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Abstract—The present work investigates the anisotropic mechanical properties of a Ti-6Al-4V three-dimensional cruciform component fabricated
using a directed energy deposition additive manufacturing (AM) process. The mechanical properties of the component in longitudinal and transverse
orientations with respect to the build layers were measured under uniaxial tension. While the average ultimate tensile strength of ~1060 MPa in both
directions agrees well with prior studies on AM Ti-6Al-4V, the achieved elongations of 11% and 14% along the longitudinal and transverse direc-
tions, respectively, are higher. The enhanced ductility is partially attributed to the lack of pores present in these components. The anisotropy in duc-
tility is attributed to the columnar prior-f grain morphology and the presence of grain boundary o, which serves as a path along which damage can
preferentially accumulate, leading to fracture. In addition, the effect of oxygen on the strength and ductility of the component was studied. The find-
ings indicate that a combined effect of an increase of 0.0124 wt.% oxygen and a decrease in a-lath width due to differential cooling at different heights
within the component resulted in an increase of ultimate and yield strengths without a significant loss of ductility. Furthermore, this study demon-
strates that quasi-static uniaxial tensile mechanical properties similar to those of wrought Ti—-6A1-4V can be produced in an AM component without
the need for post-processing heat treatments.

© 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Titanium and its alloys, particularly Ti-6Al-4V, are
widely used in the aerospace, sporting goods, medical
device and petrochemical industries due to their relatively
low density, high strength and good corrosion resistance
[1,2]. However, there are formidable challenges in refining,
casting, forming and machining titanium, which result in
end products that are considerably more expensive than
their steel or aluminum counterparts [3]. Given this initial
material expense, the ability to produce net- and near-
net-shape parts that require a minimum of follow-on
machining and processing is of considerable interest.

Powder-based additive manufacturing (AM) is a near-
net-shape production method in which a component is built
by melting successive layers of metal feedstock onto a
workpiece [4]. In these AM processes, a focused laser or
electron beam is scanned in a preprogrammed pattern to
melt the metallic feedstock material and produce a desired
shape. Material can be delivered to the workpiece either by
spreading and selectively melting individual powder layers
in a powder bed fusion (PBF) process, or directed
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continuously through coaxial nozzles to the melt pool in
a directed energy deposition (DED) process [5,6]. AM
can theoretically produce a fully dense three-dimensional
part with highly complex geometric features [7,8]. It also
offers the ability to fabricate parts with different geometries
or compositions using the same machine, making the tech-
nique appealing for short production runs that would
otherwise require prohibitively expensive tooling [2,9,10].
On the other hand, each location in the AM build expe-
riences rapid melting and solidification with a complex
thermal history, which can change significantly based on
part geometry and path plan. In addition, the layer-by-
layer method upon which the AM process is based leads
to the introduction of lack-of-fusion defects at the inter-
faces between each laser pass and layer. As a result, it
becomes difficult to fabricate fully dense or defect-free
components and consistently produce components with
repeatable mechanical properties across multiple lots in the
as-deposited condition. Multiple researchers have used hot
isostatic pressing as a method for closing pores while
providing a post-fabrication heat treatment to homogenize
microstructural features [8,10]. The present work demon-
strates that a 99.999% dense component can be directly
fabricated without the need for subsequent heat or pressure
treatments, resulting in similar strength, and improved
ductility, with respect to previous results in the literature.

1359-6462/© 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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PBF and DED AM processes are also characterized by
significant differences in heat input, thermal histories and
heat transfer methods. A simplified metric for comparing
these laser-based processes is the approximate linear heat
input, which is defined as the laser power divided by the
scanning speed. While this metric does not account for dif-
ferences in laser absorptivity or differences in heat transfer
due to environmental and boundary conditions, it does
provide a basic starting point for comparison between the
two processes. PBF typically uses a linear heat input of
0.1-0.5J mm~" and a layer thickness on the order of tens
of microns, and heat transfer from the laser—-powder inter-
action location is dominated by conduction through the
unmelted powder surrounding the build. DED, on the
other hand, typically uses a linear heat input of tens to hun-
dreds of Jmm™! and a layer thickness of ~0.3—1 mm, and
heat transfer from the molten metal pool is controlled both
by conduction through the component and attached base-
plate as well as forced convection from the shielding gas
and powder delivery nozzles.

