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Abstract

This paper investigates the dynamic compression behavior of Ti—-6Al-4V alloy built through powder bed fusion (PBF)
additive manufacturing. Samples of 45 different conditions were examined: Builds of three different orientations (vertical,
horizontal, and 45° tilt), built in five different locations around the build plate (four corners and center), in as-built, stress-
relieved and hot isostatically pressed conditions. High strain rate behavior was evaluated using a Split-Hopkinson Pressure
Bar testing system. The as-built builds showed significant scatter with respect to both orientation and location owing to
high internal stresses. Stress relief treatment resulted in a locationally uniform response but the retained columnar structure
gave rise to higher strength in 45° tilt builds, along with a higher propensity for failure by shear localization. Hot isostatic
pressing was found to be a necessary treatment for a truly homogeneous response that was independent of orientation and
location on the build plate. A second series of samples were built in porous sandwich form with modification of processing
parameters in the core to produce varying amounts of porosity. Porous samples exhibited greater energy absorption per unit
volume than fully dense samples. Largest energy absorption capacity was observed in the samples with minimal porosity

due to delayed failure without a significant loss in strength.
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Introduction

Additive manufacturing (AM) is a rapidly growing technol-
ogy that enables components to be built in layers by adding
material to the previous layer. Two types of metal additive
manufacturing technology are direct energy deposition
(DED) and powder bed fusion (PBF). In the DED process,
metal powder is sprayed through nozzles into a laser beam,
where it is melted and deposited onto a surface. PBF process
is a type of additive manufacturing in which metal powder
is spread across an area using a recoating mechanism. Each
layer of metal powder deposited is then be melted using
a heat source such as a laser [1]. The powder bed fusion
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process can be used to build a variety of complex geom-
etries, such as internal channels, which cannot be fabricated
using conventional subtractive machining technology. AM
is especially attractive in high value commercial alloys like
Ti—6Al-4V with machining problems. Ti—-6Al-4V has rela-
tively low density and good strength enabling utilization
in a number of industries including aerospace and defense
[2] and can be readily used in the PBF process to fabricate
components.

However, microstructural development is highly
dependent on the temperature regime of heat treatment
for Ti—-6Al1-4V produced through PBF processes [1-3].
Ti—6A1-4V is well documented to produce heterogeneous
structures with columnar prior-f grain morphology and
grain boundary alpha phase which leads to anisotropy in
the mechanical response [4, 5]. While it has been shown
that microstructural and quasi-static mechanical properties
can vary across regions of a component [6], literature on
dynamic response has been limited.

Split-Hopkinson Pressure Bar (SHPB) testing is a method
to evaluate high strain rate performance. A few prior studies
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have examined high strain rate performance of commercial
hot-rolled Ti—-6Al-4V and specimens fabricated by DED.
While the hot-rolled Ti-6A1-4V bars showed yield strength
of 998 and 1010 MPa at room temperature under strain
rates of 800 and 1400 s™!, respectively [7], the DED speci-
mens showed higher strengths of ~ 1350 MPa at 10% strain
under a strain rate of 1000 s~! [8]. The latter study also
explored porosity effect of 10% and 20% porous samples
which showed flow stresses of 1350, and 1200 MPa respec-
tively at 10% strain. So unlike the quasi-static properties,
the dynamic response of the heterogeneous AM Ti—6Al-4V
alloy has not been well explored. In this study we conduct a
comprehensive investigation using 45 different conditions.
Cylindrical specimens were built using standard settings at
five different locations on the build plate (four corners and at
center) in three different orientations (cylindrical specimen
axial direction at 0°, 90°, and 45° to the build plate). Two
sets of these cylinders were subjected to post-processing
heat treatments, stress relief and hot-isostatic press (HIP).
We explore both the effects of post-build heat treatments on
the dynamic mechanical response of Ti—-6Al-4V alloy built
through PBF, while simultaneously studying the anisotropy
due to columnar microstructures of additive materials by
varying build orientation, and the uniformity of the proper-
ties at various locations on the build plate.

In a second series of experiments, porous sandwich
specimens were fabricated through process parameter mod-
ification and had varying amounts of induced porosity in
their core. A previous study investigated Super Alloy 718
built using the PBF process and modified process condi-
tions including laser power, scan speed, and hatch spacing
to induce various levels of porosity within specimens [9].
Porosity has also been generated in titanium using a pow-
der bed fusion process that mimics the structure of human
bone [10]. Uniaxial compression tests were performed using
SHPB on all these specimens. Optical and electron micro-
scopes were used to characterize the initial microstructures
in the three conditions as well as the fractured surfaces with

Fig. 1 aImage of Ti-6A1-4V
SHPB specimens after build, b
close-up view of different ori-
entations built in each location
(inset: schematic of the three
orientation builds)
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deformation features in the specimens that have undergone
shear failure. Correlation of dynamic flow stresses and
their fracture strains to the microstructural observations is
highlighted.

