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An increase of the spall strength in aluminum, copper, and Metglas
at strain rates larger than 10 7 s21
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Measurements of the dynamic spall strength in aluminum, copper, and Metglas shocked by a
high-power laser to hundreds of kilobars pressure are reported. The strain rates in these experiments
are of the order of 107 s21, which cannot be reached in impact experiments. The free-surface
velocity behavior associated with spallation is characterized by oscillations caused by the
reverberations of the spall layer. An optically recording velocity interferometer system was
developed to measure the free-surface velocity time history. This diagnostic method has the
advantages of being a noninterfering system and produces a highly accurate continuous
measurement in time. The spall strength was calculated from the free-surface velocity as a function
of the strain rate. The results show a rapid increase in the spall strength, suggesting that a critical
phenomenon occurs at strain rates;107 s21, expressed by the sudden approach to the theoretical
value of the spall strength. ©1998 American Institute of Physics.@S0021-8979~98!08308-X#
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I. INTRODUCTION

This paper presents an experimental study of the
namic behavior of materials shocked to hundreds of kilob
pressure. In the experiments reported here, the measure
of the resistance of solids to dynamic fracture relies on
detection of the spall phenomenon.

A high-power laser pulse induces a pressure wave
solid target. The peak of the pressure wave results in a sh
front, while its rear decreasing slope induces a rarefac
wave into the shocked material. The failure mode occ
upon the reflection of the shock wave from the free surfa
When the shock wave reaches the free surface, the c
pressed material expands freely and accelerates the surfa
the velocityufs52•up , whereup is the particle velocity~the
mass velocity in the shocked material!. The expansion lead
to material straining, and therefore, to a deceleration of
surface. The superposition of the two rarefaction waves,
tail of the initial pressure wave and tensile stress wave, r
ning in opposite directions, yields a residual stress wh
amplitude increases with the distance to the free surfa
When this stress exceeds the material strength, spalling
curs in a plane parallel to the free surface. The expan
material of the spall region bounces back from the spall s
face, generating another pressure wave moving in the di
tion of the original shock wave and accelerates the free
face. This second pressure reaches the free surface a
reflected as a stress wave. The wave reverberations in
spall region are superposed to the surface velocity at
moment of the rupture and are then damped down du
dissipative losses. The spall pressure or the material stre

a!Electronic mail: henis@ndc.soreq.gov.il
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is determined from the measurement of the free-surface
locity time history.

An optically recording velocity interferometer syste
~ORVIS! was developed to measure the time evolution of
free surface.1,2 This diagnostic method provides an accura
continuous measurement of the surface velocity, having a
the advantage of being noninterfering with the motion of t
shocked target.

We used aluminum, copper, and Metglas 2605TC
~Fe78B13Si9!, an amorphous alloy, as targets. The sp
strengths were measured as a function of the strain rate.
the laser-induced shock waves reported here, strain rate
107 s21 are realized, higher than the strain rates reache
experiments using impact of a projectile on a target, exp
sive generator, or powder gun. The experiments are
scribed in Sec. II. The spall pressure is calculated in Sec
from the measured time dependence of the free-surface
locity, using the acoustic approximation. In addition, t
time dependence of the pressure inside the target was c
lated by integrating the equations of motion describing
interaction between the two rarefaction waves.

The fracture morphology was studied by means of sc
ning electron microscopy. The mechanism of fracture in a
minum and copper is dimple rupture~microvoid coales-
cence!, typical to ductile materials. The spall in Metglas
characterized by a vain pattern and a cellular pattern, in
cating the brittleness of the material.

The results of the experiments reported here show
rapid increase of the dynamic spall strength with the str
rate, at strain rates of the order of 107 s21. This behavior is
different compared to the much smaller spall strength–st
rate dependence3 up to strain rates of 107 s21.
4 © 1998 American Institute of Physics
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FIG. 1. Schematic description of the ORVIS and the laser-induced shock waves experiment; M1, M2, and M3: mirrors; L1, L2, L3, L4, and L5: lenses; BS1
and BS2: beam splitters; ET: e´talon; P1 and P2: prisms; SH1 and SH2: shutters; and PD: photodiodes.
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II. EXPERIMENTS

