
H
s

L
D

a

A
R
R
A

K
L
T
S
F
V

1

p
i
T
e
w
p
e
t
p
m
t
u
r

c
h
T
s

U
f

0
d

Materials Science and Engineering A 504 (2009) 73–80

Contents lists available at ScienceDirect

Materials Science and Engineering A

journa l homepage: www.e lsev ier .com/ locate /msea

igh strain-rate spallation and fracture of tungsten by laser-induced
tress waves

ili Hu, Phillip Miller, Junlan Wang ∗

epartment of Mechanical Engineering, University of California, Riverside, CA 92521, United States

r t i c l e i n f o

rticle history:
eceived 19 August 2008
eceived in revised form 14 October 2008
ccepted 21 October 2008

a b s t r a c t

This paper presents a study on the high strain-rate spallation and fracture behavior of bulk tungsten and
tungsten/tungsten interfaces using laser-induced stress waves. The behavior of bulk polycrystalline tung-
sten was studied using both Gaussian and shock waves. In-plane cracking and spallations were observed
at sufficiently high amplitude stress waves. The in-plane cracks propagated along relatively straight paths
and extended to distances two to three times of the loading diameter. Microstructural study of the fracture
eywords:
aser-induced stress waves
ungsten
pallation
racture
oid growth

mechanism show that bulk tungsten spallation was mainly due to grain boundary decohesion resulted
from the growth, interconnection and coalescence of micro-voids on grain boundaries. The spallation
behavior of tungsten/tungsten interface produced by a tungsten film magnetron sputtered on a tungsten
substrate was studied using shock waves. The spallation occurred right at the interfacial region. The spall
strength of bulk tungsten was estimated to be between 2.7 ± 0.2 and 3.1 ± 0.3 GPa, and the interfacial
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. Introduction

Tungsten (W) has long been recognized by its high melting tem-
erature, high density and high strength that attracted growing

nterest in defense applications such as kinetic energy penetrators.
hese long rod penetrators are used to defeat armored target with
mitting rod velocity as high as 2 km/s. Rolled homogeneous armor
ith thicknesses exceeding 1 m can be pierced [1]. During the
enetration process, both the penetrator and the armor materials
xperience large plastic strains especially surrounding the pene-
ration cavity. The armor material in the path of the penetrator is
ushed aside, while the penetrator is inverted and eroded at the
oving penetrator–target interface until the penetrator is brought

o rest or is completely consumed. Peak stresses with strain rates
p to 106 s−1 [1] occur at initial contact, but quickly diminish as
elief waves return from the free surface.

Good performance of kinetic energy penetrators requires spe-

ial properties, including high density, optimum combinations of
ardness, stiffness, strength and also good ballistic performances.
ungsten is a good candidate with its high density and high
trength. However, like many other bcc metals, the pure poly-
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nterface was estimated to be 875 ± 161 MPa.
© 2008 Elsevier B.V. All rights reserved.

rystalline tungsten is intrinsically brittle, while single crystal
ungsten behaves ductile when loaded in certain crystallographic
rientations [2,3]. Due to the difficulty and high expense of pro-
ucing single crystalline tungsten, tungsten heavy alloys (WHAs)
bcc structured spheroid hard tungsten crystals embedded in
n fcc structured Ni–Fe–W matrix) are more promising, which
aintain the high strength, high density and high melting temper-

ture, while having improved ductility behavior. In order to obtain
ood ballistic performances, most of the improvement of WHAs
ocuses on the formation of adiabatic shear bands to prompt self-
harpening during penetration [4–6]. However it has been argued
hat the ballistic performance (as well as the penetration perfor-

ance) is not directly related to the static mechanical properties,
nd may not be predicted by the quasi-static behavior of materi-
ls [7]. Therefore, mechanical evaluation under appropriate strain
ates is required.

Numerous works on the characterization of WHAs and polycrys-
alline tungsten under various strain rates were reported. Strain
ates of 10−3 to 103 s−1 were obtained by standard MTS testing sys-
ems [8–10]. Split Hopkinson pressure bar (SHPB) and plate impact
xperiments were usually used to perform experiments at higher
train rates of 103 to 105 s−1 [11–16]. Failure micro-mechanisms

ere investigated under these strain-rates range [14], which con-
rms the suggestion that the bond strength of tungsten–matrix

nterfaces determines the fracture modes in WHAs to some
xtent [17]. Numerical simulations using advanced cohesive laws
ere also carried out to investigate the spall strength and frac-
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ure mechanisms of WHAs [18–21]. However the real strength
t grain boundaries especially between tungsten and matrix,
ungsten and tungsten are difficult to resolve. Also, the high pres-
ure and high strain rate (106 s−1) experienced in the penetration
vent is difficult to achieve with traditional methods. It has been
hown that the behavior of pure tungsten is very important when
onsidering the overall behavior of WHAs at high strain rates
9,22].

