ti6Al4V–3–5 at%Cu requires careful 
study and elaboration of the procedure to decrease residual stress to avoid crack formation for in-situ alloyed 
3D DMLS samples. 
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ABSTRACT 

Investment casting produces parts that need little or no secondary machining operations. 
Wax patterns used for investment casting are typically produced through an injection 
moulding process with the accompanying tooling. However, cost and lead time to produce 
tooling can be high and complexity is limited by conventional machining ability. Additive 
manufacturing provides an alternative method for producing investment casting patterns 
that can provide dramatic time and cost savings. This paper reports on a study to determine 
the advantages and limitations of using PrimeCast® and PMMA patterns produced for 
investment casting by two different additive manufacturing technologies. 
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1. INTRODUCTION 

Producing a near-net shape product by pouring metal into a mould is a manufacturing 
process that can be traced back thousands of years [1]. The process was refined when more 
complex designs were required by producing, through injection moulding, complex wax 
patterns that could be burned out before the metal was poured into the mould; the process 
is known as investment casting or lost wax casting [2]. It is known for its ability to produce 
components of excellent surface finish, dimensional accuracy and complex shapes. 
Investment casting is especially useful for making castings of complex and near-net shape 
geometry, where machining may not be possible or too wasteful. Small, thin walled castings 
with the highest level of detail and quality can be produce using the investment casting 
process [3]. However, the cost associated with investment casting rose and the lead times 
increased as the designs became even more complex.  Also, when used in short runs, the 
production of the required wax patterns can be disproportionately expensive and time 
consuming. On the other hand, additive manufacturing (AM) offers a faster, less expensive 
alternative to creating investment casting patterns, particularly at the product 
development stage [4]. 
  
Worldwide, additive layer manufacturing, now formally known as AM and popularly called 
three-dimensional (3D) printing, is a technology that is rapidly growing in usefulness and 
capability, and South Africa is no exception. This technology was originally known as rapid 
prototyping, a process by which components are produced directly from computer models 
by selectively curing, depositing or joining materials in successive layers. These 
technologies have traditionally been limited to the manufacture of models suitable for 
product conception but, over the past decade, have quickly developed into a new 
production standard called AM. More accurately described, AM has become a professional 
production technique which is clearly distinguished from conventional methods requiring 
material removal. Although extensive research and development continue to be done and 
need to be done, the technology is today being used for commercial manufacturing 
purposes, although still only in certain niches. We are now beginning to see AM used for the 
construction of a range of functional end use components [5]. AM is internationally 
recognised as “A process of joining materials to make objects from 3D model data, usually 
layer upon layer, as opposed to subtractive manufacturing methodologies.” as defined by 
ASTM [6]. 
 
The term investment casting has been derived from the typical use of a mobile ceramic 
slurry to form a mould with a highly smooth surface. The conventional investment casting 
process is a complex, multi-step process and starts with choosing a pattern material. 
Although conventional investment casting is still popular, it suffers from high tooling 
investments for producing wax patterns; therefore investment casting is excessively 
expensive for low-volume production typical in prototyping, pre-series, customised or 
specialised component productions [7]. A comparison of the basic steps in the production 
of a conventional investment cast component with investment casting using an AM pattern 
with a ceramic shell mould is shown in Figure 1 below. 
 
In this study a comparison was done of patterns built by PrimeCast® and PolyMethyl Methyl 
Acrylate (PMMA) respectively, which were produced using AM technology. The investment 
casting patterns in PrimeCast® were built at Central University of Technology (CUT), while 
those in PMMA were built at Vaal University of Technology (VUT). The patterns were built 
from a design which had features such as thin walls, cavities, surface finish and angles that 
pose challenges to conventional investment casting, but which could be easily produced by 
AM technologies.  
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The focus of this study is a field in which little research has been done. Initial work done 
by Truscott et al. [9] on rapid prototyping techniques in the medical sector was found. It 
was also found that there has been significant work done on PMMA [10] [11] [12] and 
PrimeCast® [13] [14] [15] trying to show that they can replace the lost wax process in 
investment casting. However, no research was found on comparing the benefits and 
limitations of PrimeCast® and PMMA patterns for investment casting. This comparison of 
the two types of AM patterns is expected to assist the foundry industry in achieving the 
most beneficial investment casting results by selecting the most appropriate AM technology 
for a particular application. 
 
 

 
 

Figure 1. Comparison of conventional Investment casting with investment casting using 
AM patterns processes [8] 

 

2. EXPERIMENTAL PROCEDURE 

Investment casting patterns based on a standard test part were built from PrimeCast® and 
PMMA at CUT and VUT, respectively, at the same time. Metrology was performed on one 
pattern of each type using micro Computed Tomography (micro-CT) scannning because the 
complex geometry of this pattern could not be fully and accurately detected by other 
metrology techniques. Usually, the micro-CT scanners are used for industrial, non-
destructive testing due to the superior resolution possible and for quantitative dimensional 
analysis. Micro-CT scan data of different features of the patterns were compared with the 
CAD design. This geometrical comparison shows the benefits and limitations of the two AM 
pattern making technologies under investigation. 
 

2.1 Standard test part 

A standard investment casting test part was used to compare patterns produced by the two 
types of AM processes. Figure 2 shows the test part as originally designed in the tooling 
projects of the FP6 Framework of the European Commission (EC) [8]. Every feature on this 
standard part has a specific purpose as described in Table 1. 
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Figure 2. Standard FP6 Framework test part  

 
Table 1:  Feature and purpose of each geometry of the standard test part [8]. 

Feature Purpose Quantity and Nominal size 
Cubes Straightness, repeatability, linear 

accuracy 
2 (8 x 8 x 8 mm ) 
2 (8 x 8 x 4 mm ) (Half-cube) 

Rectangular 
Protrusion 

Perpendicularity, linear accuracy 1 (25 x 8 x 8 mm) 

Pyramid Angularity, accuracy 1 (12 x 17 x 20 mm) 
Sphere (half) Symmetry, repeatability of a constantly 

changing sloping profile, axial runout, 
radial runout 

1 (ø35 mm) 

Cone Constant sloping profile, taper, axial 
runout, radial runout, symmetry 

1 (ø30 x 26 mm) 

Free-form (conical) Non-constant sloping profile axial 
runout, radial runout, symmetry 

1 (ø40 x 30 mm) 

Free-form 
(sinkhole) 

Non-constant sloping profile axial 
runout, radial runout, symmetry 

1 (ø30 x 20 mm) 

Wedges Angularity (X direction 20 x 20 mm) 
(Y direction 20 x 25 mm) 

Rectangular Hole Perpendicularity 1 (25 x 8 x 5 mm) 
Cylindrical Hole/ 
Hollow Cylinder 

Concentricity, circularity, accuracy 1 (ø30 x ø20 x 27 mm) 

Triangular Hole Angularity, perpendicularity 1 (10 x 8 x 4 mm) 
Flat thin walls Parallelism, thickness 1 (35 x 27 x 5 mm) 

1 (35 x 27 x 3 mm) 
Square base Flatness, straightness, parallelism 1 (150 x 150 mm ) 
Mechanical 
features 

Competence of machine to build 
particular features (visual inspection) 

Free-form, chamfer, fillet 

Yes/No Features Machine’s ability to build certain Small triangular hole, small 
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features (visual inspection) cross-shaped hole, thin walls 
 

2.2 Building of patterns 

Eight patterns of each were built in PrimeCast® and PMMA, respectively, at the same time 
at CUT and VUT. An EOSINT P385 machine was used to manufacture PrimeCast® patterns at 
CUT. The machine uses a laser sintering (LS) process which  is an AM process based on layer 
by layer powder spreading and successive laser sintering [13]. During LS, particles of 
powder are fused together by heat from a high-power laser to form a solid, three-
dimensional object. The PMMA patterns built at VUT were manufactured using a Voxeljet 
VX 500 machine which uses a binder jetting process. In binder jetting two materials are 
used, namely a powder based material and a liquid binder. The binder acts as an adhesive 
between the powder particles and the layers. The binder is selectively deposited through 
fine nozzles (jetted) to join powder particles into layers and these layers of material are 
subsequently bonded onto each other to form a solid, three-dimensional object [14]. The 
patterns as-built are shown in Figure 3. 
 

  
   (a)                (b) 

Figure 3. (a) PrimeCast®   and (b) PMMA test part patterns. 

 

2.3   Metrology of patterns 

The metrology on the patterns was performed using a General Electric Phoenix V|Tome|X 
L240/NF180 micro-CT scanner at Stellenbosch University (SU). A micro-CT scanner is an X-
ray inspection machine that uses  X-ray imaging and computed tomography  to produce 3D 
images on a small scale at very high resolution,  with voxel sizes down to 1µm or smaller. It 
allows 2D X-ray inspection of materials, as well as 3D CT scans of materials, to investigate 
and analyse the inside and outside of any object non-destructively. It makes use of 
differences in the X-ray attenuation properties of materials to reconstruct a 3D structure. 
It uses the same measurement principles as used in CT scanners in hospitals [16]. An object 
to be scanned is placed between the X-ray source and the detector. The object is exposed 
to a focused narrow X-ray beam and the absorbed radiation is measured with a sensor on 
the side opposite to the sample as shown in Figure 4. The procedure is repeated from 
different angles around the object to produce a full 3D reconstruction.  
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Figure 4. Schematic illustration of the measurement principle of a micro-CT scanner 
[17]. 

 
Two patterns, one each in PrimeCast® and PMMA, were scanned using the SU micro-CT 
scanner.  The X-ray settings used were 200 kV and 100 µA. The machine acquires 3000 
images in a full rotation with an image acquisition time of 600 ms per image, with no 
averaging and no skipping of images [17]. Detector shift was activated to minimize ring 
artefacts. The sample was positioned on the scanner’s rotating stand at an angle so that no 
feature was parallel to the X-ray beam as it rotated, also ensuring that the object would 
not move during scanning. During rotation any feature that is parallel to the X-ray beam 
cannot be detected by the detector. Background calibration was performed and the scan 
time was approximately 30 minutes per scan. Reconstruction of the sample was done with 
system-supplied Datos reconstruction software. Analysis was performed with Volume 
Graphics VGStudio Max 3 voxel data analysis and visualization. 
 

3. RESULTS AND DISCUSSION 

The micro-CT scan data was compared with the CAD data of the patterns. The data set was 
colour-coded according to deviations between the AM patterns and the CAD design. 
Deviation values ranged between -0.30 mm and +0.30 mm. Green indicates the best fit, 
while yellow denotes areas where the pattern dimensions are larger than the original CAD 
dimensions. On the other hand, blue indicates areas where the pattern dimensions are 
smaller than the CAD dimensions. 
 

3.1 Custom CT images of PrimeCast® and PMMA patterns 

The custom images of the patterns displayed different colours depending on the deviation 
in mm for both PrimeCast® and PMMA as indicated in Figures 5 and 6. From Figure 5 it is 
clear that the results of the PrimeCast® pattern display more green on almost every 
feature. Blue can be seen towards the edges of the square base, edges of cubes and edges 
of rectangular protrusions. The results of the PMMA pattern shown in Figure 6 indicate 
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more blue on the features that have repeatability of constantly changing sloping profiles 
such as half spheres and cones. Similarly, features that have both axial and radial runout 
such as cones and free-form features (sinkhole and conical) display blue, as well as some 
points on the square base and top edges of almost every feature.  
 

 

Figure 5. Comparison between the CAD design and the PrimeCast® pattern  

Each specific feature of each of the PrimeCast® and PMMA patterns was analysed and the 
results were tabulated in Table 2 below. On the PrimeCast® pattern, features such as the 
cone and triangular hole have a very small deviation range, while features such as cubes 
and the square base have a wider range. The PMMA pattern provides small ranges on the 
triangular hole only, while features such as cubes, rectangular protrusions and the square 
base have a much wider deviation range than the PrimeCast® pattern.  
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Figure 6. Comparison between the CAD design and the PMMA pattern  

 
Table 2:  Deviation results for each geometric feature of the standard test part. 

Feature Purpose Overall deviation range (mm) 

 PrimeCast®  PMMA 

Cubes Straightness, repeatability, 
linear accuracy 

-0.24 to +0.24 <-0.3 to >+0.3 

Rectangular 
Protrusion 

Perpendicularity, linear 
accuracy 

-0.18 to +0.18 -0.3 to +0.3 

Pyramid Angularity, accuracy -0.06 to +0.06 -0.12 to +0.12 
Sphere (half) Symmetry, repeatability of a 

constantly changing sloping 
profile, axial runout, radial 
runout 

-0.24 to +0.12 <-0.3 to 0 

Cone Constant sloping profile, taper, 
axial runout, radial runout, 
symmetry 

-0.06 to 0.06 -0.24 to +0.24 

Free-form 
(conical) 

Non-constant sloping profile 
axial runout, radial runout, 
symmetry 

-0.06 to >+0.3 <-0.3 to +0.06 

Free-form 
(sinkhole) 

Non-constant sloping profile 
axial runout, radial runout, 
symmetry 

-0.18 to +0.18 -0.3 to +0.3 

Wedges Angularity -0.24 to +0.06 -0.3 to +0.18 
Rectangular 
Hole 

Perpendicularity -0.24 to +0.06 -0.3 to +0.06 

Cylindrical Hole/ 
Hollow Cylinder 

Concentricity, circularity, 
accuracy 

-0.18 to +0.18 <-0.3 to +0.06 

Triangular Hole Angularity, perpendicularity -0.06 to +0.06 -0.06 to +0.06 
Flat thin walls Parallelism, thickness <-0.3 to +0.06 <-0.3 to +0.12 
Square base Flatness, straightness, 

parallelism 
-0.3 to +0.18 <-0.3 to >+0.3 

Page 196



 

 

 
The PrimeCast® and PMMA patterns showed good accuracy on geometrical features that 
indicate orientation such as angularity, perpendicularity and parallelism. Both patterns 
were however not very accurate in terms of features showing position such as axial runout, 
radial runout and concentricity. The PrimeCast® pattern results indicated good accuracy 
on features with form checks (straightness, circularity, cylindricity, and flatness). 
 

3.2 Relative surface deviation graphs for the PrimeCast® and PMMA patterns 

Deviation graphs provide fast graphic summaries of the data acquired from the patterns. 
Figures 7 and 8 show the relative surface deviation graphs obtained from the two types of 
patterns. For both patterns an asymmetric distribution of deviation from the CAD geometry 
is observed. The deviation from an ideal Gaussian distribution to the left (larger positive 
deviation) is more pronounced for the PMMA pattern than for the PrimeCast® pattern. At 
zero deviation, the PrimeCast® pattern has a relative surface of 12.3% while that of PMMA 
is 9.7%. This confirms the impression gained from the colour images in Figures 5 and 6 that 
the PrimeCast® pattern generally correlates closer with the CAD model.  
 

 

Figure 7. Relative surface deviation graphs of PrimeCast® pattern  

The percentage of relative surface on the negative side of the graph on the PMMA pattern 
is around 40% compared to 30% of the PrimeCast® pattern. This means that there was more 
shrinkage on the PMMA pattern as compared to PrimeCast® pattern. The positive deviation 
was almost the same for both patterns. 
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Figure 8. Relative surface deviation graphs of PMMA pattern  

4. CONCLUSION 

In this study comparisons were done between the CAD design and the patterns built from 
two different AM technologies. Both technologies were able to produce the required part 
within acceptable tolerances, but it is also clear that they do not show the same accuracy. 
In general the PrimeCast® pattern performed slightly better compared to the PMMA 
pattern in terms of accuracy. Future work in this research include producing investment 
casting moulds from the patterns presented here. Aluminium and titanium alloys will be 
cast into the moulds and metrology will again be performed on the produced parts. 
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ABSTRACT 
 
Three Dimensional Printing (3DP) is an additive manufacturing (AM) technology that has 
been successfully used for the direct production of sand moulds and cores for metal casting 
applications. The technology uses 3D digital data to print AM parts on a layer by layer 
approach. The mechanical properties of AM sand parts that have been assessed in the 
literature include tensile and bending strength. The residual strength property has not 
been evaluated despite it being critical with regards to the reclamation yield ability of AM 
moulding process. This study investigates the variations of residual strength of 3D printed 
parts subjected to various temperatures. 
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1. INTRODUCTION   
Additive manufacturing (AM) technology has been growing since its inception around the 
mid 80’s due to its exceptional manufacturing benefits [1]. There are different types of AM 
technologies that are commercially available including Selective Laser Sintering (SLS), 
Three Dimensional Printing (3DP), Fused Deposition Modelling (FDM), Laminated Objective 
Manufacturing (LOM) and Laser Metal Deposition (LMD) [2]. AM technology has deepen its 
roots in various industries such as aerospace, automotive, medical field and foundries [1]. 
With regards to foundry industry, AM technology such as 3DP has been successfully used for 
the direct fabrication of sand moulds and cores without the need of a pattern [3]. The 
application of 3DP in foundry has brought various benefits including elimination of tooling 
(pattern) design and fabrication, cost reduction in certain cases, shaping freedom and 
improved competitiveness [4]. 
 
Various commercial processes of three-dimensional printing of sand moulds and cores for 
foundry applications are available on the market such as Voxeljet, ExOne’s S-Max 
technologies that appear to dominate the landscape of rapid sand casting applications [5]. 
The latter systems are based on the furfuryl alcohol resin bonded sand [6]. The resin is 
activated with sulfonic acid. Typical resin addition is 1 to 1.5% per weight of sand with 50% 
activator per weight of resin [7].  
 
The furfuryl alcohol resin bonded sand also referred to as furan sand system is a well-
established no-bake chemical resin bonded sand system compatible with many different 
types of refractory sands and suitable for various types of casting alloys [8]. Sand moulds 
and cores can developed high strength required for large castings. Furane sand system is 
also well known for its good mechanical or thermal reclamation [9]. 
 
These above characteristics applied to conventional moulding and core-making processes. 
Few studies have been carried out to assess the mechanical properties of three-
dimensional printed sand parts [1]. In the investigation by [10] K Nyembwe and colleagues 
, it was shown that sand parts produced by additive manufacturing (AM) and cured were 10 
% lower than hand rammed  sand parts in terms of tensile and tensile strength. The 
friability resistance of three-dimensional printed sand specimen were on the other hand 
comparable to the hand-rammed sand specimen. The explanation provided by the authors 
relates to the compaction, which was minimal in the case of AM and significant in the case 
of hand ramming. Three-dimensional printed sand parts were less dense than hand-rammed 
specimens. 
 
Little is known about the residual strength of sand parts produced by AM. The strength is 
the strength of sand parts after casting and is directly related to the reclamation ability of 
furan based AM system. The higher the residual strength the challenging it is for the mould 
and core to collapse during the knockout stage and therefore the limited this sand can be 
recycled. This residual strength property is very important in a context where the 
refractory sands used in local three-dimensional printing systems are imported at 
exorbitant price [11]. Imperatively, this imported sand is required to be maximally 
recycled. 
 
The present investigation assessed the residual strength of three-dimensional printed sand 
parts subject to different temperatures. The paper contributes to a better understanding 
of rapid sand casting with regards to   its reclamation ability in order to reduce its running 
cost and its environmental friendliness by avoiding sand dumping.     
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2. METHODOLOGY  
2.1 Experimental procedure 
The raw material used in the experimental work was a sulfonic acid coated silica sand 
imported from overseas and recommended by the manufacturer of a local Voxeljet three-
dimensional printer. The following steps were conducted in the methodology. 

• Sand characterisation for size distribution, gas evolution, loss on ignition, acid 
demand, grain shape and pH. 

• Additive Manufacturing of sand test specimen including tensile, bending and 
compressive according to AFS specifications. A Voxeljet VX 1000 was used for 
additive manufacturing. 

• Hand ramming of sand test specimen including tensile and bending were 
prepared according to AFS specifications. 

• Heat curing of test specimens at different temperature 500, 600 and 800 
degrees Celsius in a muffle furnace for 5 minutes were conducted. The chosen 
temperatures emulate the heat of the casting process.  

• Sand Testing of test specimens following American Foundry Society 
procedures [12] and using Ridsdale-Dietert equipment [13]. 
 

Figure 1 below shows the different types of sand specimens used for tensile and bend 
strength testing. Three grades of sand including 100% virgin (new sand), 40% used: 60% new 
sand, and 100% recycled (used) were used to print experimental specimens from Voxeljet 
VX1000. The 100% virgin sand grade was further used to produce similar samples as shown in 
figure 1 by means hand ramming.  
 
 

Tensile specimens Transverse specimens 
Figure 1: Experimental specimens 

3. RESULTS 

3.1 Sand Characterisation 
 
Table 1 presents the test results of sand characterisation for the new sand and the recycled 
sand. Of note is the high acid demand of the recycled sand due to contaminated resin 
contained in it from previous three-dimensional printing process. It is anticipated that the 
presence of resin in the recycled sand could influence the residual strength of the sand by 
self-setting process of the furan resin.  
Contaminated resin is also evident through the loss on ignition values. The loss on ignition 
for 100% virgin sand was slightly higher than that 100% recycled sand, this means that there 
is decrease in residual binder of sand as it is used, hence the 100% recycled sand is slightly 
cleaner. In a 100% virgin sand, no reaction between sand and acid was encountered as 
indicated by acid demand value of 0, whereas with 100% recycled sand there is slightly 
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presence of carbonate (alkalis) content, hence slight consumption of acid required to 
neutralise carbonates. The pH for both grades of sand was found to be relatively the same 
and they are both slightly acidic.  
 

Table 1: Sand characterisation results 
Properties 100% new sand 100% recycled sand 
Loss on Ignition (L.O.I) 0.53% 0.45% 

pH 4.7 4.21 
Acid demand (ml) 0.00 6.1 
Gas evolution (ml) 6.7 5.6 
Size distribution (GFN) 65.56 64.97 
 
Table 1 also shows that the new and recycled sands appear to have the same grain fineness 
of around 65 Grain Fineness Number (GFN). The recycled sand has not been altered in terms 
of fineness due to the additive manufacturing process. Any possible difference in residual 
strength of these two sands could not be attributed to a change of grain fineness.     
 
3.2 Mechanical Properties 
 
Table 2 below shows the mechanical test results of the cured tests specimens with 
variation of new sand content from 100% to 0%. It appears that the strength of sand 
specimens in terms of tensile or bend strength decreases as the new sand addition 
decreases. Used or recycled sand does not binds well during additive manufacturing 
compared to virgin sand. This could have implication in terms of residual exhibited by the 
recycled sand in terms of final value and percentage drop.  
 

Table 2: Mechanical Properties results-Cured 

Properties 100% new sand 40% recycled / 60% new 
sand 100% recycled sand 

Tensile strength (N/cm2) 85 78 63 

Bend strength (N/cm2) 294 233 200 

 
Table 3 shows the actual values of residual strength obtained at the different temperature. 
The overall drop of strength in heat-treated or cured samples compared to non-heat 
treated sand (Table 2) are also presented in Table 3. It can be observed that AM samples 
retained residual strength at 500 and 600 degree Celsius. Strength of sand samples is 
completely dissipated at 800 degree Celsius possibly due to complete burn-out of any 
residual resin.  Figure 2 shows the state of the sand samples in the muffle furnace. 
 

Table 3: Residual strength of the different grades of sands in the temperature 500oC, 600oC and 
800oC 

Properties Temperature 100% new 
sand 

40% recycled / 60% new 
sand 

100% recycled 
sand 

Tensile strength 
(N/cm2) 

500oC 47 44 41 

600oC 13 9 6 

800oC - - - 

Bend strength 
(N/cm2) 

500oC 90 106 73 

600oC 33 25 21 

800oC - - - 

% overall drop in tensile strength 84.71 88.46 90.48 

% overall drop in bend strength 88.78 89.27 89.50 
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Cured (500oC)-HR Cured (600oC)-HR 
 

Cured (800oC)-HR – samples completely destroyed 
 

Figure 2: Sand specimens in muffle furnace at different temperature 
 
Figure 3 and 4 graphically plots the variation of residual strength respectively in terms of 
tensile and bend strength at different temperature. Residual strength properties decreases 
as the curing temperature increases. Higher temperatures allow effective burn out of resin 
responsible for the residual strength.  This effect is more pronounced as the content of the 
new sand decreases as indicated in figure 5 below. In addition to this, 100% new sand had 
higher initial primary mechanical strength which led to high residual strength due to more 
heat and time requirements to effectively decay the sand. The significant decrease in 
residual strength with addition in recycling sand indicate that recyclability is more 
pronounced in recycled sand than new sand, hence better reclamation yield in recycled 
sand.  
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Figure 3: Variation of residual tensile strength as a function of temperature 

 

 
Figure 4: Variation of residual bend strength as a function of temperature 

 
Figure 5 shows the overall drop of strength in the cured sand samples as a function of the 
AM sand purity. Overall drop in strength calculated by considering the difference between 
the primary strength and that one attained at 600oC. Results of residual strength appears to 
indicate that the tensile strength reduction is almost constant as a function of the AM sand 
purity. On the other hand, the drop of strength in terms of bend strength appears to be 
very sensitive to the purity of the AM sand. Recycled sand exhibits higher drop of bend 
strength compared to virgin sand. This information could be useful for the designer of knock 
out equipment for AM sand.          
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Figure 5: Overall drop of strength as a function of the purity of AM sand. 
 