The experimental setup for the free-surface veloc
measurements was described in Ref. 2 and is shown in
1. The main laser system that generates the shock wav
based on a Continuum NY-60 Nd:YAG oscillator followe
by one triple-passed and one double-passed glass amp
The laser operates at a wavelength of 1.06mm, pulse width
~full width at half maximum! of 2 and 5 ns and energy in th
range ~10–80! J and is focused to a spot diameter in t
range ~200–1000! mm. The laser irradiance in the exper
ments reported here was of the order of 1013 W/cm2. The
diagnostic interferometric system consists of an argon–
laser focused to 50mm on the rear surface, aligned acc
rately with the spot of the main laser beam. The light
flected from the moving free surface undergoes a Dop
shift proportional to the velocity of the free surface. The lig
is collected, collimated, and reflected into a Michelson int
ferometer. The beam splitter divides the beam into two n
equal legs. An e´talon is placed in the route of one of the leg
The two beams are back reflected and then recombine.
recombination of the two beams produces an interfere
pattern of parallel fringes. These fringes are generated f
light, which was reflected from the target at two differe
times. Therefore, when the target is moving the fringes
shifted. The interference pattern is imaged by a cylindri
lens to a set of bright spots on the entrance slit of a str
camera. The time resolution of most of the experiments
ported here was 70 ps. The interference pattern is analy
with an image processing system, including a cool char
coupled device camera, a frame grabber, and a PC.

The velocity history of the moving free surface is dete
mined from the change in the interference pattern. T
fringes move in a direction perpendicular to their orientat
when the velocity changes with the direction depending
the sign of the velocity change. The velocity of the movi
surface is related to the vertical positiony(t) of the interfer-
ence pattern as a function of time:1,4,5
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. ~1!

l is the laser wavelength,d is the fringe spacing,Le is the
length of the e´talon, n its index of refraction, andc is the
speed of light in vacuum. (11d) is a correction term due to
the wavelength dependence of the refractive index of
étalon material. In the experiments here,d50.034 at the ar-
gon laser wavelength 514.5 nm.

The fringe pattern representing the free-surface veloc
in an experiment with a 5 ns, 68 J laser pulse focused to
500 mm diam spot and a 50mm thick aluminum target is
shown in Fig. 2. Time is increasing from left to right. Th
full time scale of Fig. 2 is 5.6 ns and the distance betwe
two fringes~the fringe constant! is 0.301 km/s. The fringes
are parallel to the time axis before the free surface underg
acceleration, then the fringe pattern starts shifting, indicat
the acceleration of the free surface. Figure 3 shows the fri
pattern of an aluminum target, measured in an experim
with a 7 ns, 60 J laser pulse focused to a 500mm diam spot,
when the free-surface velocity is monitored during 30
The fringe constant is 0.435 km/s. The time resolution in t
experiment was of the order of 0.5 ns. The signature of
wave reverberations in the spall region are seen in the o
lations of the fringe pattern in Fig. 3. The fringe patte
representing the free-surface velocity, in an experiment w
a 2.2 ns, 34 J laser pulse focused to a 250mm diam spot and
a 38mm thick copper target is shown in Fig. 4. In addition
metallic materials, we studied the spall phenomenon
amorphous alloys. The fringe pattern of a 25mm thick Met-
glas target irradiated with a 2.2 ns, 26 J laser pulse focuse
a 500mm diam spot is shown in Fig. 5. The fringe consta
corresponding to the fringe pattern shown in Figs. 4 and
0.301 km/s. One can see that the amplitude of the osc
tions in the fringe pattern is higher in Metglas than for t
two metallic materials studied here.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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In all the experiments reported here the spot size was
almost an order of magnitude larger than the foil thicknes
resulting in the one-dimensional geometry of the shoc
waves propagating through the target.

FIG. 2. The interference pattern obtained with the ORVIS in an experime
with a 50mm thick aluminum foil irradiated by a 68 J, 5 ns laser pulse. The
full time scale is 5.6 ns and the fringe constant~the distance between two
fringes! 0.301 km/s.

FIG. 3. The interference pattern obtained with the ORVIS in an experime
with a 50mm thick aluminum foil irradiated by a 60 J, 7 ns laser pulse. The
full time scale is 30 ns and the fringe constant 0.435 km/s.
Downloaded 06 Mar 2003 to 132.66.16.12. Redistribution subject to AI
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III. THE SPALL PRESSURE CALCULATION

The spall strength was determined from the measure
time dependence of the free surface by two methods: First,
the acoustic approximation6 the spall strength is

Pspall5
1
2r0c~umax2umin!. ~2!

nt

nt

FIG. 4. The interference pattern obtained with the ORVIS in an experime
with a 38mm thick copper foil irradiated by a 34 J, 2.2 ns laser pulse. Th
full time scale is 5.6 ns and the fringe constant 0.301 km/s.

FIG. 5. The interference pattern obtained with the ORVIS in an experime
with a 25mm thick Metglas foil irradiated by a 26 J, 2.2 ns laser pulse. The
full time scale is 5.6 ns and the fringe constant 0.301 km/s.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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r0 is the initial density of the target,c is the sound velocity,
umax is the peak velocity of the free surface, andumin is the
first minimum in the free-surface profile.

