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Abstract

In this work, rectangular blocks of electron beam powder-bed fusion (PBF-EB) additively manufactured
(AM) Ti-6Al1-4V were built, such that a total of 68 mini-tensile test coupons could be extracted for me-
chanical testing over a range of build height and build plate locations. These as-built tensile test coupons
were uniaxially tested to fracture and subsequently studied via scanning electron microscopy, micro X-ray
computed tomography, and inert gas fusion chemical analysis to systematically study the intra-build varia-
tions in tensile properties, microstructure, porosity, and chemistry. There were no significant contributions
to this variation in yield strength (YS) from build location, porosity, grain size, or crystallographic texture.
A strong correlation was observed between YS and build height, where YS was observed to decrease with
increasing build height, up to 35 mm. Inert gas fusion oxygen measurements reveal the same trend, suggest-
ing that oxygen content variation as a function of build height is causing the observed YS variation. The
source of the oxygen content variation is thought to be a transient source of oxygen, such as moisture in the
powder and build chamber. The establishment of this oxygen variation and its correlation to tensile proper-
ties motivates and facilitates improvements to PBF-EB Ti-6A1-4V processing, including powder mixing and

handling.
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1. Introduction

Additive manufacturing (AM), particularly electron beam powder-bed fusion (PBF-EB), is a widely used
technique for fabricating metal parts with complex geometries and for specialized applications. One of the
cornerstone alloys used with this AM process is the titanium alloy, Ti-6A1-4V, due to its high strength-
to-weight ratio, biocompatibility, and corrosion resistance [1]. Ti-6Al-4V is traditionally manufactured in
wrought or cast forms, and the manufacturing of Ti-6A1-4V through AM processes has created new oppor-
tunities for its application into the biomedical and aerospace industries [2, 3]. However, AM presents its
own set of technical challenges for maintaining structural and chemical homogeneity in order to maintain
part quality that can perform at the same level of cast/wrought material. There is a need for a thorough
understanding of the processing-structure-properties-performance (PSPP) relationships in AM Ti-6Al1-4V, if
this material is to be fully realized for applications with risk of fatigue and fracture [4]. However, the proper-
ties of AM Ti-6Al-4V can sometimes exhibit large scatter when compared across the different technologies,
and may require post-processing to preserve desirable material performance [5]. With respect to PBF-EB
of Ti-6Al-4V, the effect of build plate location and part size on microstructure and mechanical properties
has been characterized [6], as well as the effects of energy input and build orientation [7]. That being said,
mechanical properties of PBF-EB Ti-6A1-4V can be largely dictated by oxygen content [8], porosity [9], and
surface roughness [10].

In order to maintain a low process cost, PBF-EB relies on the reuse of unmelted Ti-6A1-4V powder
for subsequent builds [11]. Due to the high background temperature from the layer preheating commonly
used in PBF-EB Ti-6Al-4V processes, unmelted powder oxidizes slightly each build, eventually leading to
an oxygen content that no longer meets applicable limits in standards ASTM F3001 [12] for Grade 23 Ti
and ASTM F2924 [13] for Grade 5 Ti. Tang et al. [8] show that with increased powder reuse (and therefore
increased oxygen content), yield strength (YS) can increase from 834 MPa to 960 MPa when oxygen content
increases from 0.08 wt.% to 0.19 wt.%. A similar increase is observed in ultimate tensile strength (UTS)
from 920 MPa to 1039 MPa for the same specimens. Popov et al. [14] also observed similar trends, with YS
increasing from 872 MPa to 1028 MPa for powder that had been reused 69 times, representing a 0.124 wt.%
t0 0.324 wt.% increase in oxygen content. In wrought Ti-6Al-4V, similar trends are observed for increased
oxygen content [15], and represent a critical area of process monitoring and control for Ti alloys across most
industries and technologies.

All previous work has assumed oxidation is consistent throughout a given build area, but recent work
by the present authors demonstrated a build height dependence on the oxidation of unmelted Ti-6Al-4V
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powders in the powder-bed during the PBF-EB process [16]. That is, powders closer to the build plate were
observed to have higher oxygen content than those near the top of the powder bed. This is hypothesized to
be due to the gettering nature of Ti in high-temperature environments [17], as well as the availability of a
finite oxygen source that diminishes over the course of a build (e.g. moisture in powder and build chamber).