Table 1 provides a summary of the deposition parame-
ters and mechanical properties obtained from prior
research on Ti-6A1-4V manufactured by DED, PBF and
electron beam melting (EBM) [2,7,8,11-24]. These values
are compared with accepted values for wrought Ti-6Al-
4V tested in the annealed and solution treated and aged
condition [2]. The yield and tensile strengths in laser-based
AM components are generally higher than those in
annealed material and in the same range as age-hardened
Ti—6Al-4V, which is likely due to the presence of a fine-
grained microstructure in laser-based AM components
[24]. However, the tensile elongation values in laser-based
AM components, which have previously been reported to
be typically ~6% and a maximum of 11%, are substantially
lower than the 12-17% elongation range observed in
wrought conditions. The strength values for EBM materials
are typically lower, and elongation somewhat higher, than
those for laser-produced parts. This is due in part to the
fact that in the EBM process, the build is typically held
at a temperature of over 600 °C, allowing the part to anneal
to an extent during fabrication [25]. It is noted that despite
the fact that all of the studies in Table 1 involve nominally
the same material, the range of mechanical properties pro-
duced depends strongly on processing conditions.

Several possibilities exist for the low ductilities in the
AM material: the presence and cracking of grain boundary
hexagonal close-packed (hep) a-phase [14], the fine-grained
microstructure [15], and the presence of titanium martensite
and low volume fractions of body-centered cubic (bce) B-Ti
phase [13]. Improvements in ductility are generally only
obtained with post-fabrication heat treatments, such as
sub-f transus annealing [20,26,23]. In addition, Vilaro
et al. [23] observed that the prevalence of porosity in AM
Ti—6Al-4V affects the mechanical behavior of the compo-
nent, and that pore shape and orientation strongly influ-
ence macroscopic ductility. For example, lack of fusion
defects can be formed when the inter-pass overlap is not
properly maintained, resulting in the formation of internal
porosity in the build. This type of internal process-induced
defect has been difficult to prevent or even detect without
destructive inspection.

While there is significant microstructural anisotropy in
AM components [27], there has been little effort in the past
to understand the connection between the anisotropic
microstructure and macroscopic mechanical properties.

This microstructural anisotropy originates from the layer-
by-layer nature of the AM process, which introduces a
unique thermal history at each location within the part as
each subsequent laser pass reheats the material [28,29].
The o—p titanium alloy Ti-6Al-4V is particularly sensitive
to thermal history as it can develop a range of microstruc-
tures depending on temperature and cooling history [2,3].
The microstructure of as-fabricated Ti-6Al1-4V compo-
nents built by AM tends to be fine acicular or Widmanstét-
ten o—B. Columnar prior-f3 grains of several millimeters in
length are also prominent features in the microstructure.
These grains are oriented in the build direction, indicating
that during solidification the high-temperature [ phase
nucleates onto itself and grows across the build layers [9].

In the present work, the role of microstructure in the
location- and orientation-dependent properties in AM-
fabricated Ti-6Al-4V is investigated. Because many of the
previous studies have used directly fabricated mechanical
test specimens (Table 1), the impact of changes in location
and orientation on mechanical properties could not be
obtained. In this work, by fabricating a discrete component
and extracting mechanical test specimens directly from the
component, location- and orientation-dependent properties
in AM Ti-6Al-4V were investigated. The aim of this study
is not AM process optimization, but rather characterization
of the internal structure, microstructure and mechanical
properties of an AM component. As such, the component
was examined for porosity and internal defects using X-
ray computed tomography. This showed that the compo-
nent contained limited internal defects, and as a result,
characterization of the mechanical properties of an AM
component whose ductility was not limited by pores was
performed. Based on the results of the mechanical and
microstructural characterization of samples extracted from
this build, a mechanism driving the anisotropic mechanical
properties observed in Ti-6Al-4V structures is proposed.
Additional analyses of the effect of changes in microstruc-
ture and oxygen content were performed and correlated
with the location-dependent strength observed in the
component.

2. Experimental

A Ti-6Al-4V cruciform structure was fabricated using a
laser-based directed energy deposition process on a
152 mm x 152 mm x 12.7 mm thick Ti-6Al-4V substrate.
The deposition setup included an IPG Photonics® YLR-
12000 laser system operating at a laser wavelength of
1070-1080 nm. The laser was delivered through a 200 um
diameter fiber into Precitec® YW-50 laser welding optics,
which consist of a 200 mm focal length collimator and
focusing optics. Powder was fed through a Precitec® YC-
50 cladding head positioned 10 mm above the build. At this
stand-off, a laser spot size diameter of 4 mm was obtained
and used to fabricate the AM build. The cruciform struc-
ture used here was fabricated using a laser power of 2 kW
and a travel speed of 10.6 mm s, resulting in a linear heat
input of 189 J mm ™', which falls in the range of values pre-
viously reported for DED manufacturing [13,15] (see
Table 1).