Experimental Procedure
Material

Ti—-6A1-4V SHPB samples with dimensions of 5 mm diam-
eter and 5 mm height were built on an EOS M270 PBF sys-
tem. Ti—-6Al-4V powder was sourced from Advanced Pow-
ders and Coatings (APC) with a particle size ranging from
15 to 45 pm. Three builds of Ti—-6Al-4V Split-Hopkinson
Pressure Bar (SHPB) specimens were created, with thirty
specimens fabricated in each build. The specimens were
built in five different zones on the build plate, rear left (X),
rear right (V), front left (O), front right (D), and center (C)
as shown in Fig. 1. Six specimens were fabricated in each
zone. Two specimens were fabricated in each orientation,
vertical, horizontal, and 45° within each zone. Due to their
orientations, the horizontal and 45° specimens required sup-
port structure. The specimens were built with a laser power
of 170 W, scan speed of 1250 mm s~', hatch spacing of
0.1 mm, and layer thickness of 0.03 mm. These standard
settings are designed for fully dense builds. After each build,
the specimens were removed from the build plate using a
wire EDM.

The specimens on the first build were tested in as-built con-
dition. The specimens on the second build were stress relieved
at 650 °C for 3 h in an argon atmosphere before removal
from the build plate. The specimens on the third build were
stress relieved using the parameters above, removed from the
build plate, and then hot isostatic pressed (HIP) at 1000 °C
and 14,500 psi for 2 h in an argon atmosphere, followed by
a cooling rate of 17 °C min~!. Subjecting the builds to both
high temperature and isostatic gas pressure leads to reduction
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of porosity and modification of microstructure to improve
mechanical properties and workability.

A separate set of cylindrical sandwich specimens were built
with 1.5 mm of face plates which were made with the standard
parameters (used in the previous builds), and 2 mm of porous
cores which were made with different combinations of varying
laser power, scan speed, and hatch spacing (Fig. 2). All the
porous sandwiches were built in the vertical direction, perpen-
dicular to the base plate.

SHPB Testing

Dynamic compression tests were conducted on these cylindri-
cal specimens at a strain rate of 1500 s~ on the 45 different
conditions (described in the previous section) using an SHPB
system. The incident, reflected and transmitted waves were
analyzed according to one dimensional elastic wave theory to
obtain the stress, strain rate and strain [11].
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where Ay is the cross-sectional area of the Bar, Ag. and [ are
sample cross-sectional area and length respectively, E and c,,
are the elastic modulus and elastic wave speed of the Bar, ¢,
and ¢, are the transmitted and reflectewave strains.

Fig.2 Process parameters used
to generate porosity in the
cores of sandwich specimens of
Ti-6A1-4V
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Results and Discussion
Microstructures

The as-built and stress relieved microstructures were very
similar, fully dense with no visible porosity or defects. Both
dplayed a martensitic microstructure composed of acicular
needles (Fig. 3a, b), typical in laser AM owing to rapid heat-
ing and cooling cycles. EDS mapping showed no elemen-
tal segregation indicating a diffusionless transformation
(Fig. 3c¢).

For a perspective on the overall structure of the builds,
low magnification optical images were also studied (Fig. 4).
These showed circular faceted grains of ~50 pm diameter
from the top view and long columnar grains from the side
view. From this, it is ascertained that the builds were com-
posed of long columnar prior-f grains oriented along the
build direction, traversing the build layers a structure typical
of Ti—-6Al-4V built by selective laser melting (SLM) tech-
nique. As thin layers of atomized metal powder are melted
through rastering laser beam one layer after another causing
rapid heating and cooling cycles, the heat flow is directed
towards the build plate forming columnar microstructures.

