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Abstract.  New experimental data are obtained concerning the 
character of spallation and the mechanical strength of targets made 
of aluminium, aluminium – magnesium alloy (AMg6M), polymeth-
ylmethacrylate (PMMA, plexiglass), tantalum, copper, tungsten, 
palladium, silicon, and lead under the impact of laser radiation with 
the duration 70 ps. The specific features of the spallation phenom-
enon, in which the separation of a part of the target substance 
occurs at the back surface as a result of the effect of negative pres-
sures (tensile stresses) in the substance, are experimentally studied. 
To determine the time moment of spallation, the electrocontact 
method of measuring the velocity of the spalled layer is developed 
and implemented. The obtained results show that the values of spall 
strength of the studied materials at moderate amplitudes of the 
shock-wave effect agree with the known literature data, while at 
higher pressures the growth of spall strength is observed, which is an 
evidence of the material hardening. The results of the studies dem-
onstrate that the dynamic strength of a substance depends on both 
the duration and the amplitude of the shock-wave impact on the 
target.

Keywords: laser radiation, picosecond duration, ablation pressure, 
shock wave, negative pressure, spallation phenomenon, strain rate, 
ultimate strength, numerical modelling.

1. Introduction

The interest in studying the substance in the region of nega-
tive pressures is related to the fact that it provides new data on 
the equations of state, phase transitions, polymorphous trans-
formations,  and mechanisms  of material  destruction  under 
the  tensile  stresses  in  the  regions  of  the  phase  diagram not 
studied  before  [1].  Currently  the major  interest  is  attracted 
by  the  shock-wave  pico-  and  femtosecond-duration  impact 
on studied targets, which allows advancing into the region of 
ultimately short-time tensile stresses.

The present paper reports the results of the study of the 
character of spallation and the dynamic mechanical strength 
of aluminium(Al), aluminium – magnesium alloy  (AMg6M), 

polymethylmethacrylate  (PMMA,  plexiglass),  tantalum  (Ta), 
copper (Cu), tungsten (W), palladium (Pd), silicon (Si), and 
lead (Pb) targets irradiated by laser pulses with the duration 
70 ps, when the material strain rate up to 4 ́  108 s–1 is achieved. 

To obtain the data on the dynamic mechanical strength of 
the studied materials,  the spallation phenomenon was used, 
which occurs at the back (free) side of the target as a result of 
back-reflection of the pressure pulse, generated by the impact 
of the laser radiation pulse at the front surface of the target 
[2]. As a result of the reflection, the free surface of the target 
begins to move, which gives rise to the propagation of a wave 
of rarefaction in the opposite direction to the wave of compres-
sion. At a certain distance from the back surface the negative 
pressure (tensile stress) in the target may exceed the ultimate 
tensile strength of the material, giving rise to the formation of 
the spalled layer, which is separated and flies away from the 
initial sample. To determine the spall strength and strain rate 
of  the material, we used  the approach, based on measuring 
the depth of the resulting well, left by the spalled piece after 
the pulsed laser action on the target, and the velocity of the 
spalled  layer with subsequent mathematical modelling of  the 
shock-wave process within the studied target. 

2. Experimental conditions

The  experiments  were  carried  out  using  the  ‘Camerton-T’ 
setup at the A.M. Prokhorov General Physics Institute, RAS. 
The parameters of  the setup were as  follows:  the active ele-
ment  was  the  neodymium  phosphate  glass,  the  operating 
wavelength  was  0.527  mm  (the  second  harmonic),  and  the 
pulse duration was 70 ps. The energy  in the  laser pulse was 
varied from 0.1 to 1.5 J. The output laser beam with the diam-
eter  75  mm  was  focused  by  means  of  the  two-component 
objective onto the targets into a spot with the diameter from 
0.2  to  0.8 mm  in  correspondence with  the  target  thickness, 
necessary  to provide one-dimensionality of hydrodynamical 
flows in the studied samples. The intensity distribution of the 
laser radiation in the region of focusing was close to uniform. 
The  maximal  flow  density  of  the  laser  radiation  energy 
approached 6.2 ́  1013 W cm–2, and the ablation pressure attained 
13.5 Mbar.  The  plates  of  the  studied  materials  having  the 
thickness from 50 to 380 mm were used as targets. The target 
materials  were  high-purity,  except  the  palladium  that  con-
tained some amount of carbon and oxygen impurity. 

To determine the instant of the spallation event tsp, which 
is  important  in  the  experiments  with  large  amplitudes  of 
shock-wave  action,  we  used  the  electrocontact  method  of 
measuring the velocity of motion of the spalled layer [3]. In 
the general case in order to find the spallation instant tsp it is 
necessary to use the nonlinear equation
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tsp + L/wsp = t1.