4. CONCLUSION 
 
Residual strength is an important property of moulding sand for its recyclability. This 
property was assessed in this study for the sand specimen produced by three - dimensional 
printing process. The initial test results of indicated that AM sand samples retained some 10 
to 20 % of initial strength as residual strength at temperature of 500 and 600 degrees 
Celsius. At temperature of 800 degree Celsius AM sand disintegrated irrespective of its 
purity. Virgin and used AM sand behaved differently in terms of the retained residual 
strength and the overall drop of strength from the initial mechanical properties. It 
appeared that the used sand fared better in terms of minimal retained residual strength 
thus better recyclability of this sand in the three-printing process. The residual strength 
information could be valuably used for optimum operation of three-dimensional printing 
and the design of knockout devices for AM sand.  Future investigations should possibly 
compare the performance of various silica sand and different additive manufacturing 
technologies. 
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ABSTRACT 

Density of sand moulds or cores is an important property to ensure production of quality 
castings. This property has not been assessed for sand parts manufactured by three- 
dimensional printing. In this paper, the densities of American Foundry Society (AFS) 
specimens printed on a Voxeljet VX 1000 using three types of sand were determined. The 
results indicate that the achieved density of sand parts was only a poor fraction of the true 
density of the based sand and inferior to conventional sand molding and core-making 
processes. Comparison of density variability using the F statistical test appears to indicate 
that there is no difference between the different types of sand. Thus, the density 
variability introduced during additive manufacturing of sand parts is constant despite the 
types of raw materials. In addition, 3D parts manufactured by the local silica sand are 
comparable to parts produced by imported sands thus offering the same performance in 
terms of resistance to casting defects due to mould wall movements.  
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1. INTRODUCTION: 

Three-dimensional printing (3DP) has become a mainstream process for the production of 
sand moulds and cores for metal casting applications [1]. This additive manufacturing 
technology provided several advantages compared to conventional sand moulding and core 
making processes including the elimination of pattern and core boxes, the adaptability for 
complex geometry and the reduction of lead design time [2]. Previous limitations of 3DP 
technologies related to the restriction in the number and size of sand parts produced are 
being progressively overcome with the introduction on the market of industrial printers 
suitable for series production such as the Exerial from Exone and the Voxeljet VX 4000 from 
Voxeljet [3, 4]. As such Wholers predicts that the use of 3DP in metal casting will continue 
to grow exponentially in the years to come [5]. 

In the case of the Voxeljet furan process locally available, a furfuryl alcohol based resin is 
deposited onto a sulphonic coated sand by means of a print head. The chemical reaction 
between the furfuryl alcohol and sulphonic acid creates a bond used to bind the sand 
particles. The layer-by-layer deposition of the sand and addition of resin is repeated until 
the mould or core is completely formed. The sand parts are then cleaned and subsequently 
oven cured to improve their strength before being used for the casting process [6] 

A substantial amount of research has focused on the physical properties of printed sand 
molds [7, 8, 9, 10]. These properties include amongst other strength, friability resistance 
and dimensional accuracy as they have profound effects on the quality and economics of 
the final casting produced. One such study analysed the tensile strength and permeability 
of baked samples produced by the ZCast process [7]. A mathematical model was then 
developed that could predict these properties as function of the temperature and time of 
baking of the printed moulds [7]. Snelling et al  [8]  have investigated the properties of 
ZCast moulds using different types of powders and binders. The study specifically focused 
on the effect these moulding materials has on the castings properties in terms of surface 
roughness, density, hardness and porosity [8]. From these studies several recommendations 
were made on the performance of commercially available raw materials. Properties of 
ZCast sand parts were also the focus of a study by Basoli and Atzeni [9] who investigated 
the mechanical optimisation and tolerance calculation of the ZCast process by varying the 
curing temperature.  

The tensile and bend strength and the friability resistance of sand parts produced on 
Voxeljet VX 1000 printer have also been assessed and compared to hand rammed sand 
samples [10]. The study shows that 3DP sand parts had inferior properties compared to 
hand rammed specimen possibly be due to the poor densities of 3DP parts during additive 
manufacturing. 

Density of sand parts produced by 3DP is a property does deserve attention. It is well 
established that this property is important as it fundamentally affects the final strength 
and dimensional accuracy of sand moulds and cores [11]. In addition, casting defects due 
to sand expansion (e.g. scabbings) and to alloy solidification (e.g. shrinkage and hot tears) 
are directly related to the final density of the sand mould [12]. 

One of the essential feature of conventional moulding and core-making processes is to the 
achieved high density of parts through some form of compaction method. These methods 
include hand ramming, jolting, blowing and squeezing [11]. However, it has been found 
that the compaction is minimal in the 3D printing process. Very little compaction is 
achieved by means of an inclined design of the re-coater blade.  
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Sand moulding and core-making equipment are required to consistently produce parts with 
the adequate density. This will ensure minimal variability in the soundness of the final 
casting. Factors affecting the consistency of sand part density include the characteristic of 
raw materials, the quality of foundry tooling and equipment [11]. No literature has been 
found to determine the consistency in the density of sand printed moulds or cores [6]. 

This research study statistically assess the density of sand parts produced on a VoxelJet VX 
1000 printer. The study also compares the densities achieved on the printer using two 
different types of silica sand and one ceramic type sand. A better understanding of this 
important density property complements previous studies on the characteristics of 3DP 
sand parts which should allow the production of improved moulds and cores for rapid sand 
casting applications. 
 
2. METHODOLOGY 
 
The raw materials, equipment and experimental procedures of the study are described in 
the sub-sections below: 
 
2.1. Raw materials 
 
Two different types of silica sand and one ceramic type sand were used to print sand 
specimens. The first sand was an imported silica sand recommended by Voxeljet. The 
second silica sand was sourced from Cape Town in South African. The third type of sand 
was a synthetic ceramic material commercially known as Iso-cast. The sands are referred 
to as A, B and C in the paper. The sands were pre-coated with sulfonic acid prior to their 
use for additive manufacturing. 
 
2.2. Equipment 
 
The printing of the sand specimens was carried out on a Voxeljet VX 1000 available at the 
Advanced Manufacturing Precinct (AMP) of the Vaal University of Technology - Southern 
Gauteng Science and Technology Park. A high precision laboratory scale, of type La Cross 
Scale, was used to determine the mass of individual sand specimens. 
 
2.3. Experimental procedures 
 
The experimental work consisted of the step listed below: 

• Characterization of sands in terms of grain size distribution, grain shape and true 
density. American Foundryman Society (AFS) test procedures for sieve analysis and 
true density were followed. [13]. Scanning electron microscopy (SEM) was used for 
the assessment of sand grain shape. 

• Printing of fifteen AFS sand specimens using sand A, B and C. The AFS specimens 
were cylindrical in shape with a height and diameter equal to 50 mm. These 
samples were oven-cured at 110 degrees Celsius for two hours, twenty four hours 
after 3DP completion. 

• Sand specimens were weighted and the density determined as the mass divided by 
volume. The volume of the AFS specimen was calculated at 98125 mm3 

• Interpretation of density results using descriptive statistics (mean and standard 
deviation) and two tails Fischer-Snedecor (F) statistical test to compare the 
standard deviations. The assumption was that the density distribution follows a 
normal distribution. The null hypothesis (H0) was that there was no difference 
between the variability of density values between two different types of sand. 
The alternative hypothesis (Ha) was that there is difference of variability between 
two different types of sand. The level of significance was 0.05. The mechanics of 
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computing the  F value from appropriate tables can be easily be found in basics 
statistics literature [14]  

3. RESULTS AND DISCUSSION 

3.1. Sand characterization 
Figure 1 shows the grain size distribution of the three different types of sand. Sand A, B 
and C had different grain size distribution and overall grain fineness. The synthetic ceramic 
material (C) is the coarsest with the peak of the size distribution at 425 µm. The AFS 
number for this material was found equal to 36. The imported silica sand (A) was the finest 
material with the peak of its size distribution at 150 µm. The AFS number for sand B was 
found to be equal to 65. It was found that the fineness of the local silica sand (B) was 
between sand A and C. Sand B had size distribution of 300 µm with an AFS number of 48. 

Figure 1: Grain size distribution of three grades of sands 

Figure 2 below shows the grain shape of the three different type of sands. It can be seen 
that the synthetic sand (C) is spherical and smooth. The imported silica sand (A) was found 
to be elongated and angular in shape, where the local silica sand’s (B) roundness and 
angularity was between Sand A and sand B. 
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Figure 2 a – Grain shape of 
imported silica sand (A) 

Figure 2 b – Grain shape 
of local silica sand (B) 

Figure 2 c – Grain shape of 
local silica sand (C) 

Table 1 shows the true densities of the three sand. It can be noticed that the ceramic sand 
(C) is heavier than the silica sands. The two types of silica have the same true densities. 

Table 1 True density of sand A, B and C 

Type of sand True density [g/ cm3] 
A – Imported Silica sand 2.63 
B – Local silica sand 2.64 
C – Synthetic ceramic 3.16 
 
It was found that the properties of sands, in terms of grain size distribution, fineness and 
shape, varied between sand A, B and C. The variation of sand characteristics was found to 
be ideal to assess the influence of the types of sand on the density of sand specimens 
produced by additive manufacturing on the Voxeljet VX 1000. 

3.2. Density of sand specimens 

Table 2 presents the statistical means and standard deviations of the specimen density 
distributions obtained for the three types of sand. The statistics were obtained from 15 
specimens for each sand. The third column of Table 2 include the achieved packing density 
obtained during additive manufacturing. The achieved packing density is obtained by 
dividing the mean of specimen density by the corresponding true density. 

In all cases, the density achieved by three-dimensional printing is a poor fraction of the 
true density of the based sands. In the study, the achieved density varied between 50% and 
60% of the true density compared to values of 70% in the case of conventional moulding 
processes [15]. 

It does appear that the synthetic sand packs better than silica sand due to the well-
rounded and spherical grain shape of grains. As in conventional sand moulding and core-
making processes [11], rounder grain sands are superior to angular grain sand in that they 
produce denser parts after compaction. With this in mind, angularity could be added to the 
specifications of suitable sands for Three Dimensional Printing.  
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Table 2 Descriptive statistics – Mean and standard deviation of specimen’ densities with 
the three different type of sand 

 

The standard deviations of density distribution appear to vary for the tree types of sand. 
The standard deviation for sand B (σB) is higher than the standard deviation for sand C (σB) 
which in turn is higher than the deviation for sand A (σA). This could at first glance suggest 
a variability of density induced by the 3DP process depending on the type of sand.  

Table 3 presents the results of the F statistical test. For each pair of sands, the critical F 
value is higher than the calculated value thus the null hypothesis cannot be rejected at the 
chosen level of significance. According to the F statistical test, there is no significant 
difference of variability of density depending on the type of sands. This implies that the 
Voxeljet VX 1000 was able to introduce the same variability of part density during the 3DP 
manufacturing irrespective of the type of sand. This could possibly be explained by the low 
number of operational variables and parameters during the additive manufacturing. In 
addition, the process is completely automated. 
 

Table 3. Results of the F test for pair of sands (level of confidence = 0.05/2 = 0.025, 
degree of freedom df1 = df2 = 14) 

4. CONCLUSION 
 
In this paper, the density of sand parts printed on a Voxeljet VX 1000 using different types 
of sand was assessed. The investigation revealed that the density achieved during three 
dimensional printing is only a poor fraction of the true density of the based sand. Rounder 
grain shape sands appear to provide denser 3DP parts. F statistical test indicates that the 
density variability is the same in the different type of sands. The study appears to suggest 
that the density of sand parts produced by 3DP is mainly influenced by sand characteristics 
with a constant variability introduced by the three dimensional printer. Further research 
could investigate, the variation of this density bias between the different types of printer 
for rapid casting applications. With the ever increasing use of 3DP sand moulds and cores 
for metal casting applications, a better understanding of the density property of these 
parts will contribute to producing quality casting. 
 

 Mean of specimen 
densities – µ [g/cm3] 

Standard 
deviation of 
specimen 
densities - σX 
[g/cm3] 

Achieved packing 
densities as 
percentage of 
true density [%] 

Sand A – Imported 
silica sand 

1.354 0.029 51.5 

Sand B – Local Silica 
sand 

1.477 0.040 55.9 

Sand C – Synthetic 
ceramic material  

1.954 0.031 61.8 

Pair of sands Critical F value Calculated F value 
B and C 2.9493 1.66 
C and A 2.9493 1.14 
B and A 2.9493 1.90 
   

Page 213



 

 
 

REFERENCES 
 
[1] Almaghariz, E. S. et al. 2016. Quantifying the role of part design complexity in 

using 3D sand printing for molds and cores. International Journal of Metalcasting, 
July, 10(3), pp 240-252 

[2] Ingole, D. S., Kuthe, A. M., Thakare, S. B. & Talankar, A. S. 2009. Rapid 
prototyping - a technology transfer approach for development of rapid tooling. 
Rapid Prototyping Journal, 14(4), pp 280-290. 

[3] ExOne, 2016. "Exerial Industrial Production 3D Printer: The Flagship for Industrial 
Series Production," [Online]. Available: 
http://www.exone.com/Systems/Production-Printers/Exerial. [Accessed 9 August 
2017]. 

[4] voxeljet, 2016. "VX4000 - THE WORLD'S BIGGEST INDUSTRIAL 3D PRINTER,". 
[Online]. Available: https://www.voxeljet.com/3d-drucksysteme/vx4000/. 
[Accessed 9 August 2017]. 

[5] Wohlers, T.T. & Caffrey, T. 2015. "Wohlers report 2015: 3D printing and additive 
manufacturing state of the industry annual worldwide progress," Wohlers 
Associates, Fort Collins. 

[6] Chua, C.K., Leong, K.F., & Lim, C.S. 2010. Rapid prototyping: principles and 
applications, 3rd Edition ed., Singapore: World Scientific. 

[7] Singamneni, S. et al. 2009. Rapid Casting: A critical analysis of mould and casting 
characteristics. Australian Journal of Mechanical Engineering, 7(1), pp 33-43. 

[8] Snelling, D., Williams, C. & Druschitz, A. 2014. A comparison of binder burnout 
and mechanical characteristics of printed and chemically bonded sand molds. 
[Online]. Available: 
http://sffsymposium.engr.utexas.edu/sites/default/files/2014-018-Snelling.pdf. 
[Accessed 21 July 2016]. 

[9] Bassoli, E. & Atzeni, E. 2009. Direct metal rapid casting: mechanical optimization 
and tolerance calculation. Rapid Prototyping Journal, 15(4), pp 238-243. 

[10] Nyembwe, K., Mashila, M., van Tonder, P.J., de Beer, D.J. & Gonya, E. 2016. 
"Physical Properties of Sand Parts Produced Using VoxelJet VX1000 Three 
Dimensional Printer," South African Journal of Industrial Engineering, 27(3), pp 
136-142. 

[11] Beeley, P. 2001. Foundry Technology, Oxford: Butterworth-Heinemann. 

[12] Rajkolhe, R. & Khan, J.G. 2014. "Defects, causes and their remedies in casting 
process: A review," International Journal of Research in Advent Technology, 2(3), 
pp 375-383. 

[13] American Foundry Society. 2006. Mold & core test handbook, American Foundry  

Society. 

[14] Wegner, T. 2012. Applied Business Statistics: Methods and Excel-Based 
Applications, Cape Town: Juta Academic. 

[15] Tilch, W., Polzin, H. & Franke, M. 2015. Praxishandbuch bentonitgebundener 
Formstoff, Berlin: SCHIELE & SCHON. 

 

 

Page 214



 

 

A CASE STUDY OF RAPID SAND CASTING DEFECTS 
 

K.D. Nyembwe1*, K. van der Walt2, D.J. de Beer3, E. Gonya1 

 
1*Department of Metallurgy 

University of Johannesburg, South Africa 
(Corresponding author: dnyembwe@uj.ac.za) 

 
2School of Mechanical Engineering and Applied Mathematics 

Central University of Technology, South Africa 
 

Technology Transfer and Innovation Support 
North-West University, South Africa 

 
ABSTRACT 

 
Rapid sand casting is quickly transforming as an established method for the production of 
sand moulds and cores for metal casting applications by additive manufacturing processes. 
The case study investigated possible sand casting defects resulting from a local 
implementation of rapid sand casting referred to as Rapid Casting for Tooling (RCT). Poor 
workmanship of the RCT process chain was found to be the root cause of sand casting 
defects including cold lap, gas porosity and alignment faults.  
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1. INTRODUCTION 
 
Rapid sand casting is the application of additive manufacturing processes for the direct 
production of sand moulds and cores used for metal casting. As an alternative to traditional 
moulding and core-making processes, rapid sand casting offers several advantages to the 
foundryman including design freedom and the elimination of tooling creating the 
opportunity to save costs and reduce lead design time [1].  Examples of rapid sand casting 
technologies are laser sintering and three-dimensional printing [2]. The latter relies on the 
furan sand casting process while the former is based on the shell sand casting process [3].     
 
Rapid Casting for Tooling (RCT) is an implementation of rapid sand casting process chain 
using locally available technologies, which was proposed in the literature [4]. It consists of 
five steps that include Computer Assisted Design (CAD), Casting Simulation, Laser Sintering, 
Metal Casting and Finishing Operations. RCT was conceptually developed for the production 
of tooling by metal casting. Potential advantages of RCT over CNC machining comprise easy 
learning curve, suitability for producing foundry tooling and low overall processing cost.  
 
Few studies have been conducted to better understand the capability and performance of 
RCT process chain. Applying the Analytic Hierarchy Process (AHP) technique, it was found 
that laser sintering was superior to three-dimensional printing as additive manufacturing 
system for RCT when considering a set of four criteria namely manufacturing cost, 
manufacturing time, dimensional accuracy and surface finish [5]. An additional 
investigation assessed the surface finish and dimensional accuracy of RCT components [6]. 
It was found that mould coating contributed slightly to the improvement of the cast tool 
surface finish. The study also revealed that the additive manufacturing of the sand mould 
was the chief factor responsible for the loss of dimensional accuracy and relatively inferior 
surface finish. These findings suggested that minimal machining will always be required to 
improve the surface finish and the dimensional accuracy of cast tools in rapid prototyping 
sand moulds.  
 
It is well known that the sand casting method is prone to casting defects. The general 
origin of defects lies in three sectors namely the casting design, the technique of 
manufacture (the method) and the application of the technique (the workmanship) [7]. In 
the case of the RCT, possible defects due to the casting design should be alleviated by the 
provision of the first two steps of the process chain namely CAD and Casting simulation. 
The impact of the method and the workmanship as they especially relate to the additive 
manufacturing step of the RCT process chain has not been investigated and is largely 
unknown at the present moment. On the other hand, casting defects due to the quality and 
condition of the metal and the finishing operations such as sand blasting, fettling and 
machining are extensively documented in the literature [8]. 
 
With the aid of a real case study, this paper attempts to understand the possible casting 
defects during the implementation of RCT.  As such, the investigation intends to contribute 
an initial development of technological know-how as well as the building of knowledge 
management around RCT in particular and rapid sand casting in general. 
 
2. METHODOLOGY AND PRELIMINARY CONSIDERATIONS 
 
2.1. Case study 
 
The case study was provided by a local sand foundry.  It consisted of the manufacturing a 
sand casting pattern to be used on a Disamatic moulding machine. The pattern layout is 
shown in Appendix 1. This tool will be used as one of the two Disamatic machine plates for 
making greensand moulds for a steel engineering bonnet shown in figure 1. The pattern 
alloy material was spheroidal cast iron of grade 60. 
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Figure 1: Two dimensional drawing of the steel bonnet to be produced using the 
pattern to be manufactured by RCT 

 
The maximum dimension of the plate equal to 600mm was found to be too large for 
growing single mould components (cope and drag) on most commercial additive 
manufacturing systems. It required partitioning of mould components. The flat geometry of 
the tool also required careful design of the gating system and provision for venting to allow 
complete filling of the mould and escape of the gases. Finally the size and weight of the 
plate necessitated a strong mould to prevent mould wall movement and loss of casting 
dimensional accuracy.  

 
 

2.2. Experimental procedure 
 
The experimental procedure followed in the casting trial of the sand casting pattern is 
summarized in Table 1. Casting simulation was conducted using Magmasoft software to 
make sure that the pattern could be produced free of defects such as shrinkage porosity 
and sand inclusion. Figure 2 and 3 show the casting simulation results in terms of 
methoding design and fluid flow. An inclination of 15 degree was recommended. Vents 
were also included in the casting design. Additional simulation results on air entrapment, 
shrinkage and hardness are shown in Appendix 2 predicting a final casting meeting 
specifications.  
 

Table 1 Software, Equipment and Casting parameters used in the casting trial of the 
sand casting pattern 

 
 

RCT Steps Experimental parameters 
CAD Modelling 
(Pro Engineering software: 
wildfire II) 

- - Filleting of designs (default setting of the casting 
toolbox software) 

- - Shrinkage allowance factor: 1.10  
- - 10mm machining allowance added 

Casting simulation - - Objectives: complete filling of the mould and escape 
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(Magmasoft software) 
 

of air during pouring 
   - Iterations: 3 

Rapid prototyping 
(SLS EOSINT S 700 machine) 

- Standard operating parameters 
- - Curing of mould parts at 750 C 

    - Shell sand (silica) 

Metal Casting 
(Gravity casting) 

- - Charge: Pig iron + steel scrap (Appendix 3)  
- - Induction melting 
- - George Fisher inoculation (Magnesium treatment) 
- - Pouring temperature: 14000 C 
-  

Finishing operation 
 

- - Sand blasting followed by fettling for the plate 

 
 
 

Figure 2: Casting methoding design suggested after simulation 
 

The entire mould was made of four sand parts that were grown on an EOSINT S700 laser 
sintering machine at the Centre for Rapid Prototyping Manufacturing (CRPM) at the Central 
University of Technology in Bloemfontein [9]. The various sand parts were glued together 
to form the cope and the drag.  The internal cavity of the mould was spray coated with 
graphite paint to improve the surface finish of the final casting (Figure 4).  Before pouring 
the molten metal, the mould was placed in a frame filled with backing sand and weights 
were placed on top as shown in Figure 5 in order to make it able the withstand the 
metallostatic pressure of the liquid metal. Gravity casting using a ladle operated manually 
was employed to cast the mould.  
 

 

Page 218



 

 

 
Figure 3: Mould filling results 

 
 

 
 

Figure 4: Drag component of the mould with the internal cavity of the tool to be cast.  
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Figure 5: Assembled mould with weights and required inclination (see magnetic angle 
finder tool) ready to be poured. 

 
 

3. RESULTS AND DISCUSSION 
 
Figure 6 shows the front picture of final sand casting plate. The finishing operations 
included sand blasting and fettling to remove the casting runners. No machining of the cast 
pattern was performed.  
 
The final casting picture revealed evidence of noticeable defects including: 
1. Cold lap mainly visible in the top half of the casting 
2. Gas porosity in top right region 
3. Vertical alignment fault in the middle of the casting  
 
Cold lap defects are generally due to poor metal fluidity. Low pouring temperature is 
usually the main culprit for low metal fluidity. Mould factors related to thermal properties, 
surface effects and air pressure could also cause inadequate effective fluidity of the cast 
alloy [7] resulting in cold lap defects. Gas porosity defects are mainly due to sub-optimal 
mould permeability to allow gas escape during casting [8]. Finally, misalignment is 
generally due to inadequate jointing of the mould components to produce the final casting 
cavity. Figure 6 also revealed a general loss of dimensional accuracy.  
 
It is the opinion of authors that the casting defects experienced in this case study could be 
chiefly attributed to the workmanship of manipulating laser sintered sand moulds. The 
jointing of the moulds components were not done correctly. Backing sand was used to 
increase the strength of the mould but had inadequate green strength and permeability. As 
a result of this incorrect application of the sand technique, a mould leak occurred during 
the casting trial. Thus the top section of the casting was subsequently filled with cold 
metal resulting in the occurence of cold lap defect. The feeding system reservoirs could 
not be adequately filled with molten metal thus the apparition of shrinkage and porosity 
defects. Finally the poor joining of the sand mould components was solely responsible for 
the vertical alignment fault.  
 

Magnetic 
Angle finder 
Tool 
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Figure 6: Final casting exhibiting some defects: 1: cold lap; 2: porosity; 3: Alignment 
fault 

 
 
The casting defects suffered in this casting trial were unlikely to occur had traditional 
moulding methods be used with minimal requirements for joining mould components and 
elimination of backing sand use. Foundryman are well familiar with these traditional 
moulding methods. Fortunately, the casting defects were not dimmed to be deleterious 
enough to be scrapped the final casting. This casting could be salvaged by machining to 
produce a useful sand pattern. 
 
