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Abstract
Polycrystalline and monocrystalline (h1 0 0i and h1 1 0i) vanadium was subjected to shock compression followed by tensile wave
release to study spall and fragmentation behavior. The shock pulse was generated by a direct laser drive at energy levels ranging from
11 to 440 J mm–2 (laser beam irradiated area 1.12 mm2) and initial pulse durations of 3 and 8 ns (approximate initial pressures between
10 and 250 GPa). Glass and polycarbonate shields placed at a speciﬁc distance behind the vanadium targets were used to collect and
analyze the ejected fragments in order to evaluate and quantify the extent of damage. The eﬀects of target thickness, laser energy, polycrystallinity and pulse duration were studied. Calculations show melting at a pressure threshold of 150 GPa, which corresponds to a
laser energy level of 180 J mm–2. Consistent with the analytical predictions, the recovered specimens and fragments show evidence of
melting at the higher energy levels. Spalling in the polycrystals occurred by a ductile tearing mechanism that favored grain boundaries. In
the monocrystals it occurred by a mixture of cleavage fracture along the {0 1 0} planes and ductile dimple fracture. This lower spall
strength in polycrystals contradicts predictions from the Hall–Petch equation. Experimentally obtained fragment sizes were compared
with predictions from the Grady–Kipp model. The spall strength of vanadium under laser loading conditions was calculated from both
VISAR pull-back signals and using the spall thickness. It was found to be considerably higher than predictions from gas gun experiments, the monocrystals showing a higher value than polycrystals. This higher spall strength is suggestive of a strong time dependence
of the phenomenon, consistent with the nucleation and growth kinetics of voids and the strain rate sensitivity embedded in the Grady
theory.
Ó 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
The dynamic spalling and fragmentation of metals
induced by laser irradiation is a concern of great signiﬁcance to the successful operation of the National Ignition
Facility (NIF). Protection from spalling and fragmentation
is necessary to preserve the functionality of the laser optics
systems and diagnostic tools of the main target chamber. In
particular, vanadium is a candidate material for ﬁrst wall
and blanket components of fusion power systems because
of its low irradiation-induced activity, high stability and
good compatibility with lithium [1–3].
*
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Studies on the extent of damage to metal targets and
their surroundings caused by laser impingement on the surface are scarce. Spall is the dynamic fracture that takes
place inside a solid body as a result of tensile stresses that
develop due to the interaction of propagating waves. Compressive waves traveling from the energy deposition surface
of a body intersect those reﬂecting from the rear surface,
causing internal ruptures, or spallation, if the tensile stresses are suﬃciently high. Damage accumulation takes place
in four stages: (a) nucleation of voids or cracks at existing
damage sites; (b) growth of individual voids or cracks; (c)
coalescence of voids or cracks; (d) fragmentation [4–6].
Much of the research on dynamic fracture has been carried
out under planar ﬂyer plate impact [7–11] and high
explosive detonation [12–16]. These typical methods of

1359-6454/$36.00 Ó 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
doi:10.1016/j.actamat.2010.04.027

Please cite this article in press as: Jarmakani H et al. Laser shock-induced spalling and fragmentation in vanadium. Acta Mater (2010),
doi:10.1016/j.actamat.2010.04.027

ARTICLE IN PRESS
2

H. Jarmakani et al. / Acta Materialia xxx (2010) xxx–xxx

generating shock waves produce pressures less than
100 GPa and pulse durations of a minimum of 50 ns.
Only recently have laser-driven shock experiments
begun to gain momentum [16–28]. The advantages of using
high intensity lasers to produce shocks in metals lie in the
fact that extremely high pressures (in the TPa range) and
strain rates (109 s–1) can be achieved with pulse durations
of only a few nanoseconds. More accurate microstructural
characterization is also possible due to the self-quenching
mechanism associated with laser shock (discussed in detail
by Meyers et al. [29] and Cao et al. [30]). Interestingly,
almost no research has been carried out on the dynamic
behavior of materials shocked above their melting pressures. A notable exception is a study by Rességuier et al.
[31] on liquid spall in laser-shocked tin. Lubarda et al.
[32] looked at void growth in copper induced by a laser.
Little is known about the process of material ejection from
the spalled surface of laser-shocked samples and the fragmentation, spreading of debris and extent of damage to
surrounding objects.
Earlier ﬁndings of considerable interest were the lower
spall strength exhibited by polycrystalline than monocrystalline copper. This contradicts the Hall–Petch equation
and has been attributed to the existence of nucleation sites
at grain boundaries in the polycrystals by Christy et al. [33]
and Kanel et al. [34]. Meyers [35] also discussed this and
provided an interpretation based on the greater availability
of nucleation sites in the polycrystals. Another issue of
importance is the pulse length dependence of spall strength.
In support of spalling as a nucleation, growth and coalescence process, Gray and co-workers [36,37] demonstrated
that for stainless steel and copper it is time-dependent,
being higher for the triangular pulse than for a square pulse
generated by ﬂyer plate impact. Gilath [38] reported a two
to threefold increase in the spall strength of aluminum in
laser experiments in comparison with gas gun spalling
reported by Grady [39].
This previous research was the motivation for the investigation whose results are reported herein: the spalling and
fragmentation of vanadium induced by laser irradiation.

summary of the grain sizes and aspect ratios are given in
Table 1. All specimens exhibited grain elongation due to
rolling.
The laser experiments were conducted at the Jupiter
Laser Facility, Lawrence Livermore National Laboratory.
Fig. 2 is an illustration of the cross-sectional view of the
experimental set-up. Fig. 2a shows the general set-up of
the experiment and Fig. 2b and c are depictions qualitatively showing the damage that occurred to the vanadium
targets as the thickness changes. Fig. 2b shows complete
blow-oﬀ of the thinnest vanadium samples; Fig. 2c shows
blow-oﬀ surrounded by a spall surface in the intermediate
thickness samples; Fig. 2d shows only spall that occurs in
the thickest samples.
A Nd glass laser with a 532 nm pulse width was used to
generate high pressure laser-driven shocks in the vanadium
samples. Both 3 and 8 ns square pulse lengths were used to
study the eﬀect of pulse duration on material behavior. A
1 mm kineform phase plate (KPP) was used to generate a
ﬂat intensity proﬁle that was 1 mm square in size. The
vanadium samples were cut into small 3.5  5 mm rectangles and glued between two steel washers having a 10 mm
outer diameter and 2.5 mm inner diameter. Glass slides
were placed parallel to the targets, approximately 12 cm
behind, to collect vanadium fragments and to analyze the
resultant damage. The associated laser energies and pulse
durations of the polycrystalline samples investigated are
tabulated in Table 2. The pressure at the rear surface of
the vanadium targets was determined by measuring the free
surface velocity using the VISAR technique [40]. The velocity interferometer was conﬁgured in the Mach–Zender
geometry and coupled to a Hamamatsu streak camera set
to a 50 ns sweep to provide a time-dependent pressure history [41]. The spatial scale of the line in VISAR was around
800 lm at the target plane. The central 100 lm of that
region was used.
The Doppler shift of light reﬂected oﬀ the back surface
of the targets was observed as a phase shift in the fringe
pattern recorded by the streak camera. The fringe phase
u is related to the velocity of the reﬂecting surface u by:

2. Experimental procedure

ku
¼u
4psð1 þ dÞ

The polycrystalline vanadium foils used in this work
were obtained from Alpha Aesar and had a purity of
99.8%. Three diﬀerent foil thicknesses were used: 75,
127 and 250 lm. Polycrystalline specimens from each of
the three as received foils were cut, polished and etched
to measure the grain size. Monocrystalline specimens with
the orientations h1 1 0i and h1 0 0i and thickness 250 lm
were used. They were obtained from Accumet Materials
and had a reported purity of P99.999%.
The specimens were polished using 1200, 2400 and 4000
grit paper, followed by 0.3 and 0.05 lm alumina compound. The etchant used was a mixture of 1 ml HF,
30 ml HNO3 and 30 ml lactic acid. Micrographs of the
grains revealed after etching are shown in Fig. 1, and a

ð1Þ

where k is the wavelength of the VISAR probe laser and s
is the optical delay produced by a glass etalon in the interferometer. This optical delay can be calculated for a given
etalon of thickness d and index of refraction n by:
s¼

2dðn  1=nÞ
c

ð2Þ

where c is the velocity of sound. Dispersion in the etalon
introduces a wavelength-dependent correction d [42]. For
the 532 nm wavelength probe laser used in this study
d = 0.0318.
When a shock wave reaches the VISAR probe surface
the resulting fringe phase jump is discontinuous and the
number of 2p phase jumps cannot be uniquely determined
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Fig. 1. Grains revealed after etching of top/bottom surface (left) and cross-section (right) of samples: (a) 75 lm thickness; (b) 127 lm thickness; (c) 250 lm
thickness.

3. Results and discussion

Table 1
Grain sizes of as received vanadium foils.
Thickness
(lm)

Top/bottom surface

Cross-section surface

Grain size
(lm)

Aspect
ratio

Grain size
(lm)

Aspect
ratio

75
127
250

100
64
126

3.5:1
2.4:1
4:1

16
20
13

6:1
3:1
8:1

using a single VISAR interferometer alone. Thus, two independent interferometers using two diﬀerent etalon thicknesses, d1 = 50.074 and d2 = 28.77221 mm, were
employed to resolve this fringe jump ambiguity. By setting
u = 2p in Eq. (1), one can calculate the velocity sensitivity
in km s–1 fringe–1 for a given optical delay or etalon thickness. For the etalons used in this study, the velocity sensitivities were calculated to be 0.995041093 and
1.731729599 km s–1 fringe–1 for d1 and d2, respectively.

Section 3.1 presents the calculated pulse decay using
both a simpliﬁed and the HYADES methods. Section 3.2
presents a thermodynamic analysis determining the melting
temperature as a function of pressure, which enables calculation of the critical pressure for melting. Section 3.3 provides a detailed characterization of the recovered
specimens in order of increasing thickness. Section 3.4 presents results of monocrystalline experiments. Section 3.5
shows the shadowgraphs of the in-ﬂight fragments. Section 3.6 involves fragment size modeling of vanadium due
to spalling. Section 3.7 discusses spall strength calculations
of vanadium based on the laser shock experiments.
3.1. Calculated pulses using HYADES and tantalum results
The calculated pressures and decay proﬁles using the
one-dimensional HYADES code are shown in Fig. 3a. The
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Fig. 2. (a) Schematic of the cross-sectional view of the experimental setup; (b) laser shock of thinnest target; (c) laser shock of intermediate
thickness target; (d) laser shock of thickest target.
Table 2
Laser energy and pulse duration of experiments.
Experiment

Foil
thickness (lm)

Energy
(J)

Diagnostic

Pulse length
(ns)

3
4
5
8
9
11
12
13
14
15
18
22

75
75
127
250
127
250
250
127
127
75
127
127

290
167
228
438
430
251
442
381
209
199
218
218

Glass shield
Glass shield
Glass shield
Glass shield
Glass shield
Glass shield
Aerogel
Aerogel
Aerogel
Aerogel
Glass shield
Glass shield

3
3
3
3
3
3
3
3
3
3
8
8

pressure pulse decay proﬁles were calculated at the three different energy levels around which the experiments were conducted: 100, 200 and 400 J. The results were calibrated for
the reﬂectivity of vanadium, taken as 61% [43]. The pressures
decayed rather rapidly as the pulse duration increased. The
triangular nature of the pulse shape was retained throughout
propagation in the 250 lm thick specimens. The initial pressures, which were equal to 107, 161 and 234 GPa for the three
energy levels (100, 200 and 400 J), were reduced to approximately one-quarter of their original values at the free surface.
The pressure proﬁles were also computed based on calibrated laser shock experiments on tantalum carried out at
200 J (D. Eder, unpublished work). The conversion of
parameters from tantalum to vanadium was carried out
using the conservation of energy equation:
1
DE ¼ U 2p
2

ð3Þ

where DE is the change in energy and Up is the particle velocity. The internal energy inside the shock-compressed mate-

Fig. 3. (a) HYADES code simulation of laser pulse propagation in
vanadium with 61% reﬂectivity [] from simulation by. s represents 400 J
laser propagated in V: initial pressure 234GPa; free surface pressure
60.1 GPa; duration of propagation 32 ns. h represents 200 J laser
propagated in V: initial pressure 161 GPa; free surface pressure 37.5 GPa;
duration of propagation 36 ns. D represents 100 J laser propagated in V:
initial pressure 107 GPa, free surface pressure 16.4 GPa; duration of
propagation 41.1 ns. (b) Calculated decay of pulse propagation for initial
energy of 100 J.