The goal of this work is to determine if the mechanical properties of PBF-EB Ti-6Al-4V is vary as a
function of build height. We show that the primary source of variation is correlated to build height, rather
than build plate location, and explore possible causes for the observed correlation. To accomplish this, four
larger blocks were built in the corners of the build plate to span as large an area of the build plate as possible.
From each block, 17 miniature (mini) tensile specimens were machined, tensile tested, and characterized
for microstructure, porosity, and oxygen content. Mini tensile specimens were used to minimize the build
height and total volume of material sampled in each tensile specimen gauge section, so as to optimize our
ability to observe potential variations. The decision to use mini tensile specimens is supported by recent
work by Shanbhag et al. [18], which concluded that large tensile specimens may not accurately yield the
mechanical properties of an actual as-built component. We did not want to assume that oxygen content
would be the cause of any observed variation in tensile properties, so microstructure and porosity were also
characterized. For microstructure, both «-lath thickness and crystallographic texture were evaluated via
scanning electron microscopy (SEM) and electron backscatter diffraction (EBSD). Porosity, both on and
near the tensile fracture surface, was evaluated using fractography and micro X-ray computed tomography
(uXCT). In this way, a systematic investigation of potential intra-build variations in tensile properties for
PBF-EB Ti-6A1-4V was performed, and any observed variation could be attributed to oxygen content,

microstructure, or porosity.

2. Method and Materials

2.1. Electron Beam Powder-bed Fusion Parameters

The PBF-EB process was carried out on an Arcam S12! machine with standard Ti-6Al-4V build theme
and layer height of 50 pm (software version 3.2.132.14429). The powder recoater direction was side-to-side
relative to the front of the machine. The feedstock powder consisted of virgin plasma-atomized Grade 23 ELI

spherical Ti-6A1-4V conforming to ASTM F3001-14 [12] with a powder size distribution (PSD) ranging from

LCommercial names are identified in order to specify the experimental procedure adequately. Such identification is not
intended to imply recommendation or endorsement by NIST nor does it imply that they are necessarily the best available for
the purpose.



45 pm to 106 pum. The portion of the particle diameters less than 50 pm, 67 wm, and 100 wm correspond to
10 %, 50 %, and 90 % (D10, D50, and D90) respectively, and were measured by the manufacturer per ASTM
B822-17 [19]. Four equally spaced rectangular cuboids were chosen for this study, pictured and labeled in
Fig. 1a, such that they were at the corners of the build plate and were nominally 15 mm x 15 mm x 35
mm tall (Fig. 1b). The other items on the build plate were used for a different study. The bulk/average

chemistry values for both the feedstock and the cuboids are presented in Table 1.

2.2. Mechanical Testing

Seventeen mini tensile specimens were extracted by wire electrical discharge machining (EDM) from each
of the four as-built rectangular cuboids, and were labeled according to build height, resulting in 68 traceable
mini-tensile specimens (Fig. 1c¢). The nominal gauge dimensions were 5.08 mm long x 2.54 mm wide x 1.5
mm thick (Fig. 1d). Quasi-static, uniaxial tensile testing, with articulated fixtures to improve alignment,

was carried out at a strain rate of 1 x 1073 s~! using a physical extensometer with gauge length of 3.0 mm.
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Figure 1: a) Layout of the build plate, b) As-built rectangular cuboid (not to scale) nominal dimensions, c¢) mini tensile

specimens excised from the block, d) mini-tensile specimen machining dimensions. Z = build direction. Note, additional items
on build plate (e.g. cylinders and center block) were not used in this study.

2.3. Chemistry

Bulk chemistry determination of a rectangular cuboid (with surfaces removed) was carried out as follows:
Aluminum, vanadium, and iron were measured by optical emission spectroscopy (OES) per ASTM E2371-13
[20]. Oxygen and nitrogen were measured per ASTM E1409-13 [21], and hydrogen per ASTM E1447-09 [22],
all by inert gas fusion. Carbon was measured by the combustion method per ASTM E1941-10 [23]. The
oxygen measurements for the Block 4 specimens utilized half of each fractured Block 4 tensile specimen,
including the gauge as well as grip sections. Each tensile specimen half was abraded to remove any leftover

wire EDM recast layer and broken into smaller chunks to fit into the inert gas fusion specimen holder.