The fabrication of the cruciform was performed in an
enclosed chamber purged with ultra-high-purity argon gas
to minimize the oxygen contamination in the laser-depos-
ited material. An argon gas flow of 9.4 1 min~' was used
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to deliver the powder at a powder feed rate of 8 gmin~'. A
second argon gas flow with the same 9.4 Imin™" flow rate
was also directed at the molten pool. This gas flow is nor-
mally used to shield the molten material from atmospheric
contamination during cladding or deposition and is used
here as well, even though the deposition is performed in
an argon-purged chamber, to provide consistent forced
convection conditions throughout processing. Each layer
in the cruciform build consisted of three beads with a hor-
izontal overlap distance of 2.29 mm. A vertical step size of
0.89 mm per layer was used to construct the 8.6 mm thick
walls of the 100 mm tall cruciform. Fig. la shows the
AM process schematically, and Fig. 1b shows the build
path used for the cruciform. During the AM build process,
the baseplate was water cooled. The prealloyed Ti-6Al-4V
powder used (in wt.%: 6.17 Al, 3.98 V, 0.173 O, 0.018 C,
0.0022 H, 0.009 N, balance Ti) had a spherical morphology
with an average diameter of 89 um, and was manufactured
through a plasma-rotating-electrode process (PREP®) by
Timet Powder Metals.

During AM of titanium alloys, there is often potential
for oxygen contamination. A failure during fabrication of
the present cruciform resulted in the introduction of water
vapor into the chamber during the deposition of a layer
~25mm above the substrate. This portion of the build
formed a straw-colored discoloration, as shown in
Fig. 3a. Once the failed water-cooling line was repaired,
the chamber was cleaned and purged with argon. When
the original oxygen partial pressure was restored, the
remainder of the build was completed without further

(a) Argon purged glove box

Moving
cladding head

Powder
deposition under\ Stationary
laser beam : component

&

O, sensor

~Cooled
baseplate

(b)

N
IS

Fig. 1. (a) Schematic of the DED system. (b) Schematic of cruciform
build path, showing the order in which the six passes per layer were
laid down. Each subsequent layer followed the same order, but the
starting point of the six lines alternated for each layer, meaning the
odd layers were deposited as shown above, but in the even layers, the
first three passes started from the bottom in the above schematic, and
the second three passes started from the top.

water contamination, allowing samples with different oxy-
gen contents to be analyzed.

The interruption is not expected to have affected the
thermal history of the part for the following reasons. Under
normal operating conditions, it took 80-140 s for the laser
to pass over the same point between subsequent layers, and
prior thermal analysis on DED has shown that under sim-
ilar operating conditions, Ti-6Al-4V layers cool to room
temperature within 100-200 s of the laser moving away;
thus, the material in the present study is expected to have
cooled to close to room temperature between subsequent
layers. Furthermore, the analysis suggests that the layers
cool almost immediately (in under 100 s) to below 600 K,
at which point microstructural changes will not occur [30].

The half of the cruciform that remained after extracting
test coupons from the tested half is shown in Fig. 3a. Oxy-
gen contents in the finished cruciform were measured by
inert gas fusion from samples extracted S mm from the
top of the wall and in a discolored region ~30 mm from
the bottom of the wall, as shown in Fig. 3b. The oxygen
content in the top of the cruciform was found to be
0.2046 wt.%, which is 0.0316 wt.% more oxygen than the
initial powder, indicating oxygen pick-up during fabrica-
tion. The discolored region corresponding to a water
release in the deposition chamber contains 0.2170 wt.%
oxygen, which is 0.0124 wt.% more oxygen than measured
at the top of the wall.

The cruciform was tested in the as-deposited condition,
with no post-fabrication heat treatments. Tensile test spec-
imens with gauge dimensions of 2 mm x 4 mm x 9 mm
were extracted from the walls of the cruciform component
in two orientations with respect to the build direction.
These dimensions were selected in order to allow for spec-
imens to be extracted such that the location dependence
and direction dependence of mechanical properties in the
cruciform component could be quantified, while also aim-
ing to incorporate of the order of 60 grains in the gauge
region of the specimens. If ASTM E8 [31] were strictly fol-
lowed, the specimen geometry would incorporate fewer
than 30 grains, resulting in a stronger size-dependence on
mechanical properties than the selected geometry. How-
ever, recognizing that a gauge length shorter than four
times the effective diameter can act to inflate the vertical
strain measurements with respect to values in accordance
with E8, we extrapolate all strain values to a gauge length
of four times the effective diameter of 3.19 mm by calculat-
ing the total effective strain as the sum of: (i) the uniform
strain before necking; and (ii) the localized strain after
necking, which is calculated as the change in length after
localized necking divided by the ASTM ES8 effective gauge
length. We note that in previous studies the geometry of
the specimens is frequently not fully defined, with several
studies not mentioning accordance with standard measure-
ment techniques [7,8,16,17,22,23,32]. Studies that have pro-
vided specimen dimensions as well as micrographs that
show the prior B grain morphology are projected to have
contained anywhere from 10 [18] to 60 [23] grains in the
tested cross-section.