4. CONCLUSIONS AND RECOMMENDATIONS 
 
Rapid sand casting offers an alternative to traditional sand casting methods. This case 
study investigates possible challenges that are encountered when working with additive 
manufacturing sand moulds in order to produce defect free castings. The study shows that 
laser sintered sand moulds in particular require to be handled with appropriate care to 
avoid casting defects such as cold lap, gas porosity and alignment fault. Additional case 
studies employing alternative additive manufacturing technologies such as three-
dimensional printing need to be conducted in order to fully understand the potential and 
limitations of rapid sand casting applications. 
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ABSTRACT 

Computer based simulation has become an invaluable tool in the modern manufacturing 
industry. Various numerical models have been developed for investigating the selective 
laser melting process; however, due to the wide range of simulation approaches, variations 
between models exist. This paper provides a systematic quantitative review of the 
numerical models replicating various selective laser melting phenomena over the past five 
years. The review aims to identify trends, challenges and opportunities in existing 
simulations in order to aid in the pursuit of replicating multi-physical, full scale simulations 
of additive manufacturing processes.     
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1. INTRODUCTION 

The additive manufacturing (AM) industry consists of a collection of new and developing 
technologies. For this industry to compete with the current established near-net shaping 
technologies, it needs to improve on certain production capabilities such as the reduction 
in lead time, quality enhancements, waste control and cost savings [1]. Selective laser 
melting (SLM) is an AM process which utilises a high powered laser to selectively melt and 
consolidate powders of a variety of materials in order to form 3D objects. It is a highly 
valued technology due to the added advantage of being able to produce complex, high 
density and fully functional components from materials which are known for being difficult 
to process [2].   
 
A current drawback of the SLM technology is that when a new powdered material is 
introduced to the SLM process, it first needs to undergo rigorous calibration tests, which 
are often costly and time consuming. Calibration is required in order to determine the SLM 
processing parameters (laser power, scanning speed, layer thickness, etc.) which will yield 
the optimal melting results for a specific material as each material has its own unique 
thermal properties [3]. Non-optimised process parameters will lead to build deficiencies 
such as poor surface quality (balling), high levels of porosity, and delamination in extreme 
cases [4], [5].   
 
The first numerical models which described laser-material interaction phenomenon 
appeared in the 1980’s [6]. Numerical models were developed in order to investigate 
welding principles such as surface tension in the melt pool, fluid flow in the laser melt, 
melt pool convection, and laser scan parameter effects on the fluid flow [7]. Findings of 
these early models are still relevant and form the basis of many modern SLM simulation 
analyses. 
   
Numerical methods that simulate the SLM process have been utilised by several researchers 
since the introduction of powder bed fusion (PBF) technologies. The main goal of the 
numerical models was to replicate the multi-physics SLM process as accurately as possible. 
Simulations incorporating various established mathematical formulations were used to 
develop accurate representations of physical phenomena such as thermal history, melt pool 
geometry, thermal stresses, etc. [8]. Due to the complexity of simulating the SLM process, 
researchers have also used certain approaches to limit the scope of their numerical 
models. However, different approaches lead to variations in results, even when 
investigating the same phenomenon with constant material properties and process 
parameters. Depending on the intended application, large variations in simulated results 
can be problematic.    
 
This paper reviews current SLM processing simulation approaches implemented by 
researchers to replicate various processing phenomena using the systematic quantitative 
assessment technique as described in ref [9]. The results obtained through the review can 
assist in identifying challenges and opportunities for future research in this AM field. 

2. REVIEW METHODOLOGY 

Due to the vast nature of the PBF simulation research field, selection criteria were defined 
in order to limit the scope of this review paper. Only publications which adhered to each of 
the specified criteria were considered for further evaluation. These criteria included:   

2.1 Selection criteria 

1. Simulations based solely on the selective laser melting process.  
2. Recent publications: 2012 – 2017. 
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2.2 Evaluation procedure 

A total of 45 publications met all the outlined selection criteria and were included in the 
review. Table 1 lists the publications according to the year of publication.  

3. SLM NUMERICAL MODELLING REVIEW 

During the systematic quantitative review, the numerical models were deconstructed in 
order to determine the methods used to simulate a particular SLM phenomenon. The 
quantitative review analysed five characteristics of the researcher’s developed SLM 
simulation model, namely the SLM phenomenon simulated, the numerical analysis 
technique used, the scale of the simulated phenomenon, the physical model constructed 
and the software used for the simulation. By quantifying these characteristics it is possible 
to provide an informed opinion on the current state of the SLM research field.  
 

3.1 SLM phenomenon simulated 

SLM is a multi-physics technology process which includes aspects of optics, laser physics, 
heat and mass transfer, metallurgy, mechanics, and other fields of science [10]. SLM 
numerical modelling has been the best method for investigating difficult to measure 
phenomenon [11]. SLM phenomenon currently investigated using numerical modelling 
include the temperature distribution, melt pool geometry, melt pool flow dynamics, 
residual stress, microstructure and powder configuration. Researchers were not limited to 
the scope of their investigation as most of the reviewed publications included multiple 
phenomena in their simulations. The simulated phenomenon in each reviewed publication 
is included in Table 1. The results of the quantitative review of the SLM phenomena are 
summarised in Figure 1.  
 

 

Figure 1: Distribution of the simulated SLM Phenomenon in reviewed literature. 

 
3.1.1 Temperature distribution 
This review revealed the most common numerical modelled phenomenon, with 41% of the 
occurrences as seen in Figure 1, is the temperature distribution resulting from the laser 
heat input to the surface of the powder bed. The temperature distribution plays an 
important role in both the physical and mechanical properties of fabricated parts [12]. The 
temperature distribution is used to understand the thermal history within the scan tracks 
during multiple track and layer processing [13]. The temperature distribution simulations 
are validated with infrared cameras [14],  thermocouples [15] and analysis of solidified 
microstructure [16].  
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3.1.2 Melt pool (isotherm) geometry  
The second most commonly simulated phenomenon, with 30% occurrences as seen in Figure 
1, is the melt pool or isotherm geometry. The simulations primarily investigated the shape 
of the melt pool, while disregarding the flow dynamics developed in the isotherm. The 
melt pool is highly sensitive to SLM processing parameters such as laser scanning speed 
[17], scanning length [18], power absorptivity [19], laser power input [17] and laser spot 
size [20]. The melt pool geometry affects the re-melting of previously processed layers. 
This influences quality issues such as porosity and delamination [18]. The melt pool width 
and depth can be validated through cross-sectional micrograph measurements of 
experimentally processed scan tracks [20].  
      
3.1.3 Residual stress 
Residual stress is another commonly simulated phenomenon, with 10% occurrences as seen 
in Figure 1. It is primarily caused by high thermal gradients between neighboring processing 
tracks and layers [21]. Residual stress in SLM components lead to abnormalities such as 
deformation and cracks [22]. Numerical simulation of residual stress may provide insight 
into geometries requiring better support structures in order to withstand the buildup of 
internal stresses and/or increase heat dissipation within the part during SLM processing 
[21]. Residual stress can be validated by experimentally measuring part distortion [23], 
neutron diffraction [24],  in-situ strain gauge measurements [25] and micrograph analysis 
of crack geometry and orientation [16].  
 
3.1.4 Powder configuration 
Powder particle packing configuration is influenced by factors such as the powder size 
distribution, powder morphology, packing density and layer thickness.  Numerical modeling 
of the powder configuration is of importance as it influences the resulting surface structure 
and sub-surface porosity of SLM components. Past  particle distributions models have 
simulated the phenomenon using random packing configurations or particle raining model, 
where particles are dropped into position within a packed configuration [26]. Powder 
configuration validation techniques included measurement of the powder bed density [27] 
and surface morphology [26]. 
 

3.1.5 Melt pool flow dynamics  
Melt pool flow dynamics numerical models focused on simulating the physics which 
influences the fluid properties of the molten powder. The models included thermo-fluid 
principles [28] as well as the individual powder particle interactions [19]. The models 
aimed at predicting suitable SLM process parameters to limit defects such as the balling 
effect and keyhole formation [29]. The melt pool flow dynamics were validated by 
observing the morphology of single scan tracks [26].  
  
3.1.6 Microstructure 
Numerical modeling techniques used to predict microstructural grain formation during SLM 
processing have only recently been developed and was found in only 3% of publications (see 
Figure 1). Majority of the microstructural investigations only focused on experimental 
observations [8].  Microstructural inhomogeneity is a major concern in SLM produced parts. 
Therefore, the challenge is to control the microstructural evolution during SLM processing 
[30]. The developed models used simulated temperature profiles to predict microstructure 
formation. The microstructure was validated by measuring the average experimental grain 
size observed in etched micrographs and comparing it to the simulated predictions [8].  
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3.1.7 Relative density  
As shown in Figure 1, only one reviewed publication included a numerical model which 
aimed at predicting the relative density in SLM components. Porosity in SLM components is 
one of the main challenges facing this AM technology. The relative density gives an 
indication of the total porosity within the process components. A numerical model can be 
used to determine the influence of process parameters on the internal density of SLM 
components [31]. The relative density was validated through the quantitative 
measurement of observed pores in micrographs of SLM processed parts [31].  

3.2 SLM analysis techniques 

Researchers use different simulation analysis techniques depending on the SLM 
phenomenon under investigation. The observed numerical analysis techniques simulating 
SLM phenomenon include finite element analysis, computational fluid dynamics, discrete 
element methods and (CAFE). The publications implementing the various analysis 
techniques in their SLM numerical models are listed in Table 1. Finally, the findings of the 
quantitative review of the analysis techniques are summarised in Figure 2. 

 

Figure 2: Distribution of the analysis techniques used in reviewed literature. 

3.2.1 Finite Element Analysis 
Finite element analysis (FEA), also known as the finite element method (FEM), is a 
technique used to obtain approximate solutions of field problems (i.e. heat transfer, 
stress, displacement, etc.). The term ‘field’ refers to the domain of interest, such as a 
physical structure. The FEA method works on the principle of dividing a domain into 
discrete units known as finite elements [32]. These elements have distinct shapes such as 
2-dimensional triangles and quadrilaterals or 3-dimensional tetrahedral, wedges and bricks 
[33]. The elements are distinguished by the connectivity of their member nodes. The 
particular arrangement of the elements is called a mesh. Each element in the mesh 
contains a subset of equations to the original problem which needs to be solved at the 
nodes. The systematic solution of each of these unknown nodal quantities, recombine into 
a global system of equations in order to present a final spatial distribution of the original 
problem (i.e. heat transfer) [34]. FEA is generally used to simulate the temperature 
distribution and residual stresses in SLM layers or components. The analysis technique has 
also been used in combination with fluid analyses in some simulation analysis publications 
[35],[28]. Figure 2 illustrates the distribution % of FEA found in the reviewed literature. 
 

3.2.2 Computational Fluid Dynamics  
The main application of computational fluid dynamics (CFD) is to investigate the mechanics 
of fluids [36]. The finite volume method (FVM) is the preferred method used in the CFD 
analysis technique. The FVM is a numerical technique which transforms partial differential 
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equations representing conservation laws (mass, momentum and energy) over differential 
volumes into discrete algebraic equations over finite volumes (elements). The 
characteristics of the FVM have made it suitable to use in numerical simulations of a 
variety of applications involving fluid flow, and heat and mass transfer [37]. The CFD 
technique is used to predict the flow mechanics in the melt pool formed during laser-
powder interaction. The technique has been used in combination with particle analysis 
methods [38],[29] and FEA, as mentioned previously.  The distribution of reviewed 
publications using CFD or CFD combinations is shown in Figure 2. 
3.2.3 Discrete Element Methods 
Discrete element method (DEM) is the modelling approach developed to approximate 
particle material behavior [39]. The method incorporates aspects such as particle 
properties and interaction laws between individual particles, which are used to predict the 
behavior of the bulk particulate medium. Computational time increases with the amount 
and complexity of particles, however, advances in computing power and numerical 
algorithms have enabled the numerical simulation of millions of particles on a single 
processor [40]. Past SLM models have investigated the effects of particle size and 
placement on the density and surface quality of components. As mentioned previously, 
DEM has been used in combination with the CFD technique.  
 
3.2.4 CAFE Methods 
Cellular automata finite element (CAFE) method can be used to simulate and predict 
microstructure evolution during metal solidification for laser based additive manufacturing 
processes [41]. The finite element calculation of the thermal field is coupled with the 
cellular automata grain growth model to predict dendritic grain growth [26].  Only two 
researchers in the past five years have used this novel simulation approach for SLM 
microstructure evolution predictions. The numerical models are primarily 2D-simulations 
which have had good correlations to experimental results.  

3.3 Simulation scales 

As the SLM technology uses a multi-physics process, certain phenomenon can only be 
studied on very small scales, whereas other phenomena affect the entire component and 
needs to be evaluated in the bulk material. Hence, SLM models focus on various scales of 
simulations.  
 
PBF simulation scales have been defined by various researchers in literature [5],[29],[42]. 
In this paper, a scale is defined according to the definition described by Sames [5]. 
However, due to the SLM process involving multi-physics, numerical models have been 
created which include multiple scales. The multi-scales numerical models in this paper are 
distinguished as being either in the micro-meso, meso-macro or micro-meso-macro scales. 
Examples of simulations are displayed in Figure 3 with a broader description of each scale 
in the sub-sections below. The results of the systematic quantitative review are presented 
in Figure 4. 
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Figure 3: SLM simulation scales categories. 

3.3.1 Micro-scale (10-9 - 10-6) 
These models focus on the physics and phenomenon surrounding individual particles. It 
assigns properties of the intrinsic bulk material to single particles. Heat transfer principles 
are then applied to individual particles to predict the particles reactions to changes in 
environmental conditions. The physics of single particles can be extrapolated and applied 
in continuum simulations [5].  
 
3.3.2 Micro-Meso scale  
These models combine physics on a particle level with melt pool flow principles [38]. 
Therefore, these simulations predict the laser-material interaction with much detail.   
 

3.3.3 Meso-scale (10-6 - 10-3) 
These models are used to simulate continuum melting and solidification dynamics. The 
model formulation is based on continuum mass, momentum and energy conservation 
equations. The continuum properties are based on the weighted volumetric fraction of the 
powder phase constituents. The model can also include surface tension and tracking of the 
fee surfaces based on the volume of fluid [5]. 
  
3.3.4 Meso-Macro scale  
An example of this scale would be a numerical model, which firstly simulates the melt pool 
geometry and then expands it to a multiple track simulation to assess the bulk effect of 
the geometry during large scale processing.   
 

3.3.5 Macro-scale (10-3 - 100) 
These models include thermo-mechanical simulations which are used to evaluate the effect 
of parameter changes on phenomenon such as temperature distribution, residual stress and 
distortion within continuous powder layers in the global model [42]. The continuous nature 
of the material requires homogenised properties such as effective thermal conductivity, 
beam absorptivity, beam penetration depth, etc. [5].  
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Figure 4: The distribution of simulation scales in review literature. 

3.4 Simulation software 

Another important simulation characteristic documented during this systematic 
quantitative review is the numerical software used to perform the SLM simulations. Most 
software packages specialise in a certain analysis field, whereas others have the ability to 
simulate multi-physics phenomenon. Simulation software differ from each other in a 
variety of areas such as material property input methods, mesh setup and post processing 
[43]. It may be the case that researchers simulate the same SLM phenomena with similar 
material properties and processing parameters, however they yield different result using 
different software packages. It should be noted that a simulation package is only included 
in the review if the researcher clearly stated that it was implemented in the numerical 
analysis.  
 
The software packages ANSYS®, ABAQUS® and COMSOL Multiphysics® occur most often in 
SLM simulation literature consulted. These packages are predominantly used to perform 
FEA on the SLM process to predict phenomenon such as the temperature distribution, 
residual stresses, and melt pool geometry. The number of occurrences shown in Figure 5 
corresponds to the large share of publications using FEA to simulate the SLM process. Other 
software packages which simulated SLM process using the FEA technique include Cubes®, 
MSC Marc®, Diablo®, and SYSWELD®. 

 

Figure 5: Software implemented in reviewed SLM simulation publications. 
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Reviewed literature which investigated phenomenon such as particle configuration and 
melt pool flow principles mainly used software packages based on the CFD technique. 
These packages include OpenFOAM®, FLUENT® and Flow-3D®, with OpenFOAM® being the 
most common. 

3.5 Physical Model 

Numerical SLM models have evolved over time as the computational capabilities of 
processing systems have improved. The first SLM simulations only focused on predicting 
phenomenon in two-dimensions (2D). These models then started to incorporate more 
complex analyses and expanded the simulation to the three-dimensional (3D) space. The 
end goal of SLM numerical simulations is to replicate the manufacturing process of full 3D 
models, including all its complex geometrical features. 
 
Currently, SLM models vary in their geometrical complexity. The models reviewed in 
literature were characterised according to their dimensional complexity and the amount of 
layers and tracks present. Examples of these geometries are shown in Figure 6 with the 
summary of the quantitative review in Figure 7. The complete list of model geometries is 
given in Table 1. 

 

Figure 6: SLM simulation model geometries. 

3.5.1 2D multi-layer 
2D multi-layer numerical models provide a cross-sectional view of the SLM build process. 
These models are not common in recent literature, with only 13% of models consulted in 
this review using this setup. A reason for this might be that advancements in computational 
processing have made it easier to construct 3D simulations. 2D models reviewed were 
usually constructed in research with novel simulation aspects, such as phenomenon or 
computational methods (CAFE).  
3.5.2 3D single layer, single track 
Although it is the most basic of the three-dimensional setups, single layer, single track 
representations include great detail on melt pool geometrical features and flow dynamics. 
This is the most common model used in FEA and CFD simulations, occurring in 35% of the 
reviewed literature. 
 
3.5.3 3D single layer, multi–track 
Single track, multi-layer models provide insight on the developed thermal history between 
tracks of a single powder layer caused by a variation in SLM processing parameters. 
Knowing this will be useful when considering increasing the hatch spacing while still 
achieving consolidation between tracks.   
 

3.5.4 3D multi-layer, single track 
Multi-track, single layer models provide insight on the developed thermal history between 
multiple layers of a single scanned track caused by a variation in SLM processing 
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parameters. Multi-layer simulations can be used, for example, to determine the layer 
thickness required for sufficient inter-layer bonding. This was the least common model 
setup with a distribution of 7% in literature consulted. This may be due to the lack of CFD 
simulations investigating multi-layer phenomena.    
 

3.5.5 3D multi-layer, multi-track 
This is the most complex geometrical model setup. It incorporates multiple layers and 
tracks in order to simulate phenomena in full scale. These simulations require great effort 
to construct and are computationally expensive; however results are used to provide 
insight on a variety of phenomena with18% of models in the reviewed literature using this 
setup. Most of the simulations featured basic rectangular shaped models, with the 
exception of Kundakcioglu [44], who produced a full 3D, complex geometrical model.  

 

Figure 7: Distribution of model geometries in reviewed literature.  

4. CONCLUSION 

SLM is a multi-physics technology process which includes aspects of optics, laser physics, 
heat and mass transfer, metallurgy, mechanics, and other fields of science [10]. In order to 
investigate this multi-physics AM process, researchers have used numerical modelling as a 
tool to replicate these physics in a controllable fashion. This paper provided a systematic 
quantitative literature review of 45 publications that used simulations to predict various 
SLM phenomena over the past five years. The quantitative analysis of several key 
characteristic of the various SLM numerical models identified the research distribution on a 
global scale. The particular characteristics quantified in this review included the simulated 
phenomena, analysis techniques, simulation scales, software and setup of the physical 
phenomena. The main conclusions of these five characteristics are listed below. 
 

• The temperature distribution was the most commonly simulated SLM 
phenomenon. Simulations predicting the temperature distribution due to SLM 
processing were observed on all scales and it was often replicated because of 
other phenomena, such as melt pool geometry and flow mechanics. While 
phenomena such as microstructure evolution and relative porosity, which is 
equally important to part quality, have been relatively under investigated in 
recent literature.  

• A variety of SLM simulation techniques were identified and quantified during the 
review. An overwhelming (71%) majority of the publications used FEA to perform 
their investigations with CFD and DEM trailing far behind. Interestingly, a few 
simulations incorporated a combination of either DEM and CFD, or CFD and FEA. 
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Such combinations drive research towards incorporating all SLM multi-physics in 
process simulations.       

• The different simulation scales implemented in the numerical models were 
described, identified and quantified. The reviewer used scale definitions from 
literature in order to identify the simulation scales if it was not clearly stated in 
the reviewed publication. Multi-scale simulations were identified, which were 
able to simulate certain SLM phenomena in greater detail than with single scale 
simulations. However, no true multi-scale simulation could be identified, which 
included physics from simulating individual particle characteristics to global 
component phenomena. 

• The software packages ABAQUS®, ANSYS® and COMSOL Multiphysics® make up the 
majority of numerical solvers identified in literature. This corresponds to the high 
percentage of FEA based simulations, as these packages are widely implemented 
by researchers for heat and stress analyses. SLM simulations investigating multi-
physics behavior used COMSOL Multiphysics®, OpenFOAM®, Flow-3D® and ALE3D®.    

• Each of the numerical models reviewed were characterised according to their 
geometrical complexity. The complexity levels were described and quantified. It 
was noted that phenomena investigated determined the geometry and complexity 
included in the physical model. A single case was identified of a numerical model 
replicating the layer wise-production process of a full scale, 3D object.  

 
The investigated SLM characteristics were limited in this review due to the broad scope of 
this research field. Future reviews may investigate additional simulation characteristics 
such as model geometries, mesh strategies, processing parameters and feedstock 
materials.  
 

Table 1: Summary of the characteristics of the reviewed publications  

References Ref # Simulated Phenomenon Analysis 
Technique 

Simulation 
Scale 

Simulation 
Software 

Physical 
Model 

Wu, Wang and 
An, 2017 [45] 

Temperature 
distribution,  

Residual stress, 
 Melt pool geometry 

FEA Meso-Macro ABAQUS 
3D multi-

layer, multi-
track 

Panwisawas et 
al., 2017 [26] 

Temperature 
distribution, Melt pool 

geometry, Powder 
configuration, Melt pool 

flow mechanics, 
Microstructure 

CFD Micro-Meso OpenFOAM 
3D single 

layer, single 
track 

Lopez-Botello et 
al., 2017 [8] 

Temperature 
distribution,  

Microstructure 
CAFE Micro-Meso N/A 2D multi-

layer 

Kundakcioglu, 
Lazoglu and 
Rawal, 2016 

[44] Temperature 
distribution FEA Macro COMSOL 

3D multi-
layer, multi-

track 

Vastola et al., 
2016 [46] Temperature 

distribution FEA Micro ABAQUS 2D multi-
layer 

Romano, Ladani 
and Sadowski, 

2016 
[20] 

Temperature 
distribution,  

Melt pool geometry 
FEA Meso ABAQUS 

3D multi-
layer, single 

track 

Foroozmeht et 
al., 2016 [13] 

Temperature 
distribution,  

Melt pool geometry 
FEA Meso-Macro ANSYS 

3D single 
layer, multi-

track 

Gu and He, 2016 [16] Residual stress  FEA Macro ANSYS 
3D single 

layer, multi-
track 

Li, Liu and Guo, 
2016 [23] Temperature 

distribution,  FEA Meso-Macro ABAQUS 3D single 
layer, single 
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Residual stress track 

Zinoviev et al, 
2016 [30] Microstructure CAFE Micro N/A 2D multi-

layer 

Huang et al., 
2016 [47] 

Temperature 
distribution,  

Melt pool geometry 
FEA Meso-Macro N/A 

3D single 
layer, multi-

track 

Denlinger et al., 
2016 [15] Temperature 

distribution FEA Macro CUBES 
3D single 

layer, multi-
track 

Hu, Ding and 
Wang, 2016 [48] 

Temperature 
distribution,  

Melt pool geometry 
FEA Macro ANSYS 

3D multi-
layer, multi-

track 

Leitz et al., 2016 [28] 

Melt pool geometry, 
Powder configuration, 

Melt pool flow 
mechanics 

CFD-FEA Micro-Meso COMSOL 
3D single 

layer, single 
track 

Khairallah et al., 
2016 [19] Melt pool geometry, 

Powder configuration CFD Micro-Meso N/A 
3D single 

layer, single 
track 

Li et al., 2016b [49] 

Temperature 
distribution,  

Residual stress, 
 Melt pool geometry 

FEA Meso-Macro ABAQUS 
3D multi-

layer, multi-
track 

Masoomi et al., 
2015 [50] Temperature 

distribution FEA Macro COMSOL 
3D multi-

layer, multi-
track 

Lee and Zhang, 
2015 [29] 

Powder configuration,  
Melt pool flow 

mechanics 
DEM-CFD Micro-Meso Flow-3D 

3D single 
layer, single 

track 

Yuan and Gu, 
2015 [11] 

Temperature 
distribution,  

Melt pool geometry 
CFD Micro FLUENT 

3D single 
layer, multi-

track 

Yadroitsev, 
Krakhmalev and 
Yadroisava, 2015 

[51] 
Temperature 
distribution,  

Melt pool geometry 
FEA Meso-Macro COMSOL 

3D single 
layer, multi-

track 

Table 2: Continued  

References Ref # Simulated Phenomenon Analysis 
Technique 

Simulation 
Scale 

Simulation 
Software 

Physical 
Model 

Wischeropp et 
al., 2015 [52] Temperature 

distribution FEA Meso COMSOL 2D multi-
layer 

Cheng and Chou, 
2015 [18] 

