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Spall Fracture in Additive Manufactured Ti-6Al-4V

D R Jones,»® S J Fensin,® O Dippo,! R A Beal,! V Livescu,! D T Martinez,® C P Trujillo,* J N Florando,?
M Kumar,? and G T Gray III!

Y MST-8, Los Alamos National Laboratory, Los Alamos, NM 87545, USA

?) Lawrence Livermore National Laboratory, Livermore, CA 94550, USA

(Dated: 13 October 2016)

We present a study on the spall strength of additive manufactured (AM) Ti-6Al-4V. Samples were obtained
from two pieces of selective laser melted (SLM, a powder bed fusion technique) Ti-6Al-4V such that the
response to dynamic tensile loading could be investigated as a function of the orientation between the build
layers and the loading direction. A sample of wrought bar-stock Ti-6Al1-4V was also tested to act as a
baseline representing the traditionally manufactured material response. A single-stage light gas-gun was
used to launch a thin flyer plate into the samples, generating a region of intense tensile stress on a plane
normal to the impact direction. The rear free surface velocity time history of each sample was recorded with
laser-based velocimetry to allow the spall strength to be calculated. The samples were also soft recovered
to enable post-mortem characterization of the spall damage evolution. Results showed that when the tensile
load was applied normal to the interfaces between the build layers caused by the SLM fabrication process
the spall strength was drastically reduced, dropping to 60 percent of that of the wrought material. However,
when loaded parallel to the AM build layer interfaces the spall strength was found to remain at 95 percent
of the wrought control, suggesting that when loading normal to the AM layer interfaces, void nucleation is
facilitated more readily due to weaknesses along these boundaries. Quasi-static testing of the same sample
orientations revealed a much lower degree of anisotropy, demonstrating the importance of rate-dependent
studies for damage evolution in AM materials.

Keywords: Additive manufacturing, powder bed fusion, selective laser melting, Ti-6Al-4V | plate impact, spall
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I. INTRODUCTION

Additive manufacturing (AM) allows components with
complex geometries to be produced that would be oth-
erwise impossible with conventional production methods
such as machining or casting.! One AM technique that
is becoming widely used with engineering materials such
as steel and titanium alloys is powder bed fusion, one
method of which is selective laser melting (SLM). This
involves a laser scanning across a bed of powder, illumi-
nating certain areas where the powder melts and sub-
sequently fuses together to create a slice of the desired
final part. A new layer of powder is then spread over
this fused layer and the process repeats, building the
part in layers that are typically on the order of 10pm
to 100 pm in thickness.? The rapid heating by the laser
and the quenching by the surrounding powder can in-
troduce large thermal stresses and microstructures not
usually produced in wrought conventionally machined
parts.> While there is a growing body of research into
the behavior of SLM materials subjected to quasi-static
loading®®, there is a very limited amount of data on
their behavior at higher strain rates,'? especially under
dynamic tensile loading. This is important as the appli-
cations where SLM can be particularly useful, i.e. low run
volume, high value parts as required by the aerospace,
transportation and defense industries, can be expected
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to experience dynamic loads such as blast and high ve-
locity impact.

One phenomenon associated with these types of event
is spall fracture, or dynamic tensile damage.'’'2 Con-
sider a situation where a plate of a material is impacted
at high velocity onto another plate of the same material,
known as a symmetric plate-impact. At the moment of
impact, shock waves are generated and travel away from
the impact interface into the flyer and sample. These
shock waves are shown with red lines in figure la, a La-
grangian position-time plot used to track the position of
waves inside the flyer plate and sample. When the shock
waves reach the unsupported free surfaces of the flyer
and sample they reflect back towards the impact inter-
face as rarefaction fans, shown in black. The time of this
reflection in the sample is labelled ¢;, where the sample
free surface accelerates to the peak velocity in figure 1b.
As the flyer plate is half the thickness of the sample, the
rarefaction fans intersect approximately halfway through
the sample thickness. The rarefactions accelerate mate-
rial in the opposite direction to their propagation, hence
where they meet a region of intense tension is generated.
If this tension is sufficient it will nucleate voids in the
sample, which grow and coalesce to form a spall plane,
highlighted blue. In the free surface velocity plot, the
onset of the rarefaction fan reaching the sample surface
results in a deceleration (¢2), which if no spall occurred
would mean the free surface velocity would reduce to al-
most zero. However, if spall does occur, another compres-
sive wave propagates from the spall plane and reaches the
surface at t3. This difference in free surface velocity be-