Motivated by the above needs and challenges, a laser-induced
tress wave technique [23–30] is used in this work to investigate the
igh strain-rate spallation and fracture behavior of tungsten. This
ethod is capable of achieving a strain rate up to 106 to 107 s−1, that
ell satisfies the conditions required in the aforementioned pene-

ration processes. The present study focuses on the high strain-rate
ehavior (spallation, fracture and strength) of bulk tungsten sub-
trate and tungsten/tungsten interface. Based on the understanding
btained, future work will focus on tungsten heavy alloys.

. Experimental setup

The experimental setup used in this work is similar to the one
eported by Wang et al. [28] and a schematic is shown in Fig. 1.

5 ns Nd:YAG laser pulse (1064 nm in wavelength) with varying
nergy from 0 to 300 mJ is fired toward the energy absorbing Al film
andwiched between the back surface of the tungsten substrate and
he rigid waterglass confining layer. Upon absorbing the laser pulse
nergy, the exfoliation of the absorbing Al film generates a com-
ressive stress wave traveling in the substrate toward the tungsten
lm. Upon reflection from the free film surface, the compressive
tress wave becomes a tensile wave which leads to the eventual
pallation of the film at a sufficiently high stress amplitude. In the
ean time, the transient out-of-plane displacement of the sample

ront surface is measured using a Michelson interferometer. A 5 W
rgon ion laser (514 nm in wavelength) is used as the probing laser.
he interference signals are detected by a superfast photodetector
nd subsequently digitized by an ultra-fast 5 GHz oscilloscope at a
ampling rate of 20 G sample/s. During the testing, the Nd:YAG laser
ulse energy is varied for different test spots (resulting in varying
tress wave amplitude) while the loading area on the sample sur-

ace was fixed to be 1–2 mm in diameter to maintain the plane wave
haracteristics.

The stress wave profiles can be obtained from the measured film
isplacement using wave mechanics. Based on the calculation prin-
iples described in a previous publication [28], when the loading

3

A

ig. 1. Schematic of the experimental setup and sample configuration. The inset shows an
s pulse-shaping material.
gineering A 504 (2009) 73–80

rea is large compared to the total thickness of the sample, the sub-
trate stress can be obtained from a simple one-dimensional wave
quation:

sub = −1
2

(�cL)sub
∂u

∂t
(1)

here u is the out-of-plane displacement experimentally measured
rom the free surface of the test film using the optical interfer-
meter; � and cL are the density and longitudinal wave speed of
he substrate. The stress loaded at the film/substrate interface is
esulted from the superposition between the incoming compres-
ive stress wave and the reflected tensile stress wave from the free
urface, and can be calculated as:

int = �sub

(
t − h

cL

)
− �sub

(
t + h

cL

)
(2)

here h and cL are the thickness and longitudinal wave speed
f the film. For the tungsten sample tested in this work,
= 19.3 × 103 kg/m3, and cL = 5218 m/s (calculated using Poisson’s

atio � = 0.28 and Young’s modulus E = 409 GPa from ultrasonic mea-
urements reported in the literature [31]).

With the sample configuration described above, due to the char-
cteristics of the Nd:YAG laser (Gaussian distribution in time and
niform pancake distribution in space), the compressive stress
ave generated is also of Gaussian distribution in time and uniform

n space. Stress wave generated in this way is referred as “Gaussian
tress wave” in this work.