rial is a function of the laser energy and, to a ﬁrst
approximation, we assumed that this function is material
independent. Diﬀerences in reﬂectivity between vanadium
(61%) and tantalum (78%) were neglected. The experimental
pressure values as a function of distance into the material obtained from the tantalum experiments (D. Eder, unpublished
work) are listed in Table 3. The predicted pressure pulse decay proﬁles in vanadium for an input energy of 100 J is presented in Fig. 3b. It can be seen that the results in Fig. 3a and
b are fairly consistent. Experimental predictions using the
tantalum results match the HYADES calculations fairly
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Fig. 4. Spall strength estimation from spall plane: (a) predicted pulse decay from calculation at 200 J; (b) from calculation at 400 J; (c) HYADES
computation at 200 J; (d) HYADES computation at 400 J.

well. Fig. 4a and b show the pressure decay for energies of
200 and 400 J calculated from Eq. (3). The rate of decay of
the pulse was a little lower for HYADES, leading to higher
pressures at the spall side of the specimens.
The spall strength was calculated by two methods: using
the thickness of the spall regions and by VISAR velocimetry,
through the pull-back signal technique. The thickness of the
spall layer can be used to obtain a simple estimate of the spall
strength through the schematic representation of Fig. 5. The
spall strength rT is shown in the reﬂected portion of the wave.
The distance D represents the distance that the reﬂected wave
had traveled until it reached the level at which the material
spalled. The relationship between P, the maximum stress at
the back surface, D and rT is, for a perfectly triangular pulse
having a length L [38]:
2D
P
ð4Þ
L
Eq. (4) was used to obtain the spall strengths of specimens in which D could be established in a clear and incontrovertible manner. The results are discussed in Section 3.7
rT ¼

3.2. Modeling of melting of vanadium under shock
compression
The temperature rise due to shock and the melting temperature as a function of pressure were computed in order
to determine the theoretical pressure at which vanadium
will melt when subjected to a shock. The Clausius–Clapeyron relation describes the eﬀect of pressure on the temperature at which a phase transition occurs between two states
of matter (see, for example, [44]). For melting, this relation
is given by:
dP
DH m
¼
dT T DV m

ð5Þ

where Hm is the enthalpy of fusion at the melting point
(422 J g–1) and Vm is the volume change associated with
melting, assumed to be independent of pressure. Vm for
vanadium is expressed as:


1
1
DV
ð6Þ

1þ
DV m ¼
qT m qT o
Vo
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Table 3
Pressure and Up values as a function of distance obtained from laser shock
experiments on tantalum from D. Eder (unpublished report).
Distance (lm)

Pressure (GPa)

Up (km s–1)

100
200
250

150
60
40

1.664
0.819
0.584

P¼

where V/Vo is the change in volume from To to Tm, qT m is
the density of solid vanadium at the melting temperature
(5.76 g cm–3, determined from Sorkin et al. [45], which indicated that [V(Tm)]/[V(To)] = 1.06), qT o is the density at
ambient temperature and pressure (6.11 g cm–3) and V/Vo
is given by:
DV =V o ¼ 3cT m

ð7Þ

where c is the thermal expansion coeﬃcient, 8.4  106 K–1,
and Tm is the melting temperature of vanadium, 2183 K.
Rearranging Eq. (5), integrating and solving for melting temperature as a function of pressure yields the following expression that relates the melting temperature to pressure:
Z P
Z ðT m ÞP
dT
DV
dP
¼
T
DH P ¼0
ðT m Þo
! lnðT m Þp ¼

DV
P þ lnðT m Þo
DH

where co is the Grüneisen parameter (two for vanadium
[45]), Cv is the speciﬁc heat capacity (489 J kg K–1) and
Vo and V1 are the initial and current speciﬁc volumes of
the material, respectively. The pressure dependence on volume or the Hugoniot is given as:

ð8Þ

The temperature rise induced by shock compression has
been extensively analyzed and modeled in the literature
(see, for example, [44]). The shock temperature rise can
be calculated using the following equation:


c
P ðV o  V 1 Þ
T s ¼ T o exp o ðV o  V 1 Þ þ
2C v
Vo
h
i
co



exp V o V 1 Z V 1
co
co
þ
P exp
V 2  ðV o  V Þ dV
2C v
Vo
Vo
Vo

C o ðV o  V Þ
½V o  SðV o  V Þ2

V1 can be calculated from the relationship [44]:
"sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
#
C 2o
4PSV o 2SðS  1ÞV o P
1þ
þ
1
V1 ¼
C 2o
2PS 2
C 2o

ð10Þ

ð11Þ

The melting temperature (determined from the Clausius–Clapeyron relation) and the shock temperature rise
as a function of pressure are given in Fig. 6. The melt curve
determined by the Clausius–Clapeyron relation (red solid
line) is in agreement with experimental work carried out
by Jephcoat et al. [46]. Their work was, however, conﬁned
to pressures up to 100 GPa. Interestingly, our modeling
captured the surprisingly small melting slopes seen in bcc
metals, which were clearly documented in extensive work
by Errandonea et al. [47]. The predicted shock temperature
proﬁle (solid black line) is in agreement with data reported
by McQueen et al. [48] up to a pressure of 160 GPa,
where it begins to deviate. The plot shows that vanadium
remained solid up to a pressure of 150 GPa, after which
it melted. Our predicted melting pressure of 150 GPa is
lower than results obtained experimentally by Dai et al.
[49], who determined a melting pressure of 250 GPa.
We also plotted the release curve for vanadium from
McQueen et al. [48]. The release curve lies below the melt
curve, suggesting that any material that melts under shock
will be quenched back to the solid state upon release.

ð9Þ

Fig. 5. Calculation of spall strength from reﬂected pulse at free surface.

Fig. 6. Shock temperature rise and melting temperature as a function of
pressure.

