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Abstract

As additive manufacturing (AM) techniques are more frequently adopted for the
fabrication of parts in load bearing applications, the understanding of the reproducibility of parts
is important for the acceptance of AM by industries. Similar machines having different serial
numbers are expected to yield parts with the same mechanical properties, however, this may not
be the case if machines have not been adequately qualified and maintained. This study aims to
assess the effects of machine-to-machine variability on the tensile behavior of Ti-6Al-4V
fabricated on two Velo 3D Sapphire laser powder bed fusion machines at different geographical
locations. Results showed that tensile properties were comparable across both builds. The most
noticeable differences were observed in the ductility of the material which showed some location
dependence. The location dependence, however, was the same for both machines.

Keywords: Laser powder bed fusion (L-PBF/LB-PBF), Ti-6Al1-4V, Equivalency, Microstructure,
Tensile behavior
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Introduction

Additive manufacturing (AM) is a technique used to create three-dimensional objects by
consolidating material layer-by-layer [1-8]. Laser powder bed fusion (L-PBF) is one of the more
popular AM processes enabling fabrication of parts with high geometric complexity, near-net-
shape production, consolidation of multiple components, and efficient material usage [4,9]. As
such, L-PBF has gained popularity in various industries including aerospace, biomedical, and
automotive [10,11]. Parts fabricated via L-PBF often have complex microstructures, process
induced volumetric defects, and undesirable residual stresses which can be detrimental to
mechanical performance [12—15]. Numerous process parameters are carefully controlled during
fabrication to ensure reproducibility of parts, however, this becomes challenging due to the
variation in thermal histories depending on part geometry and process variables depending on
machine control systems. These challenges hinder further adoption of L-PBF by industries.

Machine-to-machine equivalency in AM is a topic that is gaining much interest as it aims
to understand the differences, if any, in part quality on the same or different machines [16].
Equivalency can be categorized into three different sectors: 1) repeatability, 2) reproducibility, and
3) cross-equivalency. Repeatability assesses the production of parts several times on the same
machine, i.e., multiple iterations of the same build. Reproducibility assesses the production of parts
on identical machines with different serial numbers. Cross-equivalency assesses the production of
parts on machines from different original equipment manufacturers (OEMs). Reproducibility is
one of the sectors that most OEMs are aiming to lock down but is challenging due to the unique
micro-/defect-structures induced during L-PBF. Although identical build files, materials, and
process parameters can be used on the same machine type with different serial numbers, variations
in machine control systems, key process variables, machine health, and maintenance can lead to
differences in part quality [17]. Both OEMs and standardization organizations are working towards
establishing consistent L-PBF process for a range of materials and developing qualification
programs to ensure parts produced by L-PBF are of acceptable quality [18,19].

Some of the other considerations that affect part quality are part orientation, which is due
to grain directionality along the build direction [20,21], and part location relative to the recoater
and shielding gas inlet which can affect the defect population [22]. This is an important design
factor to consider for materials that show differences in mechanical properties depending on
microstructural orientation and process induced volumetric defect content such Ti-6Al1-4V which
is commonly used in industrial applications [23,24]. To expand on the understanding of
reproducibility in L-PBF, this study aims to assess the tensile behavior of Ti-6Al-4V grade 23 parts
fabricated on the same machine model but with different serial numbers and at different
geographical locations. The effects of part orientation and location on the microstructure and
tensile behavior of the material have been studied and compared.
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Experimental methods

Plasma atomized Ti-6Al1-4V grade 23 powder supplied by Tekna was used as the feedstock
in this study with a particle size distribution of 20 — 53 pm. Two Velo3D Sapphire L-PBF systems
were used for fabrication of all test material. One machine was located in Oklahoma, United States
and the other in Tokyo, Japan. Each machine was equipped with two 1 kW lasers, each covering
half the build platform. The Velo3D sapphire machine uses a circular build platform with a
diameter of 315 mm and maximum build height of 400 mm. Prior to this study, each machine
underwent a standard Velo3D qualification process for Ti-6Al-4V grade 23 powder to ensure that
each machine was in good operating condition according to Velo3D specifications.

Recoater
<

Gas flow

Figure 1: Build layout used for fabrication of all test material on both Velo3D Sapphire
machines.

