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While silicon carbide (SiC) has been predicted to undergo pressure-induced amorphization, the micro-
structural evidence of such a drastic phase change is absent as its brittleness usually prevents its suc-
cessful recovery from high-pressure experiments. Here we report on the observation of amorphous SiC
recovered from laser-ablation-driven shock compression with a peak stress of approximately 50 GPa.
Transmission electron microscopy reveals that the amorphous regions are extremely localized, forming
bands as narrow as a few nanometers. In addition to these amorphous bands, planar stacking faults are
observed. Large-scale non-equilibrium molecular dynamic simulations elucidate the process and suggest
that the planar stacking faults serve as the precursors to amorphization. Our results suggest that the
amorphous phase produced is a high-density form, which enhances its thermodynamical stability under
the high pressures combined with the shear stresses generated by the uniaxial strain state in shock
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1. Introduction

The covalent bonding of silicon carbide (SiC) provides it with
desirable properties such as high melting temperature, excellent
corrosion resistance, as well as ultrahigh hardness. As such, it has
been used as an important engineering material for load-bearing
structures such as engine frames, body armor, fusion reactor
components, and fiber/whisker-reinforced composites. SiC is also a
semiconductor. Its high-temperature stability and high breakdown
voltage render it a viable alternative for silicon-based electronic
devices, especially in harsh service environments. Silicon carbide
has a hexagonal 2H structure composed of Si-C pairs and is known
to exhibit various polytypes which differ in the stacking sequence
of the close-packed (basal) plane [1,2]. Whereas hcp metals have a
simple ABAB sequence, the related 2H sequence is more complex:
AaBbAaBb. Shih et al. [3] showed that dynamic compression
generated changes in the stacking of these layers. It has also been
reported that the 2H (referred to as o in previous literature)
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structure can transform to other structures under quasi-static
pressurization, and that the critical pressures for the phase trans-
formations depend on the initial stacking sequence. For instance, it
was shown that cubic 3C-Si (referred to as B in the literature, with a
stacking sequence of AaBbCc) transforms to a NaCl-type structure
(rock-salt) at around 100 GPa [3]. Chen et al. [4] performed in-situ
nanopillar compression of hexagonal 4H-SiC and demonstrated a
phase transformation to the 3C-SiC structure at 9-10 GPa. Further-
more, earlier studies suggest that SiC may undergo pressure-
induced amorphization [5]. Amorphization of a SiC has been
observed after 2 MeV electron [6] and 1.5 MeV Xe [7] irradiation.
This was also observed in 8 SiC [8]. Recently, such a phase change
was reported by Levitas et al. [9] in a diamond anvil cell experiment
where torsion was superimposed with pressure. Levitas [10]
developed a theory considering the effects of both hydrostatic and
shear stresses on phase transformations. In static high-pressure
experiments combining pressure and shear (through torsion)
they determined, by X-ray diffraction, the formation of a high-
density amorphous phase for o SiC. They emphasize that this is in
large part due to the importance of shear, which decreases the
threshold for amorphization and other transformations by a factor
of 3—5. Han et al. [11] also reported deformation-induced
amorphization in SiC nanowire, indicating that such a crystalline-
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to-amorphous transition gives rise to the observed superplasticity.

Molecular dynamics calculations using the Tersoff potential by
Mizushima et al. [12] as well as Tang and Yip [13] demonstrated
that amorphization can take place at high pressures in cubic SiC.
They evaluated both the phase transformation to the rock-salt
structure and amorphization in terms of the shear moduli. A cri-
terion of zero shear modulus was applied, which predicted two
possible outcomes: when the tetragonal shear modulus goes to
zero, transformation to rock salt structure occurs; when the
rhombohedral shear modulus goes to zero, the result is
amorphization.

Nanomachining of a SiC by Patten et al. [14] generated both
brittle and ductile chips; the latter were analyzed by TEM and are
proposed to be amorphous. This crystalline-to-amorphous trans-
formation was proposed to be responsible for the brittle-to-ductile
transition in SiC.