tween to and t3 is known as the pullback velocity, and
is used to calculate the spall strength (resistance to spall
fracture) as discussed in detail in section IV A.

The response of wrought Ti-6Al-4V to this type of
plate-impact driven spall fracture has been extensively
studied.' '8 The purpose of the work presented here was
to investigate both how additively-manufactured Ti-6Al-
4V performs compared to wrought and whether the AM
process provokes an anisotropic spall strength.
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FIG. 1. Idealized case of the symmetric plate-impact ex-
periment, neglecting elastic waves. a) Lagrangian x-t plot
(position-time) tracking the shock (red) and rarefaction
(black) waves, showing how they lead to a region of spall
fracture (blue). b) A representative free-surface velocity plot
(measuring at position 3x in the x-t plot) showing how the
internal events present at the sample surface as a spall signal.

Il. MATERIAL

Two pieces of SLM Ti-6Al-4V were supplied by Proto
Labs, Inc'® produced from extra-low-interstitial (ELI)
Ti-6Al-4V powder using a Concept Laser M2 powder bed
AM machine. For both pieces, the laser power was 100 W
and had a scan speed of 600mms~—'. A bi-directional
meander scan was used, i.e. the laser rastered in straight
rows in alternate directions, with the laser power remain-

ing on during the turn at the end of each row. The direc-
tion of these rows was rotated by 90° after each layer was
complete. This laser path is shown in figure 2a. The spac-
ing between these rows was 105pnm, with a build layer
height of 30 pm (i.e. 30 um of powder was added between
each build slice). The build chamber was evacuated then
backfilled with argon to minimize oxygen uptake; com-
position analysis of the samples revealed a 0.137 percent
weight oxygen content which lies within the specifica-
tions for Ti-6Al-4V (UNS R56400). Both pieces were
built as rectangular cuboids with the build direction ei-
ther aligned with the long edge (V-Build) or through-
thickness (H-Build). A schematic of the two pieces, build
layers and directions is shown in figure 2b. Further de-
tails of the build process and in-depth quasi-static testing
of the final material are given by Mulay et al.2°
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FIG. 2. The AM Ti-6Al-4V. a) The path taken by the laser,
alternating between 1 and 2 as each layer is completed. b) The
two pieces’ build directions and sample orientations (black
circles represent the disc-shaped samples, colored arrows in-
dicate loading direction).

Electron backscatter diffraction (EBSD) was used, in
addition to optical metallography, to characterize the mi-
crostructure of the as-produced plates. This revealed a
microstructure composed of fine acicular or needle-like
grains of o’ martensite contained within much larger
columnar « grains, of which the latter tended to lie par-
allel to the build layer interfaces. An inverse pole figure
map showing these features is shown in figure 3. The
metastable o’ phase accounted for approximately 85 per-



cent, with a phase forming the remainder. The larger
columnar grains are believed to be prior S phase grains
formed during the manufacturing process, which are then
rapidly cooled to produce the mixture of o and marten-
sitic o’ structure. This formation is often seen in studies
of SLM Ti-6Al1-4V.3:21:22 This structure was found to be
isotropic, i.e. imaging each direction of the fabricated
parts exhibited the same acicular shaped grains.
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FIG. 3. Inverse pole-figure map of the AM Ti-6A1-4V, imag-
ing along the V-build through thickness direction.