The set of builds subjected to HIP showed a bimodal
microstructure composed of basket-weave/lamellar o/p
along with equiaxed « as seen in the optical image of Fig. Sa.
EDS mapping confirmed the globules and the lamellae to
be a, rich in Al, leaving behind a vanadium rich p matrix,
Fig. 5b, which is a minor phase at RT. The diameter of the
globular a grains is much larger than the width of the lamel-
lae, so it is cleared that these regions were not cross-sections
of the lamellae from a different view. The temperature of
HIP treatment was above B-transus, at 1100 °C and the dura-
tion of 2 h would be sufficient for full transformation of mar-
tensitic o’ into P, after which cooling at a rate of 17 °C min~!
normally results in a widmanstatten structure [12]. But the
application of pressure during our cooling step appears to

Layer
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@ Springer



444 Journal of Dynamic Behavior of Materials (2018) 4:441-451

Fig. 3 Martensitic structure of as-built and stress-relieved conditions. relieved material, and ¢ EDS map of as-built material showing no
a Back scattered electron images of as-built condition—view from segregation in the alloying elements
the top of the build, b back scattered electron image of the stress-

Build direction
PP == N

A
ilayers

Fig.4 Optical images from top and side views of the builds showing circular faceted grains and columnar grains, respectively. (Right) Schematic
of the microstructural formation in the builds

40 pum

Fig.5 a Optical image of the bimodal microstructure of HIP material, b EDS map showing Al segregation into o and high V remnant in 3
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have caused some partial globularization [13], resulting in
this bimodal microstructure. Bimodal Ti—-6Al-4V struc-
tures generally show superior mechanical properties than
lamellar structures, including higher strength and better
dynamic shear strength and fracture strains [14], and ultra-
high cycle fatigue properties [15] and hence more desirable.
Besides, favoring dynamic globularization kinetics, the high
temperature in our HIP treatment also helped remove the
anisotropic nature of the builds. In our HIP material, the
columnar structure is largely eliminated, unlike studies such
as Lu [16] who performed HIP at 920 °C for 2 h after which
the columnar anisotropy in the as-built microstructure was
mostly retained.

In the porous sandwiches, built by settings A—F (Fig. 2),
the induced porosity in the cores was calculated through an
analysis of the micrographs using ImageJ software. Figure 6
shows the wide range of porosities generated. Simultaneous
reduction of both laser power and hatch spacing of yielded
an almost dense specimen with disconnected minute rounded
pores with a total porosity of ~2% by setting B. The other
specimens showed interconnected pores and significantly
higher porosity of up to 45% in the setting F with increased
scanning speed coupled with increased hatch spacing.

SR

37
9:;:33 ) "
12% porosity

24% porosity 2% porosity

The selective combination of process parameters across
the settings A-F made it is possible to derive correlations
between the individual build parameters and the final poros-
ity and hence control over the induced porosity. Figure 7
demonstrates the porosity growing with increasing scan
speed and hatch speed, but decreasing with higher laser
power.

Dynamic Compression Strength
Fully Dense Builds

The results from SHPB compression tests on the fully dense
specimens of three treatment conditions are summarized in
Fig. 8, with each image depicting the response from across
the five locations: rear left (X), rear right (V), front left (O),
front right (D), and center (C). Figure 8 depicts the dynamic
response from the three sets of as-built, stress-relieved and
HIP’ped conditions in each of the three build orientations.
The uniformity across the locations was generally high
and the stress—strain curves overlapped for the large por-
tion. The work hardening was very small at these high
strain rates of 1100 s™!, typical of Ti-6A1-4V alloy. In

>/

45% porosity

38% porosity 19% porosity

Fig. 6 Induced porosity in the cores of the sandwiches built by variation of laser power, hatch spacing, and scan speeds in settings A—F
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Fig. 7 Correlation of scan speed, laser power, and hatch spacing to the resultant porosity
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Fig.8 Dynamic true stress—true strain curves of the five locations in: (left) as built material, (middle) stress-relieved material, and (right) HIP
material. The three orientations are arranged as: (top) vertical, (middle) horizontal, and (bottom) 45°-tilt builds
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order to understand the trends in this data, flow stresses at
a fixed strain of 6% are compared in Fig. 9.

Figure 9 shows that both the as-built material and the
stress-relieved material showed very high strengths of
about 1600-1700 MPa due to their martensitic micro-
structure. Commercial Ti-6A1-4V alloy with 10 um
equi-axed grains has been shown to have a flow stress of
about 1300-1450 MPa at room temperature under simi-
lar high strain rate deformation at 1000 s7'[17, 18]. As
the additive material has martensitic structure of much
finer microstructure, the higher flow stresses are therefore
expected. Studies on other AM materials such as 316L. SS
are also reported to show significantly higher strength than
wrought alloys. The quasi-static YS was shown to increase
from 300 to 500 MPa while dyamic flow stresses increased
from 500 to 700 MPa [19].

