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Abstract

New results concerning the process of dynamic fracture of materials~spallation! by laser-induced shock waves are
presented. The Nd-glass laser installations SIRIUS and KAMERTON were used for generation of shock waves with
pressure up to 1 Mbar in plane Al alloy targets. The wavelengths of laser radiation were 1.06 and 0.53mm, the target
thickness was changed from 180 to 460mm, and the laser radiation was focused in a spot with a 1-mm diameter on the
surface of AMg6M aluminum alloy targets. Experimental results were compared to predictions of a numerical code
which employed a real semiempirical wide-range equation of state. Strain rates in experiments were changed from 106

to 53107 s21. Two regimes of spallation were evidenced: the already known dynamic regime and a new quasi-stationary
regime. An ultimate dynamic strength of 80 kbar was measured. Finally, experiments on targets with artificial spall
layers were performed showing material hardening due to shock-wave compression.
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1. INTRODUCTION

Lasers provide an unique possibility to study the character-
istics of matter in extreme states in the laboratory. This
article presents the results of investigation of the mechani-
cal properties of the AMg6M aluminum alloy under strain
rates up to 107 s21. The alloy AMg6M is made of Al with
0.3–0.6% Mn and 5.5–6.5% Mg~the last letter M stands for
“soft” !.

We determined the dynamic strength of matter by study-
ing the spallation phenomena~Zel’dovich & Raizer, 1967;
Bushmanet al., 1993! as shown in Figure 1. The experimen-
tal results included the upper limit of dynamic strength of
the material under investigation. Two different regimes of
dynamic fracture were evidenced.

Under the action of a short, intensive laser pulse focused
on the target surface, a strong shock is formed and propa-
gates into the target~see Fig. 2!. The shock wave reflects

from the rear surface of the target and transforms into a
negative pressure pulse travelling backwards in the mate-
rial. This pulse quickly increases up to a maximum value
and then slowly drops down. A tensile stress~negative pres-
sure! is then created which can exceed the dynamic strength
of the material at some distance from the rear surface of the
target~betweenh1 andh2, see Fig. 2!. The thickness of the
fracture~spallation! zone is zonedh 5 h1 2 h2 ~see Fig. 2!.
Here the spallation process can occur, that is, the fracture of
the material and the separation of a rear layer of the target.
To determine the value of the spall strength, we experimen-
tally measured~1! the spall layer thicknessh1 ~or h2!, and
~2! the timetarr at which the spall layer arrives at the elec-
trocontact sensor at a fixed distanceL ~see Fig. 3!. These
experimental results were there compared to, and analyzed
with, the help of numerical calculations of the pressure evo-
lution in the spall plane.

The targets with an artificial spall layer consists of two
layers ofAl alloy glued together. The thickness of the glue is
a few microns, while the thickness of the artificial spall
layer is 8–50mm and the thickness of the main target is
210–400mm.
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2. EXPERIMENTS

The experiments were carried out with the Nd-glass laser
installations KAMERTON and SIRIUS~General Physics

Institute of the Russian Academy of Sciences!. The param-
eters of KAMERTON are the following: radiation wave-
length 0.53mm, maximum energy in the pulse up to 100 J,
duration of the laser pulse 2.5 ns. The parameters of SIRIUS
are: wavelength 1.06mm, maximum energy up to 60 J,
duration of laser pulse 5–80 ns, and the laser pulse may have
Gaussian, square, or triangular shapes. For reducing bound-
ary effects, the targets had a salient on their rear side, with a
thickness approximately equal to the expected maximal value
of the spall layer~100 mm!. Targets had a thickness in the
range 180 to 460mm. The laser focal spot diameter was
1 mm. The thickness of the fracture zonedh is equal to
2–50mm.

The scheme of the experiments is shown in Figure 3: the
time at which the spall layer reaches the electrocontact sen-
sor aligned at distanceL is measured with a Tektronix TDS-
744A oscilloscope. The distanceL in the experiment was
changed from 110 to 880mm.

3. NUMERICAL MODELING

Target design was optimized by using a two-dimensional
numerical code which takes into account elastic and plastic
processes~Ivanov & Petrov, 1992!. A one-dimensional hy-
drodynamic numerical code~Semenov, 1997! with a wide-
range real equation of state~EOS! for aluminum~Bushman
et al., 1993! was used for modeling the shock-wave inter-Fig. 1. Results of the laser-induced spallation process. When the ablation

pressure on the front surface of the target increases, it is possible to observe
~top to bottom!: the appearance of spallation in the center of the target~154
kbar!, its development~187 kbar!, and its completion with the full separa-
tion of a spall layer from the target~247 kbar!. Here 154, 187, and 247 kbar
are the values of ablation pressures on the front sides of the targets. In this
experiment, the maximum value of ablation pressure was 686 kbar. These
should not be confused with the value of 80 kbar, that is, the negative
pressure~spall strength! in the plane of spallation.

Fig. 2. The scheme of shock wave interaction with the target. 1: shock-
wave front, 2: fracture zone,D: velocity of the shock-wave front, andw:
velocity of rear side of target.