Quasi-static (strain rate of 1073s7!) compressive
and tensile tests were performed at room-temperature
on the AM Ti-6Al-4V. The tests were carried out
with the force applied either along the build direction
(V-Build vertical, V-V) or normal to the build direction
(V-Build through-thickness, V-TT). Hence the applied
stress was either across (V-V) or along (V-TT) the build
layer interfaces. The results of these tests are plotted in
figure 4.

These data show that samples where the prior
boundaries are parallel to the tensile axis (V-TT) ex-
hibited greater ductility as evidenced by the increased
reduction in area and slightly higher elongation to fail-
ure as shown in Table I. This behavior has been observed
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FIG. 4. Quasi-static test data for the AM Ti-6Al-4V. Solid
lines / right y-axis: true stress - true strain compression. Dot-
ted lines / left y-axis: engineering stress - engineering strain
tension. Colors match loading directions in figure 2a.

in similar tests on additive manufactured Ti6Al4V.?3 The
elastic modulus and yield stress of the two orientations,
however, are virtually identical.

TABLE I. Quasi-static tensile test results.

Tensile Elastic Yield |Elongation| Area
Loading | Modulus | Strength | to Failure | Reduction
Direction| (GPa) (MPa) (%) (%)
V-TT |110.0+0.7|10724+11|10.9+0.7 |35.9+ 3.9
V-V [111.04+0.4/1089 + 25| 8.8+ 1.5 |23.2£6.3
1l. EXPERIMENT

A series of symmetric plate-impact experiments were
performed on an 80 mm bore single stage gas-gun. The
flyer plates were machined from wrought Ti-6Al-4V,
2mm thick, and mounted to the front of a sabot. A
low density glass-microbead foam was inserted behind
the flyer, to provide support and avoid bowing during
the projectile acceleration. This allows an almost full
stress-release in the flyer plate. Disc-shaped targets were
machined from the AM Ti-6Al-4V pieces, as shown by
the colored arrows and black circles in figure 2b. These
were 4 mm thick (twice that of the flyer plate) to place
the spall plane in the center of the target thickness, as
demonstrated in figure 1. The spall plane is parallel to
the impact plane, i.e. the tensile force acts along the
impact direction. Hence the AM samples will have two
orientations between their build layer interfaces and the
applied tension, in the V-build vertical and H-build ver-



tical cases the tension will be normal to the layer in-
terfaces. In the V-build through thickness sample the
tension will be applied along or parallel to the layer in-
terfaces. These directions were chosen to compliment the
quasi-static data, where applying tension across the layer
interfaces resulted in reduced ductility, to see if the same
patterns were followed at dynamic strain-rates. Targets
were also machined from wrought Ti-6Al-4V to act as a
control. All targets were mounted in ‘momentum rings’,
to avoid edge release waves from further damaging the
sample after impact and ensure that any internal dam-
age seen when the targets were sectioned post-mortem
was primarily caused by a single tensile loading. This
technique has been described in detail by Gray.?* Two
projectile velocities were used, 310ms~! and 415ms~".
These produced peak longitudinal stresses in the targets
of 3.7 GPa and 4.9 GPa respectively, chosen from review-
ing the literature to produce two different levels of in-
cipient damage. This would avoid the rear spall plate
completely separating from the target, which would have
hindered soft-recovery and post-mortem analysis. The
lower velocity experiment had all four samples within one
target assembly. For the higher velocity experiment two
shots with two samples each were fired, hence the small
difference in peak free surface velocity due to a slightly
different (~10ms~1) flyer velocity. The rear free surface
velocity of each sample and the projectile velocity was
measured using photon Doppler velocimetry (PDV).25 A
schematic of the experimental setup and the location of
the PDV probes is shown in figure 5.
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FIG. 5. Schemactic of the experimental setup (not to scale).
Flyer plate moves from left to right and impacts the four
samples (two shown), with PDV measuring the flyer plate
velocity and the samples’ free surface velocitiy.