Fig. 3b shows the locations in the cruciform and base-
plate from which the specimens were cut. Ten specimens
were extracted from one wall of the cruciform such that
their tensile axis was in the “transverse” direction, or paral-
lel to the build axis, in two tiers of five specimens. Those cut
from the bottom half of the cruciform were exposed to
oxygen, while those extracted from the top half of the
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cruciform represent specimens from a clean build. Eight
specimens were machined “longitudinally” or with the ten-
sile axis perpendicular to the build direction from another
wall. For comparison, five specimens were cut from the
wrought baseplate.

X-ray computed tomography (CT) is a radiographic-
based non-destructive evaluation technique capable of
10 pm resolution and interrogation of internal features in
bulk produced components. It was used here to examine
the size and shape of internal pores or defects within the
AM build, and to quantify the pore volume fraction. In this
technique, the specimen is incrementally rotated and
imaged using an X-ray beam, producing potentially thou-
sands of individual radiographic projections, which are
then combined into a three-dimensional rendering using
CT algorithms. The three-dimensional representation of
the part allows its entire volume to be analyzed and individ-
ual pores to be characterized in terms of both size and
shape. This technique was used here to inspect both the
bulk cruciform laser deposition and individual tensile test-
ing specimens removed from the build.

A General Electric Phoenix v|tome|x m 300 cone beam
CT cabinet system equipped with both a 300 kV xs|300d
microfocus tube and a 180kV xs|180nf nanofocus tube
was used, and the resulting scans were analyzed using
VGStudio Max 2.2 visualization and analysis software.
The bulk cruciform was inspected using the microfocus
tube with settings at 220 kV and 200 mA, a 500 ms scan
time, and a voxel size of 147 pm, while individual tensile
specimens were inspected using the nanofocus tube with
settings of 130 kV and 200 mA, a 333 ms scan time, and a
voxel size of 15um. A total of 1200 projections were
obtained during the inspection of the cruciform, and 1500
projections were obtained for the individual tensile speci-
mens. Conservatively, resolution of the system is limited
by this voxel size, which in this case allows the tensile spec-
imens to be interrogated at a much finer resolution. Analy-
sis of the X-ray CT scans for the detection of internal
defects within the tensile specimens was performed
using the VGDefX (v. 2.2) algorithm in Volume Graphics

¥
J

software (VGStudio Max, v. 2.2.6). The threshold to differ-
entiate between material and void segments was set as the
grayscale value of the surface of the tensile specimen. A
noise reduction filter, which used a weighted average of
the grayscale values for two neighboring voxels in all axes,
was applied to each evaluated seed voxel. Additional filter-
ing was performed on the data obtained from the inside
surface of each defect to ensure that it was evaluated as a
potential void or defect, rather than excluded as internal
geometry. In the analysis of the defects, which appeared
to be consistently spherical in morphology, a relative void
probability threshold of 0.60 was applied, and a minimum
void size was set at a volume of 8 voxels. After a visual
examination of the results, additional false positives were
removed, and the voids reported here had a relative proba-
bility ranging from 0.60 to 2.73 and volumes from 8§ to 65
voxels, for a voxel edge length of 15 um.

Uniaxial tensile tests were carried out using a screw-
actuated test frame (Instron model 4202) with a 10 kN ten-
sion load cell (Instron model 2512-147). Tests were run in
displacement control at a strain rate of 3 x 107°s7 .
Strains were calculated during testing through the optical
monitoring of the surface deformation fields using digital
image correlation with Vic2D software (Correlated Solu-
tions). In this technique, a white background was painted
onto the specimen gauge section, on top of which a black
speckle pattern was applied, and digital cameras (Point
Grey GRAS-50S5M-C) recorded images of the deforming
gauge section at a rate of 1 Hz during testing. The displace-
ment fields on the specimen surfaces were determined from
the recorded images using the cubic B-spline interpolation
algorithm of the Vic2D software. An 8.5 mm long virtual
extensometer was used to calculate strains from the dis-
placement fields. Representative vertical strain fields before
fracture for an AM specimen and a specimen extracted
from the base material are given in Fig. 2. The yield
strength was measured by the 0.2% offset method.