Virgin powder feedstock chemistry is reported directly from the manufacturer certification sheet. The bulk
chemistry values for both feedstock and built material are presented in Table 1.

Table 1: Chemical composition in weight % of the ASTM F3001-14 [12] (Grade 23) limits, the virgin powder feedstock, and the
built material for this work prior to machining. Feedstock chemistry is reported directly from the powder certification sheet

from the manufacturer.

Elem. || F3001-14 | Feedstock | Bulk

Al 5.5<x<6.5 | 6.39 6.00
\% 3.5<x<4.5 | 3.93 3.99
Fe 0.25 0.20 0.19
O 0.13 0.080 0.081
C 0.080 0.010 0.014
N 0.050 0.020 0.030
H 0.0120 0.0020 0.0016
Ti bal. bal. bal.

2.4. Surface and Internal Porosity

The fractured surfaces of the mechanical test specimens were imaged with light via stereoscopic mi-
croscopy. Micro X-ray computed tomography (uXCT) [24, 25] was utilized for volumetric data of the
surface features and interior pores. Representative low and high yield strength post-test tensile specimens
were measured with uXCT. For these experiments, an pXCT machine was utilized, and the X-ray source and
detector distances were chosen such that the specified voxel edge length was 1.5 pm/voxel £ 0.03 pm/voxel.
A filter was used to reduce low-energy X-rays which cause beam hardening artifacts. The X-ray source power
and detector exposure time were optimized on a per-specimen basis to minimize scan time while ensuring
high quality reconstructions.

The specimen was rotated 360° about its long axis, during which time 3201 X-ray radiographs were
captured. The reconstructed data were then saved as an image sequence (also commonly referred to as
a TIFF stack) comprising 990 image-slices. Each resultant grayscale (16-bit) image-slice was 984 pixels x
1009 pixels. The grayscale images were then binarized using global thresholding techniques and quantitative

image processing methods were applied to measure the porosity.

2.5. Microstructural Characterization

The fractured pieces of the tensile specimens were mounted flat in phenolic resin such that the XY plane
was observable (perpendicular to the build direction, Z). The specimens were metallographically prepared
via standard abrading and polishing down to 1 um using diamond suspension. The specimens were then
vibratory polished for approximately 24 h in 0.05 um colloidal silica. The microstructure was imaged using

a field emission scanning electron microscope (FE-SEM) equipped with an annular backscatter detector for
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backscatter electron (BSE) imaging. Crystallographic information was obtained using a with an electron
backscatter diffraction (EBSD) detector operated at an accelerating voltage of 20 kV and EBSD step size

of 1.5 pm.

3. Results

3.1. Mechanical Properties

A summary of the yield strength (YS), ultimate tensile strength (UTS), total elongation (in %), and
elastic modulus is presented for all four blocks in Fig. 2. The median values for each block are identified
as black bars. A scatter plot of the UTS and elongation data is presented in Fig. 3 with the dotted
vertical /horizontal lines representing the minimum values for UTS and elongation as per the ASTM F2924-
14 [13] standard. The points are color-coded by block. At first glance, the scatter between the UTS and
elongation values follow no discernible trends, with an overall total range (Rangeyrs) of UTS scatter for
the entire build equal to 64.7 MPa.

We also investigated the tensile properties in the Z direction. Fig. 4 shows tensile data as a function of
build height (Z) for all four blocks. This data represents the per-block variation of properties as a function
of build height. The same color scheme representing tests from each block is used as in the previous scatter
plots. Linear regressions are shown as dotted colored lines through the data sets, all of which show the same
general trend of YS and UTS decreasing with increasing build height. There is no observable build location
variation because all blocks show the same general trend as well as magnitude and range of YS/UTS values
as a function of build height. The R? values for the linear regressions are presented next to the data legends.
The Rangeys = 74.2 MPa is added to the plot to show the total range of YS values for the entire build
corresponds to a difference of 8.3 % between the specimen with the lowest YS (859.3 MPa) and highest Y'S
(933.6 MPa). The UTS can be seen to have a similar downward trend to the YS with respect to build height,
however no trends are noted for the total elongation or elastic modulus. Linear regressions are presented
for all four plots, however only the YS and UTS have high confidence, whereas the linear regressions for

elongation and modulus show no dependence no build height.