In addition to the quasi-static mechanical behavior, the response
of SiC to dynamic loading and shock compression/release has also
drawn great interest. Grady [15] studied the shock-wave response
of polycrystalline silicon carbide and found that it exhibits a high
Hugoniot elastic limit (HEL~15-16 GPa), after which it exhibits post-
yield hardening, in contrast with B4C where post-yield softening is
usually observed. Shih et al. [16,17] studied the high rate defor-
mation and shear localization of bulk and powder silicon carbide
and found that the fracture mechanism depends on the particle size
distribution. Feng et al. [18] measured the shear strength of
shocked SiC and confirmed that it increases up to double the HEL,
beyond which SiC gradually loses its strength with increasing shock
compression. Li et al. [19] studied the spall behavior of mono and
nanocrystalline SiC and concluded that the latter has a much lower
spall strength. Such anomalous macroscopic behavior may be due
to the conflicting microscopic phase changes that are often unre-
ported in the literature [20,21]. However, the microstructural evi-
dence of these shock-induced phase transitions has not been
identified.

The systematic evaluation of the mechanochemistry of phase
transformations and of amorphization, in particular by Levitas [10],
provides a rationale for the importance of shear and its profound
effect on the thermodynamics. This analysis is confirmed by the
results of pressure-shear experiments which show the formation of
a high-density amorphous phase. The fact that shock compression
generates, by nature of the uniaxial strain state imposed, simulta-
neous and coupled hydrostatic and shear stresses has an important
bearing on phase transformations. The goal of the current investi-
gation is to establish whether shock compression, and its associated
pressure and shear stresses, can generate amorphization in SiC.

2. Methods
2.1. Laser shock recovery experiments

To probe for evidence of phase transition, we performed laser
shock recovery experiments at Janus Laser Facility, Lawrence Liv-
ermore National Laboratory. The Janus laser can generate large
amplitude stress pulses with nanosecond duration, sufficient to
shock silicon carbide above its phase transition threshold and to
prevent it from shattering under shock compression and release.
The 2Q laser (~50]) has a nominal square pulse shape with a (half
width maximum wavelength) duration of 3 ns, resulting in a peak
power of 1.67 TW/cm?. Such a high energy density was deposited
onto a target package which is comprised of an aluminum foil
(200 pm) placed in front of a [0001] oriented 4-H monocrystalline
SiC (3 mm in diameter and 1 mm in height, Fig. 1A). The ionization
of the Al foil produces a high pressure that drives the shock wave
into the SiC target. A copper capsule and momentum trap were

used to capture the reflected tensile stress waves. The acoustic
impedance (product of density and sound velocity) of copper (=
4.3 x 107 kg/m?s) is close to that of SiC (= 4.2 x 107 kg/m?s). This
further decreases unwanted tensile reflections and helps to ensure
the integrity of the specimens. The shock parameters were deter-
mined by a separate VISAR experiment (Fig. 1B—D) and subsequent
impedance matching (Fig. 1E) [22]. The rear (free) surface velocity
(Ug) of the free-standing aluminum foil subjected to a similar laser
shock was characterized by velocity interferometry (VISAR). Ug can
be approximated as twice of the particle velocity (Up), Us ~2 U.
Conservation of momentum gives the relationship between the
initial density p,, particle velocity Uy, shock velocity Us, and longi-
tudinal stress or shock pressure, g33, as 033 = poUsUp, The shock
pressure on the surface of silicon carbide is determined by shock
impedance Z (Z= poUs [22]) matching: at the interface of Al and
silicon carbide, the shock wave is reflected and the shock pressure
changes as equilibrium is reached. The inverted shock Hugoniot of
Al gives the estimate of the reflected curve. Intersection of the re-
flected Al curve with shock Hugoniot of silicon carbide yields the
estimate of the shock stress o5 in the front surface of silicon carbide.
Taking U, = 2.1 km/s from Fig. 1D, one obtains g5 =45-50 GPa.

2.2. Microstructural characterization

After being subjected to laser shock compression, the recovered
targets were examined by high resolution transmission electron
microscopy (TEM), using a Hitachi HF3300 machine operated at
300 kV. TEM samples were cut directly from the shocked surface by
a Hitachi focused ion beam (FIB) with a 30 kV initial high voltage for
initial thinning and 2 kV low voltage for the final polishing. The
TEM sample was then subjected to 900 V low energy ion milling
(Fishione 1040 NanoMill) to remove the FIB damage.