Undeformed grip regions from tensile specimens were
used for microstructure evaluation. These were etched
using Kroll’s reagent (2% hydrofluoric acid and 3% nitric

Strain

Fig. 2. Two-dimensional surface vertical strain contours immediately before fracture for representative base and transverse specimens.
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acid in water). Microstructures were examined with an opti-
cal microscope (Keyence VHX-2000). Fracture surfaces
from the tensile tests were examined by scanning electron
microscopy (SEM; FEI Quanta 200).

3. Results and discussion
3.1. Overview

Representative engineering stress—strain curves for the
longitudinal, transverse and baseplate specimens are given
in Fig. 4, while the measured mechanical properties are
given in Table 2. There is a significant difference in ductility
between the longitudinal and transverse specimens, with an
average engineering strain to failure of 11% in the longitu-
dinal direction and 14% in the transverse direction. The
yield and ultimate tensile strength values for all AM speci-
mens of 959 +22 and 1064 + 23 MPa, respectively, are
commensurate with values obtained from the wrought
baseplate of 973 + 8 and 1050 + 8 MPa. The yield and ulti-
mate tensile strengths of the transverse specimens extracted

(a)

Oxygen
introduced

f\

(b)

Transverse
samples

Top tier
Left to right:
T1-TS

Bottom tier
Left to right:
T6-T10

1200

1100
g
S 1000
g 900
g 800
'§ 700 - -Transverse (upper)
Eb ---Transverse (lower)
E 600 —Longitudinal

- Baseplate
500 ——t et

0.00 0.05 0.10 0.15 0.20 0.25
Engineering strain

Fig. 4. Engineering stress—strain curves of representative specimens
showing similar elastic responses, and highlighting the differences in
strength and elongation values.

from the bottom of the wall (T6-T10 in Fig. 3b), where the
component was exposed to oxygen, are 25 and 46 MPa
higher, respectively, than those extracted from the upper

<t | Build
direction

mm OXygen
analysis

Longitudinal
samples

Top to bottom:
L1-L8

Fig. 3. (a) Half of the as-fabricated AM cruciform on a 152 mm baseplate; walls are ~100 mm tall. The vertical direction corresponds to the build, or
transverse, direction. Brackets indicate the region of oxygen contamination. (b) Schematic showing how the tensile specimens were extracted from the
component. The rectangular gauge sections of the tensile specimens were 4 mm x 2 mm X 9 mm.
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Table 2. Summary of mechanical properties measured in this work. In specimens L1-L8, the tensile axis of each specimen was aligned with the
longitudinal direction. In specimens T1-T10, the tensile axis of each specimen was aligned with the transverse, or build, direction. Specimens T1-T5
were extracted from the upper half of the cruciform, which was not exposed to oxygen, and T6-T10 were extracted from the lower half, which was
exposed to oxygen. The base specimens were extracted from the wrought baseplate. Reported values are average + standard deviation.

Transverse (upper tier) Transverse (lower tier) Longitudinal Baseplate
Tensile strength (MPa) 1041 + 12 1087 £ 8 1063 + 20 1053 +7
Yield strength (MPa) 945+ 13 970 £ 17 960 + 26 975+ 6
Measured elongation (%) 18.7+1.7 17.6 £0.7 133+1.8 21.2+0.6
Elongation per ASTM E8 (%) 145+1.2 13.6 +0.5 109+ 1.4 17.34+0.5

half of the wall (T1-T5 in Fig. 3b). While the measured
strength values are similar to those in conventionally
wrought Ti-6A1-4V, it is noted that the variability in the
measurements from the AM component is higher than that
in the wrought material, pointing to the importance of
characterizing the mechanical properties of AM materials.
The ductility of the specimens measured in the present
study, with an average value of 13%, and a maximum of
16%, are notably higher than those found in previous stud-
ies on as-produced Ti-6Al-4V fabricated through laser-
based AM, in which the reported average elongations were
consistently below 11% (Table 1) for a range of different
processing conditions.

3.2. Ductility
The increased ductility is attributed to the lack of poros-

ity in the present study. Porosity appears in many of the
previously published micrographs and fractographs of

AM Ti-6A1-4V [11,12,14], indicating that it is commonly
present, often resulting in limited ductility. Previous studies
were plagued by two types of pores: round gas entrapment
pores and lack-of-fusion pores in which the melted metal in
one layer did not completely fill the gaps between material
passes in previous layers, resulting in thin flat cracks per-
pendicular to the build direction [9]. The sharp angles in
lack-of-fusion pores result in local stress concentrations
during loading; thus, these pores have been shown to play
a significant role in early fracture, particularly in the trans-
verse direction [23].