Please cite this article in press as: Jarmakani H et al. Laser shock-induced spalling and fragmentation in vanadium. Acta Mater (2010),
doi:10.1016/j.actamat.2010.04.027

ARTICLE IN PRESS
H. Jarmakani et al. / Acta Materialia xxx (2010) xxx–xxx

3.3. Characterization of samples
Analysis and characterization of the samples were carried out by optical and scanning electron microscopy
(SEM), and the ﬁndings are presented in four sections in
the order of increasing thickness of the samples: polycrystals 75 (Section 3.3.1), 127 (Section 3.3.2) and 250 lm
(Section 3.3.3) thick and 250 lm thick monocrystals
(Section 3.4).
3.3.1. Experiments on 75 lm thick targets
Three 75 lm thick samples were laser-shocked at energy
levels of 167, 199 and 290 J and at an initial pulse duration
of 3 ns. Almost complete blow-oﬀ occurred in all the samples, as shown in Fig. 7a, except for small portions around
the hole in the washer that remained. Fig. 7b shows an
SEM image of the surface of the “lip” that remained after

7

irradiation in the 167 J experiment. The exposed grains
from the spall region show the characteristic elongated
conﬁguration. The blow-oﬀ surfaces of the samples where
vanadium was ejected revealed a ﬂaking phenomenon
mostly attributed to grain boundary separation. Separation
along grain boundaries can also be clearly seen in Fig. 7c,
for 199 J, which also captures grain elongation along the
rolling direction.
The samples shocked at 167 and 290 J had glass shields
placed behind them, whereas the sample shocked at 199 J
had an aerogel set-up (aerogel experiments are not discussed in this study). Because of their thinness, a signiﬁcant
amount of vanadium was ejected onto the glass shields as
compared with samples having a greater thickness. Most
of the damage and rubble was collected at the center of
the glass shields. Fig. 8 shows micrographs of the damage
on the surface of the glass shields induced by vanadium

Fig. 7. (a) 75 lm thick polycrystalline specimen after laser shock, 167 J; (b) surface of “lip” showing elongated grains, 167 J; (c) blow-oﬀ surface of 75 lm
thick samples showing ﬂaking due separation along grains, 199 J.
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(a)

(b)

(c)

(d)

Fig. 8. Glass shields damaged by polycrystalline vanadium, 75 lm; (a) 167 J; (b) 290 J; (c) circular grid placed on glass shield for fragment quantiﬁcation;
(d) fragments per area as a function of distance from central damage.

fragments for both the 167 and 290 J experiments (Fig. 8a
and b). Clearly, the extent of damage from the ejected fragments was greater in the 290 J experiment. In order to
quantify the damage to the glass shields induced by the
vanadium fragments, a circular grid was superimposed on
the glass shield images, as shown in Fig. 8c, and the imaging software ImageJ was used to help determine the number of fragments per unit area as a function of distance
away from the central damage zone. Clearly, the plot in
Fig. 8d shows that the extent of damage (fragments per
unit area) to the 290 J glass shield was more signiﬁcant
compared with the 167 J glass shield. The experimental
data are well matched by a power function. Note the reduction in damage away from the central crater.
SEM images of the glass shields revealed that vanadium
debris collected in two forms: solid fragments and molten/
resolidiﬁed fragments. In the case of the 167 J experiment
solid vanadium fragments and “splashes” were evident
around the edges of the central crater (Fig. 9). Fig. 9a shows
the main central crater and the damage induced by the vanadium. Fig. 9b is a close-up view of an area around the crater
showing mostly vanadium ﬂakes and occasional “splashes”
(circled). It should be noted that the occurrence of resolidiﬁed vanadium around the crater was less frequent than in
the 290 J experiment. Fig. 9c shows a high density of vanadium debris around the central crater. This image is a
close-up of the area within the box highlighted in Fig. 9a.

SEM analysis of the glass shield from the 290 J experiment showed more signiﬁcant damage and greater melting
of vanadium around the edges of the central crater
(Fig. 10a). Note the radial and circumferential cracks on
the glass surface due to the vanadium fragments.
Fig. 10b shows larger vanadium fragments surrounded by
vanadium “splashes”. Fig. 10c is a higher magniﬁcation
SEM image of the resolidiﬁed vanadium. The image to
the right suggests that the vanadium particle was ejected
in liquid form from the target and formed a solid outer
shell enclosing an inner liquid core as it traveled towards
the glass shield. Upon impact the outer shell was squashed
releasing the inner liquid core around it.
It should be noted here that the melting and shock temperature rise modeling (Fig. 6) suggests that any vanadium
that melts under shock compression should resolidify upon
release, since the release curve (blue line)1 lies beneath the
melt curve (red line). As observed from the SEM results,
melting of vanadium did indeed occur in the experiments.
This implies that melting must have occurred under shock
and not release (known as high pressure melting). A survey
of the literature suggests that this phenomenon is uncommon. Furthermore, the very short pulse durations (3 ns)
in the experiments provided very little time for the material
1
For interpretation of color in Figs. 1–4, 6–13, 16–20 and 23–28, the
reader is referred to the web version of this article.
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(a)

(b)

(c)

Fig. 9. Glass shield of 75 lm polycrystalline specimen shocked at 167 J, 3 ns; (a) central crater; (b) vanadium particles near center crater; (c) vanadium
debris near central crater.

to solidify upon release, which is probably why we
observed melting on the glass shield. Melting upon impact
with the glass shield is also a likely scenario.
Energy dispersive X-ray spectroscopy (EDS) was conducted on the glass shields and the energy spectrum was
analyzed to conﬁrm the elements present. Elemental analysis of the large fragment corresponding to the dotted
square and the background/glass shield within the area of
the small solid square was conducted and conﬁrmed that
it was indeed vanadium.
3.3.2. Experiments on 127 lm thick targets
The 127 lm vanadium targets that were analyzed in this
study were subjected to the following laser energies: 209,

218, 228, 381 and 430 J. The 209 and 381 J experiments
had aerogels placed behind the targets instead of glass
shields (only the targets are studied in these cases) and
two 218 J experiments were carried out with both glass
shield and aerogel set-ups. The pulse duration in all cases
was 3 ns, except for the 218 J experiment, where it was
8 ns. The 218 and 228 J experiments provided a means to
compare the eﬀect of the change in pulse duration at comparable laser energies. In all cases, the target showed tearing away around the square laser spot and a spall surface
formed around the hole or area blown oﬀ, as shown in
Fig. 11 for one of the 218 J experiments. The vanadium
sample pertaining to the 218 J, 8 ns experiments had a
slightly larger blow-oﬀ diameter compared with the 209 J,
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(a)

(b)

(c)

Fig. 10. (a) Glass shield of 75 lm specimen shocked at 290 J, 3 ns: (a) central crater with radial and circumferential cracks; (b) Solid particles and
fragments; (c) particles that were molten upon impact, 290 J.

3 ns experiment, probably due to both the increased pulse
duration and slightly higher energy level.
More material around the laser spot survived compared
with the 75 lm thick targets (Fig. 11a). Direct interaction
of the laser beam with the vanadium surface also caused
melting. Flaking and peeling away along the grain boundaries can clearly be seen in Fig. 11b and dimpling and void
formation on the blown-oﬀ surface was also evident
(Fig. 11c), which are characteristics of ductile behavior.
These features typically form as a result of void nucleation,
growth and coalescence. The blow-oﬀ diameter increased
with pulse duration. Fig. 12 shows the increase in blowoﬀ diameter as the laser energy was increased.