2.3. Molecular dynamics simulations

Molecular dynamics simulations of silicon carbide were per-
formed using LAMMPS [23] employing a modified Stillinger-Weber
potential parameterized by Vashishta et al. [24]. Shock conditions
were produced using a controlled piston driving along the [0001]
axis for direct comparison to the experimental work. Transverse
directions have periodic boundary conditions, creating a uniaxial
strain shock [25]. Visualizations of simulation results were created
using OVITO [26] employing the ‘identify diamond structure’ [27]
and polyhedral template matching [28] tools. The selected
Vashishta potential includes a three-body term intended to model
the structural changes of SiC under pressure while maintaining
bond-bending and bond-stretching characteristics. In past experi-
ments and simulations, 3C SiC (cubic with the periodicity of 3 Si-C
double layers) has been shown to undergo a phase transformation
to 2H (hexagonal with the periodicity of 2 Si-C double layers) and
rock-salt structure when subjected to pressures ranging from 70 to
140 GPa [24,29].

3. Results and discussion
3.1. Characterization

High-resolution transmission electron microscopy (TEM)
revealed the post-shock microstructure. Localized amorphous
bands (marked as a-SiC), with thickness up to 5 nm, can be iden-
tified. These bands can be either perpendicular (Fig. 2A) or inclined
(Fig. 2B) to the direction of shock-wave propagation, which is in
consistent with the c axis of the crystal. For the inclined amorphous
band, there seem to be some lattice shifts in the vicinity of the band
as shown by the inverse Fourier transformation diagram in Fig. 2C,
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Fig. 1. Laser shock-recovery assembly, free surface velocity interferometry (VISAR), and determination of shock parameters. (A) Schematic drawings of the shock recovery
experiment and (B) VISAR experiment. (C) Temporally resolved VISAR fringes, showing the shock break-out and pull-back features. (D) Free surface velocity, Uy vs. T profiles. Two
independent VISAR channels with distinctive Etalon length were used to unambiguously determine the free surface velocity. Peak Uy ~4.2 km/s, rendering Up~1/2 U = 2.1 km/s. (E)
Determination of shock stress by impedance match shock Hugoniot (o5 vs. Up) of aluminum and silicon carbide.

Fig. 2. TEM/HRTEM micrographs of recovered silicon carbide from laser shock compression. (A) An amorphous band perpendicular to the directional of shock wave propagation. (B)
An inclined amorphous band shows lattice distortion/rotation at the crystalline/amorphous interface. (C) The Fourier filtered image of (B), using (0001) reflection. (D) Corre-
sponding geometric phase analysis shows the deviatoric strain field in the vicinity of the amorphous band.

suggesting that this region has undergone drastic shear deforma-
tion. Graphic phase analysis (GPA) in Fig. 2D confirms that the in-
plane shear strain is localized within the amorphous band. The
inclined amorphous band shows a very similar morphology to the
ones previously reported in Si [30,31], Ge [32], and B4C [33].
However, the horizontal amorphous band is unexpected, as there is
no resolved shear stress on the basal plane. One plausible expla-
nation is that the horizontal bands are formed when inclined bands
intersect with the plane of the TEM sample, as schematically shown

in Fig. S1 in the Supplementary data section. This hypothesis is
supported by our MD simulations. Note that these amorphous
bands are usually contiguous to nanocracks, suggesting that
amorphization may be associated with the failure of SiC subjected
to shock compression.

In addition to the two types of amorphous bands, planar faults
have also been identified, which are likely to be the precursors to
the amorphization. Fig. 3A illustrates the planar faults (indicated by
the red triangles and magnified in the inset on the upper right
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Fig. 3. Planar faults produced by shock deformation. (A) horizontal faults lying on (0001) planes; (B) inclined faults lying roughly on (2114) planes.

corner) on the (0001) plane, i.e. the basal plane of SiC. Fig. 3B de-
picts another set of planar faults lying on the (2114) planes. The
lattice distortion caused by the planar faults is shown clearly in the
Fourier filtered diagram in the upper right inset of Fig. 3B.