IV. RESULTS AND DISCUSSION

The free surface velocity histories were reduced from
the PDV signals with the contemporary short-time
Fourier transform method.?S These are plotted in fig-
ure 6 for the 310ms~! flyer velocity data on the left
and 415ms~! on the right. The line colors match the
arrows indicating loading direction in figure 2. Each ve-
locity trace has an initial elastic wave followed by ap-
proximately 0.5 s at the peak stress state. Noise in the
early time data made resolving the elastic wave velocity
difficult in all but the bar stock samples, with the mea-
sured Hugoniot elastic limit of 2.7 GPa consistent with
the values in the literature.?”

A. Free Surface Velocity Measurements

The spall strength, oy, is related to the magnitude of
the pullback in the free surface velocity after the peak
shock state. The original form of Novikov?® was used
with a correction due to the fact that we observed inter-
nal damage at a free surface and the signals will be dis-
torted by having to propagate through material to reach
this surface:?”

1
Osp = QPOCB (Aufs + 5) ) (1)

cg cr ) i+ [us
where pg is the initial density, cp is the bulk sound speed,
Aug is the pullback in free surface velocity, hgp is the dis-
tance from the spall plane to the rear free surface and
and s are the gradients of the deceleration and acceler-
ation phase of the spall pullback signal respectively. The

calculated values of o, for each shock direction are given
in table II.

TABLE II. The spall strength and void percentage of each
loading direction for the two flyer velocities.

Flyer Velocity | Loading |Spall Strength|Damage Fraction
(ms™1) Direction| ogp (GPa) of Spall Region
Wrought n/a 0
s010 | VIT n/a 0.3+0.3
H-V 3.03 £ 0.06 1.7+ 0.3
V-V 2.924+0.06 1.0+0.3
Wrought | 5.28 £0.11 25+£03
415 4+ 10 V-TT 5.03+0.10 4.0£0.3
H-V 3.34 £ 0.07 8.6 £0.3
V-V 3.04 + 0.06 9.1£+0.3

It is clearly apparent that there is a large differ-
ence in spall strength between the AM samples that
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FIG. 6. Sample free surface velocity histories for the two flyer velocities; a) 310ms~" and b) 415ms~". Colors for the additive

samples match the direction arrows in figure 2.

were loaded in the through-thickness and vertical di-
rections, with the latter exhibiting a much lower resis-
tance to spall. At the lower flyer velocity of 310ms™!,
the wrought control and the through-thickness samples
showed no pullback signal indicative of spall, whereas the
H-Build and V-Build vertically loaded AM samples had
spall strengths of 3.03 + 0.06 GPa and 2.92 + 0.06 GPa,
respectively. When the flyer velocity was increased to
415ms~! all four samples had a pullback signal in the
free surface velocity data. The wrought control had
a spall strength of 5.28 +0.11 GPa with the through-
thickness AM sample again exhibiting a response very
similar to the wrought at 5.03 & 0.10 GPa, or 95 percent
of the wrought. In contrast, the H-Build and V-Build
vertical AM samples had values of just 3.34 + 0.07 GPa
and 3.04 + 0.06 GPa, around 60 percent of the wrought
control. The portion of the velocity data where the free
surface velocity increases after the minima reached dur-
ing pullback was extracted for the samples that spalled,
then shifted to start at zero velocity and time. This data
is plotted in figure 7. Dotted lines and labels representing
the approximate slope of these reload signals have also
been added.

The gradient of this velocity increase can be used to
infer the damage kinetics of the spall process.'? For the
415ms~! shots, the responses can be grouped into sim-
ilar pairs - the wrought and through-thickness samples
compared to the two vertical samples. The initial slope
of the reloading signal represents the void growth phase
where the nucleated voids increase in size. At a later
time the slope decreases as these voids coalesce, a slower

mechanism than the growth phase. Initially the wrought
and AM through-thickness have the same reload rate but
the through-thickness sample transitions to the coales-
cence phase earlier. The other two samples, the vertical
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FIG. 7. The reloading sections of the spall signals. Grey
dotted lines and labels represent the approximate gradients
of the reloads.