Temperature 
distribution,  

Melt pool geometry 
FEA Meso ABAQUS 

3D single 
layer, multi-

track 

Yan et al., 2015 [53] Temperature 
distribution FEA Meso N/A 

3D single 
layer, single 

track 

Loh et al., 2015 [54] 
Temperature 
distribution,  

Melt pool geometry 
FEA Meso COMSOL 

3D single 
layer, single 

track 

Sun et al., 2015 [17] 
Temperature 
distribution,  

Melt pool geometry 
FEA Meso-Macro ANSYS 

3D single 
layer, multi-

track 

Yadroitsava et 
al., 2015 [10] 

Temperature 
distribution,  

Melt pool geometry 
FEA Meso COMSOL 

3D single 
layer, single 

track 

Dai and Gu, 2014 [31] 

Temperature 
distribution,  

Melt pool geometry, 
Relative density 

CFD Meso FLUENT 
3D single 

layer, single 
track 

Neugebauer et 
al., 2014 [55] 

Temperature 
distribution,  

Residual stress 
FEA Macro MSC Marc 

3D multi-
layer, multi-

track 
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Fu and Guo, 2014 [56] 
Temperature 
distribution,  

Melt pool geometry 
FEA Meso ABAQUS 

3D multi-
layer, single 

track 

Khairallah and 
Anderson, 2014 [35] 

Melt pool geometry, 
Powder configuration, 

Melt pool flow 
mechanics 

CFD-FEA Micro-Meso ALE3D 
3D single 

layer, single 
track 

Li and Gu, 2014b [22] 
Temperature 
distribution,  

Melt pool geometry 
FEA Meso-Macro ANSYS 

3D single 
layer, multi-

track 

Antony, 
Arivazhagan and 
Senthilkumaran, 

2014 

[57] 
Temperature 
distribution,  

Melt pool geometry 
FEA Meso-Macro N/A 

3D single 
layer, single 

track 

Riedbauer et al., 
2014 [14] 

Temperature 
distribution,  

Residual stress, 
 Melt pool geometry 

FEA Macro N/A 
3D single 

layer, single 
track 

Kovaleva, 
Kovalev and 

Smurov, 2014 
[58] Powder configuration DEM Micro N/A 

3D single 
layer, single 

track 

Ilin et al., 2014 [59] 
Temperature 
distribution,  

Melt pool geometry 
FEA Macro MSC Marc 2D multi-

layer 

Papadakis et al., 
2014 [60] 

Temperature 
distribution,  

Residual stress 
FEA Macro SYSWELD 

3D multi-
layer, multi-

track 

Gürtler et al., 
2014 [27] Melt pool geometry, 

Powder configuration DEM-CFD Micro OpenFOAM 
3D single 

layer, single 
track 

Li and Gu, 2014a [61] 
Temperature 
distribution,  

Melt pool geometry 
FEA Meso-Macro ANSYS 

3D multi-
layer, multi-

track 

Hodge, Ferencz 
and Solberg, 

2014 
[62] 

Temperature 
distribution,  

Residual stress, 
 Melt pool geometry 

FEA Meso-Macro Diablo 
3D multi-

layer, single 
track 

Vijay and Rao, 
2013 [12] Temperature 

distribution FEA Meso ANSYS 
3D single 

layer, multi-
track 

Table 3: Continued  

References Ref # Simulated Phenomenon Analysis 
Technique 

Simulation 
Scale 

Simulation 
Software 

Physical 
Model 

Körner, Bauereiß 
and Attar, 2013 [63] Powder configuration DEM-CFD Micro N/A 2D multi-

layer 

Gürtler et al., 
2013 [38] 

Temperature 
distribution,  

Melt pool geometry 
CFD Micro-Meso OpenFOAM 

3D single 
layer, multi-

track 

Hussein et al., 
2013b [64] 

Temperature 
distribution,  

Residual stress, 
 Melt pool geometry 

FEA Meso ANSYS 
3D single 

layer, multi-
track 

Gebhardt et al., 
2012 [65] Temperature 

distribution FEA Meso ANSYS 
3D single 

layer, single 
track 

Song et al., 2012 [66] Temperature 
distribution FEA Meso ANSYS 

3D single 
layer, single 

track 
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ABSTRACT 

Resource-limited settings require point-of-care (POC) diagnostic solutions that can be rapidly manufactured at 
a low cost. These solutions require efficient ways to communicate data, and are therefore ideally suited to the 
internet of things (IoT). We present wireless devices towards the realization of connected, automated and low-
cost sensing solutions, with focus on POC disease diagnostics for South African clinics as an initial example. 
Specifically, ultra-high frequency (UHF) radio frequency identification (RFID) and near-field communication 
(NFC) device implementations are presented, utilizing the printability of antennas on to low-cost, flexible 
substrates as a foundation on which to develop low-cost, connected sensors.  
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1. INTRODUCTION 

The evolution of the internet of things (IoT) has resulted in a drive to include intelligence in and connectivity 
between devices and systems [1]. In parallel, healthcare has seen a shift towards low-cost and automated 
point-of-care (POC) disease diagnostic solutions, particularly in resource-limited countries [2]. Data 
connectivity of such devices has become increasingly important to enable patient and result tracking and 
record-keeping [3,4]. Radio frequency identification (RFID) techniques provide a potential solution for POC 
data connectivity, by providing a wireless - and thus contamination-free - connectivity solution, where both 
ultra-high frequency (UHF) RFID and near-field (NFC) techniques can be implemented and have been 
investigated. 
 
RFID has a number of advantages over existing identification techniques such as barcodes, including longer 
reading ranges, faster data transfer, and multiple, simultaneous tag reading. Passive RFID tags draw energy 
from the electromagnetic field radiating from the reader when the tags are within the reader range, a 
favourable implementation that does not require a battery or external power source, thus lowering the cost of 
the device. RFID has been used in many applications, including logistics, pharmaceuticals and healthcare, to 
name a few [5]. A thorough review of passive RFID sensors and systems, including current state-of-the-art, has 
been published [6].In addition, paper is considered to be one of the best organic substrates for UHF and 
microwave applications [7], making it ideally suited for the implementation of RFID technologies. As such, 
printing of antennas for wireless applications has been explored [8], and is being expanded on to include 
sensing capabilities for RFID technology [5].  
Additionally, the field of printed electronics has seen rapid growth in recent years, enabling various functional 
modules ranging from components such as resistors and capacitors, to processing and wireless communication 
systems, to be implemented on flexible substrates [9]. This can be achieved using established, accessible, low-
cost printing techniques such as screen printing, which lends itself to scale-up and mass manufacturability of 
printed devices. The evolution of printed electronics, in combination with paper-based microfluidics for low-
cost disease diagnostics [10] has driven research towards integrated disease diagnostic solutions [11] that 
comprise these technologies in various functional printed modules. The focus of this work was to explore 
potential printable wireless sensing and communication mechanisms towards achieving the goal of integrated, 
low-cost POC diagnostics, while being suited to resource-limited clinics, such as those commonly found across 
South Africa.  
  
Studies conducted at clinics in Gauteng, South Africa, showed the limitations of current clinic workflows, and 
the potential for RFID solutions to address the various challenges [12]. Recent developments in RFID 
technology enable sensing capabilities to be integrated as part of the RFID solution, making this technology 
ideally suited to clinic settings where automated read-out and communication of a test result is required. This 
work explores these aspects towards the long-term goal of a fully integrated POC diagnostic solution. Different 
RFID categories are suited to different POC diagnostic applications. NFC can make use of a mobile phone as a 
reader and thus is well suited to home-based use or personal healthcare applications. UHF RFID typically uses 
external reader devices and can achieve longer read-ranges using simple antenna designs, making it well 
suited to testing in clinics or hospitals, where the reader can be a permanent fixture. The printability of both 
NFC and UHF RFID tag antennas on to flexible, paper-based substrates has been investigated using both inkjet 
printing and screen printing techniques, with assembly of the tag integrated circuit (IC) to the printed antenna 
implemented in each case. Inkjet printing allows for finer resolution and features to be achieved but is better 
suited to low volume prototyping. Screen printing can be used for both prototyping in low volumes, making it 
ideal for research and development phases, but can also be scaled up to larger processes such as roll-to-roll 
printing. 
 
Functional tags were illustrated by demonstrating wireless communication of information stored on the ICs to a 
mobile phone or a personal computer (PC). This information could include the type of test, serial number, 
manufacture date and expiry date for POC tests. 
  
Integration of sensing capabilities with RFID solutions can also be explored for POC applications. The SL900A 
UHF RFID IC (ams, Austria) allows for a number of different sensors – including resistive, capacitive and optical 
- to be connected and the measured values to be wirelessly communicated. This provides a compact platform 
on which to develop sensors with automated, wireless communication of the results to an external device or 
cloud. Previous work using a similar approach illustrated temperature readout and fluidic detection [13]. 
Colour detection for lateral flow test read-out is currently being explored and could make use of the RF field to 
power a small light-emitting diode (LED) to realize a passive, low cost device. 

2. METHODOLOGY 

NFC and UHF RFID tags and circuitry were designed using computer-aided design (CAD) software. The tag 
antenna designs were based on the AS3955 NFC IC development kit (AS3955-WL_DK_ST, ams, Austria) and 
SL900A UHF RFID IC development kit (SL900A-DK-STQFN16, ams, Austria) for the NFC and RFID tags, 
respectively. 
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Figure 1 shows the tag designs used for printing of NFC and UHF RFID tags, with footprints and descriptions of 
the different components shown. One of the three basic reference NFC tag antenna designs that form part of 
the AS3955 NFC IC development kit was used for this work, namely the 23 mm x 38 mm coiled design (Figure 
1). The NFC IC package size is 3 mm x 3 mm x 0.9 mm. Dimensions of the contact pads are 0.4 mm x 0.25 mm 
with a spacing of 0.25 mm between the pads. An insulating bridge was designed (yellow strip in Figure 1) to 
enable a connection to be made from the outer antenna coil to the NFC IC over the antenna loop. 

 
The basic reference design for a dipole antenna for the SL900A UHF RFID IC development kit was used for this 
work, and is contained within a 110 mm x 35 mm area (Figure 1). The SL900A IC package size is 5 mm x 5 mm x 
0.9 mm. Dimensions of the contact pads are 0.4 mm x 0.355 mm with a spacing of 0.8 mm between the 
contact pads. 

 

 

Figure 1: NFC tag design and components for AS3955 NFC IC (left) and UHF RFID tag design and 
components for SL900A UHF RFID IC (right). Scale bar = 3 mm in each case. 

 
Both NFC and UHF RFID tag designs were inkjet printed on to photo paper (NB-RC-3GR120, Mitsubishi Paper 
Mills Ltd, Germany) using a Dimatix DMP 2831 materials printer (Fujifilm, Japan) and conductive silver ink 
(NPS-JL silver nanopaste, Harima Chemicals, Japan). 

 
After printing, the devices were assembled by mounting the NFC and UHF RFID ICs and other surface mount 
device (SMD) components using superglue and a two-part silver loaded epoxy (RS Pro Silver Epoxy Conductive 
Adhesive, RS Components, South Africa) for creating connections to the printed tracks. Additional components 
used were a strip of insulating kapton adhesive tape to create a bridge, a 39 nH SMD matching inductor, a 2.2 
µF SMD decoupling capacitor, to extend the read range, and a green SMD light emitting diode (LED), all from RS 
components, South Africa. After assembly, the epoxy was left to cure at room temperature for 24 hours for 
optimal conductivity to be achieved. 

 
Manual screen printing of tags was also performed for the UHF RFID tags to illustrate printability on to different 
flexible, low-cost substrates. Screens were manufactured by Chemosol (Pty) Ltd, Johannesburg, South Africa. 
Screen printing was carried out using an LPKF Protoprint S stencil printer (CadShop, South Africa) with 
modifications made to enable screens to be manually mounted in to the frame of the printer. A synthetic mesh 
of 71 threads/cm (71/180-55 PW, SEFAR PET 1500) was used for the screen for this work, and was 
manufactured by Chemosol. A silver screen printable ink (AG-800, Applied Ink Solutions, USA) was used for 
screen printing with a rubber squeegee (70-75 Blue Apolan, Chemosol, South Africa) on to different substrates. 
Once printed, the ink was cured in an oven at 90 °C for 15 minutes. 

3. RESULTS 

NFC and UHF RFID tag designs as shown in Figure 1 were manufactured, assembled and tested to illustrate the 
functionality for wireless communication of data stored on the tags, as demonstrated in Figures 2 and 3. NFC 
has very short read ranges, up to only a few centimetres depending on the system parameters, and for the 
manufactured prototype in Figure 2, the mobile phone needed to be in very close proximity to the tag (almost 
contacting) to allow for detection of the tag. 
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Figure 2: Printed and assembled NFC tag and resulting functionality of manufactured and assembled tag 
tested using a Samsung Galaxy S6 smart phone as a reader (NFC-enabled mode). The phone detects a new 
tag when in range of the reader (phone handset), and displays text information that was stored on the tag 

prior to scanning the tag. Other data formats can be written to the tag, including website links. 

 
For the UHF RFID tag antenna design, read ranges of up to 2 metres would be expected in ideal conditions and 
in battery-assisted mode, with over a metre for passive mode (without a battery) having been reported in 
previous literature [14,15]. Read ranges of approximately 400 mm have been achievable using the inkjet 
printed tag antenna design with the SL900A IC (Figure 3) in passive mode, and more than 800 mm in active 
mode. The optimal read range specifications  assume that there is perfect matching between tag and antenna, 
but as a result of the thin printed layers achieved with inkjet printing, there is a mismatch between the 
impedances of the antenna and the RFID chip, as well as poor antenna gain. In addition, the flexible substrate 
and consequent bending of the antenna could also hinder the read range achievable. A number of factors that 
are known to affect antenna performance are highlighted later during the discussion. 
 
With initial functionality being shown successfully, printing of different UHF RFID tag designs for use with the 
SL900A UHF RFID IC were also investigated. These tag designs obviated the need for an additional matching 
inductor, as required for the SL900A dipole antenna reference design. Figure 4 shows an example of a tag 
antenna design based on the AD-224 from Avery Dennison, which was inkjet printed. The SL900A IC was 
assembled on to the printed tag antenna, and successful scanning and read-out of temperature from the tag 
using the AS3993 development kit was demonstrated, although the read ranges of 100 mm – 200 mm were 
shorter than with the dipole antenna design. 
 
Screen printing of SL900A tag antennas using the dipole antenna reference design was also performed to 
investigate the feasibility of implementing the tag antennas on to different low-cost, flexible substrates. 
Additional printed tracks were included on this design to allow for a coin cell battery to be included to extend 
the read range and power any additional components required for sensing applications. Initial results show 
that the tags can be successfully printed, assembled and detected by the the AS3993-QF_DK_R FERMI 
development kit reader for screen printing on to substrates such as standard printing paper, cardboard 
packaging, adhesive vinyl and poly(methyl methacrylate) (PMMA) with average read ranges of 300 mm 
achieved in passive mode. 
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Figure 3: Printed and assembled UHF RFID tag and resulting functionality of manufactured tag tested using 
an AS3993 reader and antenna. When the tag is in range of the reader antenna, the green LED on the tag 
is illuminated using the RF field. The sensing capabilities of the SL900A IC enable the instantaneous read 

out of temperature using the development kit software. 

 
 

 

Figure 4: Example of inkjet printed UHF RFID tag design based on AD-224 tag from Avery Dennison with 
SL900A IC assembled for readout of temperature and other sensor values. 

 
 

 

Figure 5. Examples of screen printed tags on to different low-cost, flexible substrates: a) standard 
printing paper, b) cardboard packaging, c) transparent adhesive vinyl and d) transparent PMMA. SL900A 

reference dipole antenna design was used with an SL900A IC and 39 nH matching inductor assembled. 

 

4. DISCUSSION 

The results illustrate the feasibility of implementing low-cost, flexible and wireless devices using printing 
techniques. Both NFC and UHF RFID technologies have been showcased, enabling different read-out platforms 
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to be utilized, i.e. a mobile phone or a separate antenna and reader module, each applicable to different 
settings for POC testing. The SL900A RFID IC provides a neat, integrated package for implementing connected 
sensors – a variety of which are in the process of being explored specifically for POC diagnostic applications. In 
addition to temperature readout, sensors can be connected to the SL900A for readout of quantitative values 
from POC diagnostic tests. 

 
Read ranges of between 400 and 800 mm were achieved for passive and active UHF RFID tags, respectively. 
These results are sufficient for the intended clinic applications. Manual assembly of the tags caused variations 
in the read ranges achieved. A number of other factors are commonly known to affect the read range, 
including: the antenna gain, antenna polarization, output power, reader sensitivity, transponder (SL900A chip) 
antenna type, and operating mode of the SL900A (battery assisted or passive). In addition, shorter read ranges 
can result if the transponder is handled with bare hands, if there are objects between reader and transponder 
antenna and can vary from room to room because of reflections of the RF signal.  For the stated 2 m range in 
the data sheet for the Fermi reader development kit as used in this study, specifications of the reader and 
antenna are not provided, making it difficult to use this as a comparison. In addition, other literature making 
use of the SL900A IC and development kit have optimized the tag antenna designs for impedance matching 
according to the substrate to achieve read ranges of between 800 mm and 1.1 m in passive mode [14,15]. 
These are generally implemented on optimal substrates and each has different antenna and reader settings, 
which can affect the read range. The approach of this work was to print and assemble the tag as is to test the 
feasibility of printing and implementing the tag without optimization. 

 
The initial functional results obtained for the UHF RFID tags provide sufficient read ranges for the intended 
applications for POC testing, as these are large enough to prevent contact of the sample with the reader, thus 
preventing potential contamination. Read range improvements could also be made through printing of multiple 
layers for the tags to improve the performance. Assembly techniques using automated pick and place 
equipment would also improve the reliability and repeatability of the assembled tag antennas. 

 
The scale-up of these devices for mass production has also been considered. Both inkjet and screen printing 
techniques can be adapted to larger volume prototype production runs, and screen printing can be performed 
using roll-to-roll processing for mass production of the printed devices. Full production of standard RFID tags 
typically cost under EUR 0.15 per tag, and with the additional cost of the SL900A chip sensing capabilities, a 
cost of under EUR 3 per sensing antenna tag would be expected.  
 
The low costs of existing RFID tags assist in achieving the long-term goal of low-cost POC diagnostic solutions. 
The tags implemented will be similar in cost to existing tags, and will provide an overall improved solution on 
current systems and workflows employed in clinics. The low-cost perspective focusses on the automation of 
the read-out and wireless communication of results from rapid POC diagnostics, which would ultimately reduce 
the cost of performing the diagnostic test as clinic workflows would be optimized, and trained staff and/or 
laboratory facilities would not be required. This work only focusses on a component of this long-term goal with 
full cost comparisons not possible.  
 
Current cost projections for scaled up printed electronics facilities vary depending on the complexity of the 
device being manufactured. Some examples taken from Piila et al. [16] are mentioned to provide perspective 
on this. For purely printed layers, costs in the order of EUR 0.3 per 5 cm x 5 cm multi-layered printed device 
could be expected, and includes materials, facilities and personnel costs. Cost structures for hybrid flexible 
electronics are more difficult to predict, where IC assembly times, including bonding times and line capacity, 
also affect the costing. 
 
Exploring all-printed components, as well as components without packaging could reduce the cost 
significantly. Costing projections will need to be investigated in more detail, and this will become feasible as 
the field of printed electronics and paper-based diagnostics continues to grow. 
 
The cost savings of having a printed read-out and communication module for tests at the POC could potentially 
be large compared to the cost of sending a sample to a laboratory for analysis. A full blood count typically 
costs ZAR 120, while Gene-Xpert – a POC TB test – costs approximately ZAR 150 per test cartridge, with 
Government subsidies, and with additional peripheral equipment required. The proposed solutions that utilize 
the components presented in this work would cost R 50 per device or less. This read-out and communication 
module could be re-used multiple times with disposable rapid test strips, for example, further reducing the 
cost per test. 
 

5. CONCLUSION 

The successful design, manufacture and testing of both NFC and UHF RFID tags – the latter on to various 
substrates – has been showcased. Initial results show the feasibility of printing RFID tags on to different, low-
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cost substrates, which could be compatible with paper-based diagnostic tests – a field that has also seen rapid 
development in recent years [17]. 

Mounting of existing IC components, for example the SL900A RFID sensing chip, to paper-based devices is a 
challenge that is in the process of being addressed using alignment techniques and different adhesive 
materials. Small connection tracks and spacings often need to be implemented, and alignment and 
repeatability of circuit assembly for hybrid printed electronics is crucial. Further investigation in to the 
functionality and performance of the printed antennas will need to be carried out for different paper 
substrates, as well as different conductive inks, where copper ink could be a potential low-cost solution. 

The solutions presented can be used for tracking and identification of diagnostic tests, and for sensing 
capabilities to provide automated, integrated, and connected sensing solutions using few components in a low-
cost form factor. Additional work will explore the printability of additional components such as inductors, and 
the feasibility of using die format ICs to provide more flexible, thin device solutions. Future implementations 
could also include paper-based microfluidics integrated with the printed sensing RFID tag.  
 
One of the biggest challenges to overcome for point-of-care testing in South Africa lies in the transportation of 
samples and results between clinics, hospitals and laboratories [4]. This work begins to address this challenge 
by investigating the read out and communication of results from paper-based diagnostic devices towards low 
power, low cost, automated printed solutions for point-of-care diagnosis in resource-limited settings. The 
devices presented have great potential for the development of low-cost, smart and connected POC diagnostics 
for resource-limited settings, and could greatly benefit rural clinics in South Africa. 
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ABSTRACT 

Titanium aluminides (TiAl) are interesting intermetallic materials to study due to their 
enhanced high temperature and light weight properties. They are necessary as structural 
materials, but brittle to form with conventional methods. Hence big corporates are 
interested in developments that will lead to cost effective manufacturing technologies that 
are able to produce homogenous, defect free TiAl structures. Additive manufacturing is 
one promising technology hence it was explored here in studying process development of 
producing TNB alloy using laser in-situ alloying approach. The produced alloy, γ-TNB, 
appeared to be homogeneous after heat-treatment and had hardness of 576HV.  
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1. INTRODUCTION 

Titanium alloys are necessary as aerospace structure materials. They are light weight, have 
improved corrosion and wear, and creep properties. The use of titanium aluminides (TiAl) 
as high temperature materials is becoming a reality now since their early research and 
development.  Their light weight and mechanical properties at elevated temperatures make 
them attractive as high temperature structured materials necessary for the aerospace and 
automotive industries [1-2]. Binary TiAl structures lack ductility at room temperature hence 
they are impossible to form into structures by means of conventional technologies such as 
casting and forging. To improve on their ductility, research and development make use of 
ternary and quaternary alloys amongst other, e.g. GKSS and GE Alloys, in the manufacturing 
of durable and weight reduced structures [3]. To manufacture such high value components 
casting is still found to produce heterogonous microstructures hence for effective 
production cast components are homogenous via Hot Isostatic Pressing [4-7]. Meanwhile 
additive manufacturing technologies like Electron Beam Melting (EBM) and powder beds 
seem to be achieving desirable TiAl products with correct specifications [5]. Dilip et al [8] 
used binder jetting followed reactive sintering treatment to manufacture TiAl structure. 
Other technologies like selective electron beam melting [5], spark plasma sintering [9], and 
Laser metal deposition [10] have been used to advance the manufacturing technologies in 
the production of TiAl.  Mallikarjuna et al [11] used the Laser Engineered Net Shaping 
technique to remelt the EMB produced TiAl sample looking at the effects of laser melt pool.     
 
It is obvious that significant progress is made in the undertaking of manufacturing defect 
free TiAl structures. While advanced powder metallurgy and AM technologies are able to 
achieve somewhat desired results, they have a huge cost relating to the production of TiAl 
structures. Moreover, production still dependent on the preparation and production of 
master alloy powder, separately, before manufacturing can occur. It is therefore our take 
that the overall process to market could be expensive and prohibited by those who 
manufacture this master or pre-alloyed powders. In realising these shortcomings and 
concerns, The Additive Manufacturing Research Group in the Laser Enable Manufacturing 
Division of the NLC at the CSIR, Pretoria are looking to circumvent the dependence on those 
who make pre-alloy master powders by manufacturing TiAl structures, using the LENS 
Platform, from elemental powders. The approach they call “laser in-situ additive 
manufacturing alloying” was used in this research. This approach is still at its infant stage.  
 