In most practical applications, in order to obtain a sufficiently
igh stress to delaminate the thin film interface, a shock stress wave
ith much sharper unloading ramp is desired. Previous studies by
ang et al. [29] have proved that the Gaussian stress wave gener-

ted at the absorbing layer can evolve into a shock after traveling
ertain distance in fused silica due to the unique negative nonlin-
ar elasticity of this material in the low stress region. The shock
ave is very beneficial for the interfacial adhesion testing of thin
lms. In order to study the dynamic response of bulk tungsten and
ungsten/tungsten interface under shock wave loading, an alter-
ative sample configuration as shown in the inset of Fig. 1 is also
dopted. The stress wave generated using this sample configuration
s referred as “shock wave” in this work.
. Sample preparation

Commercially available polycrystalline tungsten from Eagle
lloys Corp. (Talbott, TN) was used as the substrate in this work.

alternative sample configuration for inducing shock wave loading using fused silica

Boeing Ex. 1056, p. 2 of 8 
Boeing v. Regents Univ. Cal 
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will lead to more obvious and severe tungsten substrate spallation
and fracture. This can be achieved by either reducing the tungsten
substrate thickness or increasing the Nd:YAG laser energy fluence.
However, since the maximum laser energy is fixed as mentioned
before, decreasing the substrate thickness would be more practical
Fig. 2. SEM image showing the W substrate texture.

he as-received material has a purity of 99.9%, and was in the form
f tungsten plates of 1 in. in diameter and varying thickness cut
rom a rod sample, with very rough surfaces on both sides. Before
erforming experiments, both sides of the tungsten plate were pol-

shed using diamond platen of 180, 325, 600 and 1200 mesh sizes,
espectively. They were then polished with 9 and 3 �m diamond
aste, and finally with a 0.05 �m alumina slurry as the finishing
tep. Fig. 2 shows a scanning electron microscopy (SEM) image of a
olished tungsten surface. A grain size of about 5 �m can be clearly

dentified from the image.
Following the sample configuration shown in Fig. 1, after finish-

ng polishing on both sides of the tungsten plate, a 0.4 �m thick Al
lm was deposited on one side (back side) of the substrate as energy
bsorbing layer using magnetron sputtering (ORION-5-UHV, AJA
nternational). A layer of waterglass around 10 �m thick was spin-
oated on top of the energy absorbing Al film as confining layer. The
ront surface of the tungsten substrate was either deposited with
layer of tungsten film by magnetron sputtering for studying the

ungsten/tungsten interface property or left free for studying the
ulk tungsten behavior. As described earlier, samples prepared in
his way will undergo a Gaussian stress wave loading due to the
haracteristics of the Nd:YAG laser pulse.

To fully understand the dynamic behavior of tungsten, the shock
ave response of tungsten was also studied using the sample con-
guration as shown in the inset of Fig. 1. To prepare these samples,
fter the completion of the polishing processes, the tungsten sub-
trate with desired thickness was attached to a 500 �m thick fused
ilica plate using a thin layer of super glue. A 0.4 �m thick Al layer
as then deposited onto the back surface of the fused silica plate

s energy absorbing layer followed by a waterglass confining layer.
ue to the special negative nonlinear elastic properties of fused

ilica, the originally generated Gaussian shape compressive stress
ave will first be transformed into a shock wave in fused silica and

hen continue to propagate into the tungsten substrate [29].

. Results and discussion

.1. Bulk tungsten spallation and fracture under Gaussian loading
The high strain-rate behavior of bare tungsten substrate was
nvestigated first using the sample configuration shown in Fig. 1

ithout depositing the tungsten film. In this way a Gaussian stress
ave is generated and only the substrate response is studied. The

ubstrate stress profiles measured from tungsten substrates of four
F
1

gineering A 504 (2009) 73–80 75

ifferent thicknesses, 0.4, 0.8, 1.5, and 1.8 mm, are shown in Fig. 3.
hese samples were prepared and tested under the same conditions
n order to have consistent and comparable results. Specifically,
he thickness of the waterglass confining layer and the aluminum
nergy absorbing layer were kept the same, and the loading diam-
ter was kept the same for all the samples. The pulse energy from
he Nd:YAG laser was set to maximum.

It has to be noted however, since the substrate stress is calcu-
ated from the free surface displacement, it only represents the
ubstrate stress close to the free surface, not directly related to the
tresses deep inside the substrate before reaching the free surface. It
an be noticed from Fig. 3 that the Gaussian stress wave profiles are
lightly deformed, with a 5 ns loading ramp followed by a stretched
0 ns unloading ramp. The stress amplitude is much lower when the
ubstrate gets thicker (indicating a stress attenuation with increas-
ng travel distance). Since all the control parameters were the same,
hese curves can be treated as from different cross-sections from
ne thick sample (>1.8 mm). It can be inferred that while the Gaus-
ian distribution of the stress wave was well maintained at different
ravel distances, there is a clear amplitude attenuation with respect
o the travel distance. There are two possible mechanisms respon-
ible for the amplitude attenuation, specifically the geometrical
ttenuation and the tungsten intrinsic wave absorption. However,
ccording to a previous calculation [28], for a 1–2 mm loading diam-
ter, little geometrical attenuation is expected with a traveling
istance less than 2 mm. Therefore, the intrinsic wave absorption
f tungsten should be the major cause of the stress attenuation.