Here L is the spatial separation between the back side of the 
target and the electrocontact sensor (in our experiments L = 
0.78 mm), and t1  is the time, during which the spalled layer 
reaches the electrocontact sensor. The velocity of the spalled 
layer is calculated using the formula

( ) ,dw m P t t1
sp

sp

t

0

sp

= y

where P(t) is the profile of pressure in the plane of spallation, 
and msp = r0 hsp is the mass of the spalled plate with the thick-
ness hsp per unit area. Numerical calculations show that during 
the  free motion  of  the  plate  the  shock-wave  processes  in  it 
decay to zero, and the velocity of the plate can be character-
ised by its mean value wsp. Under the conditions of the per-
formed experiments the response time of the sensor t1 was much 
greater than tsp, so that the quantity wsp » L/t1 was accepted 
as the velocity of the spalled layer. Fixing the moment tsp of 
spallation and knowing the plot of the dependence of pressure 
on time, one can determine the value of the spall strength s* = 
|P(tsp)|.

3. Numerical modelling

The  calculations  based  on  the  experimental  results  were 
performed  using  the  one-dimensional  numerical  code, 
implementing  the  scheme of  the Courant – Isakson – Riess 
type, based on the equations of hydrodynamics [4]. In the 
calculations the wide-range semiempirical equations of the 
state  of  the  studied  substances  were  used  [5, 6].  It  was 
assumed that the shape of the ablation pressure pulse at the 
front  surface  of  the  target  repeats  the  shape  of  the  laser 
radiation pulse. The relation between the amplitude of the 
ablation pressure pulse Pa  (in Mbar) and  the  intensity of 
laser  radiation  Ilas  (in  TW  cm–2)  was  described  by  the 
semiempirical formula [7]:

Ра = 12(0.01Ilas / l)2/3 [A/(2Z)]3/16,

which is applicable at Ilas ³ 1 TW cm–2. Here l is the wave-
length of  the  laser  radiation  (in mm); A  is  the atomic mass; 
and Z is the atomic number of the target substance.

In one part of experiments (the first type) the threshold 
intensity of the laser pulse, giving rise to the spallation, was 
recorded.  In  the  other  part  of  experiments  (the  second 
type),  when  the  spallation  threshold  was  exceeded,  the 
major  attention  was  paid  to  the  velocity  of  the  spalled 
layer, measured with  the  electrocontact  sensor.  Then  for 
each  experiment  (in  the  framework  of  the  hydrodynamic 
model) the calculations of the time dependences of pressure 
P and substance density r were performed at the position 
of  the  spallation  plane,  determined  experimentally.  The 
strain rate of the substance in the plane of spallation was 
found as the time derivative of the calculated function r(t): 
e· = –r0–1(dr/dt), where r0 is the initial density of the sam-
ple.  In  the  plots  presented  below  we  used  the  equivalent 
recording of the strain rate, e· = V0

–1(dV/dt), where V = r–1 
is the specific volume of the material, V0 = r0–1. The results 
of one of the versions of numerical modelling of the laser 
radiation  impact  on  the  target made  of  50-mm-thick  alu-

minium are shown in Fig. 1. Note that, provided that the 
compression modulus B0 is known for the studied material, 
the strain rate can be also calculated using the formula e· = 
B0
–1(dP/dt), where P(t) is the time dependence of pressure in 

the  plane  of  spallation,  determined  by  any  available 
method.

In  the  first  type  of  experiments  at  the  threshold  ampli-
tudes of the shock impact the modulus of the minimal value 
of the negative pressure in the plane of spallation, s* = |Pmin|, 
was taken for the value of the spall strength.

In the second type of experiments (at higher amplitudes of 
the  shock  impact)  the  value  of  the  spall  strength was  deter-
mined using  the measured  velocity of  the  spalled  layer wsp, 
which allows determination of the time moment tsp from the 
calculated time dependence of the spalled plate velocity (this 
velocity was estimated as the momentum of the plate, divided 
by its mass, with the position of spallation plane taken into 
account). In this case the spall strength was calculated as the 
modulus of the negative pressure at the moment of spallation, 
s* = |P(tsp)| (see Fig. 1).
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Figure 1. Calculated  time  dependences  of  the  velocity  of  the  spalled 
plate (a), the pressure (b), and the normalised density of material r/r0 (c). 
The  vertical  dashed  line  corresponds  to  the moment  of  the  spallation 
event.
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Figure 2. Differently magnified images of the front (a, d, m) and back (all the rest) surfaces of targets after laser impact, obtained by means of a 
scanning electron microscope of aluminium (a – c), tungsten (d – f), tantalum (g – i), lead ( j – l ), palladium (m – o), and silicon (p, q).
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4. Results

Figure 2 shows the images of front and back surfaces of the 
targets after the impact of laser radiation with the duration 
of  70  ps.  The  photographs  are  obtained  using  a  scanning 
electron microscope. We would like to draw attention to the 
images of the aluminium and tungsten targets. In the case of 
aluminium (Figs 2b,  c)  in  the  spallation plane one can see 
uniformly  distributed  formations,  resembling  the  results  of 
micro explosions in the spallation zone. Apparently, this is an 
evidence of inhomogeneities present in the substance [1]. In 
the  case  of  tungsten  in  Fig.  2e  (bottom)  one  can  see  the 
image of  the  spalled  layer  that was not  separated  from the 
target,  while  in  Fig.  2f  its  layered  structure  is  seen  at  the 
spallation boundary, which is an evidence of multiple spall-
ation. The character of the spalled layer in the plates of sili-
con having the thickness 380 mm (Fig. 2q) with the orienta-
tion of the front face (100) (the angle deviation ±5°) seems 
like  a  result  of  melting  in  the  spalled  region  followed  by 
recrystallisation. 

