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Abstract. Deposition of powerful pulsed laser energy onto a material, ablates its surface and drives a 
compressive shock wave propagating through it. Using this technique, unprecedented states of matter with 
extremely high pressures, temperatures, and strain rates can be experimentally studied. Here we report on 
laser-shock induced amorphization in four covalently bonded solids, namely silicon (Si), germanium (Ge), 
boron carbide (B4C) and silicon carbide (SiC). Post shock transmission electron microscopy reveals that the 
newly formed amorphous materials exhibit a shear band alike morphology, suggesting that shear stress play 
a dominant role in this process.  The density of these amorphous band decreases as a function of the 
distance to the surface and eventually disappeared at certain depth, which is coincident with the decay of the 
shock wave and indicates that there might be a critical stress for the onset of amorphization. Synchrotron X-
Ray tomography of a recovered silicon target shows that large amounts of cracks are formed within the 
materials and the density also decrease with depth. Unlike amorphous bands, these cracks can propagate 
through the target, albeit without shattering the entire material. It is proposed that shock-induced 
amorphization is a new deformation mechanism of matter under extremely high rate deformation. 

1 Introduction 
When a shock wave passes through a crystalline solid, it 
compresses the materials and usually causes plastic 
deformation behind the shock front [1]. In ductile 
materials such as metals, this process is associated with 
generation of dislocations, and/or deformation twins, 
and/or stress-induced phase transformations [2].  For 
some extremely brittle materials, however, defect-
mediated plasticity is so limited that fracture seems to be 
the only way to dissipate the imposed strain energy, 
which normally leads to a catastrophic failure. Note that 
each of these mechanisms has a characteristic time scale 
and therefore is strongly strain rate-dependent. In many 
metals such as copper and tantalum, dislocations are the 
major carriers of plasticity at low strain rate whereas 
deformation twinning dominates at high strain rate, 
leading to the slip-twining transition [3]. As of fracture, 
it has been widely accepted that the propagation of crack 
is limited by Rayleigh wave speed [4]. Since the duration 
of the shock wave determines the strain rates, one may 
raise the question: what if the duration of the stress wave 
is orders of magnitude shorter than the required time for 
plasticity, fracture, and fragmentation?  

Traditional shock wave methods such as gas gun and 
explosive driven techniques failed to fulfill this mission 
as they can only produce µs stress pulses. Owing to the 
development of high power pulsed lasers, high amplitude 
(10s to 100s of GPa) shock wave with ns pulse duration 
can be produced, which enables the exploration of 
materials science in this unknown regime. In this 
investigation, we have successfully shock recovered four 
different brittle materials, namely, Si [5-6], Ge [7], B4C 
[8], and SiC, all of which are covalently bonded.  

2 Experimental Methods
Laser shock experiments were carried out at Omega 
Laser Facility, Laboratory of Laser Energetics, 
University of Rochester, Jupiter Laser Facility, 
Lawrence Livermore National Laboratory.  

We describe below a typical experimental 
configuration used in our shock recovery experiments, as 
shown in Fig. 1A. The high power pulsed laser irradiates 
onto a transparent ablator, usually a polymer with a very 
low density, ionizes it into rapidly expanding plasma that 
flows away from the energy deposition surface. Based 
on Newton’s third law, the surface experience a reaction 
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force equal to the rate of momentum that is carried away, 
leading to the establishment of shock wave that 
propagates radially through the ablator and eventually 
into the target materials. 

Fig. 1. Schematic drawing of the experimental set-up for the 
laser shock recovery experiments (A) and VISAR was used to 
determine the amplitude of the shock wave (B). 

Such a process is usually termed as laser ablation and 
involves very complicated energy and mass transport. 
The ablation pressure is a function of laser parameters. 
An analytical scaling law was originally proposed by 
Lindl [9] and calibrated by various laser experiments,  
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where I=E/At is the laser intensity, A, t and λ are the 
spot area, laser duration, and laser wavelength, 
respectively. Using modern large laser facility such as 
Omega, extraordinarily high pressures can be produced: 
using a 3.52 TW (1012W) laser with a wavelength of 352 
nm, the ablation pressure will be ~210 GPa, which is 
almost the pressure inside the Earth’s core (~350 GPa)! 
It should also be mentioned here that not all of the laser 
energy can be absorbed; the coupling efficiency 
decreases as the wavelength of the laser increases. 
Velocity interferometer system for any reflector 
(VISAR) was used to determine the shock parameter and 
a typical VISAR data was shown in Fig. 1B. 

In this investigation, we have studied four different 
covalently bonded solids. Silicon, germanium and silicon 
carbide are important semiconductors and therefore the 
high-purity crystals can be purchased commercially. We 
acquired these crystals with a purity of 99.99% from 
UniversityWafer Inc. The (001) orientation is chosen for 
silicon and germanium and (0001) orientation for silicon 
carbide. For boron carbide, the growth of 
monocrystalline materials is extremely difficult and not 
commercially available. Therefore, polycrystalline 
materials were used in this study, which are provided by 
the US Army Research Laboratory. Covalent bonds are 
typically strong, therefore all the four materials can be 
categorized as “hard materials”. Ranking these materials 
in terms of hardness yields, B4C>SiC>Si>Ge. The 
applied laser parameters are summarized in Table 1 
below. All targets are cylindrical in shape with a 
diameter of 3 mm and a height of 3 mm. 

Table 1 Laser Parameter Summary. 