The maximum compressive stress in Fig. 3 was measured to
e 4.2 ± 0.2 GPa from the 0.4 mm thick tungsten substrate. Using
his value, the maximum strain can be calculated to be about 0.01.
onsidering a nominal duration of 5 ns, the maximum strain rate
ould be ∼106 s−1. At such high amplitude stress level, substrate

pallations were observed as slightly visible surface bumps. The
aximum height of the bumps was measured using a DEKTAK3

Veeco) surface profiler to be less than 500 nm. It indicates that
.2 ± 0.2 GPa could be the threshold substrate stress amplitude
hat can cause tungsten spallation. While amplitude lower than
.2 ± 0.2 GPa will not initiate the spallation, a higher amplitude
ig. 3. Substrate stress profiles in W substrates with different thicknesses: 0.4, 0.8,
.5 and 1.8 mm due to Gaussian wave loading.

Boeing Ex. 1056, p. 3 of 8 
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substrate stresses were measured to be 3.4 ± 0.4 and 2.0 ± 0.3 GPa,
respectively, and no visible failure was observed. Visible surface
bumps due to substrate spallation were observed on the 0.4 mm
thick substrate at stress amplitude of 5.4 ± 0.4 GPa. Profiler scan-
ig. 4. (a) Spallation and crack observed on a 0.2 mm thick W substrate and (b)
oomed-in view of the in-plane crack.

n order to lessen the stress wave attenuation. When the tungsten
ubstrate thickness was reduced to 0.2 mm, clear substrate spalla-
ion and fracture was observed as shown in Fig. 4(a). The spallation
s in the form of a surface bump with diameter comparable to the
oading diameter (∼1 mm). All the spallations happen in the sim-
lar manner that the loaded area of the substrate was spalled and
ifted from its original height with the actual spallation plane buried
nderneath the bumped surface. In-plane crackings can be seen
oth on the top of the bump and on the surrounding substrate sur-
ace indicated by the crack lines. A zoomed-in view of the in-plane
rack as shown in Fig. 4(b) indicates that the in-plane crack did not
ollow the grain boundaries but rather break through the grains
long its path.

.2. Bulk tungsten spallation and fracture under shock loading

Shock wave response of bare tungsten substrate was studied
sing the sample configuration shown in the inset of Fig. 1 without
he tungsten film. A 500 �m thick fused silica plate was used to
volve the originally generated Gaussian stress wave at the energy
bsorbing layer into a shock wave. The theoretical shock formation

istance can be calculated according to a previous study [29]. For
xample, for a 1 GPa amplitude Gaussian stress wave, shock wave is
stimated to form after traveling about 236 �m in fused silica, and
or stress waves with a higher amplitude, a shorter travel distance
ill be required. Based on the stress amplitude measured in the

F
s

ig. 5. Substrate stress profiles obtained on W substrate of different thicknesses:
.4, 0.8 and 1.4 mm due to shock wave loading.

revious section, a 500 �m thick fused silica is expected to be thick
nough to generate shock wave while minimizing the stress wave
ttenuation.

Fig. 5 shows the substrate stress profiles measured after the
tress wave traveling through the tungsten thicknesses of 0.4, 0.8
nd 1.4 mm, respectively. All the data collected were from experi-
ents conducted under the same conditions. Similar to what was

bserved under Gaussian stress wave, the stress wave maintained
he same shape at several traveling distances with attenuating
mplitude due to the wave absorption in tungsten. The stress profile
as a stretched linear loading ramp of about 18 ns, and an unload-

ng ramp of about 10 ns, which is not as sharp (∼1 ns) as reported in
he previous work by Wang et al. [29]. The loss of the sharpness of
he shock may be attributed to the high stress amplitude. As fused
ilica has negative nonlinearity only at low stress region of less than
GPa, above which, its nonlinearity becomes positive and it can no

