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1. Introduction     

Shock wave loading of solid materials results in spec ific damage processes at high strain 
rates. The most widely studied of these processe s is probably spall fracture (e.g. Antoun et 
al., 2002, and references therein), which aris es from tensile stresses generated by the 
interaction of release waves within the material  upon reflection of a compressive pulse from 
a free surface or from an interface with a layer of lower acoustic impedance. If such tensile 
stresses exceed the dynamic strength of the ma terial, they cause the nucleation and growth 
of micro-voids or micro-cracks which may eventually coalesc e to form a macroscopic 
fracture and lead to the ejection of one or several fra gments (spalled layers) from the 
sample. Spall damage and wave propagation are tight ly coupled. On one hand, the creation 
of new free surfaces accompanying damage development indu ces stress relaxation which 
gives rise to recompression waves. Such waves can be d etected in time-resolved velocity 
(Antoun et al., 2002; Tollier et al., 1998) or piezoelectric (De Rességuier et al., 1997) 
measurements, and their analysis provides very rich data on the fracture process (location, 
time and tensile stress at damage initiation, rate of the damage growth, thickness of the 
spalled layer…). On the other hand, spall fractu re results from wave interaction, so that 
post-test observations of the residual damage in recov ered samples (location, sizes and 
shapes of the damages zones, fracture surf ace morphology…) may provide key information 
on the propagation of compression and release wa ves prior to failure. In this chapter, we 
illustrate this second, more original statemen t with experimental results obtained under 
laser driven shock loading. Intense irradiation of an  absorbing target by a high power 
pulsed laser produces the vaporization of a thin  layer of material, transformed into a plasma 
cloud, whose expansion toward the laser source induces  by reaction a compressive pulse 
into the solid target. The main specificity of this  technique is the very short time of pressure 
application (typically a few ns) compared to ot her shock generators such as plate impacts or 
explosive loading, where the du ration of the pressure load is usually of µs-order. Th is 
difference makes laser shocks less destructive th an those more conventional techniques, and 
favours sample recovery for post-shock analyses of resid ual damage. 
In a first example, spall fracture observed in laser s hock-loaded single crystal quartz 
provides very clear evidence of the strong effect of cryst al anisotropy on stress wave 

Source: Wave Propagation in Materials for Modern Applications, Book edited by: Andrey Petrin,  
 ISBN 978-953-7619-65-7, pp. 526, January 2010, INTECH, Croatia, downloaded from SCIYO.COM
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propagation, which is confirmed and explained by thre e-dimensional (3D) numerical 
simulations. In a second application, laser shock-induced damage in aluminium samples of 
different aspect ratios reveals edge effects associated to highly 2D propagation of the stress 
waves. In a third case, the fracture surface morphology observed in iron samples spalled 
under laser shock loading is used to invest igate a shock-induced phase transformation 
occurring in this metal and its influence on wave propa gation. 

2. Anisotropic wave propagation in laser shock-loaded single crystal quartz 

The crystalline structure of �D-quartz is schematically shown in Fig. 1. It is unchang ed under 
a 180° rotation around the electrical axis  x, or under a 120° rotation around the optical axis z. 
The y axis, usually called mechanical axis, completes the ( x,y,z) Cartesian coordinates. To 
explore the dependence of the dynamic beha viour on the initial direction of shock 
application relatively to those crystallographic orien tations, we have determined 
experimentally the directions of the mechanical ( y) and optical ( z) axes in our samples 
(originally cut normally to the x axis), using uniaxial birefringent properties of quar tz. For 
normal incidence of light on x-cut quartz, extraordinary transmitted rays are polar ised 
parallel to the optical axis z, whereas ordinary transmitted ra ys are polarised parallel to the 
y axis. Thus, when an x-cut crystal set between two crossed polarisers is rotated around the 
x axis, the incident light stops being transmitted as soon as either the y or the z axis of the 
crystal becomes parallel to the transmission ax is of one of the polarisers. That way we 
determine two particular axes y or z, normal to each other. Fi nally, to distinguish between 
those two axes, we use the fact that for normal incidence on z-cut quartz, the intensity of the 
transmitted light does not depend on the crys tal orientation between the crossed polarisers. 
 

