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ABSTRACT

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

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

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

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

2. METHODOLOGY

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

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

was done along the Y-direction.

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

Figure 2 - Axial fatigue sample dimensions

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

Specimen dimensions after machining.

3. RESULTS AND DISCUSSION

3.1 Microstructure and tensile results

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

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

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

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

(b)(a)
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Table 1 - Summary of tensile results for different orientations.

Sample 
orientation as per 
Figure 2

Yield 
strength 
(MPa)

Ultimate 
tensile 
strength 
(MPa)

Elongation 
to break (%)

Modulus 
of 
elasticity 
(GPa)

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

798 945 12 Not 
reported

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

3.2 High cycle fatigue results

The fatigue cycles to failure for 9 samples in the Z direction and 9 samples in the X direction at
different values of maximum stress are shown in Figure 4 (See Figure 1 for illustration of directions). 
For comparison values obtained from literature for material that was also exposed to a post-process 
anneal heat treatment are superimposed on the results as well as data for a mill-annealed Ti6Al4V 
casting. Note that specimens built along the Z direction typically shows inferior fatigue strength 
compared to samples built along the X-direction. The more to the left and bottom of an S-N curve a 
sample lies the poorer its fatigue strength is. This orientation dependence of fatigue strength is 
likely due to the same reason that the tensile strength is also less along the Z-direction seen in Table 
1. The fatigue results along the X direction is similar to fatigue strength of a mill-annealed casting
[9] as well as to values from Leuders et al [4] and to values from Kasperovich for HIPed material 
[10]. The results for the z-direction on the other hand is similar to values from [11]
that also did testing on samples oriented along the Z-direction. Due to slightly different heat 
treatments that was used for the values from literature as well as different R ratios applied for the 
tests it is not possible to make exact correlations. The tendency of the da her et 
al. to lie slightly to the left and below the data points for the Aeroswift Z-direction samples may be 
due to the use of an R value of 0.1 for the Aeroswift material while an R value of -1 was used by 

n R ratio of -1 typically results in less cycles to failure than for an R ratio of 0.1 for 
the same maximum stress [5]. It is generally accepted that parts produced by LPBF which are to be 
used in demanding applications needs to undergo HIPing to remove residual porosity. The effect 
thereof can be seen by looking at the literature results from Kasperovich et al [10] for HIPed material
that was also tested along the z-direction. It should again be noted that an R ration of -1 was used 
which typically shifts the data points down and to the left compared to an R ratio of 0.1. The HIPed 
samples generally lie to the right and the top of the non-HIPed samples. Some of the Aeroswift data 
points overlap with the HIPed samples, this may be due to the lower R ratio that was used and the 
fact that these samples were oriented along a different direction. 
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Figure 5 S-N curve of tested Aeroswift samples as well as data points from literature.

3.3 Fatigue crack growth rate results

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

4. CONCLUSION

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

Based on the results obtained the following conclusions can be drawn:
The tensile, high cycle fatigue and fatigue crack growth performance of the Aeroswift 
material is roughly similar to Ti6Al4V parts produced by conventional low power laser 
powder bed fusion. 
The manufacturing speed of producing Ti6Al4V on a LPBF machine can be increased by 
increasing the laser power up to 2kW without sacrificing mechanical properties. 
Anisotropy of mechanical properties is important to take into consideration.
Process reproducibility need to be improved so that no unexpected gross lack of fusion 
occurs.
Non-destructive evaluation needs to be performed on critical components to ensure no lack 
of fusion occurred and material properties are consistent.
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