onger maintain the sharpness of the shock waves.
On tungsten substrates of 0.8 and 1.4 mm thick, the maximum
ig. 6. Profiler scanning traces across several surface bumps on a 0.4 mm thick W
ubstrate due to shock wave loading.
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ig. 7. SEM images showing substrate spallation and fracture on a 0.2 mm thick W
ashed circle indicates the loaded region; (b) surface layer was removed to expose
howing grain boundary decohesion that caused the spallation and the transgranul

ing traces shown in Fig. 6 confirmed the spallation. The diameter
f the bump is about 1 mm which is consistent with the loading area
∼1 mm in diameter), and a maximum height was measured to be
bout 6 �m. This is significantly higher than the spallation-induced
umps on the 0.4 mm thick tungsten plate under the Gaussian
tress wave (<500 nm).

.3. Spallation and fracture mechanism

To study the spallation and fracture mechanisms in detail, exper-
ments were performed on thinner tungsten substrates of 0.2 mm
hick using the shock wave loading and the resulted SEM pictures
re shown in Fig. 7. The loading area was focused smaller in these
ests in order to obtain a higher energy fluence to induce easily
emovable surface bumps. It can be seen that in all the damages pro-
uced, there exist both tungsten substrate spallation and in-plane
racks. It is natural that when the loaded part of the substrate is
palled off and moves in the out-of-plane direction, it is going to
ear the substrate at the loading edge during the separation process.
nevitably, in-plane cracks will be generated at strain rates relative
o the spallation. It is clear from the images that these cracks were
nitiated from the most stress-concentrated crack tips. They prop-
gate for a distance more than two to three times of the loading

iameter, just like what is typical for single crystalline materials
hat cracks propagate along certain crystallographic orientations.
t appears that at extremely high strain rates, the in-plane cracks
o not distinguish between grain and grain boundaries, and are so
nergetic that they create a relatively straight path.

s
d
c
d

trate attached with 500 �m thick fused silica: (a) surface lifting due to spallation,
nderneath spallation and cracking plane; (c) and (d) zoom in view of (b), with (c)
king lines, and (d) breakage of individual grains due to spallation.

To study the spallation mechanism, the spalled layer was uncov-
red to reveal the buried spallation plane. As shown in Fig. 7(b),
fter the spalled surface layer was removed, it is evident that the
pallation was formed by one layer of the substrate lifting out. The
at remaining plane and the sharp edge confirmed the plane wave
haracteristics and the relatively uniform thickness of the spalled
ayer. This thickness was measured by profiler scanning to be about
0 �m. The smooth grain morphologies on the spallation plane
hown in Fig. 7(c) indicate the spallation was mainly along grain
oundaries. Such an intergranular cleavage mode is opposite to
ummer et al. observation [14] that pure polycrystalline tungsten
ndergoes a ductile-to-brittle transition at strain rates higher than
03 s−1. Though there are also a few places where the breakage of
ndividual grains happened during the spallation as pointed out by
he arrow in Fig. 7(d) and river pattern can be seen over the grain
urface, transgranular cleavage is evidently a minor effect com-
ared to the intergranular cleavage. It can also be found that the
andom distribution of voids both in the grains and along the grain
oundaries with sizes smaller than 1 �m might contribute to the
verall spallation. Fig. 7(c) and (d) shows again the in-plane crack-
ng lines. Just like those on the substrate surface, these cracks are
elatively straight lines, and do not follow the grain boundaries but
ather propagate through the grains ahead.
To further investigate the spallation micro-mechanisms, cross-
ections right through the spallation site was obtained by electric
ischarge machining (EDM) with a 150 �m diameter wire. The cut
ross-section was then polished by 1200 mesh diamond polishing
isk to reveal the micro-features of the spallations and cracks. Care

Boeing Ex. 1056, p. 5 of 8 
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ig. 8. SEM image of the cross-section of the spallation of a 0.4 mm thick W sub-
trate. The bottom substrate surface in the top image indicates the position of the
pallation, and the compressive stress wave comes from the top toward the bottom
s indicated by the arrows.