There was a perceptible scatter in the strength across
the different locations in the as-built data, with no trend
with respect to orientation. The scatter was significantly
mitigated in the stress-relieved data, indicating that the as-
built specimens had varying magnitude of internal stresses
[20]. During the repeated heating and cooling cycles, the
heat flow through the base plate could have been differ-
ent at the different locations [4]. Stress relief treatment
which reduces the extent of internal stresses has resulted
in a more spatially uniform data which also brings forth a
clear trend with respect to orientation. The vertical builds,
which have the loading axis in SHPB parallel to alignment
direction of the columnar grains, appeared to have very
similar dynamic flow stresses in compression as the hori-
zontal builds where the SHPB axis is perpendicular to the
grain lengths. Due to the very refined randomly oriented
needles in the martensitic microstructure, there would be
numerous slip planes available in any direction in these
builds. So during the uniaxial compression, the disloca-
tion motion driven by the shear stresses acting along the
45° plane would encounter maximum number of obstacles
while moving perpendicular to the columnar prior-f grains
(Fig. 10). Hence, it was the 45° builds that have slightly
higher strength than the other two orientations. So while
locational uniformity in the dynamic response could be

Fig. 10 Schematic showing
the orientation of the columnar
prior-f grains in the vertical,
horizontal and 45° builds and
their relative position to the
shear plane

Vertical build

achieved by stress-relief treatment, orientation related ani-
sotropy was present.

The HIP material, on the other hand, showed signifi-
cantly lower strengths than the other two conditions at about
1400 MPa, comparable to that of the equiaxed commercial
Ti—6Al-4V reported in literature [7, 21]. This was attributed
to the phase transformation during HIP treatment at post
B-transus temperature where martensite was converted into
the bimodal o/f structure (Fig. 5). The columnar structure
was also removed after the HIP treatment, and as result the
flow stresses no longer show orientational anisotropy.

The martensitic microstructure in the as-built and the
stress-relieved structures which made them very strong,
however, also lowered their ductility. Several of the as
built and stress relieved builds underwent shear failure at
a mere 10%. There is once again a clear orientation influ-
ence in this anisotropic microstructure: the 45° builds have
all failed, Fig. 11. This preferential failure in the 45° builds
may be explained by the alignment of the maximum shear
stress direction parallel to orientation of the build layers.
Any defects at these layer—layer interfaces, assisted by the
high strength of the martensitic structure, can result in
strong stress concentrations that can trigger strain locali-
zation resulting in failure. Recent studies have revelead
that dynamic properties show more anisotropy than quasi-
static response in AM Ti64. Spall strength of SLM built
Ti—6Al-4V showed drastic drop when tensile load was nor-
mal to the layer-interfaces due to weakness of these bounda-
ries facilitating ready void nucleation, but tensile load along
the interfaces had retained most of spall strength [22].

Figure 12 shows such a fractured surface of a 45° build
after failure demonstrating presence of adiabatic shear
bands. Unlike the shear bands in conventional o/p struc-
tured titanium alloys, where heat-affected zone and flow in
the transition region are clearly visible [23], shear bands in
this martensitic structure were significantly different. The
boundary between the band and the surrounding material
was sharp and there was no trace of o’ inside it. The second
band in the middle of Fig. 12a appeared to be a second-
ary shear band in Stage 3 [24], very narrow with a width
<3 um, but had propagated across several prior-f grains

45° build

Horizontal build
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Horizontal | Vertical 45° Tilt
Front-Left No Fail Fail Fail
g= 10% &= 9% &= 9%
Front-Right No Fail Fail Fail
&= 10% &= 10% &= 10%
Center No Fail No Fail Fail
&= 10% &= 10% &= 12%
Back-Left No Fail No Fail Fail
&= 11% &= 11% = 11%
Back-Right No Fail No Fail Fail
&= 10% &= 10% &= 9%
Front-Left

10% 9% 9%

Fig. 11 Table highlighting the orientation dependence of the failure.
Below are the pictures of the post-test specimens from the front-left
location (O)

with a length of several 100 um. The shear band on the top
was further advanced with an increased width of almost
10 um and was developing into a primary shear zone. The
former band was also characterized by the presence of ellip-
tical voids which are thought to have formed as a result of a

velocity component perpendicular to the shear surface [25]
or in an effort to reduce surface energy while under tensile
forces [26]. Figure 12b shows further development of void
growth in the shear bands leading to failure.

Porous Sandwich Builds

SHPB testing was performed on the porous sandwiches
made from varying build parameters (Fig. 2) with the cores
having porosities ranging from 2 to 45% (Fig. 6). Poros-
ity was found to have a profound effect on the high strain
rate response, as seen from the significant drop in the load
required for displacement. Figure 13a shows the load—dis-
placement curves of two specimens from each of the settings
A-F. At each setting, the response of the two samples were
very alike demonstrating good repeatability. The deforma-
tion was concentrated completely in the core while the face
plates remained undeformed. Hence, the core dimensions
were used in conversion of the load—displacement data into
stress—strain data in order to compare the relative strength
of the porous sandwiches with the fully dense builds from
standard settings. These dynamic flow stresses are plotted
in Fig. 13b.