The time dependence of the pressure inside the ta

FIG. 6. ~a! The free-surface velocity as function of time corresponding
the fringe pattern displayed in Fig. 2.~b! The minimum pressure as a func
tion of time vs the Lagrangian coordinate for the experiment shown in
2. ~c! The pressure at the spall position as a function of time for the exp
ment shown in Fig. 2.
Downloaded 06 Mar 2003 to 132.66.16.12. Redistribution subject to AI
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was calculated by integrating the equations of motion
scribing the interaction between the two rarefaction wav
The momentum conservation is given by

]u

]t
1

1

r0

]P

]h
50. ~3!

.
i-

FIG. 7. ~a! The free-surface velocity as function of time corresponding
the fringe pattern displayed in Fig. 3.~b! The minimum pressure as a func
tion of time vs the Lagrangian coordinate for the experiment shown in F
3. ~c! The pressure at the spall position as a function of time for the exp
ment shown in Fig. 3.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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4008 J. Appl. Phys., Vol. 83, No. 8, 15 April 1998 Moshe et al.
h is the Lagrangian coordinate,h5*0
x(r/r0)dx, u is the

particle velocity,P is the pressure,r0 is the initial density,
andr is the density.

A general solution of the wave equation describing
two waves running in opposite directions is

FIG. 8. ~a! The free-surface velocity as function of time corresponding
the fringe pattern displayed in Fig. 4.~b! The minimum pressure as a func
tion of time vs the Lagrangian coordinate for the experiment shown in
4. ~c! The pressure at the spall position as a function of time for the exp
ment shown in Fig. 4.
Downloaded 06 Mar 2003 to 132.66.16.12. Redistribution subject to AI
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P~h,t !5 f 1S h

c
1t D1 f 2S h

c
2t D . ~4!

Using the boundary conditionP50 at the free surface,h
50, we obtain:

.
i-

FIG. 9. ~a! The free-surface velocity as function of time corresponding
the fringe pattern displayed in Fig. 5.~b! The minimum pressure as a func
tion of time vs the Lagrangian coordinate for the experiment shown in F
5. ~c! The pressure at the spall position as a function of time for the exp
ment shown in Fig. 5.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp



4009J. Appl. Phys., Vol. 83, No. 8, 15 April 1998 Moshe et al.

Downloaded 06 M
TABLE I. Summary of the shots displayed in Figs. 2–9.

Target
material

Target
thickness

~mm!
Laser

energy~J!

Laser
pulse

duration
~ns!

Streak
camera

full time
scale~ns!

Fringe
constant
~km/s!

Shot
displayed
in Figs.

Al 50 68 5 5.6 0.301 2,6
Al 50 60 7 30 0.435 3,7
Cu 38 34 2.2 5.6 0.301 4,8
Metglas 25 26 2.2 5.6 0.301 5,9
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The pressure in the target as a function of the free-sur
velocity measured in the experiment is obtained by us
Eqs.~3! and ~5!:

P~h,t !52
r0c

2 FufsS h

c
1t D2ufsS 2

h

c
1t D G . ~6!

The spall strength expression given by Eq.~2! results from
Eq. ~6! if

hspall

c
1tspall5t~umax!, 2

hspall

c
1tspall5t~umin!. ~7!

A time and length scale for the spall result

tspall5
1
2•@ t~umax!1t~umin!#,

~8!
hspall5

1
2•c•@ t~umax!2t~umin!#.

The strain rate was calculated by

ė5
dufs

dt U
t5tspall

•

1

2c
. ~9!

The sound velocityc for aluminum and copper was take
from the SESAME equation of state.7 The sound velocity for
Metglas was taken from Ref. 8.

The data analysis for the experiments displayed in F
2–5 is shown in Figs. 6–9. Figure 6~a! shows the experimen
tal data, i.e., the free-surface velocity of the aluminum foil

FIG. 10. The spall strength as a function of the strain rate in aluminu
ar 2003 to 132.66.16.12. Redistribution subject to AI
ce
g

s.

s

a function of time. The minimum pressure~for all times!,
calculated using Eq.~6!, at every Lagrangian coordinateh, is
plotted in Fig. 6~b!. The coordinate corresponding to the fir
minimum in Fig. 6~b! is identified with the spall position
The minimum pressure as the function of time at the sp
position is plotted in Fig. 6~c!. The data analysis obtaine
from the fringe pattern of aluminum shown in Fig. 3,
plotted in Fig. 7. In this experiment, the free-surface veloc
is measured during 30 ns~while in the other experiments
only about 6 ns!.