Given the prevalence and detrimental effects of porosity
noted in previous studies, the present component was eval-
uated using X-ray CT. This analysis showed a very low
pore volume fraction of 0.001%, with only spherical pores
with an average diameter of 66 pm present. Fig. 5 shows
a representative fracture surface from a specimen whose
tensile axis was aligned with the transverse direction. All
examined fracture surfaces exhibit ductile character, with

Fig. 5. Fracture surface of a specimen whose tensile axis was aligned with the longitudinal direction. (a) SEM image of entire fracture surface.
(b) Enlarged image of inset in (a) showing a possible lack of fusion pore surrounded by ductile fracture features.
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dimpled surfaces and evidence of tortuous crack growth. A
pore ~50 pm long was observed near one corner of a single
longitudinal section (Fig. 5b), and no pores were found in
any other fracture surfaces. Given the detrimental effect
of pores on tensile ductility, the absence of porosity on
the fracture surfaces is indicative of a fully dense material.
The near-nonexistence of porosity suggests that the pro-
cessing conditions used herein provide sufficient overlap
between passes and suitable infiltration of melted material
to prevent the formation of lack-of-fusion pores. Therefore,
given the absence of both gas entrapment pores and lack-
of-fusion porosity in fracture surfaces, it is concluded that
porosity did not play a role in the elongation of the present
specimens, resulting in higher ductility than observed in
prior studies.

There is an impact of orientation on the ductility mea-
sured, as the ductility is higher in the transverse direction
than in the longitudinal direction. This is the opposite of
the trend observed in previous PBF studies (Table 1). It is
hypothesized that the ductility in transverse specimens in
prior studies was limited by the presence of lack-of-fusion
porosity [8,12]. It may be concluded that the underlying
mechanism for the anisotropy in ductility between longitu-
dinal and transverse directions in the present study is
directly related to the anisotropic microstructure of the
AM part.

The microstructures of tested uniaxial tensile specimens
extracted from the cruciform were analyzed. Fig. 6a shows
a macroscopic image of a tensile specimen extracted in a
longitudinal orientation with respect to the build direction.
The horizontal build lines are visible, as is the morphology
of the prior-f grains, whose long axes align with the build
direction. In Fig. 6b, a higher-magnification view of the

build layers near the center of the wall shows a layer thick-
ness of 0.5-1 mm and prior-f grains extending across multi-
ple build layers, with light-colored layer bands appearing
between each layer. This microstructure is similar to those
observed by Kelly and Kampe [33] for laser-additive-
manufactured builds of Ti-6Al-4V. This epitaxial growth of
columnar B grains can be explained by the thermal gradient
in the component, which is generated by conductive heat
flow downward through the cooled substrate [34] and
convective heat transfer outward into the process gas [35].

The prior-p grains in the component have long axes of
1.5mm to >10 mm aligned with the build direction and
short axes that are aligned perpendicular to the build direc-
tion and are on average 0.375 mm wide (Fig. 6). The
boundaries of the prior-f grains are decorated with grain
boundary o phase. It is well documented that the presence
of grain boundary o phase tends to reduce elongation in
conventionally processed Ti-6Al-4V by furnishing a pref-
erential path for damage accumulation along the prior-f
grain boundaries [2]. Tensile loads perpendicular to the
grain boundary act to separate adjacent prior-p grains.
Therefore, the morphology of the prior-B grains in the
AM component results in different amounts of the grain
boundary o phase being exposed to a tensile opening mode
depending on whether tension is applied along the longitu-
dinal or transverse direction. As shown schematically in
Fig. 7, in specimens in which tension is applied along the
transverse direction, only the short axes of the prior-f§ grain
boundaries and grain boundary o are subjected to Mode |
opening tension. Conversely, in specimens where tension is
applied in the longitudinal direction, the long axes of the
prior-p grains are loaded in tension, causing the entire
length of the grain boundary o phase to be subjected to