The phenomena in the proposed approach is that the laser created melt pool will be able to 
convectionally mix the elemental powders  into a TiAl alloy when correct thermodynamics 
are met. It is premised by Wu and Hu [12] that the inability for cast TiAl components to be 
timely heated and cooled have presented the difficulties especially in the production of a 
finer TiAl microstructure. The fast heating and cooling achieved by cyclic heat treatments 
is apparent in the refinement of the microstructure being investigated but on the 
technological view point it seems such post steps limit cast production of TiAl structures 
[12]. It is in this understanding and the exiting knowledge, of the authors on laser-materials 
processing, that this paper present the production of TiAl by using the LENS. This paper 
reports and discusses a γ-TNB alloy that was produced using the proposed laser in-situ 
additive manufacturing alloying approach. The produced TNB alloy was studied for the 
microstructure using light optical and scanning electron microscopes. The composition was 
studied with SEM-EDS and XRD while overall hardness of the produced alloy was measured 
using the Vickers micro-harness machines.      
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2. METHODOLOGY  

2.1. Methodology  

2.1.1 Process set-up and materials 
LENS manufacturing process set-up and materials used to manufacture the TiAl-Nb samples 
is presented by Figure 1.  The Optomec, 1 kW laser power, Platform was used to produce 
the TNB alloy studied in this paper. The processed powders were pure aluminium and a 
master alloy consisting of Grade 1, commercially pure titanium and niobium. Argon gas was 
used as the carrier gas and for purging oxygen off the processing chamber during 
manufacturing. For processing, effects of laser power (W), carrier gas (l/min), powder flow-
rates and composition were investigated. The results reported here are from the optimised 
process parameters when the laser power output was 400 W.  
 

 

Figure 1: Process set-up (a) and materials (b) used to produce the TiAl-Nb samples (c) 

 

2.2. Characterisation 

LENS manufactured TiAl-Nb samples were sectioned along the transverse direction across 
the clad layer for phase and microstructure analyses. The samples where then mounted and 
polished to a 0.04 micron (OP-S suspension) surface finish using a Struers TegrsForce-5 
auto/manual polisher. After polishing the samples were etched with Keller’s reagent and 
then analysed for microstructures. The manufactured samples were characterised for 
appearance and macrostructure using Olympus optical light microscope and microstructure 
using the Joel JSM-6010PLUS/LA SEM that is equipped with the energy-dispersive X-ray 
spectroscopy (EDS). Composition and phase identification was obtained with the SEM-EDS 
and Panalytical Empyrean X-ray Diffraction system that is equipped with a Cu kα X-ray 
source. The produced samples were heat treated at 1400°C under Argon environment. 
Zwick/Roell Indetec (ZHVµ) was used for measuring the micro-hardness of the produced 
alloy. 
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3. RESULTS 

The reserach work being reported here sought to investigate the possibility of producing a 
homogeous microstrture of the ternary TiAl-Nb alloy by a process of laser in-situ alloying 
using the additive manufacturing platfrom called 850-R Optomec LENS that uses the 1kW 
IPG Fibre laser. The process development results are reported here. 
 

3.1. Microstructures 

The sample as produced is presented in Figure 2.  

 

Figure 2: The As-produced TiAl-Nb sample 

Figure 2 illustrate the macrostructure of the samples after laser in-situ manufacturing. The 
samples were produced with surface and deep cracks. TiAl materials are naturally brittle 
and therefore are typically produced with cracks. Refs [10 & 11] have reported on how 
these cracks can be mitigated during laser manufacturing of Ti-47/48Al-2Cr-2Nb. They 
concluded that by optimising the process these cracks can be circumvented. The current 
authors are looking at the optimisation process of these cracks which include, in addition 
to metal alloy process, using pre-placed heating stage which would cause a retained heat 
during processing therefore reducing the rapid cooling involved with the laser 
manufacturing process. The high magnification of the produced sample taken on the 
sample, excluding the crack, is shown in Figure 3. 
 
Figure 3 shows the macro- and micro-images of powder (a) and TNB alloy that was 
produced (b) and its heat treatment images (c and d). The sample is characterised of micro 
pores and unidentifiable structure before heat treatment (b). Post heat-treatment the 
macrostructure of the alloy could be identified (c and d). The obvious γ+α grain with 
lamella inside were obvious at higher magnification (d). It would seem that the grains are 
small which could mean the chosen process conditions and the heat treatment done at 
1400°C led to a refined macrostructure. The structure looks similar to published 
microstructures of the y-TiAl cast and EBM manufactured [1-2, 7 & 12-14]. Most 
importantly it is similar to that of the Ti-46Al-9Nb alloy that is reported by Clemens et al 
[2] at the GKSS Research Centre, except for the grain sizes s theirs was coarser.  
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Figure 3: LENS Synthesised γ-TNB alloy (a) TiAlNb powder, (b) As-produced, (c) Heat-
treated, and its (d) High magnification  

 

3.2. Composition and phase identification 

3.2.1. Composition (SEM-EDS) 
The composition of the powder before manufacturing and the corresponding TiAl-Nb built 
at 1.69 g/min are reported in Table 1.  

Table 1 : Composition identification with the EDS (Atomic, %) 

Identity Ti Al Nb 
Powder 59.66 27.87 12.47 
As-produced 38.01 52.33 9.66 
Heat-treated 
(1400°C) 

37.76 52.34 9.90 

 
Table 1 reports the EDS composition of the powder and the sample before and after heat 
treatment. The composition before and after heat treatment are similar and indicated that 
this alloy composed of 52Al, 38Ti and 10Nb (at, %) making it an early gamma γ-TNB alloy as 
shown in the phase diagram in section 3.2.2.  
 

3.2.2. Phase Identification (XRD) 
The diffraction peaks were obtained by accelerating the voltage of 45kV and current of 
40mA. The step size of 0.02 degrees was used. The diffraction pattern of this alloy is given 
in Figure 4.  
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Figure 4:  The phase diagram identifying our produced alloy (a) and its diffractogram 
(b) 

According to the phase diagram (a) the as produced structure was of the early γ-TNB alloy 
(red line) which is an appropriate composition for structural engineering. The phase 
composition was identifies as shown (b). Figure 4b compares As-produced alloy to its heat 
treated. The peaks were identified as 26.5° (α2-Nb), 35.5° (α2-Nb), 38.5° (γ-Nb); the major 
peak, 39.0° (γ-Nb), and 40.5° (α2-Nb). To study these peaks feather they were zoomed 
into as shown in Figure 5.  
 

 

Figure 5: Resolved diffraction peaks of the TiAl-Nb alloy 

 
Typical gamma TiAl spectrum was achieved before and after heat treatment. After heat 
treatment, Figure 5a, the (γ) major peak’s intensity increased when compared to the As-
produced sample. The α2-Nb peak at 2θ value of 26.5° deconvoluted with heat treatment 
into doublets (26°and 26.5°) and had reduced in intensity. These doublets are of same 
broad intensity as the original peak and did not move to lower or increased 2θ values. This 
then suggesting that this deconvoluted α2-Nb peak is stable in the temperature range 
chosen for heat treatment. The α2 peak at 35.5°reduced in intensity to an extended that 
the initially observed shoulder almost disappeared. Contrary to this, at 40.5° an increase in 
peak intensity was observed with a slight shift to the lower theta values. Figure 5b shows 
peak refinement only no obvious change in intensity, broadening could be identified. In 
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general then it would seem that heat treatment at 1400°C led to the precipitation of the 
α2 which became intense and were without shoulders as was before heat treatment. 
Moreover, heat treatment led to the resolution of the entangled peak into easily 
identifiable α2 twins while intensifying of the initially observed γ characteristic peak of the 
alloy. These diffraction spectra show conclusively that a reaction between Ti (40.153°), Nb 
(38.610°) and Al (38.473°) to form various phase of TiAlNb with γ-TiAl (38.5°) being the 
most intense peak and termed the alloy characteristic peak. No other phases were 
identified: β-TiAl/Ti3Al5 (39.069°), TiAl3 (39.255°) and TiAl2 (38.904°). These results are 
similar to those presented in Ref [7].    
 

3.3. Micro-Hardness  

Figure 6 presents the micro-hardness profile of the produced sample before and after heat 
treatment. 

 

Figure 6: Overall hardness profile of the sample 

Figure 6 report on the Vickers’ micro-hardness of the produced sample before and after 
heat treatment, as indicated on the figure. The hardness profile reveals that the produced 
γ-TNB alloy had similar hardness before and after heat treatment. The overall hardness 
value (HV0.5) was 577 and 576 for the As-produced and heat treated sample, respectively.  

4. CONCLUSION 

We have successfully studied the laser in-situ alloying technique in the quest to producing 
TiAl alloy(s). The γ-TNB alloy was produced in this regard using the laser in-situ additive 
manufacturing approach. The studied sample had cracks, surface pores and unidentifiable 
microstructure before heat treatment. Post heat treatment the microstructure, now 
revealing micron-grains with aligned lamellar inside, was found to be homogenous, refined 
and had no pores. Heat treatment led to the precipitation and deconvolution of the α2 
phase and intensified the γ phase which was said to be characteristic phase peak of the 
alloy. The sample had same hardness before and after heat treatment. These results are 
promising and dictate that a functional structure, e.g. micro-gas turbine be built and tested 
for thermo-mechanical performance.  
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ABSTRACT 

Composites relate to the concept of combining distinct materials in order to engineer a 
new material with a unique combination of properties, also referred to as the principle of 
combined action. Composites are capable of catering to a diversity of applications in 
specialist industries, namely: dental, pharmaceutical, medical, tooling, aviation, 
automotive and electronics. These sectors operate with customized materials that 
continuously evolve in complexity as manufacturers innovate their products. Additive 
manufacturing (AM), when compared to standard manufacturing applications, has superior 
process flexibility and can produce highly complex parts with relative ease. Thus, 
manufacturing composites via AM may improve the current supply chain capabilities for 
part production and refurbishment within the above-mentioned industries. This study aims 
to review the current state of technology and trends for future developments regarding 
composites and nanocomposites produced with AM. 
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1. INTRODUCTION  

The principle of combined action is a naturally occurring phenomenon, and is prevalent in 
many composites found in nature, such as bones and wood. Furthermore, humans have 
been combining materials to achieve improved mechanical properties for years, even 
before understanding the material structure thereof. Concrete, for example, consisting of 
sand, rock and cement, is much stronger than any of its constituent materials and has been 
a popular building material since the roman era [1]. 
 
Since the invention of carbon fibre-, and boron fibre reinforcements in the 1960s, a rapid 
increase in the production of synthetic composite materials has occurred. The market was 
dominated largely by products consisting of fine fibrous particles enclosed within polymers. 
Predictions suggest that the demand for composite materials will increase exponentially as 
designs become more daring and complex, particularly with emphasis placed on metal and 
ceramic based materials [2]. 
 
In modern industries, continuous product and process innovation is necessary to stay 
relevant in competitive environments. As product designs become more complex, so does 
the need for materials and manufacturing techniques to bring them to life [3]. There is a 
continuous pursuit for improved performance, specified by criteria like a higher strength to 
weight ratio, cost effectiveness, and range of applications. Composite materials are a 
promising solution to this cycle, the multitude of material combinations add to their 
adaptability to varying environments [2]. 
 
In the same manner that requirements for specialized materials have shaped the composite 
industry, the need for innovative production techniques has lead to the rise of additive 
manufacturing. AM has garnered remarkable praise from both industry and academia for 
the mass of applications it can cater to in a variety of fields. It includes a collective of 
flexible, resource-efficient and cost-effective technologies that facilitate the fabrication of 
complex parts that range in size from sub-micrometre to several meters in size [4]. AM 
technology is easy to use, reliable, and can accommodate a multitude of materials. In 
combination with composite technology, new research avenues are exposed relating to 3D 
engineered materials that display multi functionality and superior mechanical properties 
[4]. 
 
The review places emphasis on the production of composites with SLS/SLM technology and 
is supplementary to current research being conducted at Stellenbosch University. The 
parent investigation entails the coating of Titanium (Ti-6Al-4V) with a tungsten carbide 
nickel coating via SLM. The specimens will be tested in terms of their tribological and 
thermal dissipation properties, compared to conventional coatings used in industry. The 
research venture requires a comprehensive understanding of composites and AM technology 
which is has been adapted as an independent review article. 
 
The following section will aim to provide conclusive background information on the AM 
technologies that will be addressed throughout the review. It also provides a summary of 
composite material classifications and the several combinations wherein they can occur. 

Page 260



 

 

2. BACKGROUND  

2.1 AM technologies applied in composite manufacturing 

There are several AM techniques available in industry, but only a selection has been used 
to produce composite parts, these include, but are not wholly limited to: Selective Laser 
Sintering/Melting, Laser Engineered Net Shaping, Laminated Object Manufacturing, Three-
Dimensional Printing, Stereolithography, Fused Deposition Modelling and Ultrasonic 
Consolidation. Table 1 below includes a brief description and developmental years of these 
technologies.  

 

Table 1: AM technologies that have produced composite parts 

Nomenclature Description 

Stereolithography 
(SLA) 

A predetermined CAD design guides a programmable ultraviolet (UV) laser, 
which is focused onto the surface of a vat containing photopolymer resin. The 
photosensitive polymers solidify under the laser in a specified geometry and an 
object is produced layer by layer [5]. 

Laminated Object 
Manufacturing 
(LOM) 

Parts are produced by gluing stacks of solid build material together. Each 
additional layer is cut with a knife or laser in a contour matching the 
corresponding surface of the sliced object layer generated from its CAD-file [5].  

Fused Deposition 
Modelling  
(FDM) 

One of the most common forms of AM, primarily used for production and 
prototyping applications. FDM works by feeding plastic filament or metal wire 
from a coil. The material is melted and layered into the required shape for the 
designed object. The printing speed is governed by layer thickness and nozzle 
speed and includes the ability to print movable parts [5].  

Selective Laser 
Sintering  
(SLS) 

In this process, powdered filament material is sintered together using a laser. 
The powdered material is spread on top of each solid geometry layer and 
melded into a new surface. SLS is primarily used for prototyping and low-
volume production [6]. The process can be further classified as either direct 
metal laser sintering (DMLS) or indirect SLS. The latter of the two utilizes metal 
grains that have been coated with a polymer, which acts as an adhesive to fuse 
the metal grains together. DMLS utilizes no polymer coating, but rather utilizes 
a low melting point metal binder that envelops the high melting point 
particulate phase in a metal matrix. 

Selective Laser 
Melting  
(SLM) 
 

Often considered as a subcategory of SLS, this process utilizes the same 
processing procedures and apparatus as SLS technologies. A laser beam is used 
to bring a binder-less metallic powder to its melting temperature. The material 
is fully melted on the laser’s entire contact area. The core difference between 
SLM and SLS is that SLM requires the complete melting and solidification of the 
powder material without a polymer coating to improve adhesion [6]. 

Laser Engineered 
Net Shaping  
(LENS) 
 

The LENS process utilizes metal or ceramic powders to produce functional parts 
with a focused Nd–YAG laser beam. CAD data is translated into a laser scanning 
path for each layer. The cross sections are created by first melting a pool of 
substrate material. The powder is injected into the pool as the substrate moves 
in the X-Y plane. The layers are created by producing an outline of each feature 
and then filling its cross section with a rastering technique. The process is 
repeated for each layer until the part is complete [7]. 
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2.2 COMPOSITE MATERIALS 

According to Callister et al. [1], composites may be defined as multiphase materials that 
can be artificially produced, resulting in a combination of desirable properties from its 
constituent base phases. Conventionally two phases are present within the material, 1) a 
dispersed phase of reinforcement particles, and 2) the matrix phase which completely 
surrounds the dispersed particles. Within this review, composites will be referred to 
according to 4 classifications, namely, particle-reinforced, fibre-reinforced, structural, and 
nanocomposite. These classifications are included in Figure1. 
 

 

Figure 1: Classifications of composite materials 

 
2.2.1 Particle Reinforced and Fibre Reinforced Composites 
 
Particle reinforced composites consist of a hard particulate phase that is engulfed in a 
binding matrix phase. The difference between large particle reinforced composites and 
dispersion strengthened composites is that the term large indicates that the atomic and 
molecular level particle-matrix interactions cannot be treated, but is rather still 
susceptible to continuum mechanics. The particulate phase reinforces the material by 
restricting movement of the matrix phase within their vicinity, thereby hindering the 

3D Printing (Drop 
on Bed) 
(3DP) 

The Machine utilizes a powder bed and printing head. The head dispenses 
adhesive polymer resin, binding to the powder and solidifying it. Each 
successive layer requires another spread of powder. Its defining characteristic is 
the ability to change the colour of the print during manufacturing, resulting in 
any combination of colours. Additionally, it can also print movable parts similar 
to FDM technologies [5]. 

Ultrasonic 
Consolidation  
(UC) 

UC is a more novel AM process which entails the fabrication of metallic parts 
from various foils. The process allows to produce multi material structures. A 
source of high frequency ultrasonic energy induces static and oscillating shear 
forces within metal foils. Solid state bonds are then formed and a near net 
shape part is built up, which is later machined to meet its final dimensional 
requirements with conventional machining techniques [8]. 
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motion of dislocations. This restricts plastic deformation and increases tensile strength and 
hardness of the material. [1]. 
 
Fibre reinforced composites are the most versatile of the several composite classifications 
and have the greatest potential for efficient reinforcement. These materials are often 
capable of high strength and stiffness compared to their weight. An applied load is 
transmitted through the more ductile matrix phase to the fibres. At the fibre extremities 
reinforcement discontinues, thus the efficiency of the reinforcement depends on the 
length of the fibres and the strength of the bonds between the matrix and fibre [1]. The 
fibre material phase within the matrix may be classified as: 1) Whiskers, 2) Fibres, or 3) 
Wires. 
 
The matrix phase that surrounds the fibrous particles is categorized by the matrix type, 
which entails metal-, ceramic-, and polymer-matrix composites, though they are 
conventionally made of polymers or metals. This phase serves to perform three functions, 
namely, 1) bind together the fibres and diffuse externally applied loads onto them, 2) 
Shield fibres from surface damage, and 3) prevent crack propagation between fibres. Table 
2 includes a briefing of the different matrix-fibre combinations that are popular in 
composite materials. 
 
With powder base AM techniques, it is especially difficult to produce fibre-reinforced 
composite parts due to the inability to draw smooth layers of the powder-fibre mixture. 
These AM methods work better with shorter reinforcement fibres, whereas solid material 
addition processes such as LOM and SL are capable of producing materials with long or 
continuous fibre reinforcements. However, such parts require the manufacturing of fibre-
reinforced laminates and filaments prior to production, which calls for the research and 
development of new materials [9]. 
 

Table 2: Descriptions and acronyms of popular fibre reinforced and particle reinforced 
composites within binder matrices sourced from [1] 

Matrix 
material 

Description 

Polymer-Matrix 
Composite 
(PMC) 

These composites are the most popular and diverse due to easy fabrication 
and low cost for their desirable properties. A polymer resin (high-molecular-
weight plastic reinforcement) represents the matrix phase which is reinforced 
with fibres intended for use at room temperatures. 

Metal-Matrix 
Composite 
(MMC) 

 In these materials, the matrix phase consists of ductile metals and the 
reinforcement either continuous or discontinuous fibres or particulates. MMCs 
can withstand higher working temperatures than PMCs and have improved 
stiffness, abrasion resistance, creep resistance, specific strength, dimensional 
stability, and thermal conductivity. 

Ceramic- 
Matrix 
Composite 
(CMC) 

Ceramic materials are often praised due to their resistance to oxidation and 
weakening in high temperature environments, but these properties are 
countered by the material’s affinity to brittle fracture. CMCs improve the 
brittle nature of ceramics by embedding ceramic particulates and fibres into a 
ceramic matrix material. The improved fracture toughness is due to dispersed 
phase particles that interact with advancing cracks through various 
toughening techniques. 

Hybrid 
Composite 
(HC) 

Hybrid composites may be obtained by combining two different fibre 
materials within a matrix, which comply with the principle of combined action 
in producing a part that has superior properties compared to the constituent 
materials. The most common variety contains carbon and glass fibre 
reinforcements. Where the carbon provides stiffness and strength, and the 
glass is utilized as a more cost-effective reinforcement. 
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2.2.2 Structural Composites 
Structural composites are low density multi-layered composites used to provide structural 
integrity in applications demanding high compressive, tensile, and torsional stiffness and 
strength. The inclusive properties of these composites rely on both the constituent 
materials and the geometrical assembly of the structural elements. The two most common 
structural composites are sandwich panels and laminar composites [1]. 
 
Laminar composites are composed of two-dimensional material sheets that are bonded 
onto one another. Each material layer has a favoured high strength direction which is 
exploited in combination with other panels, such multi-layered structures are called 
laminates. By varying the high strength direction of each layer, the laminate may be 
manipulated to achieve certain desirable properties. There are four laminate composite 
classes, namely, unidirectional, angle-ply, cross-ply, and multidirectional. Multidirectional 
laminates possess the most isotropic structure, which is contrasted by unidirectional 
laminates which contain the most anisotropic properties [1]. 
 
Alternatively, sandwich panels are a variety of structural composites designed to serve as 
high strength and stiffness beams and panels with a lower net weight. They consist of a 
thick core, which is surrounded by two outer sheets on either side that are adhesively 
bonded to it. The core material is conventionally a lightweight material with a low modulus 
of elasticity. It should be thick enough to resist buckling and must provide sufficient 
strength to resist transverse shear stress. The outer panels are usually made up of stiff and 
strong materials such as steel, fibre reinforced plastics, plywood, and aluminium alloys. 
Upon bending the entire panel, the outer sheet on the bending side experiences 
compressive stress, while the opposite panel stretches [1].  
 

 

Figure 2: Visual representation of unidirectional laminates (left), and multidirectional 
laminates (right), sourced from [1]. 

 

 

Figure 3: A simplified representation of sandwich panel composite. Adapted from [1] 
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2.2.3 Nano Composites 
 
This branch of composite materials is still only emerging and has only experienced an 
innovation boom in recent years. Nanocomposites are made up of nanoparticles entrenched 
in a matrix material, much like particle or fibre reinforced composites. Although an 
interesting observation that convoys with a decrease in particle size is that the chemical 
and physical properties also experience a dramatic change. The materials can be designed 
to accommodate improved mechanical, magnetic, thermal, optical, electrical, transport, 
and biological properties [1].  
 
The significance of these effects rely on the size of the particles and the ratio of particle 
surface area compared to bulk volume; as atoms at the surface of a material have differing 
properties to that of the bulk material. When the particles become smaller, the surface 
atoms and their phenomena begin to dominate. Nanocomposite properties depend on both 
the matrix material and the nanoparticle characteristics, in tandem with the shape of the 
particles and their interfacial bonding with the matrix material. As stated, nanotechnology 
is still a novel field, production setbacks still occur, especially regarding homogeneous and 
uniform distribution of Nano-reinforcements within the binder matrix [1]. 

3. REVIEW OF AM TECHNOLOGIES AND METHODS OF PRODUCING COMPOSITES 

3.1 Stereolithography 

In order to incorporate composite reinforcement within the stereolithography process, 
photopolymer materials are mixed with particulate particles or fibres to enhance their 
properties. Though material properties are improved, the additions complicate the 
procedure in several ways. For example, 1) the addition of reinforcements increases the 
viscosity of the polymer thwarting the layer coating process; 2) there may be a non-
homogeneous distribution of particles; 3) crack propagation origins may increase due to 
particulates that form bubbles in the layers; 4) The thicker liquid absorbs less laser energy 
during manufacturing, which calls for longer exposure time and in turn a longer process 
duration [10]. However, the effects of these complications may be mitigated by the use of 
the Optoform process, a variation of SL technology. Optoform utilizes a multi material 
paste instead of the photopolymer liquid resin. Alternatively, specialized polymer mixtures 
may be developed to facilitate thermal curing energy instead of photo-curing [9]. 
 
SL is the most widespread additive manufacturing technology used in research regarding 
fibre reinforced composites (FRC). Fibre combinations incorporated into their design 
include fibre mats, continuous fibres and short fibres. The most effective variation being 
glass fibres, because of their opacity they still allow most of the UV light to be absorbed 
into the resin [11]. Continuous reinforcement fibres provide the best mechanical property 
enhancements, though a trade-off between the fibre volume and effective layer formation 
has to be made due to the complications mentioned prior. Coated fibres, however, 
mitigate the clumping effects of the reinforcements phase and results in a uniform 
distribution throughout. Additionally, the fibres assist in forming bonds between layers, 
where they are partially settled in previous laminate [9].  

3.2 Laminated Object Manufacturing  

LOM utilizes pre-produced laminates as input material, these laminates first must be 
reinforced with particulates or fibres prior to production. Despite this additional value 
adding component in the process chain LOM of composite materials provides a unique 
advantage over other AM methods due to the possibility of applying laminates with 
different compositions into a single part. This characteristic has been exploited to produce 
functionally graded materials (FGM) and experiment with the several laminar composite 
structures mentioned in section 2.2.2 [12]. 
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FRC sheets have been produced via LOM by merging fibre prepregs with ceramic tape. 
Fibre prepregs are often produced by impregnating a unidirectional continuous fibre fabric 
with a thermosetting resin system that already includes the necessary curing agent; this 
eliminates additional resin requirements before heat treatment. In another unique case, 
LOM parts were created through cellulose fibre based filter paper that has been pyrolysed 
and bound to adhesive tape comprising of phenolic resin, benzyl butyl phthalate, ethanol 
and polyvinyl butyral. This composition is then pyrolysed again at roughly 800ºC. The 
phenolic resin is then converted into carbon leaving the sample parts porous and suitable 
for post-production vacuum infiltration with silicon (Si) at 1500 ºC [9]. 