The build layout used in this study has been included in Figure 1. In order to prevent
machine-to-machine variations, Velo3D utilizes a “Golden Print File” which contains identical
process and machine parameters to ensure that whatever machine is used, parts of the same quality
can be produced as long as the machines have been successfully qualified on the same feedstock.
In Figure 1, various parts can be observed, however, only the colored ones have been used in this
study with green and purple representing parts fabricated with Laser 1 and Laser 2, respectively.
Cylindrical bars were fabricated in different forms to extract tensile specimens in various
orientations including vertical, diagonal, and horizontal. The specimen extraction strategy and
specimen geometry have been included in Figure 2. Additionally, for the vertical bars, part location
on the build platform was taken into consideration by placing bars in nine different locations on
the platform, i.e., north (N), south (S), east (E), west (W), center (C), northeast (NE), northwest
(NW), southeast (SE), and southwest (SW). Here, N is towards the back of the machine and S is
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towards the door of the machine. Although the vertical bars were fabricated to be 275 mm, only
the bottom section was used for machining tensile specimens as depicted in Figure 2.
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Figure 2: Tensile specimen extraction strategy and specimen geometry.

To save space on the build platform, horizontal and diagonal specimens were stacked, and
the effects of part location were not considered for these orientations. After fabrication, both build
platforms with parts still attached were stress relieved at 750 °C for 2 hours by external vendors
in Oklahoma and Tokyo to relieve residual stresses induced during fabrication. The furnace was
purged with argon gas to prevent oxidation during stress relief. Specimens were extracted from the
platform using wire electrical discharge machining and turned down to the geometry specified in
ASTM ES [25].

Microstructural analysis was conducted on each orientation from each machine on coupons
extracted from the grip section of tested tensile specimens on the plane parallel to the loading
direction. Metallographic preparation of the coupons was conducted according to the guidelines in
ASTM E3 [26]. Coupons were mounted in epoxy and ground using progressively finer grit
sandpapers (from 280 to 1000 grit). Polishing was conducted using a ChemoMet polishing pad
and 0.05 um colloidal silica to obtain a mirror finish. The mounted and polished coupons were
then etched with Kroll’s reagent for 20 seconds and the microstructure was observed with a
Keyence VHX 6000 optical microscope.

Tensile tests were performed according to the procedures outlined in ASTM E8 on an MTS
Landmark servo-hydraulic load frame equipped with a 100 kN load cell. The full test matrix has
been included in Table 1. Initial loading was conducted at a strain rate of 0.005 mm/mm/min
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controlled by an extensometer until a strain of 0.035 mm/mm was reached due to the limited range
of the extensometer. Thereafter, the extensometer was removed, and the test was resumed in
displacement control until fracture. Three specimens were tested per location for the vertical
orientation whereas five specimens were tested each for the diagonal and horizontal orientations.
The average yield strength (YS), ultimate tensile strength (UTS), elongation at failure (EL), area
reduction (AR), and Young’s modulus (E) per orientation and location were reported. A caliper
was used to measure EL whereas optical imaging was used to measure AR. The fracture surfaces
were analyzed after testing with a Zeiss Crossbeam 550 scanning electron microscope.

Table 1: Test matrix for tensile testing.

Orientation Number of Specimens
Vertical 3 per location x 9 locations =27
Diagonal 5

Horizontal 5

Results and discussion

The microstructural results for each machine, denoted as Machine 1 and Machine 2, for
each build orientation have been included in Figure 3. In all cases, typical microstructure for L-
PBF Ti-6Al-4V can be observed which consist of prior B grains elongated in the build direction
[27]. Within the prior B grains are colonies of a laths. At temperatures above 995 °C (B-transus
temperature), Ti-6Al-4V is purely in body centered cubic § phase which forms the initial structure
of the material immediately after melting [28]. If the material cools slowly below the B-transus,
hexagonally close packed o phase nucleates and grows within the prior B grains. The size of the
resulting a colonies depends on the size of the prior B grains. Although grains are elongated in the
build direction for each case, the difference exists in the loading direction relative to prior 3 grains.
The major differences in microstructure are due to the build orientation rather than the machine.
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Figure 3:Microstructure of each orientation for a) Machine 1 and b) Machine 2.

The tensile test results for both machines have been included in Figure 4 with quantitative
values included in Table 2. From Figure 4, it can be observed that the tensile properties of both
machines are quite comparable for the same orientation. The major differences in properties arise
from the difference in specimen orientation. In summary, the diagonal orientation exhibits the
highest strength and lowest ductility whereas the vertical orientation exhibits the opposite trend.
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Figure 4: Summary of tensile test results for each machine.

Table 2: Quantitative summary of tensile test results for each machine and orientation.