 
Fig. 1.  Schematic view of the quartz  structure, showing the electrical ( x), mechanical ( y) and 
optical ( z) axes in the atomic arrangement of Si0 4 tetraedra. 

The laser shock experiments have been performed in th e Laboratoire pour l’Utilisation des 
Lasers Intenses (LULI, UMR #7605, Ecole Polytechniqu e, France). The samples are about 5 
mm-thick, covered with a ~5 µm-thick gold coating. Sho ck loading is achieved by focussing 
a laser pulse of 1.06 µm-wavelength, ~2.2 ns-duration a nd ~90 J-energy onto a spot of 
diameter ranging from 1.2 to 4 mm, which leads to intensities of about 0.3 to 3.6 TW/ cm² (1 
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TW = 1012 W). The gold layer is ablated into a plas ma cloud. Its expansion induces a short 
compressive pulse in the quartz sample, due to recoil action. Laser-matter interaction 
computations indicate that the corresponding loading pressure, which increases with laser 
intensity, ranges from about 10 to 80 GPa. After each shot, the recovered samples are 
examined, some are embedded in a resin, se ctioned through a plane containing the laser 
axis, polished and observed in optical microscopy. 
Fig. 2 shows a partial view of the free surface of a 5 mm-thick quartz sample recovered after 
a laser shock of 42 GPa (1.56 TW/ cm² ) applied onto a s pot of diameter 1.6 mm in the 
opposite surface, along the x axis of the crystal (i.e. the irra diated surface was normal to the 
x axis). The gold coating has been removed from  an elliptical region (dark area) much wider 
than the irradiated spot, and two cracks can be seen near both extremities of that zone. The 
dimensions of the ellipsoid are ~ 7.8 × 2.5 mm, the angle between its major axis and the z 
axis of the crystal is about 36°. Given the la teral dimensions of the samples (15 mm), this 
elliptical damage cannot be due to edge effects. In stead, it is likely to result from specifically 
orientated wave propagation due to the anisotropic structure of the crystal. 
 
 
 

 
Fig. 2. Free surface of a 5 mm-thick quartz sample rec overed after a laser shock of ~42 GPa 
applied onto a 1.6 mm-diameter spot in the opposite surface, along the  x axis. 

When the shock is applied along the y axis, the spalled zone near the free surface remains 
roughly circular, although slightly ‘D’-shaped (Fig. 3a ), but it is shifted in the z direction, 
about 1.6 mm away from the irradiated spot  (while no damage was observed in the –z 
direction), as can be confirmed by a cross section along a y-z plane (Fig. 3b). That lateral 
shift, which has been observed in all similar shots, indicates an oblique propagation of the 
stress pulse when applied along the y axis. Finally, in all samples shocked along the z axis, a 
single, roughly circular spalled zone opposite to the  irradiated spot can be observed (Fig. 4), 
like would be evidenced in a brittle, isotropic target such as a glass plate (De Rességuier & 
Cottet, 1995; Li et al., 1998). 
To comfort our interpretation of the above obse rvations as effects of quartz anisotropy, we 
have performed 3D Lagrangian computations with the ex plicit code Radioss. Due to the fast  
 

spall cracksgold coatin g
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(a) (b) 

Fig. 3. Optical micrograph of the free surface (a)  and cross section in a y-z plane (b)  of a 4.5 
mm-thick quartz sample recovered after a laser shock of ~30 GPa applied onto a 2.1 mm-
diameter circular spot along the  y axis. 
 