Figure 8 displays the measured free-surface velocity,
minimum pressure versus the Lagrangian coordinate, and
minimum pressure as a function of time corresponding to
copper fringe pattern shown in Fig. 4. The results for t
Metglas target are plotted in Fig. 9. It is seen that for t
amorphous alloy the pullback velocity (umax2umin) is a
larger fraction of the peak free-surface velocity than for t
metallic targets. Table I summarizes the shots displayed
Figs. 2–9.

IV. RESULTS AND DISCUSSION

The spall pressure was calculated by the method
scribed above. The spall pressures for aluminum and cop
are plotted as a function of the strain rate, in Figs. 10 and
These figures display also other experimental results9,10 per-
formed at lower strain rates than the range studied here
the theoretical11 spall strength of solids. The data shown
Figs. 10 and 11 can be fitted to

FIG. 11. The spall strength as a function of the strain rate in copper
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Pspall5P0•arctan~ ėt01e0!1P1 . ~10!

For example, the fit parameters for aluminum are

P0599 kbar, P1514 kbar,

e050.04, t054.731029 s.

The spall strength in MetglasPspall5~58.564.1! kbar was
calculated using the sound velocityc54 km/s, estimated
from the experiments.

Pth , the theoretical spall strength of solids considers
teratomic interactions forces only and can be estimate11

from Ucoh, the cohesive energy per gram, the normal den
r0 , and the bulk modulusB0 :

Pth5AUcohB0r0

8
. ~11!

For Al and Cu Eq.~11! yields 171 and 285 kbar accordingly
about one order of magnitude more than the spall stren
measured at strain rates in the range (103– 106)s21. This
occurs due to the fact that the mechanical properties of so
are controlled by lattice imperfections and dislocatio
which weaken the materials.

It is seen in Fig. 10 that the spall strength varies slow
with the strain rate in the range (103– 106)s21. For example,
in aluminum the spall pressure changes from 7 to 15 kba
the strain rate range (103– 106)s21.

FIG. 12. The rear surface in Metglas at a magnification of 36, showing
spall morphology.

FIG. 13. Vein pattern in the fracture surface in Metglas at a magnificatio
3000.
Downloaded 06 Mar 2003 to 132.66.16.12. Redistribution subject to AI
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In contrast to this behavior, in the experiments repor
here, a rapid increase in the spall strength of Al from 7 to
kbar is observed in the strain rate range (93106– 4
3107)s21. The measured spall strength in copper increa
from 30 to 90 kbar in the strain rate range (107– 2.5
3107)s21.

The results of the experiments reported here suggest
a critical phenomenon occurs at strain rates of about 107 s21,
expressed by a sudden approach to the theoretical valu
the spall strength.

The fracture morphology of the spall was studied
means of scanning electron microscopy. Figure 12 show
picture of the Metglas rear surface with a magnification
36. Cracks and secondary cracks are seen in the frac
surface, indicating the brittleness of the material. Parts of
fracture surface in Metglas are seen in Figs. 13 and 14
magnification of 3000 and 10 000. The absence of dislo
tions in the amorphous alloy prevents significant plastic
formation before fracture. The deformation in amorpho
metals is classified into homogeneous flow and nonhomo
neous flow. The nonhomogeneous flow is characterized
the veins pattern seen in Fig. 13. Figure 14 shows that s
of the fracture displays a cellular pattern. This kind of patte
was reported after hydrogenation of amorpho
Fe40Ni38Mo4B18 and was related to an embrittlement as
result of heterogeneous nucleation of local plas

e

f

FIG. 14. Cellular pattern in the fracture surface in Metglas at a magnifi
tion of 10 000.

FIG. 15. Microvoid pattern in the fracture surface in aluminum at a mag
fication of 3000.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp



er
gn
ch

s
st
an
, t
ou
ha

gth

ry
S.

d

ian,

nd

D.

ifi

4011J. Appl. Phys., Vol. 83, No. 8, 15 April 1998 Moshe et al.
deformation.12 The fracture surface in aluminum and copp
which are fcc metals, are seen in Figs. 15 and 16 at ma
fications 3000 and 1000. These figures show that the me
nism of fracture seems to be dimple rupture~microvoid coa-
lescence!, typical to ductile materials. The microvoid
nucleate in the material at areas of localized high pla
deformation, such as that associated with inclusions
grain boundaries. As the load on the material increases
microvoids grow, coalesce, and eventually form a continu
fracture surface. The microvoids in copper are smaller t

FIG. 16. Microvoid pattern in the fracture surface in copper at a magn
cation of 1000.
Downloaded 06 Mar 2003 to 132.66.16.12. Redistribution subject to AI
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in aluminum, suggesting a larger value of the spall stren
in copper than in aluminum.
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