Fig. 6. Optical micrographs of etched microstructures, where build direction is horizontal. (a) Image of macrostructure, where build layers are
vertical, and long and narrow prior-p grains are horizontal. (b) Micrograph of inset in (a) showing build lines (vertical) and prior-p grains
(horizontal). (c) Micrograph of inset in (b) showing the acicular character of the microstructure as well as the presence of grain boundary o phase.
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(d)
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Fig. 7. (a) Micrograph showing build lines and longitudinal direction oriented horizontally, and prior-p grains and transverse direction oriented
vertically; arrow indicates build direction. (b) Outline of prior-p grain boundaries from micrograph in (a), along which grain boundary o phase is
present as shown in Fig. 6. (c) Enlargement of inset in (b) showing that when applying tension along the longitudinal direction, the grain boundary o
will be subjected to Mode I opening failure, as tension is being applied perpendicular to the grain boundaries. (d) Enlargement of inset in (b) showing
that when applying tension along the transverse or build direction, the tension acts parallel to the long prior-f grain boundaries, and therefore, the

grain boundary o is not subjected to Mode I opening failure.

Mode I opening tension. Thus, the anisotropic microstruc-
ture predisposes the longitudinal specimens to Mode I
opening failure along the prior-f grain boundaries, but
not the transverse specimens. The reduced elongation of
the longitudinal specimens compared with the transverse
may be a result of discontinuous grain boundary o phase
and the presence of the preferentially oriented prior-f grain
boundaries. However, this morphological effect does not
result in intergranular cracking, as the material remains
ductile (Fig. 5).

As the microstructure of AM processed parts is morpho-
logically anisotropic, crystallographic texture should be
considered when accounting for variation in the mechanical
behavior of these parts. Several authors report a strong
fiber texture in the reconstructed prior-f grains correspond-
ing to the columnar structure developed by the epitaxial
growth of P phase from the melt on prior layers
[25,36,37]. However, only a weak texture in the trans-
formed microstructure is seen as all 12 possible variants
in the Burgers orientation relationship between prior-f3
and transformed o phase appear seemingly at random in
EBM material [25,36] and SLM material [37]. Similarly,
no strong texturing of the transformed microstructure
was observed in any direction in DED material [27]. There-
fore, crystallographic texture is not expected to be a pri-
mary cause of the anisotropic ductility observed in this
study.

As an aside, given the large size of the prior-f grains
with respect to the 4 mm wide x 2 mm thick gauge section,
the coarse microstructure may result in size-dependent
mechanical properties. Therefore, it should be noted that
the properties reported herein are representative of this par-
ticular specimen size with the given microstructure, and

these properties could be affected if more or fewer grains
were included in the gauge section. This coupling of
mechanical properties and component geometry due to
the size of the grains studied here presents a challenge for
the design of AM structural components wherein the
mechanical properties will not only depend on the process-
ing conditions, but also the relative size of the component
with respect to the microstructure, pointing to the impor-
tance for continued experimental and modeling work in this
area.

3.3. Strength

Comparison of the strength values obtained in this study
(Table 2) with those previously reported in the literature
(Table 1) demonstrates that the material in the current
study exhibits a reduction in yield and tensile strength with
respect to previous values for AM Ti-6Al-4V. This differ-
ence is likely due, at least in part, to the direct fabrication
of test coupons or very short walls from which to extract
test specimens in prior studies, resulting in short structures
as compared with the tall component built in the present
study. Rapid cooling below the B transus of ~1000 °C pro-
duces a fine-scale a—f or martensitic structure within the
prior- grains [8]. Therefore, short structures would be able
to disperse heat more efficiently into the baseplate, poten-
tially cooling the part rapidly enough to form martensite,
as compared to the tall cruciform component fabricated
in this study in which heat must dissipate through conduc-
tion through the entire 100 mm tall wall as well as via
convection.

Fig. 8 shows a pair of high-magnification optical micro-
graphs from near the bottom (Fig. 8a) and near the top
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Fig. 8. Optical micrographs of samples showing (a) the microstructure
near the bottom of wall with fine lamellar Widmanstdtten structure
and a small amount of grain boundary o phase indicated by arrows;
and (b) the microstructure near the top of wall with variation in lath
structures and slightly coarser Widmanstétten lamellae. The build
direction is vertical in both images.

(Fig. 8b) of the cruciform wall. Both microstructures show
a fine Widmanstitten structure, with lath widths on the
order of one micron. There appears to be little o’ (hcp mar-
tensite) in these structures, unlike the microstructures previ-
ously reported in as-fabricated AM parts [24]. This
observation indicates that the cooling rate of the part from
above the B transus, while rapid, was not sufficiently fast to
allow the formation of martensite. Martensitic microstruc-
tures, owing to the presence of lattice strains, are generally
stronger than o—f microstructures [1]. The absence of
martensite may account for the reduction in yield and ten-
sile strength observed in this study compared with previous
results, but it should be noted that the strengths observed
are well above the requirements for cast and wrought
Ti-6A1-4V [38].