The glass shields analyzed showed a clear eﬀect of the
increase in laser energy and pulse duration. Much more
damage and debris accumulated on the glass shields at
the higher energy levels. Fig. 13 shows images of the cratered surfaces of the glass shields placed behind the
127 lm thick targets. The glass shield in Fig. 13a was
placed behind the target subjected to a 218 J pulse having
a duration of 8 ns, whereas the glass shield in Fig. 13b
represents the 3 ns pulse at 228 J. The higher pulse duration does not seem to have increased the amount of damage to the glass shield. However, it resulted in larger
fragments being ejected from the vanadium targets, as
would be expected. In fact, the damage on the glass
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Fig. 11. 127 lm thick specimen after laser shock, 218 J, 8 ns; (a) overall view showing blow-oﬀ and spalled region; (b) ﬂaking due to grain boundary
separation; (c) dimples and voids.

shield subjected to the 3 ns pulse was signiﬁcantly greater.
Fig. 13c shows the surface of the glass shield behind the
target subjected to 430 J. Clearly, a greater amount of
vanadium was ejected onto the glass shield, causing more
damage. One can see the geometrically square nature of
the central damaged zone in Fig. 13c, which is due to
the square geometry of the laser focal spot incident on
the target. Fig. 13d is a plot showing quantiﬁcation of
the fragments on the glass shields. Clearly, the fragments
per unit area increased as the laser energy increased. The
experimental results were ﬁtted to power functions that
describe well the rapid rise in fragment density close to
the center of the target.
SEM images of the glass shields revealed that a more
signiﬁcant amount of vanadium melted and splashed onto
the surface in the case of the 8 ns laser pulse at the lower
energy level. Fig. 14 shows the greater degree of melting
that occurred in the 218 J, 8 ns experiment as compared
with the 228 J, 3 ns experiment. The glass shield placed
behind the target subjected to a 3 ns pulse at 430 J revealed
the greatest amount of melting (Fig. 15). At this highest
energy level tiny vanadium fragments in the form of whiskers (3 lm in length) were evident and spread around the
main cratered region.

3.3.3. Experiments on 250 lm thick targets
The 250 lm thick vanadium targets were subjected to a
laser beam at the following energies: 251, 438 and 442 J.

Fig. 12. Blow-oﬀ diameter of 127 lm thick specimens.
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Fig. 13. Glass shields placed behind 127 lm thick targets; (a) 218 J, 8 ns; (b) 228 J, 3 ns; (c) 430 J, 3 ns; (d) fragments per area vs. distance from central
crater.

Fig. 14. (a) SEM images of glass shield behind 127 lm thick target, 218 J, 8 ns; (a) damage around edges of crater; (b) splashes around central crater; (c)
molten and solid vanadium particles; (d) vanadium clumps.
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Fig. 15. SEM images of glass shield behind 127 lm thick target, 430 J, 3 ns: (a) vanadium splashing around edges of central crater (b and c) vanadium
debris, both solid and splashes; (d) vanadium whiskers.

The pulse duration in all cases was 3 ns (the 442 J experiment had an aerogel diagnostic). Because of the increased
thickness, the targets were not punctured through. Instead,
a spall plane formed on the back surface of all the 250 lm
targets where vanadium was ejected from the surface
(Fig. 16). Even the sample subjected to 50 J energy showed
complete separation. The ﬁbrous appearance of the fracture is consistent with separation along grain boundaries,
which is discussed below. Fig. 17 is a plot of the spall diameter as a function of laser energy for both the 250 lm and
127 lm targets (the spalled area around the tear-oﬀ region
is considered in the case of the 127 lm targets). The plot
shows an increase in spall diameter (and, hence, spall surface area) as the energy increased. The spall diameter in
the 127 lm targets was, however, larger than that in the
250 lm targets. The 251 J sample was sectioned and
mounted in order to better analyze the spall surface.
Fig. 18 shows cross-sections of the specimen. Flaking, separation along the grains, cracking and the formation of
voids close to the surface are evident.
Again, the glass shield placed behind the highest energy
experiment at 438 J exhibited a greater amount of damage
as compared with the 251 J experiment, as shown in

Fig. 19a and b. The plot in Fig. 19c clearly shows a greater
number of fragments in the 438 J experiment. It should be
noted that at comparable energy levels the damage accumulation on the glass shields decreased as the target thickness increased. For instance, the damage on the glass shield
placed behind the 75 lm thick sample subjected to 167 J
had much more damage than that placed behind the
250 lm sample subjected to 251 J. SEM analysis of the
glass shields placed behind the 250 lm thick samples
revealed much more melting/solidiﬁcation of vanadium at
the higher energy level of 438 J (Fig. 20).
3.4. Monocrystalline targets
The fracture morphology in the monocrystalline samples was quite diﬀerent from the polycrystalline ones. Three
marked diﬀerences were observed.
a. Fracture was characterized by both brittle and ductile
morphologies. Fig. 21b shows evidence of cleavage
on the back surface of the h1 0 0i vanadium subjected
to 36 J. This brittle fracture along [0 1 0] and [0 0 1] is
in contrast to ductile fracture in the spall, seen in
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Fig. 16. Spalling of 250 lm samples; (a) 50 J, 3 ns; (b) 251 J, 3 ns; (c) 438 J, 3 ns; (d) 442 J, 3 ns.

Fig. 21c and d. Thus, the two modes occurred simultaneously. The h1 1 0i crystal also exhibited a mixture
of ductile and brittle fracture, although the latter was
more prevalent. The arrows in Fig. 22 mark the cleavage cracks. The ductile portion of fracture diﬀers
from that in the polycrystalline samples. This can
be seen by comparing Fig. 11b with Figs. 21c and
22b. The dimples in the monocrystal were shallower,
of lesser extent and less pronounced. An interesting
phenomenon was also observed at high energies.
The fracture surface in Fig. 22d shows a pattern that
is unique and could be due to a molten or semi-molten state of the specimen.
b. The laser amplitude required to produce spalling
(spall strength) was higher in the monocrystalline
than in the polycrystalline samples. Whereas 50 J produced complete spallation in the polycrystalline sample (Fig. 16a), 86 J produced only partial separation
(incipient spallation) in the monocrystal. This can
be seen in Fig. 21a.
c. The number of fragments impacting on the glass
plate was considerably lower for monocrystals than
polycrystals. This is evident from Fig. 23 and is consistent for both orientations. If one compares these
curves, at 400 J energy, with the equivalent one in

Fig. 19 for a polycrystal having the same 250 lm
thickness one can see that the number of fragments
was considerably lower. Correspondingly, the central
impact area was much larger for the monocrystal and

Fig. 17. Spall diameter vs. laser energy.
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Fig. 18. Cross-section of 250 lm, 251 J, 3 ns showing the formation of incipient spall plane due to direct laser irradiation, ﬂaking and ductile failure on
spall plane, void formation and failure along grain boundaries.