3.2. Porosity

In order to screen for defects that may or may not have contributed to the tensile behavior, fractography

was carried out on the fractured surfaces of low (859.3 MPa), medium (898.5 MPa), and high YS specimens
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Figure 2: Summary of tensile properties for the four blocks tested in this work. Median values for each property are presented
as black horizontal bars for yield strength, ultimate tensile strength, elongation at failure, and elastic modulus.

(933.6 MPa), pictured in Fig. 5a—c. The images in Fig. 5 have been flattened to show the entire fracture
surface in focus. The black arrows indicate small surfaces pores present.

Fig. 6 displays the uXCT projections of the gauge section near fracture of two low YS samples from
Block 1 with heights (H) corresponding to approximately 33 mm and YS = 859.0 MPa (Fig. 6a) and H ~
27 mm and YS = 861.6 MPa (Fig. 6b). There are also two high YS samples from Block 2 corresponding
to H &~ 10 mm and YS = 914.5 MPa (Fig. 6¢) and H = 4 mm, YS = 915.6 MPa (Fig. 6d). The overall
average porosity for the measured volume of the specimens was measured to be 0.104 % for the low YS
specimens, and 0.062 % for the high YS specimens. Note that these porosity measurements are not wholly
representative of the average porosity of the entire specimen or gauge length, as the pores are randomly

distributed and their measurements may be affected by the sampling.
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Figure 3: Scatter plot of the UTS compared to the elongation for each of the 68 tests. The data points are color coded to
correspond to each block. Dotted lines represent the minimum UTS and elongation requirements for both ASTM F3001-14
[12] and ASTM F2924-14 [13].

3.3. Microstructure

In order to analyze the texture of the as-built material and rule out any texture effects contributing to
tensile property variation, Fig. 7a—d shows representative EBSD inverse pole figure (IPF) maps from each
of the four blocks and build plate locations. All maps and pole figures are parallel to the build direction.
The pole figure heat-maps that are present at the bottom corner of each IPF map have been normalized to
the highest intensity measured for the four specimens, and are taken from the regions of interest (ROI) IPF
maps shown in Fig. 7. The crystallographic orientation for the blocks show similar < 1120 >, texture for
all four blocks.

The o-lath thickness was measured from the BSE images of the flat and polished fractured tensile
specimens that are presented in Fig. 8. The three images presented are for the same specimens shown from
fractography in Fig. 5, and are of the lowest YS (Fig. 8a — 859.3 MPa, Z = 25 mm, o-lath = 0.49 pm +
0.14 pm), medium YS (Fig. 8b — 898.5 MPa, Z = 14 mm, o-lath = 0.47 pum 4+ 0.10 pm), and highest Y'S
specimen (Fig. 8¢ — 933.6 MPa, Z = 2 mm, «-lath = 0.37 pm + 0.10 pm). The «-lath morphology of the
specimens shown in Fig. 8 is of o/ Widméanstatten, also known as basket weave acicular microstructure,
typical of PBF-EB Ti-6Al-4V.

In order to quantify «-lath thickness with respect to build height, the «-laths were measured in each field
of view (FOV) for several specimens at different build heights, and are presented in Fig. 9. The error bars
represent 1o for 50 o-lath measurements at each FOV. The thickness of the a-laths does not substantially

increase as build height increases.
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Figure 4: All tensile properties with respect to build height. R? values are presented with the data legend for each linear
regression. Note, the linear regressions for elongation and modulus are presented, however with low R? values simply to
illustrate that there is no trend with respect to build height.

Fig. 10 plots the x-lath size with respect to the measured YS of that particular specimen. The black thin
and thick dotted lines are trends of from Tiley et al. [26] and Kar et al. [27] for YS versus a-lath thickness,

and will be discussed later.

3.4. Chemistry

Inert gas fusion oxygen results are presented side by side with yield strength values for Block 4 in Fig.
11. Linear regression trendlines are presented as dotted lines through the data points. These measurements
include material coming from the grip/filet section all the way to the fractured surface of the mini tensile
specimens. The oxygen chemistry data presented in Fig. 11 displays the same trend as Y'S (oxygen decreasing
with increasing build height), albeit with more scatter when compared to the YS measurements of the same

block.