3.2. Molecular dynamics predictions

Large-scale MD simulations were performed to understand the
three-dimensional structural evolution as a function of time. Fig. 4A
shows a MD snapshot of the 81 GPa shock corresponding to a
particle velocity, Up, of 2.4 km/s. The higher shock pressure used in
the simulations is required to activate plasticity at the higher strain
rate. A perspective view of the simulation is given in Fig. 4A, which

shows the three-dimensional nature of the defects. Atomic struc-
tures are identified using nearest and second nearest neighbor
distances, and then matching those structures to known lattice
types such as diamond cubic [5]. The method is able to accurately
identify the interlaced diamond cubic and hexagonal diamond
structures that comprise the stacking series of 4H-SiC. Additionally,
the algorithm is able to differentiate stacking faults and the
boundaries between unidentified regions and the parent 4H lattice.
The region within the bands could not be identified and is marked
as “other” by the calculation. A portion of these atoms are amor-
phous in nature; a second set of atoms belong to small nano-
crystallites of several phases, which will be thoroughly evaluated
in subsequent work.
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Fig. 4. Molecular dynamics simulations of 4H silicon carbide under shock compression. A depicts the complete phase change under 90 GPa. B shows the simulated X-ray diffraction
of both perfect crystalline and amorphous material. C and D resemble slices of TEM images showing the embedding of the amorphous bands bounded by stacking faults in the

perfect crystal.
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In order to confirm the presence of an amorphous phase
quantitatively, a virtual diffraction technique (developed by Cole-
man et al. [34]) was used as a post-processing step. The simulated
diffraction uses 0.1541838 nm as the wavelength of incident ra-
diation; the reciprocal space was subdivided into ~20 million
nodes for the calculation. Structure factors for Si and C atoms are
given by Peng et al. [35]. Fig. 4B shows the simulated powder
diffraction patterns of 4H-SiC (black), the shocked 4H-SiC (green),
and amorphous SiC phase (red) due to the extensive broadening of
the peaks.

Fig. 4s. C and D are directly comparable to our TEM analysis in
Fig. 2 and correspond to thin slices of the [01 1 0] normal direction.
The two slices illustrate a profuse amount of basal stacking fault
activity as well as considerable lattice rotation. The interface be-
tween the amorphous bands and the remaining parent 4H crystal
consists of stacking faults as large as the basal lattice constant, co,.
Longer shear bands tend to form parallel to the basal plane, as
shown in Fig. 4D, as well as diagonally, corresponding to the
maximum resolved shear stress direction. Deviatoric stresses relax
locally as amorphous bands form, indicating that the phase change
is driven by the large shear stresses. This shear stress leads to the
formation of many stacking faults, which eventually interact, pile
up, and form nuclei for amorphization. Since the amorphous region
is the result of stacking-fault accumulation, and the main difference
between polymorphs is their stacking sequence along the basal
plane, it is reasonable to postulate that these intermediate phases
are metastable and are precursors to amorphization.

The formation of an amorphous band is sequenced in Fig. 5. As
the shock front passes through the material at 6.5 ps, small stacking
faults are created as a result of the shear stresses. By 8.5 ps, new
stacking faults have been generated as the old ones grow larger and
thicker. Eventually, as shown at 10.5 ps, the stacking faults coalesce
to form amorphous regions, which then expand into amorphous
bands spanning the basal plane, as shown at 12.5 ps.

The local density of the material can be calculated by summing
up the number of Si and C atoms in a known/specified volume and
multiplying by their respective masses. Fig. 6 displays a snapshot of
the system colored by normalized density, where p/pg =1

corresponds to the uncompressed 4H density. The density of the
amorphous regions is 6.4% greater than the density of the sur-
rounding, compressed, 4H structure. This indicates that the amor-
phous phase is a high-density variant, the importance of which will
be discussed in the following section.

3.3. Analysis

It is postulated that the shock-induced amorphization in SiC is a
synergy of longitudinal shock and deviatoric stresses. The passage
of a strong shock wave plastically deforms the crystalline lattice
and introduces anisotropic defects such as planar faults, which may
harden the material following the HEL. Upon a subsequent incre-
ment in loading, the material undergoes amorphization. It has been
reported that the amorphous SiC is much more compliant than its
crystalline counterpart [7]. Thus, a decrease in strength is expected
if horizontal amorphization occurs in SiC. Additionally, the inclined
amorphous banding is a result of shear localization which corre-
sponds to the softening of the material. During the release stage,
both horizontal and inclined amorphous bands are more prone to
failure, as they create interfaces inside the crystal, which are
preferred sites for cracks to nucleate and grow upon arrival of the
reflected tensile pulses. This explains why the amorphous domains
are usually found close to the cracks. It is interesting to note that
Patten et al. [ 14] reported amorphization during nanomachining of
monocrystalline SiC and actually observed that the corresponding
chips were much longer than the untransformed ones. This sug-
gests that amorphization plasticizes the material and renders it
more ductile. This result is consistent with earlier findings by Grady
[36] who reports post-yield hardening of the SiC subjected to dy-
namic loading.