Fig. 19. Damage induced by 250 lm thick vanadium targets: (a) 251 J, 3 ns; (b) 438 J, 3 ns.
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Fig. 20. Glass shield placed behind 250 lm thick target, 438 J, 3 ns: (a) debris and melting of vanadium around central crater; (b) melting on the surface of
a vanadium fragment forming a subcrater away from the central crater.

this is evidence that the spall did not fragment as
eﬀectively in the latter. Figs. 19b and 23b show the
same striking diﬀerence.
As discussed in the introduction, these diﬀerences are
due to the fact that the polycrystal specimens fragment
along grain boundaries, which are absent from monocrystals. This is also the reason why the monocrystal had a
higher spall strength. Thus, microstructural aspects play a
role in fragmentation.
3.5. Shadowgraph results
Gated shadowgraphy of the in-ﬂight fragments was carried out for some monocrystals. We do not claim to have
captured all the fragments but in the high energy shots
the shadowgraphs show a well-formed plume. Fig. 24

shows images, while Fig. 25 shows the corresponding
velocity distributions. A comparison of Fig. 24a and b suggests larger fragments for the h1 0 0i crystal, in agreement
with a greater propensity for cleavage for this orientation.
This indicates that cleavage leads to larger fragments, as
suggested by the break-up of the sample in Fig. 21b. These
results are also consistent with the markings on the glass
target shown in Fig. 23b and c, indicating that the h1 0 0i
crystal produced fewer fragments. One conclusion that
can be reached from a comparison of the shadowgraph
results with fragment impacts on the glass shields is that
a sizable fraction of the fragments failed to produce visible
craters on the glass surfaces. Approximately 200 fragments
were counted for the h1 1 0i crystal, whereas the number
seen in Fig. 23c is considerably lower. At the lower energies, as expected, the number of fragments and their velocities were lower (Fig. 25a and b).
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Fig. 21. Spalling of h1 0 0i monocrystals; (a) 86 J energy; (b) close-up of back surface of specimen subjected to 36 J energy showing cracks; (c) ductile
fracture in sample subjected to 198 J; (d) spall surface of sample subjected to 198 J.

3.6. Fragment size modeling
The fragmentation of materials under high rate expansion has been treated extensively by Grady and co-workers
[50–54]. The theoretical prediction of fragment size S when
solid spall is dominated by ﬂow stress is given by the Grady–Kipp (G–K) theory for ductile materials. This theory is
based on energetic considerations, where the kinetic energy
of an expanding body T and the elastic energy U are equated with the ductile fracture energy W = Yec:
T þU PW
This leads to:

1=2
8Y ec
S¼
q_e2

ð12Þ

ð13Þ

where Y is the dynamic yield stress, q is the density, ec is
the critical strain to failure and e_ is the imposed strain
rate. The strain rate in the current experiments can be
estimated from the expansion of the spalled region as
shown in the schematic of Fig. 26a. We assumed that

the spalled portion of the target was ejected in the form
of an ellipse, with major axis a, equal to 1.25 mm (the
inner radius of the washer sandwiching the target) and
minor axis b, whose critical length before failure is to
be calculated. Based on tensile experiments carried out
on vanadium by Yoshinaga et al. [55], it was determined
that vanadium fractures at a critical strain of 20%.
Thus, the total circumference length of the ejected material at fracture must be 3 mm. From the equation of
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
the perimeter of an ellipse, P  p ½2ða2 þ b2 Þ, one can
determine the length b of the minor axis (i.e. the distance
traveled by the vanadium surface before failure). The
expansion velocity can be approximated as the free surface velocity Ufs, which is equal to twice the particle
velocity at the back surface (Ufs  2Up). Knowing the
pressure at a given distance from the front surface from
Figs. 3 and 4, Up can be obtained from the Rankine–
Hugoniot (R–H) equations. Thus, strain rates can be obtained from 2Ufs/P.
Several investigators have studied the dynamic properties of vanadium under explosive loading [56], gas gun
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Fig. 22. Spalling of 250 um thick h1 1 0i monocrystal samples; (a) spall surface 392 J; (b) ductile separation; (spall surface 398 J); (d) fracture surface with
deep dimples possibly due to partial melting.

loading [57] and the split Hopkinson pressure bar technique [58]. The dynamic yield stress was established to be
480 MPa by Chabildas et al. [57], in very good agreement
with work by Bat’kov et al. [56]. The yield strength of vanadium does not seem to be very sensitive to strain rate.
Hence, we took the dynamic yield strength Y of vanadium
to be 480 MPa in our analyses. With all parameters determined, the fragment size SG–K is plotted as a function of
strain rate in Fig. 26b.
We also directly determined the vanadium fragment
sizes based on the number of fragments collected on the
glass shields. Table 4 shows the diﬀerent experiments carried out and the total number of fragments counted on
the glass shields. The total number was estimated with
the aid of the imaging software ImageJ. For simplicity,
the assumption was made in all cases that the total spall
area was pd2/4, where d = 2.5 mm (the inner diameter of
the washer), and the thickness of the fragments was equal
to the spall thickness. Dividing the spalled area by the total
number of fragments on the glass shield for all experimen-

tal cases, we were able to obtain the area of each individual
fragment. Assuming the fragments were geometrically
square and taking the square root of this area, we obtained
the fragment size Sexp. The experimentally determined fragment sizes are also plotted as a function of strain rate in
Fig. 26b.
It is clearly evident that the experimentally determined
fragment sizes were smaller than those obtained using the
G–K model by a factor of 2–3. One can get a better ﬁt
by increasing Y, but this is an uncertainty. More recent theories by Glenn and Chudnovsky [59] and Molinari and coworkers [60,61] predict values that were a factor of six
lower than the original G–K model and, therefore, it can
be said that the current experimental results are in between
these. Considering the uncertainties in experimental measurements and simplifying the assumptions in the G–K
model, the agreement is considered satisfactory. Theory
predicted and the experiments showed a decrease in fragment size with strain rate. The Sexp values were actually
in better agreement with some fragment sizes measured
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Fig. 23. Damage in monocrystalline 250 lm vanadium targets: (a–c) glass shields damaged by monocrystalline vanadium fragments: energies of 198 J
(h1 0 0i), 424 J(h1 0 0i), 392 J (h1 1 0i), respectively; (d) fragments per area as a function of distance from central damage.