Figure 5: Representative optical fractographs of a) low yield strength specimen (859.3 MPa), b) medium yield strength specimen
(898.5 MPa), and c) high yield strength (933.6 MPa). Black arrows indicate pores present on the fracture surface.

4. Discussion

From Fig. 4, it is clear that YS/UTS decreases with increasing build height. There is no observable effect
of build plate location, as all blocks, in all four corners of the build plate, display the same trend as well as
approximate magnitude and range of YS/UTS. The range (Rangeyg) of YS values was equal to 74.2 MPa,
which when viewed in the context of where the specimens were extracted from the material with respect to
build height in Fig. 4, could be an effect attributable to the Z-location in the build, but cannot reasonably
be described by build location when considering the spread of results within each build plate location, and
the overall similarity of the four build plate locations measured. In order to understand the cause(s) of this
observed variation in YS, contributions from porosity, microstructure, and oxygen content were investigated
to elucidate any effects on the tensile properties.

From Figs. 5 and 6, porosity was not observed to correlate to YS, and therefore is unlikely to have
caused the YS variation with build height observed in this work. Fractography of the specimens at the
fractured gauge section surface did not reveal any significant differences between low, medium, or high YS
specimens. While there are small surface pores present on most of the fractured surfaces, it is not likely
these contributed to the 74.2 MPa overall variation. The solid volume fraction for two low YS specimens
was measured by uXCT in the gauge section volume to be 99.8957 %, while the solid volume fraction for two
high YS specimens were 99.9377 %. This small change in porosity is unlikely to have caused the observed

change in YS. These values are likely to be an overestimation of the actual porosity levels in the bulk, since
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Low YS

d)

High YS

Figure 6: pXCT 3D reconstructions of the fractured specimens, displaying internal porosity highlighted in red and the exterior
air/metal interface in translucent gray. a) Block 1, height (H) ~ 33 mm, YS = 859.0 MPa b) Block 1, H & 27 mm, 861.6 MPa
¢) Block 2, H &~ 10 mm, YS = 914.5 MPa d) Block 2, H &~ 4 mm, YS = 915.6 MPa.

elongated pores in the necked region were included in these measurements. This has been previously shown
to occur in AM materials containing porosity after tensile deformation [28].

Shanbhag et al. [18] support this conclusion, as they also found little correlation between strength and
porosity for these range of values in PBF-EB Ti-6A1-4V. A study by Watring et al. [29] in PBF-L Inconel
718 showed that for porosity levels of 0.07 vol.% and 0.23 vol.%, no difference in UTS was measured. There
was a small difference in observed YS, but this difference was ultimately attributed to the effective grain
size along the loading axis. Furthermore, in the aforementioned Shanbag study, porosity at levels similar
to those observed in this work (for horizontally oriented tensile directions) mostly had an effect on necking
and total elongation, while strength remained relatively unaffected.

The crystallographic texture was measured via EBSD from a representative piece for each of the rect-
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Figure 7: Representative EBSD IPF maps of each of the four blocks on the build plate. a) Block 1, b) Block 2, ¢) Block 3, and
d) Block 4. Pole figures for the ROI are presented with each IPF map. The rainbow IPF map color legend indicates direction
of the crystal by color, whereas the color bar shaded white to dark blue indicates intensity for the pole figures.

angular as-built blocks (each corner of the build plate). The crystallographic texture for all four regions
showed the same relatively weak texture character in the 1120 direction. Previous work on PBF-EB Ti-6Al-
4V by Saville et al. [30] demonstrates that for samples containing relatively weak texture, there is little to
no dependence of texture on build height. Thus, it is reasonable to assume that each block across the entire
build height in this work contained the same similarly weak texture. Given this, the texture differences can
be ruled out as a contributing factor to any potential differences between the blocks. From Fig. 7, EBSD
was not found to vary for any of the locations in this build and so is unlikely to have caused the observed YS
variation with build height. The authors note that while variations in dislocation density, variant selection,
and twin density can affect the mechanical properties of the material in localized regions, it is unlikely that
these were affected by the build height, particularly in PBF-EB built materials, which has a high background
temperature and lower solidification and cooling rates than laser-based methods. Although thermally in-
duced twinning has been observed by Zhong et al. [31] in laser metal deposition of Ti-6Al-4V, the cooling

rate and thermal histories in the present work are going to be different as the PBF-EB process is maintained
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Figure 8: Representative BSE images of a) low yield strength specimen (859.3 MPa), b) medium yield strength specimen (898.5
MPa), and c) high yield strength (933.6 MPa).

around 600 °C to 800 °C.