Materials Laser 
System 

Key 
Parameters 

Peak 
Power 

Silicon Omega 1 ns duration 
3 mm spot  

5.66 
TW/cm2 

Boron 
carbide/Silicon 

carbide 

Janus 3 ns duration 
1 mm2 spot  

3.33 
TW/cm2 

Germanium Omega 1 ns duration 
3 mm spot  

2.83 
TW/cm2 

3 Results and Discussion 
Post-shock microstructural characterization was 
conducted to study the deformation/failure mechanism. 
X-ray tomography reconstruction in Fig. 2 shows that 
the shock recovered target (silicon, shock pressure~20 
GPa) contains a high density of cracks which propagate 
through the materials. A cross-section slice in Fig. 2B 
displays that the cracks near the surface has narrower 
interspacing than those away from it. A zoomed in view 
in Fig. 2C show that some cracks form clear 
crystallographic patterns. Two variants, along {111} and 
{112} planes, respectively, have been shown in Fig. 2C. 
Despite that large density of cracks were generated, they 
do not have sufficient time to fully develop and coalesce 
and thus the sample still maintains its integrity, which 
enables subsequent microstructural analysis. 

Fig. 2. Synchrotron X-ray computed tomography of the shock 
recovered target (Si) shows a high density of cracks. (A)The 
cracks can propagate through the sample; however, the sample 
integrity is preserved. (B) A cross-section view shows that 
there is higher density of crack on the surface than that in the 
sample interior. (C) In addition to cracks, shear bands on {111} 
and {112} planes can be observed towards the bottom of the 
sample.     

To understand the deformation mechanism at a finer 
scale, TEM analysis needs to be performed. We prepare 
the sample cite specifically on the shock surface by 
focused ion beam. Shear-band alike amorphous 
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structures have been identified in all four materials, as 
seen in Fig. 3. The amorphous structure can be 
confirmed by the halo-ring shaped Fourier-transformed 
diffraction pattern in the inset 1 of Fig. 3A. For silicon 
(Fig. 3A, shock stress ~20 GPa) and germanium (Fig. 
3B, shock stress~10 GPa), in addition to the amorphous 
band, high density of stacking faults can be observed in 
the vicinity of the bands, suggesting that stacking faults 
are the precursors to amorphization. For boron carbide 
(Fig. 3C, shock stress ~50 GPa) and silicon carbide (Fig. 
3D, shock stress ~45 GPa), the interface is “free” from 
these crystalline defects. The minimum shock stress to 
observe amorphous band in these materials seems to 
scale with their strength, suggesting that the critical 
stress for amorphization depends on it. 

The directional nature of the amorphous bands 
suggests that shear stress play a crucial role, triggering 
the crystalline-to-amorphous transition. Shear manifests 
itself in three possible ways: (1) shear strains cause 
massive inelastic lattice displacement that can lead to the 
loss of long-range order; (2) non-hydrodynamic stresses 
lower the melting temperature of materials significantly 
as the work done by shear stress provides the driving 
force for “Virtual Melting”[10]; (3) shear-induced 
plasticity causes localized heating which lead to 
localized thermal softening and reduce the mechanical 
barrier for amorphization. Specifically, the resolved 
shear stress on slip planes leads to the formation of 
stacking-faults in Si and Ge, which are the precursors to  
amorphization. The deviatoric stresses are quite 
significant under shock compression up to the HEL, after 
which they will be relaxed by the directional 
amorphization. Since the initial material is crystalline, 
stress is a tensor and anisotropy play a very important 
role, especially in determining the path of the 
amorphization.  

The temperature rise at the shock front is another 
crucial factor for amorphization. When materials 
undergo shock compression, their volume decreases, and 
consequently large work is imposed to the system. 
Therefore, this work is dissipated as heat and the 
temperature at the shock front rises accordingly.  It is 
natural to conjecture that melting can occur at the shock 
front if the temperature rise exceeds the thermodynamic 
melting point of the materials. The negative Clapeyron 
slope for silicon, germanium, and boron carbide leads to 
a decrease in melting point with hydrostatic pressure, 
whereas the majority of materials exhibits an opposite 
trend. Therefore, it is easier for materials with negative 
Clapeyron slope to undergo shock-induced melting and 
amorphization.

4 Conclusions 
In summary, we have shown that four covalently bonded 
materials undergo shock induced amorphization. It is 
therefore proposed that amorphization is a new 
deformation mechanism of these materials at ultrahigh 
strain rate (>107 /s) when other mechanisms such as 
dislocation slip, twinning, phase transformation and 
fracture are kinetically less favorable. It should be 

mentioned that crack propagation was considered to be a 
post-shock effect and therefore it is fair to assume that 
amorphization occurs prior to fracture. The fact that 
most fracture planes are consistent with the orientations 
of the amorphous bands suggests that they are competing 
mechanisms. Therefore, the occurrence of amorphization 
can potentially suppress catastrophic failure of these 
brittle materials. The transformed amorphous structures 
can be re-crystallized, and the grain size can be tailored 
by controlling the subsequent thermal history, leading to 
a new route for microstructural engineering. 

Fig. 3. High resolution TEM micrographs of amorphous bands 
in four different covalently bonded materials: (A) silicon, (B) 
Germanium, (C) Boron carbide, and (D) Silicon carbide. Note 
that high density of stacking faults were observed at the 
crystalline/amorphous interface in silicon and germanium 
whereas the interface of boron carbide and silicon carbide are 
relatively “defect free”. 
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