The amorphization under shock compression was previously
analyzed for Si, Ge, and B4C [24—26]. The same formalism can be
applied here, based on the effects of pressure and shear stresses on
the thermodynamics of phase equilibria. The Patel-Cohen ration-
alization was applied to Si and it has the following form [37]:

Fig. 5. The formation of an amorphous band in MD simulation. At 6.5 ps, the shock front has just passed through this portion of the material. 2 ps later, larger stacking faults form as
smaller stacking faults pile up. At 10.5 ps, amorphous spots begin to form, eventually leading to the formation of an amorphous band as shown at 12.5 ps.

Sbsck direction

m‘ T »

Fig. 6. MD simulation shows that the transformed region has a higher density with respect to their surroundings, indicating that the amorphous SiC is denser than the crystalline
SiC at the corresponding shock condition. The figure is colored by the relative density, p/pg.



S. Zhao et al. / Acta Materialia 158 (2018) 206—213 211

25 T T T T T
-0.6
> A%
e 204 AAAA
~ L
N - - ._..-::ln.._..—’ 0.5
= 15 pr— L at
~ 7l AAA -0.4
o
= A a
S 10- o L0.3 ©
3 at
8 A
= at 0.2
S 5- ar
o A
IS
< A Amorphization Work r0.1
04
= /P
T T T T T 0.0
20 40 60 80 100

Longitudinal Shock Stress (GPa)

Fig. 7. Effect of longitudinal shock stress on the amorphization work and ratio be-
tween the shear and hydrostatic components of shock stress.

W = Per + 1. (1)

where P is the pressure (hydrostatic component of stress), et is the
amorphization normal strain, 7 is the shear stress (here we assume
maximum shear 45°away from the loading direction), and 7 is the
amorphization shear strain. The shear (maximum) and hydrostatic
components of the stress are connected, for a hexagonal structure
in which the shock propagation direction is [0001] through:

7 _ 3(G3 —Gi3) 2)
P 2(2C;3+C33)°

C13 =52 GPa, C33 = 553 GPa are the elastic stiffness constants for
the 4H structure (at ambient pressure) [38], rendering /P =1.13.
Note that these elastic constants are, on their turn, dependent on
pressure. The ratio t/P as a function of longitudinal shock stress is
shown in Fig. 7 from Hugoniostat calculations of 4H SiC over a time
period of purely elastic loading [39]. Note that the interatomic
potential underestimates the t/P ratio as compared with the
experimental results.

The Patel-Cohen methodology is a simplified approach to study
the non-equilibrium transformation. Recently, a more rigorous
phase transformation work criterion based on lattice instability has
been proposed by Levitas et al. [40] and is consistent with our
analysis. They applied a Landau-type theory rather than the one by
Born and developed a general expression for the work of trans-
formation for different states of stress. The predictions of this
theory were compared with molecular dynamics simulations and
applied to the Si(I)— Si(Il) transformation. The expression for the
critical ‘modified’ transformation work criterion is, for a simplified
stress system where there are only normal stresses acting on the
cube (which is the one in shock compression):

W = ajoqeqr + a8 : e > A(T) 3)

where gq is the spherical and ¢ the deviatoric component of strain
in a stress-free transformation, og is the mean stress
((611+022+033)/3) and S is the deviatoric stress tensor, a; and a, are
material parameters which dictate the evolution of one structure to
the other. A(T) is a critical temperature (T) dependent value that has
to be overcome for the transformation to take place. If one assumes
that both parameters evolve equally, a; = a,. The similarity be-
tween Eqns. (2) and (3) becomes obvious. The generalized theory

by Levitas et al. [40] has the advantage of incorporating the com-
plexities of transformation and shock compression.