from SEM micrographs of the glass shield surfaces. The
sizes obtained from the G-K theory provided an overestimate. In particular, preliminary experiments (Maddox,
unpublished results) indicate that the free surface velocity
was one-quarter of that calculated herein. The fragments
decelerated from the initial expansion velocity of the spall
because deformation and fragmentation consume energy.
This lower free surface velocity would shift the G–K curve
to the left and bring the predicted results closer to the
experimental ones.
3.7. Spall strength determination
Values for the spall strength (rspall) of vanadium are
absent in the literature, and an attempt to measure this
value was made here. Two methods of estimating the spall
strength of the specimens were used.
3.7.1. Thickness of the spall layer
This method was explained by Gilath [38] and is shown
in Fig. 5 and explained in Section 3.1. It is possible to determine rspall based on the experiments carried out on the
250 lm targets, since a spall surface clearly developed in
those experiments. We use the spall thickness measured
from the optical micrographs (as in Figs. 11 and 16) to
aid in our calculations. From the micrographs we estimated a spall thickness of 30 lm for the 251 J experiment

(and 50 lm for the 438 J experiment, ﬁgure not shown).
The basic physics of waves was used to determine the tensile stress that developed at the spall plane. This is
explained in Section 3.1 (Eq. (4)). Using the HYADES
computations we could determine the magnitude of the
tensile stresses at these depths. The estimated spall
strengths using the pulse decay calculations were 9 GPa
for the 250 J experiment and 18 GPa for the 438 J experiment (Fig. 4a and 4b). Using the HYADES computations
(Fig. 4c and 4d), the tensile stress was approximately
10 GPa. Clearly, a strain rate eﬀect on the spall strength
existed, as previously observed by others (e.g. works by
Gilath [38] and Wang et al. [62] on laser-shocked
aluminum).
3.7.2. VISAR pull-back signal
This technique is known to provide reliable estimates of
the spall strength. It was calculated from pull-back signals
in the experiments carried out on the monocrystals of
250 lm thickness. The procedure was delineated by Grady
and Kipp [63]. The following expression was used for the
spall strength (Eq. (8.7) from Grady and Kipp [63]):
1
1
rT ¼ ðZ s  Z w Þumax  ðZ s þ Z w Þumin
2
2

ð14Þ

where umax and umin are the velocities marked A and B in
Fig. 27 and the impedances of the window and specimen
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Fig. 24. Gated shadowgraphy of in-ﬂight particles ejected from: (a) h1 0 0i at 415 J, (b) h1 1 0i at 423 J, (c) h1 1 0i at 206 J, and (d) h1 1 0i at 106 J.

are Zw and Zs, respectively. Since VISAR was applied directly to the surface of the specimen Zw = 0. Thus:
1
rT ¼ q0 C 0 ðumax  umin Þ
2

ð15Þ

where q0 = 6.11  103 kg m–3 and C0 = 4560 m s–1 for
vanadium. The calculated spall strengths for the 423,
206 and 106 J experiments were 8.8, 4.8 and 5.6 GPa,
respectively. These values are consistent with the calculations using the spall plane thickness. The HYADES calculations predicted a spall strength of 10 GPa; the less
accurate calculations from the estimate predicted values
between 9 and 18 GPa. The VISAR free surface velocity
traces were also converted into pressure vs. time plots
using the R–H relations and shock equation of state
for vanadium. The results are shown in Fig. 27b and
c. The pressures at the back surface were compared with
predictions from HYADES simulations (points in plots)
and the results compared favorably.
Grady [39] developed explicit expressions for the spall
strength of condensed media. He derived an equation for

the theoretical cleavage strength, which gives an upper
bound value. The theoretical cleavage strength, which is
the highest possible value for the spall strength, is derived
from an analytical representation of the cold compression–tension curve based on a Morse potential and is of
the form [39]:
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
U coh Bo
rth ¼
8V o

ð16Þ

where Ucoh is the speciﬁc cohesive energy (10.04 MJ kg–1
for vanadium, calculated from [65,66]), Bo is the bulk modulus (160 GPa for vanadium) and Vo is the speciﬁc volume
at zero pressure. Eq. (16) gives a theoretical cleavage
strength of 35 GPa. Fig. 28 presents the theoretical cleavage strengths plotted against the bulk modulus Bo. There is
an approximate linear relation. Based on a simpler Orowan
calculation one obtains:
rth ¼

Bo
p

ð17Þ
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Fig. 25. Fragment velocity distribution from gated shadowgraphs in Fig. 24: (a) h1 0 0i at 415 J, (b) h1 1 0i at 423 J, (c) h1 1 0i at 206 J, and (d) h1 1 0i at
106 J.

This provides a value of 50 GPa for V. So, both equations provide theoretical maximum spall strengths that are
approximately proportional to the bulk modulus.
In line with this, spall results (primarily obtained in
gas gun experiments) are presented in Fig. 28 for a number of metals and compared with the G–K formulation,
originally proposed by Grady [39]. Using an energy balance analysis, Grady [39] also provided expressions for
both the ductile and brittle spall strengths of condensed
media, which provided values that were more consistent
with the experimental results using gas guns. Table 5 presents the theoretical spall strengths of various common
fcc and bcc metals. From the SEM analysis it is safe
to conclude that vanadium spalls by ductile behavior
(see Fig. 11c). In other words, the spall process involves
the nucleation, growth and coalescence of voids) and
occurs strictly through plastic ﬂow. Hence, we adopt
the Grady expression for ductile spall [39]:
rT ¼ ð2qc2o Y ec Þ