3.3 Fused Deposition Modelling 

FDM incorporates a feedstock composite as filament material that is melted and extruded 
in layers which adhere together. Within this branch of AM the critical component in terms 
of composite production is the development of feedstock material. Its unique composition 
should allow for high strength and low viscosity when melted to aid extrusion. Feedstocks 
conventionally consist of metals, polymers or ceramics that are mixed with a tackifier, 
plasticizer and surfactant contained within a base polymer material. Surfactant allows the 
metal/ceramic phase to be dispersed evenly throughout the solution, the plasticiser 
improves the flow of the molten material, while the tackifier provides adhesion and 
flexibility when cooled, lastly the base polymer provides strength. The quantities of each 
ingredient are varied depending on the desired properties of the final material [9], [13]. 
 
In fibre reinforced FDM composites the thermoplastic has an increased stiffness, and the 
heated material experiences less swelling when extruded from the printing nozzle. 
However, these composites tend to be more brittle when dry; making it difficult to wind 
the filament feedstock onto easily transported cylindrical drums. For this reason the 
mixture is supplemented with an additional linear polymer material to increase its ductility 
and flexibility overall. By introducing thermotropic liquid crystalline polymers (TLCP), the 
extrusion of high aspect ratio fibres results in fewer fracture-related complications when 
moving through the small diameter printing nozzle. This relates to fibres fibres with a 
length over diameter ratio greater than 100 (L/D > 100). The processing temperatures of 
TLCP is higher than that of the base thermoplastic within the feedstock, thus they have to 
be heated and mixed separately to mitigate the degradation of the base material [9], [14]. 

3.4 Selective Laser Sintering & Selective Laser Melting 

Composites are produced by SLS/SLM for two primary applications: 1) to facilitate use of 
liquid phase sintering (LPS) in the SLS process, and 2) to combine several constituents to 
achieve properties otherwise unattainable by a single material. The first may be described 
via an example of the Fe-Cu composite. The Cu serves as a binding fluid to adhere the Fe-
particles together and does not enhance the properties of the final product. It is only 
utilized to consolidate the Fe-powder into its net shape with ease [9]. 
 
The latter application, however, emulates the conventional production of fibre-, or 
particle-reinforced composites and replaces the technology in the process chain with 
SLS/SLM. Here all of the constituent materials interact to produce a final part with 
improved or specialized chemical and physical properties. An example includes the 
production of tungsten-carbide-nickel metal matrix composites; wherein the tungsten 
carbide particulate phase increases material durability and hardness, while the nickel 
phase both binds the particles and provides good corrosion resistance [15].  
 
The most distinct advangtages of powder based AM technology is the versatility of 
compatible materials, which has resulted in multiple new metallic powders being 
developed for use in SLM, SLS, 3DP and LENS machinery within recent years. They allow for 
part production without any tools, whereas conventional manufacturing methods require 

Page 266



 

 

dedicated toolling such as moulds and dies. The technology may open up new avenues for 
innovative manufacturing methods and material composites to satisfy niche requirement 
markets [16].  
 
Technology has developed rapidly in recent years, especially since SLM and SLS has become 
a common solution to mainstream manufacturing requirements. Due to SLS/SLM’s capability 
produce parts of complex geometries from virtually any material that can be crushed into a 
powdered particulate state, it may be the most effective solution in many niche industries 
including that of composite materials [16].  
 
3.4.1 Powder Based Processes 
When manufacturing composites with powder bed laser technology, the reinforcement 
phase is in the form of particulates and not fibres. This aids the development of a smooth 
powder bed and is beneficial to aggregated final part strength and density. This review will 
mainly focus on the latter SLM method for producing composite materials, which comprises 
of three often integrated processes: 1) by utilizing various powders, 2) by In situ reactions, 
and lastly, 3) by furnace treatment [9]. 
 

Table 3:Powder based methods for producing composites, their descriptions and 
examples of materials produced sourced from [9]. 

Manufacturing 
method 

Description Examples 

Powder Based 
PMCs 
 
 

Largely created by means of liquid 
phase sintering. The preferred 
material combination consists of 
polymer powders mixed with 
ceramic reinforcement particles. 
The matrix constituent may be 
coated with polymer resins to 
promote adhesion and improve 
material strength. Alternatively, 
the reinforcement particulate and 
polymer mixture may be 
substituted with a single composite 
powder to ease powder mixing and 
even spread of the particulates 
throughout the final part.  

• Hydroxypatite (HA) added to 
polycapralactone (PCL) and sintered 
together to form a material that is 
stronger and more biocompatible 
than its constituents. 

• PEEK (Polyether ether ketone) 
sintered with HA has shown 
significant improvements in the 
biocompatibility of implants [17]. 

• HA powder coated with Polymethyl 
mathacrelate (PMMA) have also been 
successfully sintered into composites, 
which strengthens the final 
component, however at the expense 
of biocompatibility.  

Powder Based 
MMCs 

The most widely produced 
composite utilizing powder based 
laser technologies. Part densities of 
laser sintered ceramics and metals 
are often subordinate to that of 
PMCs. Though densities may be 
improved significantly by post 
production infiltration, or adding 
more material phases to reduce the 
melt’s surface tension and increase 
the sinter-ability of the material. 

• A variety of Tungsten Carbide 
alloys. 

• Fe, Ni and TiC 
• Iron (Fe) with graphite 

reinforcement particles. 
• Virtually any material combinations 

that can be produced in powder 
form of small enough particle size. 
 

Powder Based 
CMC 

Ceramic matrix composites are not 
a popular choice in SLS/SLM 
production, though the composites 
that have been produced may be 
used as electrical insulators and 
wear resistant coatings. 

• SiSiC 
• Alumina-Zirconium ceramics [18] 
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3.4.2 In situ Reactions 
  
In situ reactions are laser-induced chemical reactions that are utilized to create in-situ 
particles during sintering. There are two ways wherein the laser beam’s energy is 
converted, namely 1) to surpass the reactants’ activation energies as to form chemical 
compounds, and 2) prompt a chemical reaction that both forms a compound and engenders 
sufficient thermal energy to allow chemical reactions to propagate autonomously. This is 
also referred to as self-propagating High-Temperature Synthesis (SHS). The in-situ 
formation of compound materials are advantageous due to their uniform spreading of 
compounds throughout, superior wetting characteristics, and promotion of binding 
reactions from the release of exothermic energy [9].  
 
In the laser processing of SiC, the disintegration of SiC and its reaction with O2 results in 
the formation of SiO2, which acts as a binder matrix, encompassing silicon carbide (SiC) 
particulates. Though an intriguing phenomenon, the manufacturing technique does not 
result in strong enough parts to be of interest in real world applications [9]. Table 4 below 
includes examples of chemical compounds formed by both methods mentioned above. 
 

Table 4: Chemical compounds produced by overcoming reactant activation energies or 
by self propagating high-temperature synthesis (SHS) 

Classification Example Constituents 
Overcoming 
of reactant 
activation 
energies 

Includes the production of MMCs 
that are reinforced with 
Titanium diboride (TiB2) or 
titanium carbide (TiC). 

The composites originate from a 
compound powder mixture of copper 
(Cu) Titanium (Ti) and Boron Carbide 
(B4C) 

SHS TiC-Al2O3 
Titanium oxide (TiO2) Aluminum (Al) 
and Carbon (C). 

SHS Al2O3-Cu Cupric oxide (CuO) and Al 
SHS NiTi-HA Ni, Ti, HA. 
 
3.4.3 Post production Furnace treatment. 
 
Laser sintered materials do not consistently yield parts with desirable densities, which calls 
for the use of post-production furnace treatments. These treatments are traditionally 
performed in one of two ways, 1) by debinding the porous material constituents, which 
may result in phase changes and changes in material structures, and does not necessarily 
involve the addition of infiltration material. Secondly, 2) applying the furnace to facilitate 
chemical reactions within the material during infiltration of the part [19]. 
 

3.5 Laser Engineered Net Shaping 

LENS utilizes a similar production technique to SLS. It is powder based and it utilizes 
similar laser power interaction. The key difference lies in the manner which powder is 
deposited. A variant of the technology, CMB, includes an option to use wire feedstock 
material, which opens possibilities of developing metallic composites with AM that are not 
powder based [7]. Laser Engineered Net Shaping is capable of utilizing several powders for 
production of materials with chemical composition gradients. For composite materials, 
varying degrees of reinforcement phases may be incorporated into FGM by combining 
powders from separate nozzles pressurized by non-reactive gasses [9].  

3.6 3D printing 

In this powder based AM process, powder layers are bound together with a polymer binder 
that is extruded onto it via one or more pressurized printing nozzles. Provided that the 
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binder does not chemically react with or dissolve the powder, several compositions may be 
utilized to form composite materials. An advantage of 3D printing includes the possibility 
of altering material properties such as electrical and thermal conductivity, magnetism, and 
reflectivity. Furthermore, FGM can be achieved with the use of multiple nozzles, which can 
be applied to vary material hardness throughout the part [20]. 
 
Porous ceramic or metal parts produced with 3D printing may be infiltrated post production 
for composite reinforcement. Examples of such parts include a 60% stainless steel green 
part infiltrated with 40% reinforcement, either consisting of copper, starch and 
polyurethane, or starch and surgical wax. Though fibre-reinforced composites cause 
complications during powder based processes, porous parts may be injected with carbon 
nano-fibres within an epoxy resin to enhance strength and electrical conductivity [9]. 
 

3.7 Ultrasonic Consolidation  

This metallic foil based technique is most often used for the production of metal 
composites or metal-matrix composites. Foils are welded together ultrasonically and 
conventionally consist of Al, Fe, Cu and Ni. This process provides advantages such as 
meticulous precision in placing fibre structures and mitigated damage to fragile fibres due 
to less intensive temperature changes during production. Experimentation with UC to study 
the bond ability of materials has yielded composite materials such as SiC fibres bonded 
successfully with shape memory alloy fibre, and the production of a commercially available 
composite foil, MetPreg, which consists of alumina fibre embedded over an Al foil [9]. 

4. NANO COMPOSITE DEVELOPMENTS 

By combining AM and nanotechnology, specialized materials characterized by optimized 
properties and multifunctionality can be produced, and their relevant research avenues 
exploited. This may result in greater functionality of produced parts, such as improved 
conductivity and high temperature strength. It also bears the potential to improve the 
printability of certain feedstock materials. In order to optimize the benefits of combining 
these technologies, it is first necessary to form a full understanding of nanocomposite 
materials and the processing thereof; in tandem with identifying suitable AM technologies 
to build nanocomposite parts [4]. 
 
There are various challenges to be addressed before the full potential of nanocomposites 
can be unlocked. For instance, the addition of nanoparticles may increase the viscosity of 
resins, clog printing nozzles, and complicate the aggregation of reinforcement particles 
throughout the material [4]. Furthermore, in powder based AM techniques, nanoparticles 
may decrease tap density and process-ability of the material, yet this may be resolved by 
using micron-sized nanostructure powder alternatives, which exhibit nano-effects post 
production [9].  
 
Polymer matrix nanocomposites are currently in vogue, with less prominent work being 
conducted regarding metal matrix composites. Without diminishing impact resistance, 
nanoparticles included into polymer based resins improve tensile strengths by inhibiting the 
movement of polymer macromolecules. High concentrations of nanoparticles may decrease 
the final density of parts, which calls for a trade-off to optimize the desired properties 
[21]. The addition of minute volumes of nanoparticles has shown positive transformation in 
the mechanical, thermal, optical and electrical properties of parts produced with SL and 
FDM. Small volume fraction additions allow for the enhancement of the matrix polymer 
without major increases in the viscosity of the resin. In SL a unique nano-ceramic material, 
named Bluestone, has been developed that produces parts suitable for housing electrical 
components [9]. 
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With recent advances in AM technology and its integration with nanocomposites, new 
materials with functionalities beyond that of standard printing feedstocks are being 
developed. These new-age nanofiller materials facilitate the fabrication of parts with 
unique structural reinforcement, -sensing, -magnetic, -heating, -and conductive properties 
[4]. These advancements expand the reach of AM technology and aid accelerating its 
adoption. Nanofillers are property enhancing doping agents incorporated into the matrix 
phase of composites. Various hydrogels, polymer matrices, thermoplastics and 
thermosetting resins incorporate nanofillers to create materials capable of producing 
multifunctional structures, such as nanoclay, carbonaceous nanofillers and metallic 
nanofillers. For example, metallic nanofillers consisting of silver nanoparticles or 
nanowires, carbon nanofibers, graphene, or carbon nanotubes improve the conductive 
properties of materials significantly. Nanofillers are incorporated into insulating polymers 
to fabricate ocomposites with unique electrical properties for applications in sensing 
devices and electromagnetic shielding (especially popular in aerospace industries) [4]. 
 
Various strategies for nanocomposite material mixing have recently been made available 
throughout literature as researchers aim to identify trends which obtain an optimal blend 
of desired properties. In a particularly intriguing study by Yugang et al. [23] the viscous 
and mechanical properties of a TiO2 -nanoparticle reinforced photopolymer were 
considered. A 0.25 wt% nanofiller addition resulted in the following improvements 
compared to parts produced with pure resin: 1) 89% tensile strength increase, 2) an 18% 
rise in elasticity modulus, and 3) 6% improvement in the flexural strength of the material. 
An increase in the viscosity of the nanocomposite was observed in all cases, with a sharper 
increase noted during the use of functionalised nanofillers. These filler materials are 
‘functionalised’ by addition of silane coupling agents like KH 570, which forms hydroxyl 
groups at their surface and increases interfacial interactions between the filler and matrix. 
 
There are various microfabrication techniques utilized to produce nanocomposite parts 
with AM, however, this article will not be able to address them in full. Table 5 includes a 
summary of the most popular AM processes used to produce nanocomposites, including 
their relevant nomenclature, a description of the process, materials used, and potential 
applications thereof. 

Table 5: A summary of popular microfabrication techniques that can produce 
nanocomposite parts adapted from [4]. 

Name Description 
Common 

Nanocomposite 
Materials 

Potential 
Applications 

Inkjet printing 

The deposition of ink 
materials in small drops 
onto a substrate via a 
pressure jet. 

• Photopolymer 
solution 
encompassing Ti-
nanoparticles. 

• Graphene sheets 
adorned with 
silver 
nanoparticles. 

• Graphene 
hydrogels. 

• Electronic devices 
with flexible 
physical features. 

• Input sensors. 
• Data storage.  
• Supercapacitors. 
• Anti-

counterfeiting. 
 

Powder-bed 
technology 
(Binding-based 
inkjet printing) 

Similar to 3D printing 
described in Table 1, where 
layers of an adhesive resin 
with low viscosity is 
deposited onto a powder 
bed, binding adjacent 
powder grains together. 

• Carbon nanofiber 
epoxy. 

• Hydroxyapatite or 
graphene oxide 
nanoparticles. 

• Bio-applications. 
• Supercapacitors. 
• Optics.  
• Water 

purification. 
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Micro-
stereolithography 
(MSL) 

This technique produces 3D 
microstructures by imitating 
the SL process of curing 
photopolymer resins with a 
precision UV laser on a 
micro-meter scale. 

• TiO2 nanoparticle 
reinforced 
photopolymers. 

• Beam steering 
and focusing. 

• Electromagnetic 
absorption or 
shielding. 

Dynamic optical 
projection 
stereolithography 
(DOPsL) 

DOPsL is based on the same 
principle as MSL, but 
incrorporates the use of a 
digital mirror array device 
(DMD) capable of producing 
dynamic virtual photo masks 
for each layer of the print. 

• Polydiacetylene-
nanoparticle 
reinforced 
hydrogels. 

• Flow sensing and 
biomedical 
detoxification. 

Direct-wire 
assembly (DW) 

This technique relies largely 
on the deposition of 
continuous ink filaments via 
a computer-controlled 
robot. It offers a wide 
variety of compatible 
materials such as 
rheologically customized ink 
filaments consisting of 
nanoparticles, colloid or 
organic material. 

• Nano platelet 
filled epoxy. 

• Silver nanoparticle 
filled conductive 
ink. 

• Nanotube filled 
epoxy. 

• Self-healing 
materials. 

• Photovoltaics. 
• Opto-electronics. 
• LEDs.  
• Self-healing 

materials. 

Fused Deposition 
Modelling 

A modified form of the FDM 
technique discussed in 
Table 1, with the addition 
of nanoparticle materials 
into the feedstock material. 

• ABS or PLA 
thermoplastics 
reinforced with 
nanoclay or 
nanocrystalline 
hydroxyapatite. 

• Noise reduction 
materials. 

• Tissue 
engineering.  

• Electronic 
sensors. 

Solvent-cast 3DP 
(SC-3DP) or Liquid 
Deposition 
Modelling (LDM 

A recent development in AM 
technologies which relies on 
direct deposition of 
nanocomposite or polymer 
solutions. 

• Nanotubes 
encompassed by 
thermoplastics, 
specifically PLA. 

• Microelectronics. 
• Liquid sensing. 

Conformal 3DP (C-
3DP) 

An extrusion based printing 
technique capable of 
extruding ink filaments onto 
curved (conformal) 
surfaces, which enables 
fabrication of complex 
geometries.  

• Nanotubes 
encompassed by 
photopolymers. 

• Silver nanoparticle 
filled conductive 
ink. 

 

• Multiple layered 
tactile 
piezoelectric 
sensors. 

• Microelectronics. 
• Antennas. 

UV-Assisted 3DP 
(UV-3DP) 

Based on the DW process, 
UV-3DP is utilized to 
produce features by the 
deposition of ink filament 
that cures upon exposure to 
sunlight. The nozzle is 
movable in three dimensions 
and is used to produce both 
freeform and supported 
structures. 

• Nanotube filled 
photopolymers. 

• Sensors. 
• Field-effect 

transistors. 
• Microelectronics. 

5. CONCLUSION: OPPORTUNITIES, CHALLENGES AND FUTURE FOCUS 

It is clear that, though still in their early stages, research avenues regarding composite 
materials by AM are currently trending within the advanced materials industry and 
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academia. Thus far the majority of AM composite applications were surrounding 
mechanical and structural reinforcement applications, however, the field shows great 
potential for other inter-disciplinary uses that have yet to be thoroughly researched. There 
is an apparent need to develop current AM technologies, or investigate entirely new 
processes and materials that will enrich the field of applications. Promising opportunities 
regarding the integration of these technologies include [9, 24 , 25]:  
 

• Developments which enable the optimization of a material’s microstructure 
without affecting its physical properties.  

• SL and LOM processes that facilitate the effective production of continuous fibre 
reinforced structural composites. Albeit at the lack of time efficient and precise 
reproducibility, the potential for future applications is prevalent, and will come 
with maturity in these processes. 

• Another area for further research is SLS and LENS processes for producing ceramic 
composites by in-situ reactions. Most importantly, in the case of powder based AM 
processes, the research and development of specialized powders for composite 
production should be encouraged as it will provide the capability of producing 
composite parts without the additional cost of upgrading machinery. 

• AM provides a distinct advantage over traditional manufacturing techniques in 
terms of time, cost, waste and labour requirements, especially in novel industries 
that require specialized small batch manufacturing. 

Some difficulties regarding technological maturity and material development are still 
present, including the following [24, 27, 28]: 

• Technological adoption of AM processes by manufacturing companies that resist 
drastic changes in their operations. 

• Due to layered addition of materials, the surface quality of parts produced with 
AM is not refined and requires post processing treatments. 

• Although efficient, many direct manufacturing techniques produce metallic 
composite parts with undesirable densities. 

• AM machinery includes a higher initial system cost. 

• Challenges persist regarding optimal mixing strategies that mitigate the effects of 
nanofiller additions on the viscosity, flow-ability and transparency of printing 
materials for the fabrication of nanocomposite parts.  

Lastly, AM, composites and nanocomposite technologies have made impressive progress 
within recent years and are on a fast track to revolutionizing several industries. Future 
developments provided by current research within these fields include the following 
predictions [24, 28]. 
 

• The recent boom in the popularity of AM systems will extrapolate to increase the 
amount of potential users. This increased demand may likely decrease the cost of 
AM machinery, which will convoy with greater research and development efforts 
within novel AM fields such as composites and nanocomposites. 

• AM systems will evolve to incorporate multiple material feeds, which allow for the 
production functionally graded multi material compositions within produced parts. 

• The multi-functionality associated with nanoparticle-reinforced composites will 
fuel the development of newer AM machinery and feedstock materials to produce 
nanocomposites more effectively. 
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By combining the advantages of both technologies, the integration of nanotechnology with 
AM will bring several improvements in the production of multifunctional devices on both a 
macro, - and micro scale. AM provides the means to produce materials with greater 
freedom and dimensional accuracy, while the addition of nanotechnology adds broader 
functionality to printed parts [24]. The following years will be crucial in advancing these 
industries enough to facilitate a synergy that will shape the future of material sciences and 
additive manufacturing for generations to come. 
 
This review has provided valuable insight into composites, nanocomposites and novel 
ventures in the production thereof via AM processes. It has aided the research at 
Stellenbosch University on carbide coatings produced with SLS/SLM technology; and during 
the pursuit of knowledge relevant to this paper several sources were uncovered that 
benefit the greater research venture. 
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ABSTRACT 

 
Are we really making a profit on our Additive Manufacturing (AM) product line? How should 
we factor in the learning curve and the teething problems? What percentage of capital cost 
should be allocated to each product? What should be the basis of quotation; product mass 
or machine runtime?  
 
This paper defines a thought process by which the actual cost of an additive manufactured 
product can be determined. It considers overheads, indirect costs and direct costs. Labour 
cost is based on standard time and skills development cost is considered on a learning 
curve. The method suggested can be used for fused deposition- and powder based systems.  
 
During the ramp up of emerging technology implementation, several uncertainties remain. 
However, based on tried and known costing techniques a basic costing framework for AM 
can be suggested. Firstly, human resource project costs are charged directly, and indirect 
costs pro-rata. Secondly equipment costs are charges to projects on a time in operation 
bases – a direct cost approach. Indirect costs are charged pro=rata to the project time. 
Overhead costs are charged according to gross profit realized by the project. 
 
Currently overheads are subsidized by research grants, but eventually a sustainable AM 
business will afford its own overheads and continuous technology replacements.     
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1. INTRODUCTION 

The rapid prototyping industry using 3D printing is fast evolving towards an Additive 
Manufacturing (AM) industry. For this industry to be economically sustainable, the real cost 
of production should be known. Quotations should at least recover direct and indirect costs 
and the overheads be covered by gross profit. With high capital spent on equipment and 
regular teething problems in build quality, the required gross profit margin is still not 
known due to infrequent orders whilst the technology enters the market. Many man hours 
are spent by entrepreneurs and researchers, using family time, to satisfy their urge to 
understanding AM. The ramp up phase is still plagued by teething problems and is only now 
becoming commercially ready. Costing still contains an amount of risk which is either 
absorbed by the buro, or some research fund. Clients are unlikely to be willing to pay for 
technology development costs, neither for reprinting of parts that “did not print right the 
first time”.  
 
This costing framework considers required funding during the product life cycle and 
suggests long and short term funding schemes. It also considers technology redundancy. 
Similar to the Additive Manufacturing implementation framework suggested by Mellor et. 
al. [3], this costing framework is intended to support commercialization of this disruptive 
technology. 
 
The intent of this costing model is to serve as an open source platform for all additive 
manufacturing enterprises in South Africa, in order to strengthen our global 
competitiveness, as a cluster. The global market is still lucrative as quoted from Thomas & 
Gilbert [2]:- The consensus among well- respected industry experts is that the penetration 
of the additive manufacturing market was 8 % in 2011. However, goods produced using 
additive manufacturing methods represent between 0.01 % and 0.05 % of their relevant 
industry subsectors. Thus, additive manufacturing has sufficient room to grow.  
 
In an attempt to simplify such a model one may want to group cost types to: Firstly, costs 
that change often (low cost stability) have to be managed (standardised) like design time, 
client interface time. Secondly costs that have a measureable cost base like time or mass - 
where a direct relationship between the end product and the input cost exists.   

2. UNDERSTANDING THE PROBLEM 

Several methods exist to calculate project costing. In a case study by Booysen et. al. [4] it 
was shown that the cost of using AM to manufacture a maxillary implant at Centre for 
Rapid Prototyping and Manufacturing in South Africa, was more attractive than the 
alternatives. However, the costing method used was based on some approximations and a 
fully comprehensive costing method is required to sustainably fund AM commercialization.  
 
The method proposed herein is a hybrid of activity based costing. We firstly define the 
outcomes as research objectives. Then secondly we identify cost bearing events throughout 
the supply chain. The supply chain is then modelled as a value chain, which in turn is used 
to simulate to time variates. The simulation output is then adjusted and validated to real 
life case studies. Production costs of similar products can then be forecasted using the 
model.  
 
However, doing a complete in detail value chain analysis and allocating cost accordingly is 
an onerous task to manage. We therefor suggest a practical guide later in this paper.  
 