Orientation | Machine | YS (MPa) | UTS (MPa)| EL(%) | AR (%) | E (GPa)
Vertical 1 844 + 24 1005 + 8 13 +3 60+4 | 112+08
2 835 + 23 1002 £ 6 19+5 51+5 112+1.8

Diagonal 1 1035 £ 51 1106 + 4 41 27+4 | 119+1.0
2 1019 + 32 1103 + 3 11=2 2044 | 116+2.1

Horizontal 1 946 + 37 1047 £ 6 8+ 4 20+2 | 118+0.7
2 961 + 26 1042 £ 3 13+1 2042 | 115+03

Comparing strength, i.e., YS and UTS (Figure 5a)), subtle differences can be observed
between Machine 1 and Machine 2. The observed differences, however, are within the scatter
bands included in the figure implying that they are not significant. YS and UTS are within the
range of stress relieved L-PBF Ti-6Al-4V material in the literature for each orientation [27,29]. In
Figure 5b), a clear separation in ductility measurements in terms of EL and AR can be observed
between both machines. Machine 1 can be observed to show lower EL values and higher AR values
compared to Machine 2 suggesting an earlier onset of necking in Machine 1 specimens. Ductility
has been linked to process induced volumetric defect content in the literature [24] which could be
a possible explanation as to why ductility differs among the two machines, however, defect content
was not determined in this study.
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Figure 5: Side-by-side comparison of tensile properties for each machine.

To provide further insight into the fracture behavior, the fracture surfaces were analyzed
(Figure 6). In the vertical specimens, a cup and cone fracture surface can be observed in both
machines with significant AR compared to other orientations. Interestingly, large voids can be
observed on the fracture surface of Machine 2 specimens which could have formed due to the
growth of process induced volumetric defects resulting in the lower EL for Machine 2 vertical
specimens. For diagonal and horizontal specimens, the cup and cone fracture surfaces cannot be
observed and the resulting ductility in terms of both EL and AR can be observed to be less than in
vertical specimens. For horizontal specimens, the shape of the fracture area can be observed to
appear to be elliptical implying greater deformation in one direction. Step-like features can be
observed on the fracture surface which appear to have aligned with the direction that underwent
less reduction. These features could be due to the orientation of prior  grains which in the case of
horizontal specimens were perpendicular to the loading direction [29].
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Figure 6: Fracture surfaces for different orientations in a) Machine 1 and b) Machine 2.
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The effects of part location have also been investigated for the vertical orientation by
fabricating specimens at nine different locations on the build platform. The tensile results have
been reorganized based on location for both machines in Figure 7. In general, the UTS values for
each location on each machine are consistent (approximately 1000 MPa) whereas YS shows subtle
differences among locations. Considering ductility, some variations per location can be observed
however, there is no correlation between location and gas flow or recoating direction. Since EL
was measured using calipers, the observed differences may be due to minor measurement errors.
Elongation at failure could not be captured with the extensometer due to its limited range. In
general, Machine 2 exhibits more consistent strength and ductility measurements compared to
Machine 1.
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Figure 7: Location dependency in tensile properties for both machines.

Since each machine was equipped with a dual laser system, the differences in tensile
properties between each laser have been included in Figure 8 to assess whether both lasers were
operating according to specifications. According to the Velo3D slicing software, Laser 1 is
assigned to the northern semicircle of the plate whereas Laser 2 is assigned to the southern
semicircle. As depicted in Figure 1, the north specimens (green) were fabricated with Laser 1 and
the south specimens as well as ones located near the middle line were fabricated with Laser 2.
Tensile properties did not vary much with respect to laser assignment on each machine. Both
machines had undergone the standard Velo3D material qualification processes which have been
designed to capture any issues in laser operation performance therefore, the observed results were
to be expected.
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Figure 8: Comparison of tensile properties with respect to laser source for each machine.

Conclusions

This study assessed the machine-to-machine equivalency through tensile behavior of Ti-

6Al1-4V grade 23 parts fabricated on power bed fusion machines of the same model but different

serial numbers. The following conclusions can be drawn from the experimental results and

analyses:

1. Differences in microstructure depended on specimen orientation rather than the machine
used for fabrication.

2. Tensile strength was affected mainly by build orientation and subsequent grain orientation
with vertical specimens exhibiting the lowest strength and diagonal specimens exhibiting
the highest.

3. Ductility differed among orientations and machines likely due to the presence of process
induced volumetric defects in the material.

4. There was little effect of part location on tensile properties for vertical specimens on each

machine likely due to similar microstructures of vertical specimens resulting from similar
thermal histories induced by identical part geometries.
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