Figure 3 demonstrates the number of spallation events in 
aluminium and lead targets as a function of the thickness of 
the spalled layer. The distribution of the values is described by 
a Gaussian curve, which is an evidence of the random character 
of the spallation process.

Figures 4 – 7 present the plots of the spall strength versus 
the strain rate for aluminium, alloy AMg6M, PMMA, tanta-
lum, copper, and  lead. For completeness of  the picture and 
for comparison with the results of the present paper the data 
of experiments [8 – 19] are also presented.

From the analysis of Figs 5, 6  it  is  seen that  in  the case 
of aluminium, AMg6M and PMMA for the duration of the 
shock-wave action 1.5 and 2.5 ns, after a monotonic increase 
in the spall strength s* (explosion experiments), a significantly 
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Figure 3. Histograms of the number of spallation events as a function 
of  the  spalled  layer  thickness  for  the  targets made of aluminium and 
lead.
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Figure 4. Spall  strength s*  of  aluminium  targets  as  a  function of  the 
strain rate V· /V0 (experimental data) (  is the result of one of the experi-
ments of the present work using the electrocontact sensor, see Fig. 1). 
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Figure 5. Spall  strength s*  of  aluminium – magnesium  alloy AMg6M 
targets as a function of the strain rate V· /V0 (experimental data). 
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Figure 6. Spall strength s* of PMMA targets as a function of the strain 
rate V· /V0 (experimental data). 
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Figure 7. Spall strength s* of the lead, copper, and tantalum targets as 
a function of the strain rate V· /V0 (experimental data). 
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faster growth of the strength up to the ultimate values occurs 
with further increasing the strain rate beyond a certain value. 
For aluminium the growth is observed in the range of rates 
(1.4 – 4.4) ́  107  s–1,  for  the alloy AMg6M (1.0 – 4.0) ́  107  s–1, 
and for PMMA – at 2.0 ́  106 s–1.

The values of the ultimate (ideal) strength were calculated 
using the formula

sid = –r0c02/(4b),

where c0 and b are the coefficients of the shock adiabatic curve 
of the material D = c0 + bu [20].

It is worth noting that the values of the ultimate strength, 
calculated  in  this way,  are  overestimated by nearly  20 % as 
compared  with  the  data  of  real  semiempirical  wide-range 
equations of the state [1].

The data, obtained under the impact of laser pulses with 
the  duration  70  ps  on  the  targets,  show  that  at moderate 
amplitudes  of  the  shock  action  the  spall  strengths  are  in 
agreement with the known functional dependences of these 
quantities on the strain rate. At higher pressure in the case 
of aluminium and lead (Figs 4 and 7) a rapid growth of the 
spall strength is observed, which indicates hardening of the 
materials as a result of shock impact. The registered growth 
of the spall strength in aluminium and lead is related to the 
fact that in the performed experiments the increase in the ten-
sion rate was achieved not only by reducing the duration of 
the impact, but also by increasing the amplitude of the shock 
action. The latter causes strengthening of the studied mate-
rials. In this case the material defects, giving rise to prema-
ture spallation, may vanish. This conclusion is confirmed by 
the results of the X-ray diffraction analysis of the aluminium 
and lead targets, performed using the DRON-4 diffractom-
eter after the laser shock action. The study has shown that in 
such materials the modification of the crystal structure of the 
target material does not occur, and new phases do not appear. 
The  broadening of X-ray  diffraction  lines  is  found, which 
evidences  in  favour  of  reduction  of  the  crystal  grain  size. 
The  appearance  of  the  observed  structure  changes  of  the 
substance  means  that  higher  stresses  are  needed  for  the 
material breakdown, i.e., the ultimate strength of the mate-
rial  is  increased  [21],  which  is  observed  in  the  performed 
experiments.

As  seen  from  Fig.  8,  with  increasing  maximal  pressure 
Pmax in the spallation plane, the spall strengths of aluminium, 

alloy AMg6M and PMMA linearly increase until they attain 
theoretical strength limits. Figure 9 presents the dependences 
of the strain rate on Pmax in the spallation plane according to 
the  results  of  [7]  and  the present work. The presented data 
show  that  advancing  towards  higher  strain  rates  requires 
either increasing the amplitude of the shock-wave action, or 
reducing its duration, which is more promising. 

5. Conclusions

In  the present work  the new data  are obtained,  concerning 
the  strength of  a number of materials under  the  conditions 
of  high  (up  to  4 ́ 108  s–1)  strain  rates.  It  is  found  that  the 
behaviour of  a  substance under  negative  pressures  strongly 
depends  on  the  prehistory  of  the  dynamic  load,  including 
many factors, among which an essential role is played by both 
the amplitude and the duration of the shock compression of 
the target. Beside the fundamental importance, the obtained 
results may find application in designing construction elements, 
operating under the conditions of highly concentrated energy 
impacts of small duration. 
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