Initially it needs to be understood what the objectives of this study are, to be guided 
toward the outcomes of this research. 
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2.1 Objectives 

2.1.1 To understand the parameters influencing additive manufacturing product cost 

2.1.2 To introduce an event costing framework for AM which 

§ serves to sequentially build a costing model for an AM buro 
§ by identifying the ratios between parameters necessary to monitor to 
§ forecast product cost and 
§ manage production risk 

2.1.3 To provide a practical guide to implement AM product costing 

2.2 Defining the Value chain  

The process chain is analysed by dividing it into the smallest functional occurrences. These 
occurrences are sequenced as events, each with unique identifiers and characteristics. The 
sequential interaction is mapped out to depict the physical chain of events. Events that 
may occur simultaneously are mapped in parallel routes. Path lengths of parallel routes are 
compared to determine delay times and holding costs accordingly.  
 
Almost all events in the value chain are cost bearing. We want to group similar events 
together to reduce complexity, but events that may vary from batch to batch, should be 
considered individually. Similarly, events that do not vary with respect to time and cost can 
be considered “standard” and does not require frequent management. Standard items can, 
even if not sequential in the value chain, be grouped together for cost considerations.   
 
To understand how the value chain works, one can follow the product as it develops along 
the chain, from raw resource to finished product. The progressive increase in value is 
calculated along the value chain. 

2.3 Modelling the Value chain 

The defined value chain is modelled in Excel as a series of sequential events in single or 
parallel routes. Event characteristics and system interaction are added. A generic approach 
is used that allows changes in characteristics as well as sequence.  
 
In order for the costing framework to provide reliable and relevant information to 
management, certain checks and balancing ratios have to monitors frequently. These ratios 
are considered system output parameters. The value chain model should be designed to 
produce these outputs parameters. Ideally the output should be in real time.   
 
Lindeman et al 2016 [5] suggested to identify cost drivers on stochastic principles. Also, 
from textbook costing, some production ratios to monitor are:  

§ BURO monthly income vs expenses 
§ Product mass out vs raw material mass in 
§ Machine production time per week 
§ Machine loads per week 
§ Machine restarts per week 
§ Design time per load 
§ Raw material per week 
§ Product mass per week 
§ Post processing time per load  

 
All value chain output parameters should also be reported to common costing bases. These 
are: 

• machine production time per load [TMU] (TMU is a time measurement unit used in 
work-study and equals 1/100000 hour) 

• material mass [gram] 
• machine load time [hours] 
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• post processing time [hours] 
• other resource usage in measureable units [kilogram, liter, kWh] 

 
Three cost types are used to allocate real company expenses to events in the value chain: 
• Direct costs are associated with the output quantity of the event. Normally the cost 

is in a direct relationship with the output mass of that event. Filament usage is an 
example measured in mass. Labour hours associated with a specific value chain only 
can be claimed as Direct Labour on that value chain. Metal powder bed systems use 
inert gas, which is more likely related to machine production time than to output 
mass of that event. 

• Indirect costs are associated with the value chain’s ability to produce the product. 
Normally the cost is related to the production time or number of events that 
occurred in a given time. Machine servicing is an example. Labour hours associated 
with general work for several value chains should be allocated as Direct Labour to 
the value chains, but often unallocated man hours remain, that is then claimed as 
indirect Labour hours. Indirect costs have to be divided up and claimed to product 
lines (value chains) most likely related to. This could include management, 
accounting, marketing costs specific to a value chain or group of value chains, or a 
department within and enterprise. 

• Overhead costs are company expenses not covered in direct and indirect costs. After 
direct cost and indirect costs have been allocated, certain overarching expenses 
remain. Generally, companies would top slice a percentage of sales income to cover 
overhead costs. The percentage could differ for divisions in the enterprise, 
depending on factors like capital allocation, marketing, research to name but a few. 

 
Every event in the value chain therefor accumulates costs related to direct activity, 
indirect activity and overheads. The accumulated costs related to the event then 
represents the activity based cost for that event. Human resource costs related to events 
are normally related to machine attendance activities. After many cycles, machine 
attendance activities reach standard times, that we can use for activity duration 
prediction. Standard times are often used to predict the time that defined activity would 
take. A standardized human resource cost can now be assigned to that activity. 
 
Once costs for value chain activities are assigned, the different feasible options of the 
supply chain can be simulated. In most cases several feasible options in the supply chain 
exits, and the best options have to be considered. A value chain with several feasible 
alternatives has a lower commercial risk than a single feasible solution.      

2.4 Simulating the Value chain 

A “walk through” batch processing approach is used. Each batch of similar products is 
progressed along the value chain. Cost is accumulated as value is added. The simulation 
reports cost incurred at each stage along the value chain. Risk on product non-conformance 
can be managed accordingly.  
 
Just as in real life, each event (or smallest functional occurrence) has an absolute start 
time and a duration. Duration is in this case defined as the standard time it takes for an 
event to occur - ie the absolute time at the end of the event minus the absolute time at the 
commencement of the event. 
 
Traditionally in mass production a continuous flow of material is monitored and the 
complete production line is in pseudo balance to a rhythm called TACT time. However, in 
mass-customized production, as in the case of Additive Manufacturing, a batch production 
approach is followed. Tact time is not relevant here as production demand variations 
require more flexibility. A batch, or pseudo project, is typically a “load” of the AM 
machine. The batch would enter the production process, find its most cost effective way 
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through the value chain, and emerge as a completed batch of products. As we know, with 
Additive Manufacturing, such a batch of products may completely vary in size and shape, 
but would have similar material and grow properties.   
 
Therefor the simulation mechanism is a walk through process, where the simulation finds 
the least cost route for each batch through the value chain. Production management now 
becomes a multi station, multi stage, multi batch problem, best solved with operational 
research techniques. However, for this research we do not venture into the optimal 
production management solution, but seek to define at least the production cost for a 
single batch. It can be argued that multiple batches simultaneously in production would 
cause delays due to resource availability as would therefore take longer to the client. 
However, on the other hand, having higher volume, better utilizes the overhead & capital 
laid out, and would sustainably lower cost to the market. One could conclude that the 
customer would then have to wait a little longer, to get the goods at the lower price. 
 
In real life most costs relationships are nonlinear, although process modelling leans towards 
simplification that often means linearization and normalization of information. Statistical 
averaging and the application of a Normal distribution can lead to oversimplification and 
inaccuracy. However, until we fully understand all the parameters influencing the 
sustainable production cost, we linearize.  

2.5 Validating the Value chain 

The simulated product costs are compared with accounted cost from historic case studies. 
All accounted costs are allocated as direct, indirect or overhead costs to the host 
enterprise. The cumulative value added to products generated in a fiscal period are 
compared to the accounted expenses in the same period. From literature Baumers et. al. 
[1] reported a cost of £6.18 per cm3 of metallic material deposited using Direct Metal Laser 
Sintering (DMLS) in 2016.  
 
The approach to cost validation has several steps that includes relevance, iteration and 
reconciliation. Relevance refers to ensuring that expenses are incurred towards the 
generation of revenue through a related product or service. Several iterations of the 
simulated value chain are used to ensure repetitive consistency. The reconciliation process 
is based on a known accounting practice of allocating expenses to cost centres, with the 
addition of linking direct costs to production activity.  
 
To validate the value chain, using an activity based costing, a two phase approach is used. 
Firstly the activities in the value chain need to be validated. Secondly the accounting costs 
are allocated to the activities in the value chain. The following is used: 

2.5.1 “walk through” the process chain to confirm sequence 

• do mock production - note absolute start and stop times of each event, divided into: 
setup, production, clean-up 

• determine time delays, where multiple parallel routes in process chain 
• assign time delays to resources (If a machine is setup for a task, but delayed by a 

predecessor, then the machine is not available for other tasks. The machine is then 
delayed for a standby period at its hourly cost which is then charged to that value 
chain requiring it to be on standby. 

2.5.2 reconciliation -  
This is a manual task to allocate real company expenses to events in the value chain. 
However, normally expenses are incurred on several events at a time. A system of pro-rata 
allocation of expenses to each project is required: 
A step by step approach would be to firstly assign a “label” to events that should be 
accounted for together. Often accounting systems record expenses, but has limited ability 
to allocate such expenses to individual events. Allocate the complete expense to the events 
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associated with that expense. For example, divide cost of a roll of filament through several 
products manufactured using that roll of filament.   
 
Secondly, with all costs allocated to events, generate a report for a fiscal period and 
compare with accounted numbers. Rerun similarly for other fiscal periods. Adjust the 
numbers in the model to reflect the accounts. 
 
Thirdly, once all costs are accounted in the model, generate cost reports for specific 
products or value chains. Theoretically the total costs of all products in a fiscal period 
should equal the accounted expenses for the same period. Similarly, the income. 
 
Once the value chain has been validated, the simulation of a specific product through all 
the associated events in the value chain should give a cumulative value equal to that 
product’s cost. 

2.6 Forecasting cost 

The validated value chain model reports cost as the product batch is produced progressively 
along the chain. The full cost of the product is an output of this model. The full cost can be 
used for quotation by adding overheads such as marketing, admin, management and 
accounting. 
 
Eventually the sales manager wants to upload a STL file into the system and promptly 
receive a pricing which can be used in negotiating with the client. Practically three levels 
of costing are suggested:  

• Internet estimate - STL file is uploaded and a quick estimate (subject to design 
development) given online. No design development is charged. 

• Sales team negotiation - The estimated production cost (and delivery time) needs 
to be instantly (subject to design development) available to the sales team, for 
them to add overheads -, marketing- and sales costs. A certain design 
development component is charged. 

• Customised - refined through design development in collaboration with the 
customer. Typically performance work packages to supply products designed 
according to standards specifications. 

 
We know (from earlier), that the sooner the delivery time, the higher the cost. Therefor a 
production “disturbance” factor is used to weight shorter delivery times. Such a 
disturbance factor is related to the production volume on hand in relation to the firm order 
book. Seasonality is also a factor here. 

3. A PRACTICAL GUIDE: WHERE TO START DEVELOPING YOUR COST MODEL: 

This guide is not comprehensive, but may serve accurate enough until such time that a 
complete event based costing model is developed for your specific operation. The authors 
suggest that the following steps are used as a guide only, and that it is validated against 
historic case studies from your own accounting system for completeness.  
 
from your capital accounts: 

1. identify the high capital value equipment required for the value chain {agree a % 
use for the production business, if shared with other activities like research} 

2. agree the total capital investment related to the production part the business 
including the equipment above {this will be a % of equipment cost if shared with 
other activities such as research}  

3. agree a time value of money rate {consult an accountant and agree with 
management} 

4. agree a technology redundancy depreciation method for each high value equipment 

Page 280



5. agree the high value equipment that can be managed as a business unit and name 
each business unit 

6. divide the total capital investment pro-rata to each business unit 
 
from your financial expense accounts: 

7. identify the costs that you can easily calculate and objectively allocate to projects - 
[direct project costs] {objectively means that the cost is allocated without doubt 
and dispute to that project} 

8. identify the costs that can be allocated to each business unit - this include service 
cost, raw material loaded, pre- and post batch production preparation time and cost  

9. identify the costs that occur periodically and that you cannot objectively allocate to 
neither business units or projects. Admin personnel costs, utilities and premises rent 
are examples: - [ yearly overhead costs] 

 
keep time sheets: 

10. allocate time spent on various activities in the project process chain. these would 
include: 
• design  
• production 
• post-production  
• process management (includes client interfacing) 

11. for each person use a spreadsheet of activity (vertical) and project (horizontal). 
Non-project time is allocated as indirect activity including: 
• research 
• management & administration (non-project) 
• marketing 

12. Weekly accumulate hours spend per project per person: - project time 
13. Weekly allocate indirect activity hours % pro-rata to each project for each person 

{agree objective quantifiable process dependent on each person’s job designation } 
14. Weekly calculate the personnel time cost: - {multiply the person’s charge out rate 

by the project time} :- [ personnel time project cost ] 
 
keep machine logs on each equipment as identified above:  

15. list production start time and end time of each project {where projects share a 
production batch, allocate a % pro-rata to each project} 

16. list machine service events 
17. list machine supplies events - including consumables 

 
for each business unit: 

18. list all expenses charged to the business unit according to fiscal date {fiscal date 
means the date when the responsibility of debt occurs} 
• allocate weekly expenses to each production week 
• divide monthly expenses pro-rata to production weeks - typically consumables 
• divide yearly expenses pro-rata to production weeks - typically service & 

maintenance  
19. divide the capital expenses related to the business unit pro-rata into the production 

weeks 
20. accumulate the total expenses for each week {note: production weeks accumulate 

more expenses than non-production weeks - like shutdown periods} 
21. allocate yearly overhead expenses pro-rata to the total weekly expenses of every 

business unit {note: agree an objective quantifiable pro-rata allocation process } 
22. consider each machine load as a production batch. Various projects’ parts can be 

produced in a batch. 
23. From the digital STL data determine the total mass (volume x density) of the parts 

in the batch 
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24. Allocate the parts mass pro-rata to each project – this will be used to charge 
machine time and raw material usage to each project 

25. charge the weekly expenses pro-rata to time each project spent at the business unit 
- {note: when production machine changes material and material cost varies 
significantly then weekly interval should change to material change interval } :- 
business unit project expenses 

26. charge the raw material usage to each project based on the pro rata digital mass 
allocated to the project 

 
For each project:  

27. sum weekly: 
• direct project costs 
• personnel time project cost 
• business unit project cost 

28. report weekly on accumulated project costs 
29. reconcile weekly accumulated project costs with actual accounted expenses for the 

same period 
30. manage discrepancies and adjust pro-rata cost allocations 

4. CONCLUSION 

The costing framework for Additive Manufacturing attempts to provide a comprehensive 
guideline to the engineer responsible for product job costing and quotation generation in 
mind. As many Additive Manufacturing platforms exist, no one costing system will work for 
all. Therefore, this framework should be used as a guideline for the costing engineer to 
develop their own model. The basic approach is: 

1. Human resource time (from timesheets) is charged to the project as: 
a. Direct chargeable time 
b. Indirect time is charged pro rata to project’s direct chargeable time 

2. Each workstation is considered a production service unit. The unit has certain 
expenses, and has to “charge” these expenses to the projects manufactured at the 
unit. The “charge” amount is based on the value added to the project by the 
activities at the workstation. The charge may have a time duration and a measurable 
resource quantity component – normally considered as direct costs. However, 
indirect costs and overheads are charged to the workstation as well, and should be 
charged through to the client as well. Indirect expenses are charged pro-rata to the 
time the project spent at the workstation. 

  
It remains imperative that the model must be constantly validated with current information 
and pricing. The costing engineer should understand the fundamental mechanisms in the 
model, to enable customization for special cases. The fundamental framework however 
remains standard to serve all cases, with certain selectable options. 
 
The costing framework in this framework is part of an ongoing attempt of the Resource 
Efficiency Engineering Management research group at the Stellenbosch University to support 
commercialization of SMME’s in South Africa. In this case the costing for AM is being 
implemented and tested as a working system. Several costing alternatives can be generated 
by adjusting system input and conversion parameters. This iterative process helps decision 
makers to understand process sensitivity and to manage risk accordingly. The next formal 
publication will be on the sensitivity of the validated model. This will form a basis for cost 
forecasting and quotation.   
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ABSTRACT 

The purpose of this paper is to endeavour the incorporation of the key business functions at the Advanced 
Manufacturing Precinct and other business process management aspects. This will allow the Additive 
Manufacturing unit to use a system of integrated applications. The aim is to use this integrated application to 
manage the business and automate various back-office functions related to technology, services and human 
resources to develop the data capturing (the product data management), manipulations, calculation and 
validation for a unique Enterprise resource planning model for Additive Manufacturing units founded in a fail-
safe quality management system.  The scope of this paper will be limited to the web based digital customer 
interface using the operational product data management system in the Advanced Manufacturing Precinct’s 
Additive Manufacturing Department. [4] 
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1. INTRODUCTION  

Future South African manufacturing companies, need to implement advanced manufacturing engineering 
solutions and should give proper attention to the AM process and resources that are suitable for the variances 
of each manufacturing AM platform. Principally, for effective enterprise resource planning (ERP) system 
implementation in an AM environment, the product data management (PDM) digital integration for product 
data is one of the key aspects to consider for success. Product data integration dictates that the engineering 
bill of materials (EBOM) should be adapted into a manufacturing bill of materials (MBOM), however the 
transformation should be done in such a way that it will fit the uniqueness of each AM platform. In this 
process, a methodology suitable for the incorporation and transformation is required. The focus of the 
following research will be limited to the EOS Formiga P 100 Selective Laser Sintering (SLS) machine. 
 
ERP has justly become a trusted business application and will not be questioned in this paper. Small medium 
and large enterprises are investing into information technology to ensure improved integration with 
stakeholders, partners, effect reduced costs, and establish a competitive advantage. Incorporating the AM 
roam into the world of ERP might just be one of the most important aspects transforming this technology from 
a prototyping technology to a manufacturing business environment. “ERP can be described as an enterprise-
wide set of management tools that balances demand and supply, containing the ability to link customers and 
suppliers into a complete supply chain, employing proven business processes for decision-making, and 
providing high degrees of cross-functional integration among sales, marketing, manufacturing, operations, 
logistics, purchasing, finance, new product development, and human resources, thereby enabling people to 
run their business with high levels of customer service and productivity, and simultaneously lower costs and 
inventories; and providing the foundation for effective e-commerce”[2].   
 
Investigating the ERP requirements and digitisation of the different AM processes, it is prudent to understand 
the advantages of this disruptive manufacturing methodology over conventional manufacturing techniques. 
The most important advantage of AM is that there is no tooling requirement and product complexity 
constraints associated the manufacturing process. AM also offers low volume production and mass 
customisation. The fact that AM is a real manufacturing methodology is not disputed anymore and is confirmed 
by the nature of business at the VUT’s Advanced Manufacturing Precinct.  
 

2. DIGITAL ENGINEERING 

This paper proposes that digital engineering should be used as the key data accumulation tool between PDM 
and ERP. Digital manufacturing, as a technology possessing methodology, encompasses the physical and logical 
computer modelling and simulation techniques for actual manufacturing. This provides the methodology for 
transforming EBOM to MBOM that fits the uniqueness of each AM platform, based on the process and resource 
models which reflect the uniqueness of each AM platform. [1]The first step and the part that this paper will be 
to focus on the digitisation of customer information, this will allow the customer to generate and accept self-
generated quotation on a Web-site customer interface. To do this safely and accurately with reference to 
costing, the old debate of EBOM vs MBOM comes to the table. The following paper will not to focus on aspects 
around the manufacturing methodology as such, however it is prudent to mention that the manufacturing 
entities have to implement additive manufacturing engineering with proper consideration given to the 
manufacturing process and resources that are appropriate for the specific requirements of each manufacturing 
site. Particularly for effective enterprise resource planning (ERP) system implementation under a global 
manufacturing environment, the product data management (PDM) integration for product data is one of the 
important keys to success. It is also important that no manipulation of this information is possible.  For such 
product data integration, engineering bill of materials (EBOM) needs to be adapt to manufacturing bill of 
materials (MBOM), but the MBOM transformation must be done in such a way as to fit the specific requirements 
of each manufacturing site (some materials are hydroscopic, thus humidity control is a requirement). In this 
process, a methodology appropriate for integration and transformation is required.  Digital manufacturing 
propagated as the key tool of data integration between PDM and ERP. Digital manufacturing, as a technology 
possessing the physical and logical computer modelling and simulation technique for actual manufacturing, 
provides the methodology for transforming EBOM to MBOM that fits the particularities of each manufacturing 
platform, based on the process and other models which reflect the specific requirement of each 
manufacturing platform. It also provides the methodology for MBOM verification and the process and resource 
model integration. This is one of the shortcomings of the current manual system running in the AM 
department. Using such method, the MBOM and the process and resource data, verified and appropriate for 
each manufacturing site, can be sent to the ERP system. 
 
The “Industrie 4.0” philosophy of starting and ending with the customer, emphasises that the economics that 
underpin the application of this technology, which is a fundamental prerequisite to developing a business case 
for its application and needs to be holistically understood before one can incorporate this as part of the ERP.  
In this paper, the findings presented is aiming to develop a better understanding of the underlying economics 
of AM.  An ERP system affect a firm's strategy, organisation, and culture. The first step is recognizing the need 
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for planning an ERP implementation at the strategic level. With all the platforms at the Advanced 
Manufacturing Precinct, the decision was made to use the EOS P100 for such an analysis. The machine 
specifications is shown in Table 1. 
 

Table 1 Key information of the P100 

Model: EOS Formiga P 100 
 
Selective Laser Sintering machine 
 
Model size : W240 x D190 x H300 mm 
Material  : Fine Polyamide PA 2200 
Interface : Magics V12.1 Software 
Input  : STL (recommended) , .3ds 

Notes: 
1) Machine build size: W240 x D190 x H300 mm 
2) 3d print model shrinks. 
3) Tolerance is 0.1-0.2mm. 
4) Min thickness 0.6 (x-y), 0.1 (z). 
5) Printing on X-Y plane makes for higher strength 
output. 
6) Gap between component 3-5mm 
 

System manufacturer EOS GmbH 
Process type Laser Sintering 
Energy deposition CO2 laser, 30W 
Usable build volume size (X / Y / Z) W240 x D190 x H300 mm 
Process atmosphere N2 
N2 source N2 generator, internal power supply 
Heater type IR and resistance 
Melting temperature ~173 ºC 
Build material PA2200, Polyamide 12-type thermoplastic 
Used layer thickness 100 µm 
Support structures Not required 
 

Table 2: Key processing information on the P100 

Build	
no.	

Build	
height		

Total	volume	
of	parts	
(mm3)		

	

Invoice	
Monetary	
Density	

	1	 145,458	 429946,88	 	 	R	9	540,83		 2,22%	
	2	 65,5	 338803,24	 	 	R	4	263,42		 1,26%	
	3	 251	 2001941,02	 	 	R17	505,62		 0,87%	
	4	 278	 1226145,96	 	 	R23	122,31		 1,89%	
	5	 16,973	 295719,37	 	 	R	8	491,29		 2,87%	
	6	 181,5	 545788,70	 	 	R11	943,05		 2,19%	
	7	 182,875	 659358,22	 	 	R	7	756,23		 1,18%	

	Table 3 Analysis of first data group. 

Parts	in	cm3	

Vol	cm3	
using	build	
height	 R/kg	

Over	or	under	
recovering.	

429,9469	 6632,8848	 R	2	386,10	 19%	

338,8032	 2986,8	 	R	1	353,09		 -33%	

2001,941	 11445,6	 	R				940,25		 -53%	

1226,146	 12676,8	 	R	2	027,71		 1%	

295,7194	 773,9688	 	R	3	087,53		 54%	

545,7887	 8276,4	 	R	2	352,92		 17%	

659,3582	 8339,1	 	R	1	264,87		 -37%	
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Figure 1: Built height of first data group 

 

 

Figure 2; invoiced values. 
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Figure 3: Attempt to display Monetary Density 

 

 

Figure 4: Build cost very capricious and data not useable at all. 
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2 nd Build Build 
Height Price R Part qty Rand/Part 

1 48,11  R 3 074,02  2  R 1 537,01  

2 58,00  R 2 026,12  4  R    506,53  

3 40,00  R 1 439,72  2  R    719,86  

4 50,03  R 2 146,50  2  R 1 073,25  

5 50,00  R 4 946,34  11  R    449,67  

6 40,00  R    911,32  1  R    911,32  

7 69,407  R 3 904,39  40  R       97,61  
 

 

Figure 5 The graph shows how increasing part numbers bring the cost down per part. 

 

3. MBOM 

The assumption was made that the full cost model methodology applied for the MBOM verification is well 
integrated with the process and resource model. This method developed by EOS to do a full costing model was 
related to the P100 platform, the MBOM and the process and resource data, is thus deemed fully verified and 
appropriate for the specific AM platform, this data in the required format should be  suitable to  send to the 
ERP system. 
 
The PDM information clearly and unbiasedly indicated a relationship between the quantity of parts included 
within a build volume, the build height and the nesting density.  As expected that utilisation below the 
optimum leads to drastically higher cost. The problem though was the R/kg deviation, that could not be 
explained and put a question mark on the validity of the PDM in this instance, if this finding are compared with 
the findings in the literature research. 
 
The MBOM cost model was based on a total cost model that accommodates both manual process inputs and 
interventions as well as the risk of build failure.  This is the bases of the VUT AM costing model. 
 
With the above declaration, one can be sure that the algorithm envisaged for the EBOM, tested with the 
information from the actual builds will ensure high probability of success with satisfactory deviation. 
 
Future plans are to implement an empirically verification process to systematically investigate all cost drivers 
and finally determine a very accurate costing algorithm, gate cost drivers and finally determine the real cost.  
This is not part of the objectives of this paper. 
 
The realisation after the analysis of the build and job information is that the data used in this paper to 
establish a customer interface using a web based scrip utilising the EBOM to derive at a quotation with very 
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little deviation from the cost quoted by using the MBOM is unrealistic due to unexpected variations in the Rand 
per kilogram (R/kg) factor. See Table 2 to support this claim. 
 
This warrants the implementation of a full empirically based exercise to support the MBOM calculations. 
 
Several cost models and algorithms were identified in the literature research that can be handy in calculating 
full cost. 
 