The microstructures of the lowest YS specimen (859.3 MPa), a medium YS specimen (898.5 MPa), and
highest YS specimen (933.6 MPa) were investigated via BSE imaging. The ot/3 Widménstatten microstruc-
ture was observed in each of the specimens. Ghamarian et al. [32] compared empirical models for YS, and
showed the contributions to YS from influential terms such as intrinsic yield strength, solid solution strength-
ening, Hall-Petch a-lath strengthening, and constrained 3 within the Widmaéanstatten microstructure. For o
+ B processed alloys, contributions to Y'S for Hall-Petch o-lath thickness are approximately 5 % at most for
total yield strength compared to the other factors. The measured «-laths plotted in Fig. 9 show an average
range of «-lath thickness of 0.37 um — 0.53 um with a standard deviation of all the measurements equal to
4 0.13 um. There are enough statistically significant differences between a-lath thickness for the specimens
measured in Fig. 9 (p<0.05, Tukey-Kramer Multiple Comparisons Test) to suggest a slight increase in o-lath
thickness with increasing build height. The magnitude of the trend observed in Fig. 9 (slight increase in
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o-lath thickness with increasing build height) is likely too small to have any significant effect on the observed
Y'S variation.

The average o-lath thicknesses were plotted against the corresponding YS for several specimens in Fig.
10. Work by Tiley et al. [26] and Kar et al. [27] proposed a-lath dependent models for YS, and are plotted as
thin and thick black dotted lines, respectively, in Fig. 10. The entire range of YS values for the Tiley model
is much tighter than that of the Kar model, however, the «-lath values obtained in the present investigation
do not directly match up to either of the models for YS, as shown in Fig. 10. In the Tiley model [26],
a change of approximately 75 MPa from «-lath thickness is not predicted for the ranges shown in Fig. 9.
Namely, the maximum change in YS for a-lath thickness from 0.20 pm to 1.00 um is approximately 5 MPa.

If we take the Kar empirical fit into account [27], the expected change in YS from our measured values of
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Figure 11: Scatter plots for yield strength and oxygen as a function of build height for Block 4 with dotted lines representing
linear regression trendlines.

o-lath thickness would be approximately 15 MPa. If we plot the inverse square root effective diameter for
the o-laths against YS to investigate Hall-Petch correlations between the blocks, as in Fig. 12, the slope of
the data does not correlate to a previous study done of Hall-Petch strengthening on Ti-6Al-4V with similar
Widménstatten microstructure [33]. This indicates that Hall-Petch alone, assuming a continuing linear
trend, cannot describe the observed change in YS. These values, paired with the observations by Ghamarian
[32], indicate that the a-lath thickness for each of the specimens, while slightly different, are not likely to be
solely responsible for the 75 MPa variation in YS, when plotted against build height. The 3 phase fraction
at the top of the blocks was approximated from the BSE images to be roughly 3 % f (Fig. 8a) and the
bottom to be roughly 1 % B (Fig. 8c). This amount of change in 3 phase fraction is also not predicted by
the Ghamarian model to have a significant contribution to the YS (0 % contributions to total YS for o+
processed Ti-6A1-4V, and approximately 2.4 % overall contribution in total YS for § processed Ti-6Al-4V).
The study by Ghamarian suggests that the main contributing factor to YS is solid solution strengthening
[32].

As shown in Fig. 11, oxygen content decreases with increasing build height, and because this is the same
trend observed for YS, this suggests oxygen content may be the main cause of the observed YS variation in
this work. The sintered powder from the build plate for this work was previously studied by Derimow et al.
[16], where it was established that there is a build height dependence for oxidation in the sintered powder
bed. That is, the bottom powder layers are more rich in oxygen than powder sampled towards the top of

the powder bed. There is a downward trend of oxidation back to nominal oxygen levels in the powder batch.
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versus yield strength.