 
 

Fig. 4.  Cross section in a y-z plane of a 4.5 mm-thick quartz sample recovered after a  laser 
shock of ~25 GPa applied onto a 2.1 mm-diameter circular spot along the z axis. 

decay of short laser shocks with propagation distance, the peak compressive stress rapidly 
attenuates down to the Hugoniot elastic limit (~6 GPa in x-cut quartz), so that the 
phenomena observed near the free surface depe nd essentially on the elastic response. To 
account for this elastic behaviour, we have implemented  into Radioss a constitutive law 
based on the stiffness matrix of trigonal crystals like quar tz (Royer & Dieulesaint, 1996): 
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                  C�D�E =                                                                                                                                   (1)  
 
 
 
 

where subscripts �D and �E refer to the crystallographic directions x,y,z (Fig. 1) : 1 stands for 
xx, 2 for yy, 3 for zz, 4 for yz, 5 for xz, and 6 for xy. The x,y,z axes, attached to each finite 
element, are allowed to rotate with  shock-induced motion. The stresses T�D are computed 
from the strains S�E according to Hooke’s law, neglecting the piezoelectric  contribution: 

 T�D   =   C�D�E   S�E   (2)  

A simple criterion assuming instantaneous st ress relaxation in the elements where the 
tensile stress reaches a constant threshold value has been added to hand le spall fracture. As 
discussed elsewhere (De Rességuier et al., 2005), realistic simulations of our shock 
experiments, where very steep pressure pulses (with rise times of a few ns imposing a very 
fine mesh) propagate in large volumes, would require a great number of cells beyond our 
computational capabilities. Instead, we use a relativ ely coarse grid (~150 000 elements) 
which leads to an artificial spreading of  the stress pulses an d therefore limits the 
quantitative consistenc y of the predictions. 
Fig. 5 illustrates the computed response of a 5 mm-t hick quartz sample to the same laser 
shock as in Fig. 2, applied onto a 1.6 mm-diamet er circular spot in the centre of the bottom 
surface, along the x axis of the crystal. Lateral dimens ions of 10 mm have been chosen, lower 
than the dimensions of the real target, but enou gh to minimize edge effects. The distribution 
of longitudinal stress �V is shown at two different times. The upper part of th e sample has 
been set ‘transparent’ (drawn as points) to vi sualize the emergence of the pulse at different 
depths. The threshold tensile stress for rupture has been set to 2.5 GPa in order to obtain 
reasonable residual damage. Actually, a lower, more realistic spall strength of 1.5 GPa (De 
Rességuier et al., 2003) would lead to overestima te the damage, because the duration of the 
stress pulse is artificially increased by the mesh coa rseness. After 0.51 µs (Fig. 5a), a 
compressive pulse ( �V < 0) has propagated from the irradiated surface through  3 mm. Its 
amplitude has decayed down to about 2 GPa,  and the initially ci rcular shape of the 
compressed zone has transformed into an ellipti cal shape, with a major axis at a 35° angle 
from the z axis. When that pulse reflects from th e free (upper) surface, after about 0.91 µs, 
tensile stresses are induced in an elliptical zone (Fi g. 5b). Their amplitude is too low to 
produce fracture inside the sample, but it is probably high enough to  eject the thin gold 
layer (not accounted for in the simulation). Later, ten sion is increased by lateral waves 
issued from the edges of the ellipsoid, so that spallation takes place near the extremities, in 
the form of two penny-shaped cracks, about 170 µm below the free surface (Fig. 5c). All 
these results are in good agre ement with the experimental observations reported a bove. 
Fig. 6 depicts the response of a 5 mm-thick quartz sa mple to the same laser shock applied in 
the centre of the bottom surface, along the y axis (Fig. 6a) or the z axis (Fig. 6b). The 
reflection of the pulse from the free surfac e induces tensile stresses and spall damage. 
Again, the upper part of the sample is set ‘transpar ent’ to visualize the stress and crack 
distributions 200 µm below the surface. In Fi g. 6a, the pulse has propagated along an 
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Fig. 5. Computed response of a 5 mm-thick quartz samp le to a laser shock of ~42 GPa 
applied on a 1.6 mm-diameter spot in th e bottom surface (not shown), along the  x axis. The 
distribution of longitudinal stress is plotted 0.51 µs (a) and 0.91 µs (b) after the shot. The 
residual spall damage consists in two separate cracks, appearing as dark  grey elements (c). 