as taken to protect the separated surface layer during the polish-
ng. SEM images of the polished cross-section are shown in Fig. 8.
he slight curvature of the bottom substrate surface in Fig. 8(a)
ndicates the shape of the bump due to spallation. Fig. 8(b) shows

agnified image of the center spallation from Fig. 8(a). From these
mages, several characteristics of the tungsten spallation can be
dentified. First, the spallation follows the style that one layer of
ungsten was spalled off from the rest of the substrate and changed
he surface curvature. It clearly confirms that the bump was formed
y the spallation of bulk tungsten. Second, due to the uniform distri-
ution of the plane wave, the thickness of the separated layer was
niform along the spallation plane. The thickness was measured
o be around 20–25 �m, which is consistent with that measured
y profiler scanning (∼20 �m) on the substrate surface. However,
he most important of all is the observation that the voids grow
o bigger size as shown in Fig. 8(b). These voids experience ten-
ile stresses and grow bigger during the spallation, while the voids

bserved on the spallation plane in Fig. 7 do not due to their spe-
ific orientations. Some of the voids were in the grains while most
f them were distributed along the grain boundaries. Consider-
ng the voids distribution in Fig. 7 to be the original distribution
efore shock loading, it can be seen that more voids were initiated

t
d
t
s
t

gineering A 504 (2009) 73–80

uring the spallation. Under the reflected tensile wave, the voids
row and interact with each other, forming channels, passes, and
oalescence which eventually lead to the overall observed spalla-
ion. Conventional void growth mechanisms like vacancy diffusion
nd shock heating are not able to account for at such high strain
ates. Lubarda et al. [32] proposed a dislocation–emission-based
echanism for void growth considering prismatic and shear dis-

ocation loops. Deng et al. [33] studied the role of dislocations in
he void growth in nanocrystalline copper at high strain rates by
aser shock loading using molecular dynamics simulation. Surpris-
ngly, these works on copper can be used to explain the behavior of
ungsten at similar strain rates. It is probably the main reason why
ungsten does not act brittle, because the plasticity at micro-scale
ontributes to and dominates the bulk ductile cleavage. Two ten-
ative conclusions can be drawn: that grain boundaries are more
ensitive and amenable to void nucleation and growth, and that
opper and tungsten have similar failure mechanisms at high strain
ates despite the differences in their crystal structures (bcc/fcc),
rain size, density, etc. Of course, more experiments will be helpful
n further validating these statements.

.4. Estimation of tungsten spall strength

The spallation style and its location in bulk tungsten provide evi-
ence that the spallation is due to the tensile stress wave reflected
rom the free surface. Because the thickness of the spalled layer is
niform and consistent to be about 20–25 �m for different samples,

t can be considered as a very thick tungsten film deposited on a sub-
trate surface. In this way, the tensile stress at the spallation plane
an be estimated as the bulk tungsten spall strength. The minimum
ubstrate stress amplitude obtained to introduce substrate spal-
ation was 4.2 ± 0.2 GPa on a 0.4 mm thick tungsten substrate for
ery slight failure. So substrate stress corresponding to this ampli-
ude can be used to estimate the upper bound of the tungsten spall
trength using Eq. (2). For a spalled layer between 20 and 25 �m, the
verage upper bound for the tungsten spall strength was calculated
o be 3.1 ± 0.3 GPa from 11 tests. The lower bound of the thresh-
ld amplitude was estimated from another shock wave loaded
ungsten substrate of 0.8 mm thick with no substrate failure. The
verage spall strength of considering the spalled layer to be 20 and
5 �m was 2.7 ± 0.2 GPa from six tests. So the spall strength of tung-
ten is bounded between 2.7 ± 0.2 and 3.1 ± 0.3 GPa. The average
pper and lower bounds of the spall strength and the correspond-

ng substrate stress amplitudes are shown in Fig. 9. Surprisingly,
he spall strength of tungsten measured here is very similar to that
f nanocrystalline copper (∼3 GPa) measured under similar condi-
ions [34]. And it is significantly higher than the tungsten failure
trength measured under quasi-static loading (∼1.2 GPa) by stan-
ard material testing system, at strain rates of 103 to 104 s−1 by
plit Hopkinson bar (∼2 GPa) [14,15,35], and at strain rates of 105 s−1

∼0.5 GPa) by plate impact-induced shock loading experiment [36].
owever, such a trend that the failure strength increases dramat-

cally with the increasing strain rate is consistent with what was
bserved in the above mentioned works.