1=2

ð18Þ

where q is the density, co is the velocity of sound at zero
pressure, Y is the dynamic yield strength (480 MPa) and
ec is the critical strain (0.2). This expression gives a spall

strength of 5.5 GPa for vanadium. Fig. 28 shows the theoretical ductile spall strength of vanadium and various other
fcc and bcc metals and how they compare with the experimental results tabulated by Meyers et al. [44] from diﬀerent
sources, also given in Table 5.
Most of the theoretical ductile spall strengths of the various materials reported by Grady [39] seem to be in the
same range as the experimental values (Table 3 in Grady
[39]). It should be mentioned that these experiments were
conducted using gas guns. The experimental values
obtained herein for vanadium using lasers were higher than
the calculated Grady [39] ductile spall strengths (Eq. (18)),
by a factor of up to 2. Our results are consistent with those
of Gilath [38], who measured the spall strength of aluminum and 6061-T6 aluminum (2.5–5 GPa) at a strain rate
of 1–4  107 s–1 produced by laser shock under conditions
similar to those in the present investigation. In contrast,
gas gun measurements reported by Grady [39] at strain
rates of 104–106 s–1 showed a spall strength of 1–2 GPa
(Fig. 9 in Grady [39]).
For copper there are laser results by Moshe et al. [67]
reporting a spall strength of 9.5 GPa and results by
Schneider [68] reporting a value of 5 GPa. Both values
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Table 4
Total number of fragments counted on glass shields for various
experiments.
Sample thickness
(lm)

Laser energy
level (J)

Total no. of
fragments

75
75
127
127
127
250
250

167
290
218 (8 ns)
228
430
251
438

1031
2603
270
1150
1914
371
956

b. Spalling is a nucleation–growth–coalescence process.
The treatments developed by Curran et al. [69,70]
and applied by Deckel et al. [71] deal with this by incorporating a time and stress dependence of the concentration of nucleation sites and void growth velocity.
4. Conclusions
The following are the principal conclusions.

Fig. 26. Illustration of the expansion of the spalled surface used in the
Grady–Kipp model; (b) fragment size vs. strain rate.

are considerably higher than those reported for gas gun
experiments and using the G–K equation. In Fig. 28
two lines are drawn, corresponding to gas gun and laser
experiments.
So, there is a clear time dependence of spall strength on
strain rate (or time), which could have two possible reasons.
a. Eq. (18) has a term Y, the yield stress, which exhibits
a strain rate dependence that can be expressed, to a
ﬁrst approximation, by the power function:

Y ¼ Y0

 m
e_
e_ 0

ð19Þ

where e_ is the strain rate and m is the strain rate sensitivity. Thus, the spall strength would have a strain
rate dependence of m/2, if the other two parameters
in Eq. (19) are normalizing factors. If one considers
that the strain rates imparted by a gas gun and laser
compression are of the order of 104–106 s–1 and by laser compression of the order of 107 s–1 one would arrive at a reasonable agreement.

1. Evidence of molten and resolidiﬁed fragments was
observed, in agreement with a solid–liquid transition
induced by shock compression, which was calculated
to be 150 GPa.
2. The damage and fragment distribution were signiﬁcantly
aﬀected by laser energy. The highest intensity experiments
resulted in a high density of very small droplets distributed on the glass plate, while the lowest intensity experiments resulted in a few damaged spots on the glass plates.
3. Thicker foils (250 lm) showed incipient spall planes and
bulk deformation by shock loading, samples of intermediate thickness (127 lm) showed tearing away around the
laser spot, while the thinnest foils (75 lm) showed almost
complete blow-oﬀ due to the laser beam interaction. At
the same energy level damage accumulation on the glass
shields decreased as the target thickness increased.
4. In the monocrystalline samples there were clear diﬀerences: a higher spall strength and the appearance of
cleavage cracks associated with brittle fracture. This is
in accordance with enhancement of the ductile–brittle
transition increasing the grain size.
5. Spalling and fragmentation were found to proceed by
ductile void nucleation, growth and coalescence. The
grain boundaries were favored paths for decohesion.
6. The fragmentation was quantitatively estimated as a
function of laser pulse energy and duration and compared with the G–K analysis. The measured spall
strengths were higher, by a factor of 2–3, than the
expected results and calculations using G–K analysis.
The discrepancy can be attributed to the strain rate sensitivity of the yield stress, which is considered satisfactory in view of the experimental uncertainties and
theoretical assumptions. Other factors, such as the spall
thickness, could also play a role.
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Fig. 27. (a) Free surface velocity and (b) pressure as a function of time for Va h1 1 0i single-crystal samples at 423 J, 206 J, and 106 J. The values at A, B,
and C correspond to the peak velocity, pull-back velocity, and spall peaks. (c) Pressure as a function of distance for h1 1 0i and h1 0 0i single-crystal
samples at laser energies 426 J and 415 J, respectively, calculated using the free surface velocity measured from VISAR and V RH shock data. Single points
are peak pressure values calculated using the HYADES code.

Table 5
Theoretical and experimental spall strengths of various metals.
Element

Al
Cu
V
Fe
Ta

Bulk
modulus
(GPa)

Theoretical
cleavage stress
(GPa)

Ductile spall strength
(GPa)
Theoretical

Experimental

72
137
160
168
200

17.1
28.5
35
35
42.4

0.57–0.81
1
5.5
–
6.5

0.5–1.1
1–2.5
9–18
1.6–4.5
4.4–6.8

7. Shadowgraph pictures reveal the fragment distribution
for the monocrystalline experiments, which can be successfully correlated with the fragments measured on
the glass and polycarbonate targets and allow determination of the velocity distributions.
8. VISAR velocimetry measurements were carried out on
the monocrystalline specimens. The pressures at the
back surface were compared with HYADES predictions
and good agreement was obtained.

9. Both the spall thickness and pull-back signals from
VISAR velocimetry were used to estimate the spall
strength. The spall thickness was used in combination
with the calculated decay of the shock pulse. It was
found to be in the range of 9–18 GPa. The spall
strengths obtained from VISAR pull-back signals were
lower, in the range 5–9 GPa. These results are higher
than the experimental results obtained using gas guns
and consistent with laser compression results. The diﬀerences can be attributed to two causes.
a. The strain rate sensitivity of the ﬂow stress, incorporated in the Grady [39] prediction.
b. Spalling being the result of the nucleation, growth
and coalescence of voids/cracks, which are timedependent phenomena. (A complete analytical prediction has to involve this phenomenology, ﬁrst proposed by Curran et al. [69,70] and further developed
by Deckel et al. [71], and also discussed by Grady
[64].)
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Fig. 28. Spall strength vs. bulk modulus for various fcc and bcc metals;
comparison of theoretical cleavage strength (Grady [39], upper curve) and
experiments. Note separate curves for gas gun and laser experiments
suggesting a strong strain-rate or time dependence.
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