oblique direction, with an angle of about 23° from the y axis, so that damage occurs in a 
roughly circular (slightly ‘D’-shaped) region shifted ab out 2 mm from the centre in the z 
direction. In Fig. 6b, spallation occurs in a circul ar zone, still in the centre of the target (i. e. 
above the loaded spot). Again, these pr edictions match the observed behaviour. 
Thus, the analysis of the residual spall damage  in laser shock-loaded quartz samples shows 
that the anisotropy of such tr igonal crystals has a key influence on stress wave pro pagation, 
which strongly depends on the direction of load applica tion versus crystal orientation. A 
simple elastic description involving the rigidity  matrix of quartz is shown to account for 
those effects that were never evidenced previously. 

3. Two-dimensional wave propagation in laser shock-loaded aluminium 

In most laser shock experiments, the diameter of  the irradiated spot is  much larger than the 
target thickness (typically 5 times greater), which ensu res conditions of uniaxial strain in the 
central zone near the laser axis, where edge effects do  not affect the material response (e.g. 
  

(a) (b) 

(c) 
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Fig. 6. Computed stress distribution in a 5 mm-thick  quartz sample submitted to a laser 
shock of ~42 GPa applied on a 1.6 mm-diameter  spot in the bottom surface (not shown), 
along the  y axis (a)  or the z axis (b) . The grey elements have been  deleted after reaching the 
spall strength. 

Boustie & Cottet, 1991; De Rességuier et al., 1997,  Tollier et al., 1998). In thicker samples, 
such edge effects include lateral release waves issued from the periphery of the loaded area 
(Fig. 7), following the planar compression fr ont and inducing a pressure decay in the 
transverse direction, in addition to the classical hyd rodynamic attenuation of the pulse 
during its propagation along the symmetry axis. In such conditions, the space and time 
distribution of the tensile stresses induced by rele ase waves interactions is strongly 
conditioned by the aspect ratio L/D  between the target thickness L and the laser spot 
diameter D. Then, the observation of the resulting spall damage in the recovered samples 
coupled with 2D numerical simulations can be used to r econstitute the pressure wave 
propagation history (Cuq-L elandais et al., 2009). 
To illustrate this statement, we present lase r shock experiments performed in the LULI, on 
aluminium samples of thickness 1 or 2 mm. Lase r pulses of 3 ns duration and intensities 
ranging from 0.3 to about 30 TW/ cm² are focuse d on spots of diameter ranging from 1 to 4 
mm. A Velocity Interferometer System for Any Reflector (VISAR) (Barker & Hollenbach, 
1972) is used to measure the velocity of the free surface, in a point opposite to centre of the 
loaded spot. Fig. 8 shows micrographs of this free su rface in 1 mm-thick samples recovered 
from laser shots of increasing intensity a pplied on spots of two different diameters 
corresponding to an aspect ratio of 0.25 (top) or 1 (bott om). Gradual evolution from 
undamaged to bulged surface is seen at low intensity, then a crater appears for higher 
intensities, characteristic of the ejection of a spalled layer. Unlike in quartz (see Section 2) all 
damaged zones are roughly circular, like the irra diated spots. For a given aspect ratio, their 
diameter is shown to increase with laser intens ity. Fig. 9 shows cross sections of two 1 mm-
thick samples (top-d and bottom-b in Fig. 8) su bjected to two laser shots of similar intensity 
(i.e. similar shock pressure) applied on spots of different diameters. While a spalled layer 
has been ejected from the first target, the second one has a bulged free surface. This 
difference clearly illustrates the dependency of spall da mage on the aspect ratio L/D . 

(a) (b) 
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