Fig. 3. The scheme of the experiment. 1: laser beam, 2: target, 3: spall
layer, 4: electrocontact sensor, 5: oscilloscope.vsp is the velocity of the
spall layer. 5: Here U5 9 V and C5 0.01mF.
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action with targets~Bataniet al., 1999a,b!. In the calcula-
tions, we assumed that the temporal shape of the pressure
pulse is the same of the laser pulse. The ablation pressureP
was estimated using well-known scaling laws:

P ~kbar! 5 28 ~I01011!1.5 for 4 3 1010 , I , 3 3 1011

following Vovchenkoet al. ~1994! and

P ~Mbar! 5 14 ~I01014!702l2209

for 3 3 1011 , I , 4.53 1012

P ~Mbar! 5 12 ~I01014!203l203Z3016

for 4.53 1012 , I , 2 3 1015 andZ 5 4 2 14

~Dahmani, 1993!. HereI is intensity of laser radiation on the
surface of target measured in watts per centimeter squared,
l is the laser wavelength in microns, andZ is the atomic
number of the target material.

The numerical modeling allows to calculate the nonsta-
tionary distribution of the thermodynamic parameters in the
target material under the action of a pressure pulse. Calcu-
lation of the pressure evolution in the various cross sections
of the target shows that near the rear target surface, the
negative pressure pulse has a sharp front and long tail, while
inside the target, the negative pressure pulse becomes more
symmetric.

4. MAIN EQUATION FOR tsp

The method for determining the time of spallationtsp is
based on comparing the experimental data and the numeri-
cal modeling.The thickness of the spall layer,hsp~5h1orh2!,
and the arrival time of the spall layer at the electrocontact
sensortarr were experimentally measured. The profiles of
pressureP~t ! in the spall planeshsp, and the value of the
strain rate

V̂ 5
1

r0

dr

dt

were obtained from the numerical modeling, Herer0 is the
initial density of matter. To determinetsp we solved nonlin-
ear equation

tsp1 L0vsp 5 tarr ~1!

where

vsp5 SE
0

tsp

P~t !dtDYmsp,

andmsp5 r0hsp is the mass of spall layer per unit of target
surface. Heret 5 0 corresponds to the arrival of the laser
pulse on the target front side.

After determiningtsp, we calculated the spall strength
s * as

s * 5 6P~tsp!6

in the planehsp.

It was proposed that the process of material fracture oc-
curs instantaneously when the negative pressure in a defi-
nite cross section of target is more than the material strength.
In reality the process of target fracture in a spall plane has a
finite time duration. The method used permits us to measure
only an average value of this time duration when a narrow
spall disc separates from the target. The improvement of the
method must include direct measurement of the velocity of
the spall layer.

Fig. 4. The pressure profiles~P 5 P~t !! in the fracture plane in case of
dynamic~a! and quasi-stationary~b! regimes of spallation according to the
results of simulations. Also shown the timetsp, found by means of Eq.~1!.

Fig. 5. The dependence of the spall strength of an AMg6M aluminum
alloy versus strain rate in the dynamic regime of spallation. The explosive
data were taken from Bushmanet al.~1993!. The static ultimate strength is
3.4 kbar. The LSM fit is obtained with the method of least squares.
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5. RESULTS

5.1. Dynamic regime of spallation

In the dynamic regime, spallation appears before the nega-
tive pressure pulse has reachedts maximum, as shown in
Figure 4a. The values of the laser spall strengths * are
shown in Figure 5. Explosive experimental measurements
~Bushmanet al., 1993! for the same alloy are also shown
in this figure. Dynamic spall strengths * increases mono-
tonically up to values of strain ratêV ' 107 s21:

s * ~kbar! 5 0.74~V̂!209,

where the strain ratêV is measured in s21. Then the spall
strength increases sharply up to a value'80 kbar. This
value is the ultimate strength of the AMg6M aluminum
alloy. The experiments done with artificial spall layers~low-
er curve! show that hardening of the material occurs in the
plane of contact between the artificial spall layer and the
target surface. Indeed in this case the artificial layer is glued
to the main target and, initially, in the plane of contact, the
strength of material is less then static strength~3.4 kbar!.
The experimental data for artificial targets show that dy-
namic strength is greater then static value~except the two
first points on the curve in Fig. 5!. We conclude therefore
that this shows that there is material hardening.

5.2. Quasi-stationary regime of spallation

In this case, spallation occurs after the negative pressure
pulse has reached its maximum. The material is then in an
elongated state during the timeDt 5 tsp2 t1, wheret1 cor-
responds to the beginning of the negative pressure pulse
~Fig. 4b!. Results of experiments in which the negative
pressure pulse has a quasi-stationary behavior are shown in
Figure 6. In this case, the spall strengths * decreases when
the duration of the negative pressure pulseDt is increased:

s * ~kbar! 5 7 3 102 ~Dt !2504

whereDt is measured in nanoseconds.
Experiments done with artificial spall layers~lower curve!

confirm that also in the quasi-stationary case we have hard-
ening of the material in the plane of contact between the
artificial spall layer and the target.

6. CONCLUSIONS

1. It was found that two regimes of spallation can exist:
dynamic and quasi-stationary.

2. The ultimate dynamic strength of the investigated
AMg6M aluminum alloy was measured for the first
time.

3. Experiments with artificial spall layers have shown
that hardening of material induced by shock-wave com-
pression takes place.
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