[12]	
The general assumption around these models are that all builds will likely to be composed of multiple 
geometries.  The reality is that existing ERP systems in the market place like the Materialise Streamics option 
do not cater for this.  To achieve the original objective to create a Digital Customer interface that can convert 
the EBOM into digital data with a STL is in this case going to predict prices 35 to 45 % to expensive, hence the 
need for a newly develop computational build volume packing and build time estimation tool, developed to 
derive at multiple Job-related quotations for a Direct SLS unit like the P100. 
 
The estimation tool should operate by filling the available machine capacity with components and additional 
reference parts algorithmically drawn from a basket of reference geometries.  
 
Once this digital build has been composed in cyberspace and build time has been estimated with the aid of the 
tool, it is possible to calculate the cost and send out a quotation. 

 

 

Figure 6 An indication of a full cost model.  [13] 

 

4. AM’S CAPABILITIES 

To take full advantage of AM’s capabilities, new management methods should be developed, taking the nature 
of these processes into consideration. In this setting, the above methodology used to obtain an optimal ERP 
methodology for additive manufacturing platforms, was proposed taking both design requirements and 
manufacturing constraints into consideration. 
 
The dilemma faced when investigating the digital interface with the customer as a web site base philosophy is 
the influence of build volume capacity utilisation, ancillary process steps, the effect of build failure and 
design adaptation.  In this instance, one also need to realise the operator can assign unused volume (machine 
capacity) to another job. In most cases this job will be unrelated, in respects of geometries and customer. 
This put forward a new basis of argument, as how to predict the cost of a new inquiry via the scrip on the web 
site utilising a STL drawing format as the input. 
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“This aspect is integrated in the cost estimation framework through computational build volume packing, 
drawing on a basket of sample geometries. It was determined that the unit cost in mixed builds at full 
capacity is lower than in builds limited to a single type of geometry; in the study, this results in a mean unit 
cost overstatement of up to 157%.” [12] 
	

 

Figure 7: Deviation from target price R/kg. 

Please note that an arbitrary base R/kg cost was used, for obvious reasons.  The magnitude of the problem is 
clearly indicated on the Graph in figure 7.   
 

5. CONCLUSION  

Although this approach offers very interesting possibilities, existing work has been carried out in applying this 
new line of thought, however, is still poorly understood. A possible reason is that these processes are still 
relatively new, little-known within existing industries, and very different from conventional manufacturing 
processes. The resistance to change may deter industry role players from utilising AM effectively to enhance 
their capabilities and international competitiveness. [3] [12] 
 
The ultimate objective is to uplift and advantage local companies by making industrial AM technologies 
available to them. In this paper, the author aims to report on the data analysis from the AM department, 
focussing on information available from the PDM system.  Aiming to report on the benefits, disadvantages and 
potential of the different platforms under the umbrella of devising and implementing an all-encompassing 
management and operational tool (ERP for AM platforms). Unfortunately, the PDM aspects could not provide 
the necessary information to address this gap, the team needs to review the current total cost model for AM 
processes and measured the key variables in a series of experiments. As machine technology advances and 
aspects such as process stability and material cost improve further, the economic case for AM is likely to 
improve. The value of the parameters in the model is thus likely to change over time, however the model 
itself will remain valid. 
 
One can make a case for Digital interfaces with all the advantages that goes with the implementation thereof, 
however if the fundamentals are not properly in place one needs to be very careful to commence with the 
implementation thereof. It is clear from the literature that a properly installed and managed ERP system is a 
great aid, however on the basis of the technical problems experienced with weak information from the PDM 
system has necessitated a new investigation to remedy the problems identified when researching this paper.  
 
The finding in this paper is in contradiction with the usual observations of several researchers who have 
concluded that the failures are usually the result of business problems instead of technical difficulties. On the 
other hand, the investigation and research did not include the business case yet. 
 
The script software, to integrate the full cost algorithm with the website, is regularly available and once the 
full cost model is in place easy to purchase.   
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Data sheets one. 

Filename		 20170123	P100	Rabbit	Blue	pile	Radston	
Machine		 P100		
Material		 PA2200		
Build	time		 18h		
Number	of	parts		 35		
Build	height		 145.458		
Nesting	density		 6.08%		
Total	volume	of	parts		 429946.878		
Layer	thickness		 0.10	mm		

	  Filename		 20170131	P100	CADHOUSE		
Machine		 P100		
Material		 PA200		
Build	time		 		
Number	of	parts		 60		
Build	height		 65.500		
Nesting	density		 10.15%		
Layer	thickness		 0.10mm		
Post	processing		 Bead	Blasting		
Total	Volume		 338803.239		

	  Filename		 20170201	P100	Technimark.	
Machine		 P100		
Material		 PA2200		
Build	time		 30	h		
Number	of	parts		 189		
Build	height		 251.000		
Nesting	density		 16.68%		
Total	volume	of	parts		 2001941.024		

	  

Filename		 20170222	P100	CADH	Radston		
Machine		 P100		
Material		 PA2200		
Build	time		 		
Number	of	parts		 71		
Build	height		 278.000		
Nesting	density		 9.24%		

Total	volume	of	parts	(mm^3)		 1226145.957		
Layer	thickness		 0.1mm		
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Filename		 20170306	P100	CADH	KM	
Machine		 P100		
Material		 PA2200		
Build	time		 		
Number	of	parts		 5		
Build	height		 164.973		
Nesting	density		 3.70%		

Total	volume	of	parts	(mm^3)		 295719.367		
Layer	thickness		 0.10	mm		

	  Filename	 20170615	P100	KM	
Machine	 P100	
Material	 PA2200	
Build	time	 		
Number	of	parts	 22	
Build	height	 181,5	
Nesting	density	 6,23%	
Total	volume	of	parts	(mm^3)	 545788,733	
Layer	thickness	 0.1	mm	

	  

Filename	
20170721	P100	Rabbit	Evette	Ellison	
IARC	

Machine	 P100	
Material	 PA2200	
Build	time	 		
Number	of	parts	 66	
Build	height	 182,875	
Nesting	density	 7,47%	
Total	volume	of	parts	(mm^3)	 659358,219	
Layer	thickness	 0.10	mm	

	  Filename	 20170725	P100	Internet	
Machine	 P100	
Material	 PA100	
Build	time	 100	
Number	of	parts	 147,167	
Build	height	 0.1mm	
Nesting	density	 Bead	Blasting	
Total	volume	of	parts	(mm^3)	 7919,99	
Layer	thickness	 0.10	mm	
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1	 Build	name	 20170306	P100	CADH	KM.magics	

	
Machine	 P100	

	
Material	 PA2200	

	

Number	of	
parts	 2	

	
Build	height	 48,11	

	
Layer	thickness	 0.10	mm	

	
Post	processing	 Bead	Blasting	

	
Cost	Excl	VAT	 R3	074,02	

	

 
 
 
 

 

2	 Build	name	
20170307	P100	CADH	SCE	
Thumbzup	

	
Machine	 P100	

	
Material	 PA2200	

	

Number	of	
parts	 4	

	
Build	height	 58,002	

	
Layer	thickness	 0.10mm	

	
Post	processing	 Bead	Blasing	

	
Cost	Excl	VAT	 2026,12	

	   

3	 Build	name	
20170308	P110	CADH	SCE	
KMeusure.magics	

	
Machine	 P110	

	
Material	 PA2200	

	

Number	of	
parts	 2	

	
Build	height	 40	

	
Layer	thickness	 0.10	mm	

	
Post	processing	 Bead	Blasting	

	
Cost	Excl	VAT	 R1	439,72	

	   

4	 Build	name	
20170316	P110	Rabbit	
Resolute.magics	

	
Machine	 P110	

	
Material	 PA2200	

	

Number	of	
parts	 2	

	
Build	height	 50,032	

	
Layer	thickness	 0.10	mm	

	
Post	processing	 Bead	Blasting	

	
Cost	Excl	VAT	 R2	146,50	
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	   5	 Build	name	 20170322	P100		KM	

	
Machine	 P100	

	
Material	 PA2200	

	

Number	of	
parts	 11	

	
Build	height	 50	

	
Layer	thickness	 0.10mm	

	
Post	processing	 Bead	Blasting	

	
Cost	Excl	VAT	 R4	946,34	

	

 
 
 

 

6	 Build	name	
20170424	P110	Thumbzup	Leviathan	
CADH.magics	

	
Machine	 P110	

	
Material	 PA2200	

	

Number	of	
parts	 1	

	
Build	height	 40	

	
Layer	thickness	 0.10	mm	

	
Post	processing	 Bead	Blasting	

	
Cost	Excl	VAT	 R911,32	

	   7	 Build	name	 20170425	P100	IArc	

	
Machine	 P100	

	
Material	 PA2200	

	

Number	of	
parts	 40	

	
Build	height	 69,407	

	
Layer	thickness	 0.10mm	

	
Post	processing	 Bead	Blasting	

	
Cost	Excl	VAT	 R3	904,39	
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ABSTRACT 

South Africa primarily produces titanium raw material as a TiO2 rich slag of which most 
is exported, without further value addition to the mineral. Therefore, powder 
development becomes a significant aspect of research with possibilities of growth 
within the titanium metal industry in South Africa. Commercially pure titanium has 
been successfully blended in conventional powder metallurgy processing, but the use of 
blended elemental powder to produce Ti-6Al-4V powder for metal additive 
manufacturing alloy parts has not been demonstrated yet. The objective of this study is 
to determine the feasibility of using blended elemental Ti-6Al-4V powder for use in a 
powder bed additive manufacturing (AM) system. In this paper a literature review and 
proposed methodology are presented and the expected outcomes are discussed. 
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1. INTRODUCTION 

South Africa is the second largest producer of titanium raw material in the world. 
However, the country primarily produces titanium raw material as a TiO2 rich slag 
without further value addition to the mineral. In recent years researchers at the CSIR 
has developed a technology to directly produce commercially pure (CP) Ti powder from 
TiCl4 as feedstock. Therefore, titanium metal powder development and application is a 
significant aspect of research with potential impact on growth of the titanium industry 
in South Africa. 
 
CP Ti has been successfully blended with Al and V to produce Ti-6Al-4V in conventional 
powder metallurgy processing and in additive manufacturing processes, such as the 
laser solid forming (LSF) and laser engineered net-shaping (LENS) [1,2,3], but the use 
of blended elemental powder in powder bed fusion (PBF) processes to produce          
Ti-6Al-4V powder for metal additive manufacturing (MAM) alloy parts, has not been 
demonstrated yet. Consequently, a study was launched to determine the feasibility of 
using blended elemental Ti, Al and V powders for use in a selective laser melting (SLM) 
system. Since experimental results were not available by the time of publication, this 
paper focuses only on the literature review, proposed methodology and expected 
outcomes. 

2. ADDITIVE MANUFACTURING 

2.1 Selective laser melting 
 
SLM technology is an additive manufacturing (AM) technique which is applied to build 
objects layer-by-layer from 3D CAD model, instead of removing material through 
subtractive methods such as machining. The essential operation in selective laser 
melting is the laser beam scanning over the surface of a thin powder layer previously 
deposited on a substrate to fuse powder particles together. The forming process 
proceeds along the scanning direction of the laser beam. Each cross-section (layer) of 
the part is sequentially filled with elongated lines (tracks) of molten powder. One of 
the variations of the SLM technology is known as Direct Metal Laser Sintering (DMLS) 
[4]. 
 
SLM has already had positive impact on manufacturing industries such as aerospace, 
medical implants and devices, automotive, sports equipment, marine applications and 
more. Complex parts, small and light components with complex geometric features 
such as hollows, thin walls and undercuts, are now possible to be made with SLM [4]. In 
Figure 1 a pelvic implant of a 15 year old cancer patient that was made through the 
SLM process is shown. 
 
SLM uses materials such as aluminium, stainless steel, titanium and more. DMLS allows 
for multiple components such as fasteners and mountings to be made at once.  This 
reduces waste of time and resources. 
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Figure 1: Pelvic implant of a 15 year old cancer patient [5] 

 

2.2 The direct metal laser sintering process 

	

The DMLS process is shown schematically in Figure 2. The DMLS process starts by 
drafting the desired component in a three-dimensional CAD file. Subsequently the 
three dimensional CAD component is sliced into two-dimensional layers [6].  
 

 
 

Figure 2: Illustration of the DMLS process [7]. 
 
A substrate is placed on the platform of the DMLS machine and a thin layer of powder 
is applied on top of the substrate by a wiper blade. The laser then scans across the 
powder layer and it fuses the powder at the exact points identified by the CAD file on 
the computer for that specific layer. The substrate is lowered once the layer is 
solidified and the next layer is built on top of the previous layer. This process is 
repeated until the last layer of the component is completed. The platform moves up to 
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lift the three-dimensional part out of the powder bed. Once the part is out, the excess 
powder is brushed into the used powder container.  
 
The substrate with the part still attached to it is heat treated to relieve residual 
stresses. Subsequently, the supports on angled sections or overhangs and other areas 
that attach the part to the substrate are broken off or machined off. Some surfaces of 
the part can be machined to improve surface finish and the part can be heat treated to 
improve strength. 

 
Characteristics of the produced DMLS object such as porosity, microstructure and 
mechanical properties are influenced by the parameters selected for the DMLS process. 
Parameters such as layer thickness, as well as powder particle size and shape, are 
important for deposition of the powder layer. Laser power and temperature, spot size, 
scanning speed of the laser and the deposition time, determine the effectiveness and 
success of the process and the quality of the part produced. The DMLS parameters can 
be categorised into three different sections [4]. 
 
Machine based input parameters  

• Laser: Wavelength, spot size, power density and beam profile; 
• Atmosphere: airflow, ionising energy; 
• Substrate: roughness, chemical composition and temperature. 

 
Material based input parameters 

• Chemical Composition; 
• Optical Properties; 
• Physical properties (particle size, powder morphology, density); 
• Mechanical properties.  

 

Process input parameters 

• Laser power; 
• Scanning speed; 
• Powder layer thickness; 
• Design and build strategy – scanning strategy, supports and orientation. 

 
2.2.1 Machine based input parameters 
A DMLS machine has three main areas of interest when considering machine based 
input parameters: the laser or heat source, the atmosphere in which the process takes 
place and the substrate or base on which the objects are manufactured. Absorption of 
the energy from the laser beam causes the powder particles to melt. These molten 
particles form the molten pool. The wavelength directly affects the percentage 
radiation absorbed and depends on the specific material. Laser spot size, mode and 
beam intensity profile define input energy density. The build atmosphere and material 
of the substrate also influence the quality of parts produced by DMLS. Materials such as 
Ti-6Al-4V need to be produced in an argon atmosphere to eliminate the formation of 
oxides. The formation of oxides negatively affects the mechanical properties of the 
produced DMLS parts [4]. 

 
2.2.2  Material based input parameters 
Powder properties directly influence the deposition of powder onto the substrate and 
the formation of the molten pool. The distribution of powder is primarily affected by 
properties such as powder size and morphology of powder particles [6]. Particle shape 
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or powder morphology refers to the shape of the individual powder particles. The 
shape of powder particles determines how the particles position themselves or pack 
together. A powder with spherical particles has a higher random packing density than 
more irregular shaped particles. 
 
In the DMLS process particle shape is an important factor in creating an optimal layer 
thickness for fully dense objects. Spherical particles are preferred for the DMLS 
process as they flow easily to form a homogenous powder layer and have higher 
packing density, which is beneficial for molten pool formation. Particle shape also has 
an influence on powder layer formation and the absorptivity of the powder bed. The 
larger the absorptivity the more energy from the laser beam will be absorbed by the 
powder bed.  

 
Particle shape and particle size distribution also affects powder flowability. Powder 
flowability is the ability of powder to flow in a desired manner in a specific piece of 
equipment. It is important to have good powder flowability when depositing a thin 
powder layer, because it ensure a layer with consistent thickness. Powder particle size 
and size distribution have a major influence on the flowability and quality of 
manufactured parts. Powder with particle size in the range of (0.1-5µm) tends to 
agglomerate in clusters and prevent uniform recoating during AM, while larger 
particles in the range of (90-120µm) reduce the maximum layer packing density [8]. A 
mixture of small and large particle sizes was recommended by German and Park [9], 
since such particle sizes would permit the smaller particles to percolate through the 
larger particles and suitably fill the voids to achieve higher parking density. But if the 
fine powder particle size is ≤5µm, the agglomeration effect of fine particles would 
nullify their positive effect of filling up the voids between larger particles [8].  
 
Inaccurate selection of powder particle size can cause in situ segregation due to the 
mechanical re-coater pushing coarser particles away from the bed, which would result 
in production of exceptionally heterogeneous parts. Generally, fine powders with wide 
powder particle size distribution produce parts with higher fractional density [10]. Liu 
et al. investigated the effect of powder particle size on the mechanical properties of 
as-built DMLS samples and found that metallic powders with higher particle size 
distribution have higher flowability and ultimate tensile strength [11]. An optimal 
powder layer thickness has to be selected for employed powders. When considering 
the particle size, the maximum diameter of the particles should be less than the laser 
spot size [4]. 
 
2.2.3 Process input parameters 
Low scanning speed tends to form distortions and irregularities while excessively high 
scanning speed tends to form drops (balling effect). High scanning speed promotes low 
cooling rates and therefore results in a coarser microstructure. Higher laser power and 
slower scanning speed promote the formation of finer microstructures [9]. Close 
control of the amount of heat in the melt pool is required. High temperatures in the 
melt pool can lead to oxidation. Oxygen is detrimental to the ductility of Ti-6Al-4V 
through forming an interstitial solid solution with titanium at high temperatures [11]. 
The stability of the single track formation is not only dependent on the laser power, 
scanning speed and layer thickness but also the substrate material, physical properties 
and morphology of the material 
 
The difference in heat expansion rates of the different metals causes internal stresses 
to develop in the intermetallic zone. Metals with different melting points, using the 
same heat source will mean that the metal with the lower melting point will be molten 
before the other metal gets molten. One metal melts first and causes uneven heat flow 
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and non-uniform dilution in the molten pool. When the melt pool solidifies the metal 
with a higher melting point is already solid at the time the metal with the lower 
melting point is still partially liquid or it is still in a mushy state [12]. 
 
The difference in thermal conductivity produces different heating and cooling rates. 
The metal with higher conductivity will tend to draw heat away from the melt pool. 
Differences in conductivity may result in uneven heat flow and prevent complete 
fusion of the low conductivity metal. Uneven flow affects solidification and can lead to 
distortions. The difference in melting points will cause the metal with the lower 
melting point to separate out in the course of cooling and solidification, and increases 
the risk of crack formation in the low melting point metal. One way to reduce this 
effect is to use high energy density, high heating and cooling rates [12]. 
 
3. Ti-6Al-4V  
 
Ti-6Al-4V is the most widely used titanium alloy. It is an alpha-beta alloy containing 6 
wt% Al and 4 wt% V and is known for its high mechanical strength to weight ratio, 
outstanding corrosion resistant properties and biocompatibility. This alloy is widely 
used in a range of industries which require high levels of reliable performance. It is 
used in industries such as aerospace, automotive, chemical plant, power generation, 
oil and gas extraction, sports and medical applications. Table 1 shows the physical 
properties of wrought titanium, aluminium, and vanadium.  
 

Table 1. Physical properties of wrought titanium, aluminium, and vanadium [13] 

 
Property 

 
Titanium 

 
Aluminium 

 
         Vanadium 

     Melting point(°C)  
1668 

 
660 

 
1910 

Thermal Expansion 
(µm/m.K) @ 25 °C 

 
8.6 

 
23.1 

 
8.4 

Thermal 
Conductivity (m.K) 

 
21.9 

 
237 

 
30.7 

 
From Table 1 it can be seen that the melting point of Al is much lower than the other 
two metals V and Ti, and that will have an impact on the process of alloying of the 
powder. The behaviour during the cooling and heating of these three different 
elemental metal powders with their different thermal expansion and thermal 
conductivity properties will also play a role during the SLM process. 
 

3.1 Microstructural differences of Ti-6Al-4V fabricated through different processes  

Figure 3 shows the microstructures of Electron Beam Melting (EBM), Selective Laser 
Melting (SLM), wrought and cast specimens of Ti-6Al-4V. 
 
The EBM microstructure has a coarse grain structure with prominent acicular α plates 
and dark or black β-phase areas separating the α-phase grains. The SLM microstructure 
shows a mix of α-phase and α-martensite with some twinning in the α-phase. This 
fabrication method produces more rapid cooling than EBM and results in transformation 
to α-martensite. The SLM, EBM and wrought specimens all have much finer α-β 
lamellar structures than the lamellar structure in the cast specimen [13]. 
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Figure 3: Typical microstructure of (a) an EBM specimen; (b) an SLM specimen; (c) a 

wrought specimen and (d) a cast Ti-6Al-4V (ELI) specimen [13]. 

4.THERMODYNAMIC ENTHALPY OF MIXING 

	
The thermodynamic enthalpy of mixing is expected to significantly influence the 
powder mixing process and the homogeneity of the alloy [14]. The mixing enthalpy of 
an alloy can be negative or it can be positive. A negative mixing enthalpy results in an 
exothermic reaction, whereby additional heat is supplied to the melt pool during the 
mixing of the elemental powders, aiding in homogenization of the resulting deposit. A 
positive enthalpy of mixing results in an endothermic reaction, whereby heat is 
extracted from the melt pool, making mixing and homogenization of the powder more 
difficult. The mixing enthalpy of Ti-6Al-4V is calculated to be –11.35 kJ/mol [14] and 
therefore a homogeneous microstructure and rapid solidification is expected.  
 
The crystal growth direction is strongly affected by the direction of the heat flow. 
Since the intermixing of Ti-6Al-4V in the molten pool is exothermic, it is appropriate to 
consider that the liberated heat may lead to changes of the heat flow direction in the 
local area ahead of the solid/liquid interface [15]. When the next layer is built, the 
disturbance of the heat flow can interrupt the epitaxial growth of the columnar grains 
along the building direction and promote nucleation and growth of the new grains 
ahead of the solid/liquid interface, thus resulting in the formation of irregular 
equiaxed grains at low laser powers.  
 
An increase in laser power weakens the relative effect of the heat disturbance and 
beta Ti columnar grains are formed and grow epitaxially. It is also inferred that 
increasing the laser power further will cause the grain morphologies to change from 
columnar grains to equiaxed grains again and this calls for critical control of the laser 
power at high temperatures [15].  
 
In SLM, where the laser beam scans over the surface of a thin powder layer previously 
deposited on a substrate, the enthalpy of mixing and the direction of the heat flow is 
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expected to have a similar impact as that observed for the laser solid forming (LSF) 
process [15]. 
 

5. OPTIMIZING PROCESS PARAMETERS TO IMPROVE MATERIAL PROPERTIES 

To achieve high mechanical strength and adequate fatigue behaviour, it is important to 
produce high density parts with optimal surface quality and to minimize defects 
through the optimization of process parameters. In this way a working window is 
obtained with a defined set of parameters where parts with high densities and low 
roughness are guaranteed [6]. 
 
In laser processes, the energy density, E, is a key factor: sufficient energy density is 
needed to melt powder particles of the layer being processed and of the previous layer 
to assure a complete joining between successive layers and to avoid lack of fusion and 
porosity, while excessive energy can cause evaporation of the material, thus creating 
defects and reducing material density. 
 
To optimize parameters, it is common practice to manufacture simple geometries like 
cubes maintaining constant power and varying the scanning speed in each cube, for a 
given layer thickness and hatch spacing [6]. Thus, each cube is manufactured with 
different energy density. Subsequently, the cubes are characterized by determining 
interior density, sub-surface density and roughness, so as to identify the right energy 
density window and corresponding parameters. 

6. METHODOLOGY  

The approach and methodology proposed for this study is presented by the flow 
diagram in Figure 4. 
 

 
Figure 4: Flow diagram of the methodology adopted in this study 

 
The first step will be to run single tracks on a substrate, using the blended elemental 
powder. From the single tracks the continuity of the tracks, the penetration depth of 
the track into the substrate to relate it to the laser energy density, and the 
microstructure of the tracks will be analyzed. This analysis will support decision making 
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on selecting the optimum process parameters (scanning speed, laser power, powder 
layer thickness) based on the best track characteristics identified. 
 
Once the optimum process parameters have been selected, continuous single tracks at 
different hatch distances will be built and surface analysis will be done to determine 
the continuity and homogeneity of the tracks for the different hatch distances. This will 
allow selection of the best hatch distance. 
 
3D specimens will then be built on the EOS M280 DMLS machine. The surfaces and 
microstructures of the specimens will be analyzed, defects such as pores will be 
identified and the uniform distribution of the powder will be verified. Once that has 
been done successfully, the specimens will undergo tensile tests to determine the 
mechanical properties of the material. 
 
The mechanical property results will be compared to the properties of the wrought 
alloy and pre-alloyed Ti-6Al-4V parts built through AM.  Based on the outcome of the 
comparison, conclusions will be drawn regarding the feasibility of using blended 
elemental powders to produce Ti-6Al-4V parts by MAM. 
 
7. CONCLUSION  

 
From the literature and the characteristics of the SLM process it is anticipated that 
there is a real possibility of successfully blending elemental powders of appropriate 
particle size distribution to be used as feedstock for SLM processes that could produce 
Ti-6Al-4V parts with compositions and microstructures approaching those of parts built 
from pre-alloyed powders. 
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