directions, have a much shallower reload from the onset.
Our hypothesis is that this is due to the different ori-
entation between the tensile stress direction and the AM
build layer interfaces. It has been shown that microstruc-
tural features such as grain boundaries can reduce the
spall strength of a material, acting as nucleation sites for
voids.3032 The EBSD analysis in section II showed that
the SLM process in Ti-6A;-4V can produce a preferen-
tial alignment between long, columnar grain boundaries
and the build layers. In the vertically loaded AM sam-
ples, tension was applied across these weaker interfaces,
allowing a large number of voids and cracks to nucleate
in a very short time period (see figure 8b). Hence the ma-
jority of the reload signal represents these voids linking
along the layer interfaces in a delamination and cracking
process. This creation of a large number of voids and
void linkage rapidly reduced the tensile stress available
to drive void growth, resulting in the shallower reload

signal of the vertically loaded samples.
30-32

a) Through-thickness b) V- & H- Build Vertical

=== Tensile Loading Direction
[ Spall Region

Build Layer Interface

FIG. 8. The orientations between the tensile loading direction
(arrows) and the build layers (blue lines) for the SLM samples.

In contrast, most of the tensile stress in the through-
thickness direction AM sample was applied to material
between interfaces (figure 8a) so we were effectively prob-
ing the response of the bulk AM microstructure, result-
ing in an initial reload signal very similar to that of the
wrought material. As the voids grew, the stress state
moved away from simple 1D tension and allowed shear
stresses to act across the weaker build layer interfaces,
hence the through-thickness sample entered the coales-
cence phase earlier than the wrought and the reload slope
decreased. As spall strength is calculated from the mag-
nitude of the velocity pullback, which is dominated by
the void nucleation, the through-thickness AM sample
exhibits a spall strength some 95 percent of wrought,
even though the amount of internal damage is quite dif-
ferent (discussed further in section IV B).

At the lower flyer velocity, the vertically-loaded AM

samples showed a stepped reloading. The reduced impact
velocity meant both the tensile stress and strain-rate were
lower. Hence the overall slope of the reload signals was
reduced as there was less tension to drive void growth.
The slower rate also meant that void nucleation was less
localized and multiple fracture planes could form, with
each step in the reload representing void growth and coa-
lescence occurring at different depths in the sample being
communicated to the rear free surface.

B. Damage Analysis

The recovered spallation samples were sectioned across
the diameter to allow the internal damage evolution to be
characterized with optical microscopy. The images of the
spall planes are shown in figure 9 for both flyer velocities.
To quantify the amount of damage a region at the cen-
ter of each image 5mm wide by 2mm high was chosen,
represented by the dashed boxes in figure 9. These sec-
tions were analyzed with the ImageJ software package.
They were first converted to greyscale, then a threshold
applied to only select dark regions corresponding to voids
and regions of coalescence while ignoring other features
such as grain boundaries. The image was then converted
to binary such that a particle size analysis could be run
and the area of each void measured. The sum of the
damage area in the dashed box for each sample is listed
in the final column of table II.

At 310ms~! only the vertically-loaded AM samples
showed a pullback signal, although the microscopy re-
vealed a very small amount of damage in the through-
thickness AM sample along the expected spall region.
Both the H-Build and V-Build vertical AM samples
showed a series of fine horizontal fractures and voids
spread over a large fraction of the sample thickness. As
each one of these failure sites activated, it would prop-
agate as a loading / deceleration to the sample surface
rear producing the stepped velocity history. The spall
strength and void / fracture area percentage was approx-
imately the same for both vertical AM samples.