In metallic foams, a mechanical property (P) can be given
by a generic scaling law [27]:

where P is a property, P, is the property of the solid, p is the
density of the foam, p, is the density of the solid material.
The relative density of the foam is:

— = 1—porosity

HV spot| V
M |20.00 kV| 6.0 |10.7

mode | zoom
Z Cont| 1.0x

100 ym ———
UNT Quanta 200

Fig. 12 Fracture surface of 45° builds in stress relieved condition: a shows narrow shear band connecting elliptical shaped pores, b shows void

growth in shear bands
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Fig. 13 a Load and displace-
ment curves of the porous
sandwiches of settings A—F. b
Dynamic flow stresses of the
porous sandwiches compared to
the fully dense as-built condi-

40000 ~ (a)

30000 -

tion vertical build’s response. =

Two specimens were tested for 5 20000
. [

each of the settings and they S

showed repeatable response

10000 -

B (2%)

F (45%)
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The flow stresses of the porous sandwiches, a representa-
tive of their dynamic compressive strength, showed a good
fit with this metallic foam model:

O sandwich

= a (1 — porosity)"

O as-built

with constant «a=0.98 and the exponent n=1.65,
and the fully dense material showing a flow stress of
0o puir = 1650 MPa (Fig. 14a). This structural nature of
response is also supported by the apparent increase in
the flow stresses with strain in Fig. 13b at high levels of
porosity. As Ti-6A1-4V shows very weak work hardening
in the dynamic regime, this is clearly a manifestation of
compacting/densification.
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The as-built fully dense builds, while very strong with
flow stresses on the order of 1650 MPa, had often failed
by shear at compressive strains of ~9%. Therefore the
total energy absorption per unit volume of the material,
the area under the stress—strain curve, was moderate at
~150J cm™3. The porous sandwiches, while having lower
strength, did not fail even at 20% strain and as a result had
larger energy absorption. The sandwich with lowest poros-
ity of 2%, setting B, had the highest energy absorption of
280 J cm™3, almost twice as much as the as-built, fully
dense material. Further increases in porosity resulted in a
steady decrease in their energy absorption (Fig. 14b) due
to dropping flow stresses. Therefore with small amounts
of porosity early shear failures were prevented, without a
significant loss in strength, leading to very high energy
absorption capacity.
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Fig. 14 a Dynamic flow stresses showing a good fit with the scaling law for metallic foams, b energy absorption per unit volume as a function of
porosity shows the 2% porous sandwich to have the highest capacity owing to the high flow stresses and greater resistance to failure
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Conclusions

A comprehensive investigation of the dynamic mechanical
properties of additively built Ti-6Al-4V alloy has been
performed. The effect of orientation, location on build
plate, and post-build heat treatments have been studied
simultaneously through a set of specimens of 45 different
initial conditions. The dynamic flow stress data from test-
ing these specimens using SHPB offers several interesting
insights:

1. The as-built and stress-relieved microstructures looked
alike and had heterogeneous microstructures composed
of 50-100 pm wide columnar prior-f grains that con-
sisted of acicular o’ needles. This martensitic struc-
ture gave rise to very high dynamic strength of over
1600 MPa.

2. The as-built material had significant internal stresses
which varied across the location on the build plate
resulting in a scattered data set.

3. Stress-relief treatment brought more locationally homo-
geneous response, but the retained microstructural ani-
sotropy caused the 45° builds to have slightly higher
strength with a greater propensity for catastrophic failure
by formation of adiabatic shear bands.

4. HIP treatment at a post -transus temperature converted
the martensite to a bimodal o/} microstructure. The high
temperature and long duration also resulted in modifica-
tion of the prior-f grain structure eliminating the ani-
sotropy. The bimodal structure that formed from partial
dynamic globularization due to application of stress
during the cool down resulted in greater ductility but a
lower dynamic strength of about 1400 MPa.

5. HIP appeared to be a necessary heat treatment to achieve
a complete uniform response that is independent of both
the location and orientation of the build.

6. The study on porous sandwiches showed that induced
porosity could be controlled by variation of the follow-
ing build parameters: scan speed, laser power, and hatch
spacing. Induced porosity was found to have a signifi-
cant influence on the flow stresses, which could be well
described by metallic foam scaling laws. Presence of a
small porosity prevented shear failure at small strains,
but without substantial strength loss, resulting in very
high energy absorption capacity.
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