Levitas et al. [9] obtained experimental results using static
pressure shear loading which confirmed amorphization; they
proposed the existence of a high-density amorphous phase (HDA)
with a density higher than the crystalline counterpart. These re-
sults are corroborated by the present MD simulations, as shown in
Fig. 6. The amorphous phase (red) has a density that is 6.4% higher
than the crystalline one (yellow). Note that the relative density is
also a function of shock stress; here we only consider the density at
the onset of amorphization. This is the normal amorphization strain
er. The determination of the shear strain is less accurate. Whereas
for silicon it was taken as the twinning strain, for B4C it was
assumed to be equal to the global shear strain divided by the
fraction of the material that was amorphized. This latter assump-
tion corresponds to the total relaxation of the shear inside the
amorphized bands. In the current experiments we could not
establish the separation between the shear transformation bands
and therefore an arbitrary strain has to be assumed; it is taken to be
equal to the twinning strain for the hexagonal structure, approxi-
mately 0.7. Inserting these values into Eqn. (1), one obtains the
relationship described graphically in Fig. 7. The increase in W with
shock stress is monotonic and reaches a value of 12.5GJ/m’> at
50 GPa, the experimental pressure. This provides the driving energy
that overcomes the activation barrier and nucleates the amorphous
bands. Note that our MD simulation suggests that under shock
release, the structure of the high-density amorphous phase may
relax to a lower density phase. However, this dynamic process
cannot be captured by shock-recovery experiments, and further in-
situ investigation should be carried out to elucidate this
poly'a’'morphism.

4. Conclusions

Shock compression was applied to monocrystalline o SiC along
the [0001] direction through the use of short duration pulsed lasers
which generate a pressure of ~50 GPa. The uniaxial strain state
imparted by the shock is responsible for an associated shear stress
of ~25GPa. The combination of coupled hydrostatic and shear
stresses under these loading conditions is responsible for the
nucleation and movement of stacking faults, revealed both by
transmission electron microscopy and MD simulations. Addition-
ally, narrow bands (5—10 nm) of amorphized SiC are also observed
and their presence is attributed to the periodic relaxation of
deviatoric stresses.

Grady [15] observed strain-hardening in shock deformation of
SiC; this is in contrast with boron carbide which was shown to
exhibit strain-softening. We should point it out that Grady's clas-
sical experiments were conducted using a gas gun, which produces
at least one order of magnitude longer time scale compared with
our ns-laser driven shock experiments. The deformation mecha-
nisms can be quite different in these two types of experiments. We
actually believe that the fraction transformed will significantly in-
crease for longer times. Strain hardening is usually related to
defect-induced plasticity. In our study, we have shown that partial
dislocations can be generated prior to amorphization, which will
contribute to the strain hardening. However, amorphous banding
usually is not considered a strain hardening mechanism. On the
contrary, we proposed (and this is supported by other researchers)
that amorphization causes the strain softening of boron carbide.
The fact that cracks are contiguous to these amorphous bands also
suggests that amorphization is related to loss of strain hardening
ability. It is possible that the amorphization is much less extensive
in SiC than in B4C and therefore the softening is replaced by strain
hardening due to stacking faults.
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Observations are compared with MD calculations which also
show the presence of these bands, albeit with smaller thickness and
spacing. Their interior consists of a mixture of amorphous and
nanocrystalline regions and they form preferentially near planes
where the shear stress is maximum (45° to shock propagation di-
rection). Although shear stress plays the dominant role in trig-
gering amorphization, the contribution of hydrostatic pressure
should not be ignored: (1) the work performed by pressure lowers
the energy barrier between the two phases when the amorphous
phase has a higher density than the crystalline one and (2) the
confinement pressure prevents the sample from shattering.

The formation of these bands is preceded by generation and
emission of stacking faults, as shown in the MD sequence of Fig. 6.
As these stacking faults interact and as additional ones are gener-
ated on parallel planes a critical energy level is reached at which the
material amorphizes and/or breaks up into nanocrystalline
domains.

Our observations and calculations are consistent with the dis-
covery of a high-density form of amorphous phase in SiC by Levitas
et al. [9]. The amorphous phase revealed by MD calculations has a
density ~6.4% higher than the 4H-SiC phase and thus suggests a
negative Clapeyron slope for its formation, i.e., a decrease in the
amorphization temperature with pressure. The application of the
Patel-Cohen rationalization thus predicts that the high-pressure
amorphous phase is favored at high pressures and shear stresses.
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