When the flyer velocity was increased to 415ms~" all
the spallation samples had a spall signal in the velocity
data. The spall plane in the wrought sample is typi-
cal of that seen in the literature, with the majority of
damage placed in horizontal bands (normal to the ten-
sile loading direction) linked by smaller shear fractures.'3
The area analyzed optically showed a damage fraction
of 2.5+ 0.3 percent. The through-thickness AM sam-
ple has a very similar pattern but an increased amount
of damage (4.0 £0.3 percent). The sub-fractures link-
ing the horizontal planes appear to be more steeply an-
gled, i.e. tending to lie along the build layer interfaces as
suggested in the hypothesis regarding the reloading sig-
nals. As discussed earlier, the vertical AM samples had
a much reduced spall strength compared to the wrought
and through-thickness AM sample by some 40 percent.
The optical images showed the damage in the vertical AM
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FIG. 9. Optical micrographs of the recovered samples. The dashed boxes mark the 5mm by 2mm region used in the damage

analysis.

samples to be more confined, that is while the damage
amount was higher at around 9 percent it was more local-
ized around a spall plane in the center of the AM sample
thickness. The fractures had also opened much wider
than in the wrought and AM though-thickness samples.
Again, this is consistent with the hypothesis that the
void nucleation occurs very quickly on the weaker AM
build layer interfaces, followed by a period of delamina-
tion along these boundaries. Further evidence of this is
the fractures being longer horizontally than the wrought
and AM through-thickness samples, indicating the nucle-
ation occurs over a very short timescale when the rarefac-
tion waves first interact in a narrow region at the center
and the coalescence takes place along the layer bound-
aries.

V. CONCLUSIONS

A series of gas-gun launched flyer-plate-impact spal-
lation experiments were fielded to investigate the direc-
tional dependence of the spall strength in additively man-

ufactured Ti-6A1-4V. Two pieces of material were pro-
duced through selective laser melting such that the ten-
sile stress created by the plate impact experiment could
be aligned along or normal to the interfaces between
build layers. A sample of wrought Ti-6Al-4V was used
as a control. Two flyer velocities were used, 310ms™!
and 415ms~!, to generate different magnitudes of ten-
sile stress. PDV was used to measure the samples’ rear
free surface velocity to allow spall strength to be cal-
culated, alongside soft recovery such that the internal
damage evolution could be characterized.

The results showed a large reduction in spall strength
and an accompanying increase in damage when the ten-
sile stress was acting normal to the AM build layer inter-
faces, that is the H-Build and V-Build vertical AM sam-
ples. At the lower impact velocity, the wrought and AM
through-thickness samples did not exhibit a characteris-
tic spall signal in the free surface velocity data, where the
vertical AM samples had spall strengths around 3 GPa.
Increasing the impact velocity initiated spall in all of the
AM and wrought samples, with spall strengths of 5 GPa
in the through-thickness AM sample and again approxi-



mately 3 GPa in the vertical AM samples. Analysis of the
reloading signals and the optical microscopy suggested
that when the tensile stress acts normal to the AM build
layer interfaces void nucleation and fracture occurs very
quickly on these weaker planes, followed by a delamina-
tion cracking and fracture process along the interfaces.
The result is a damage region that is more concentrated
but contains much wider fractures. When the tensile
stress is applied in the same direction as the AM layer
interfaces such as in the through-thickness AM sample,
the initial response is very similar to the wrought sample
as we are effectively acting on the bulk microstructure
and not on the weaker interfaces. At late times where
the stress state is no longer one dimensional, the AM
build layer interfaces influence the spall by facilitating
easier linking between existing spall planes.

The weaknesses resulting from the SLM manufactur-
ing process were much more pronounced in the dynamic
tests compared to the quasi-static tests. While the tensile
tests found the vertical loading direction to fail at some
20 percent less elongation than the through-thickness
loading, the difference in spall strength between these
directions was up to 40 percent at the higher impact ve-
locity. This highlights the importance of rate-dependent
studies when characterizing new materials and manu-
facturing techniques. Future work will investigate how
changes in the material production, both during manu-
facture such as laser power, raster speed etc. and post
manufacture such as heat treating can help reduce the
directional dependence and bring the SLM Ti-6Al-4V
closer to a wrought Ti-6Al-4V response. Work at lower
impact velocities (and hence eventual tensile stresses) to
produce samples with very early time damage will help
to identify where voids are nucleating, helping to rein-
force our hypothesis that the build layer interfaces act to
promote void formation.
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