In addition to changes in the thermal history at different
locations, differences in the oxygen contents may also affect
the strength as a function of wall height in the component
fabricated herein. The ultimate tensile and yield strengths in
transverse specimens extracted from the oxygen-contami-
nated lower half of the wall were 46 and 25 MPa higher,
respectively, than those extracted from the non-
oxygen-contaminated upper half of the wall. Oxygen is an
interstitial element in titanium alloys that strengthens and
stabilizes the o phase. This effect is demonstrated in

Ti-6Al-4V by a small increase in both yield and tensile
strength with increasing oxygen [39], usually accompanied
by a reduction in ductility [10]. The variation in oxygen
content between vertically spaced sites ~20 mm apart in
AM Ti-6Al-4V has been measured to be 0.002 wt.% [33],
which is considerably less than the 0.0124 wt.% variation
observed here. Extrapolation of the ultimate and yield
stress data as a function of oxygen content in Ref. [39] to
the oxygen values in the present study suggests that an
increase in yield strength of 16 MPa and an increase in ulti-
mate tensile strength of 9 MPa is expected from the top tier
to the bottom tier, due to the presence of the additional
0.0124 wt.% of oxygen alone. Furthermore, Vickers mea-
surements (300 g load) in the discolored area show a hard-
ness of 351 &+ 18 HV, compared with a hardness of 333 + 9
HV far from the discoloration.

In terms of differential thermal histories, the lower por-
tion of the wall, which is closer to the baseplate, cools more
rapidly than the upper portion [40], in which the heat must
escape either by convection outward or conduction down
the height of the wall [35]. In addition, Ti-6Al-4V has,
for a metal, a low thermal conductivity of ~7 Wm ' K™!
[39] at room temperature. The energy input from the laser
is therefore dispersed more slowly with increasing wall
height, and the wall temperature increases with height while
the cooling rate decreases. Coarsened Widmanstitten
microstructures resulting from reduced cooling rates in
Ti-6Al-4V are known to correlate to reductions in yield
and tensile strengths [41]. Quantification of the microstruc-
tures shown in Fig. 8 according to the method described by
Tiley et al. [42] demonstrates an average o lath width of
0.88 um at the bottom of the wall and 0.95 pm at the top
of the wall where slower cooling is expected [43]. These
observations follow the same trend as observed by Wu
et al. [43]. In addition to the increase in strength due to
higher oxygen content and finer microstructure in the lower
half of the cruciform, there is also an apparent reduction in
ductility. Therefore, it is probable that the 100 mm height
of the wall resulted in a thermal history that varied as a
function of wall height, creating gradients in both micro-
structure and tensile behavior.

4. Summary and conclusions

A Ti-6Al-4V cruciform-shaped component was fabri-
cated using a laser-based directed energy deposition AM
process, and the location-dependent, direction-dependent
and oxygen-dependent mechanical properties were mea-
sured. The primary conclusions from this study are as
follows:

e The mechanical properties in the AM component
studied herein are commensurate with those of
wrought material without the need for post-fabrication
heat or pressure treatments. Of particular note is that
the ductility values achieved in the present component
exceed those previously found in AM Ti-6Al1-4V,
with significant ductility achieved in both the
longitudinal and transverse directions. The ability to
attain high ductility is dependent on the prevention
of lack of fusion porosity in the finished component.

e The long and thin prior-p grains growing along the
build direction result in anisotropic tensile elonga-
tion properties, rendering the ductility significantly
higher along the transverse direction than the
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longitudinal direction. It is hypothesized that the
prior-B grain morphology, which results in grain
boundary a-phase being subject to accelerated dam-
age under a tensile opening mode when tension is
applied in the longitudinal direction, leads to a lower
ductility along the longitudinal direction with respect
to the build or transverse direction.

e The presence of additional oxygen, of the order of
0.0125 wt.%, in the Ti-6A1-4V component increases
both the ultimate tensile strength and yield strength,
and only slightly reduces ductility; thus, the intro-
duced oxygen contamination did not lead to embrit-
tlement of the component.

e In addition to the dependence on oxygen, the loca-
tion dependence of ultimate tensile and yield
strengths within the tall build is partially attributed
to the variance in thermal profile as a function of
height. These differences in thermal history result in
the presence of a finer microstructure at the bottom
of the wall near the water-cooled baseplate, as com-
pared to the larger o-lath width near the top of the
wall. This differential thermal history results in
higher strengths in specimens extracted from the bot-
tom half of the cruciform as compared to the top.
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