.5. Interfacial strength of W/W interface under shock wave
oading

In addition to the bulk tungsten spallation and fracture study, the
ungsten/tungsten interfacial properties were investigated using

he shock stress waves. Tungsten films of varying thicknesses were
eposited on tungsten substrates by a magnetron sputtering sys-
em at 10−7 mTorr base vacuum pressure and 150 W DC power. As
hown in Fig. 10(a), the deposited films have a grain size of less
han 100 nm. The XRD (X-ray diffraction) data in Fig. 10(b) show
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with tungsten/tungsten interfacial delamination. The small hill at
the bottom line indicates the spallation of the substrate. These hills
disappear as the laser energy fluence (proportional to the ampli-
tude of the substrate stress) is decreased, which indicates that
ig. 9. Estimation of W spall strength of the upper bound and the lower bound.
illed symbols represent upper bound and open symbols represent lower bound.
rror bar was estimated from the numerical noise when taking the derivative of the
isplacement using Eq. (1) to get substrate stress.

hree clearly distinguishable peaks at 2� angles of 40.3◦, 58.3◦ and
3.3◦ which correspond to the tungsten (�-phase) (1 1 0), (2 0 0)

nd (2 1 1) planes, respectively. It is worth to mention that the tung-
ten substrate had exactly the same three peaks in the XRD spectra
not shown), indicating the effect of substrate texture on the film
rowth.

ig. 10. SEM image (a) and XRD pattern (b) from a 1.1 �m thick W film deposited
n a 0.5 mm thick W substrate.
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Tungsten/tungsten interfacial failure was obtained on a tung-
ten substrate with a 6 �m thick tungsten film as shown in Fig. 11(a).
he tungsten film in the center loading region was spalled by the
tress wave, leaving the substrate surface exposed. The center of the
emaining surface is smooth, while on the edge of the delamination,
ayered tungsten film can be seen as shown in Fig. 11(b), which was
ue to the multiple deposition runs to obtain a very thick tung-
ten film. The interfacial strength of tungsten/tungsten interface
as obtained by gradually increasing the laser fluence from spot

o spot to achieve a range of spallation behavior including no fail-
re, slight failure and extensive failure. The stress bounded by the
light failure and no failure was quoted as the interfacial strength.
ig. 12 shows the interfacial strengths and the corresponding sub-
trate stresses measured on a 5.0 �m thick tungsten film deposited
n a 0.4 mm thick tungsten substrate using the shock wave load-
ng. From the total 17 measurements, the interfacial strength was
veraged to be 875 ± 161.

When the substrate stress amplitude was sufficiently high, the
ubstrate spallation occurred together with the interfacial failure.
ig. 13 shows profiler scanning traces across different testing spots
ig. 11. Interfacial delamination between a 0.4 mm thick W substrate and a 6 �m
hick W film under shock wave loading: (a) full view of the spallation shows the
emoval of the W film in the loaded region and (b) zoom-in view near the edge of
he loading region reveals the layered structure of the film.
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Fig. 12. Interfacial strength of W/W interface measured from a 5 �m thick W film
deposited on a 0.4 mm thick W substrate.
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Fig. 13. Profiler scanning traces of different W/W interfacial delaminations.

he interfacial delamination took place before the tungsten sub-
trate spallation. And the interfacial strength between tungsten and
ungsten is lower than the bulk tungsten spall strength. Also the
ungsten substrate spallation was due to the tensile stress wave
eflected from the free surface, which again reinforces our conclu-
ion in the estimation of the tungsten spall strength.

. Conclusions

The dynamic behavior of bulk polycrystalline tungsten and
ungsten/tungsten interface was investigated at a strain rate around
06 s−1 using laser-induced stress waves. Spallation and fracture
as observed in bulk tungsten at sufficiently high stress levels.

he spallation was characterized by a layer of the tungsten sub-
trate lifted off from its original plane to form a surface bump.
he fracture was characterized by in-plane cracks extending from
he loading edge to two to three times of the loading diameter

nd traveling along a relative straight path through the grains and
rain boundaries. The spallation of tungsten was dominated by
rain boundary decohesion combined with minor effect from grain
reakages. Cross-sectional SEM revealed that the spallation micro-
echanism can be attributed to micro-voids nucleation, growth

[

[

[

gineering A 504 (2009) 73–80

nd coalescence at the grain boundaries under the reflected ten-
ile wave. The spall strength of bulk tungsten was estimated to be
etween 2.7 ± 0.2 and 3.1 ± 0.3 GPa. This strength is much higher
han that reported at lower strain rates, but may be considered
easonable due to the rate sensitivity of tungsten. In addition,
he tungsten/tungsten interfacial strength was measured to be
75 ± 161 MPa, significantly lower than the spall strength of bulk
ungsten.
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