When the powder from the top 3 mm and bottom 3 mm of the powder bed were compared directly for several
powder samplings, there was a consistent difference in oxygen content, such that the top of the powder bed
contained less oxygen than the bottom. This indicated that the bottom layers had scrubbed the atmosphere
in the build chamber via the high background processing temperature and/or layer preheating for the PBF-
EB process. The inert gas fusion oxygen tests carried out in this work for Block 4 at each height show a
similar downward trending oxygen content as build height increases. It is possible that oxygen is not the
sole contributing factor to this build height dependency. Within the context of solid solution strengthening,
Ghamarian et al. [32] show the two largest contributors are oxygen and aluminum content. The Al wt.%
values within the range of ASTM F3001-14 [12] of 5.5 < x < 6.5 account for approximately 45 MPa in YS
change according to both phenomenological models used therein. The oxygen contributions to YS variation
from 0.08 wt.% O up to the ASTM F3001-14 limit of 0.13 wt.% O were modeled to be approximately 60
MPa in Ref. [32]. There may be an interplay of both Al and O changing as a function of build height in
the specimens studied in this work. However, effects due to Al content, as well as other elements, are an
open area of investigation. The effects of energy input on Al vaporization in PBF-EB Ti-6Al-4V have been
studied by Juechter et al. [34] where it was found that Al evaporation loss is greater with increasing line
energy. Given that the geometry of the blocks in this build were simple rectangular cuboids, it is likely that
the Al vaporization was constant on a per layer basis, and not height dependent. The oxygen trends in this
work may be one piece of the puzzle towards understanding the YS build height dependence in Ti-6A1-4V
produced by PBF-EB, and results of oxygen testing are at least in agreement with previous trends of build

height-influenced oxygen differences in the sintered powder [16] and top surfaces in as-built material [35].
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Given that the sintered powder capsules used in Ref. [16] were adjacent to the as-built material studied in
this present work, it is not unreasonable to posit that a similar trend in oxygen content with respect to build
height was similarly observed herein.

This newly observed oxygen content decrease, and corresponding YS decrease, with increasing build
height can be used to further optimize the PBF-EB Ti-6Al-4V process as recovered powder will have a
variation in oxygen along the build height [16]. Potential improvements will be discussed in more detail in

Part 2 of this work.

5. Conclusions

Four rectangular cuboid blocks of PBF-EB Ti-6A1-4V were built from virgin Grade 23 ELI powder in
order to extract 68 mini tensile specimens (17 per block) for tensile testing. These as-built specimens were
then studied via tensile testing, scanning electron microscopy, uXCT, and inert gas fusion to investigate
potential intra-build variations in tensile properties, oxygen content, microstructure, and porosity, as well

as discover possible correlations between the yield strength and material structure.

There was a measured 74.2 MPa range in yield strength across all 68 tensile tests performed on the

virgin, as-built Ti-6Al-4V.

e Yield strength was clearly influenced by build height from 0 mm to 35 mm, corresponding to the
observed 74.2 MPa range in values from 933.6 MPa at the bottom of the build plate (2 mm Z-height)

to 859.3 MPa towards the top of the powder bed (33 mm Z-height).

e We did not observe significant correlations between the observed YS variation and build plate location,

porosity, a-lath thickness, or crystallographic texture.

e There was an observed downward trend of oxygen content as build height increases suggesting oxygen
content variation may be a contributing factor to the observed YS variation with build height. This
is in agreement with previous studies on sintered Ti-6Al-4V powder bed oxidation, owing to the yield
strength differences to solid solution strengthening. There may be additional variations in solid solution
strengthening elements such as Al, V, and N contributing to this effect, and will be the subject of

future studies.

The newly observed dependence of YS on oxygen content as a function of build height can be used to

further improve PBF-EB Ti-6Al1-4V processing, which could involve active atmospheric gettering or improved
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powder mixing and handling methodologies. As 3D printing technology advances towards more complex
geometries, it is critical to understand the mechanical properties of the material at smaller length scales,
such as those studied in the present work. Bulk mechanical properties and bulk chemistry measurements

may not accurately represent the possible spatial variability effects in the printed material.
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