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Solid-state shock-wave propagation is strongly nonequilibrium in
nature and hence rate dependent. Using high-power pulsed-laser-
driven shock compression, unprecedented high strain rates can be
achieved; here we report the directional amorphization in boron
carbide polycrystals. At a shock pressure of 45∼50 GPa, multiple pla-
nar faults, slightly deviated from maximum shear direction, occur a
few hundred nanometers below the shock surface. High-resolution
transmission electron microscopy reveals that these planar faults are
precursors of directional amorphization. It is proposed that the shear
stresses cause the amorphization and that pressure assists the process
by ensuring the integrity of the specimen. Thermal energy conversion
calculations including heat transfer suggest that amorphization is a
solid-state process. Such a phenomenon has significant effect on the
ballistic performance of B4C.
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Boron carbide is one of the hardest materials on earth while
extremely lightweight, making it excellent for ballistic pro-

tection applications such as body armor (1–6). Thus, its dynamic
behavior under impact/shock loading has been the subject of
intensive studies for decades (1, 5–13). It is known that boron
carbide undergoes an abrupt shear strength drop at a critical shock
pressure around 20∼23 GPa, suggesting a deteriorated penetration
resistance (8). Based on similar observations in geological materials
(5), Grady (7) hypothesized that this was caused by localized soft-
ening mechanisms such as shear localization and/or melting. Ex-
amining fragments collected from a ballistic test using transmission
electron microscopy (TEM), Chen et al. (14) were the first
to identify localized amorphization in boron carbide, which
appeared to be aligned to certain crystallographic planes. How-
ever, because the loading history of these fragments is unknown,
its effect on the observed microstructure is not understood.
Additionally, although the more well-defined loading conditions
associated with quasi-static diamond-anvil cell (15) and nano-
indentation (16, 17) experiments have provided greater insight
into amorphization of boron carbide, they do not address the re-
gime of high strain rate.
The laser shock experimental technique offers promise in

bridging the gaps of the previous experiments by enabling boron
carbide to be shock compressed under controlled and prescribed
uniaxial strain loading conditions and then recovered for postshock
characterization by TEM. To ensure the integrity of the specimen,
the duration of the stress pulse should be smaller than the char-
acteristic time for crack propagation which is typically on the mi-
crosecond scale [limited by Rayleigh wave speed (18)]. Traditional
dynamic loading methods such as plate impact and split Hopkinson
bar cannot deliver the strain rates required because the stress pulses
of both techniques occur on microsecond time scales. Therefore,
brittle solids such as B4C will fail catastrophically by crack nucle-
ation, propagation, and coalescence (19). To solve this challenge,
we designed a laser shock-recovery experimental apparatus which
was implemented in the Jupiter Laser Facility (Janus), Lawrence
Livermore National Laboratory. The Janus laser is capable of
generating large-amplitude stress pulses with nanosecond duration,

sufficient to shock boron carbide above its amorphization threshold
and to prevent it from shattering under shock compression and re-
lease. The high-energy pulsed laser (nominal wavelength = 528 nm,
laser energy = 50 J) has a nominal square pulse shape with duration
of 3 ns, resulting in a pulse power of 1.67 TW/cm2. Such a high
energy density was deposited onto a target package which comprised
aluminum foil (200 μm) placed in front of a B4C polycrystal (3 mm
in diameter and 3 mm in height, Fig. 1A). The vaporization of the Al
foil provides the high pressure which drives the shock wave into B4C.
Titanium capsule and momentum trap are used to capture the
reflected tensile stress pulses. The peak shock pressure (45∼50 GPa)
can be determined by a separate velocity interferometer system for
any reflector (VISAR) experiment (Fig. 1 B–D) and subsequent
impedance matching (Fig. 1E) (20), which is detailed in Methods.
Successful recovery experiments enable examination of the micro-
structure of the shocked boron carbide right below the shock surface.
The shock-recovered microstructure is shown in the low-magni-

fication bright-field TEM image in Fig. 2A. A crack extending into
the sample from the shock surface, as well as multiple subsurface
planar faults, can be clearly seen. The crack is oriented 45° from the
shock direction, coinciding with the maximum shear direction. The
planar faults appear to be nominally parallel to the maximum shear
orientation, although deviations of ∼15° are noted. The specific
orientation of individual grains and crystallographic requirements
undoubtedly determine the orientation of the planar faults. The
near alignment with the maximum shear direction indicates the
important role that shear stress plays in their formation. These
planar faults lead to lattice misalignment, accommodated by lattice
shifts (marked by red triangles) in the surrounding region, which are
observed by the high-resolution TEM (HRTEM) image roughly on
zone ½�1�51�* in Fig. 2B (“b” region in Fig. 2A) (21). The Fourier
filtered lattice fringes [using (101) Bragg reflection] of the dislocated
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region in Fig. 2B are shown in Fig. 2C where disregistry of lattice can
be observed. Geometric phase analysis of the same region is per-
formed and the deviatoric strain field (as illustrated in Fig. 2D) in
the vicinity of the planar fault is significantly higher than in the
matrix (22). These planar faults are plausibly the precursors or the
early stage of amorphization; however, whether they are amorphous
is unclear at this point.
Amorphous bands can be observed a few micrometers below

the shock surface. These bands (a-B4C in Fig. 3), unlike those
observed in similar experiments performed on silicon (23, 24), do
not necessarily originate from the shock surface and appear to ter-
minate within the crystal, resulting in an ellipsoidal shape as shown
in Fig. 3A. The diffuse ring in the fast Fourier transformed (FFT)
diffractograph shown in Fig. 3C confirms the amorphous structure
of these bands. The nominal widths of the amorphous “ellipsoids”
range from 2 to 5 nm. In the vicinity of the tips of these bands,
rotation of the lattice is clearly visible, as shown in Fig. 3B (mis-
orientation of 6°). The lattice rotation is consistent with the first
observations by Chen et al. (14). The zone axis is ½�7�13� and the
amorphous band aligns roughly with the (215) plane. It is difficult
to establish the amorphous plane and the assumption that it is
normal to the TEM foil is made. Geometric phase analysis based
on Fig. 3C is presented in Fig. 3D where the deviatoric strain
within the amorphous region is much greater than its surrounding.
Another amorphous band aligning roughly with ð2�21Þ has been
identified (as shown in SI Appendix, Fig. S4), indicating that
amorphization depends on the orientation of the specific grain
with respect to the shock wave propagation orientation.

Some bands are contiguous with cracks; this represents a clear
connection between amorphization and the increase in frag-
mentation originally observed by Moynihan et al. (25) in boron
carbide impacted ballistically above a critical shock pressure.
However, it is also evident that the planar faults and amorphous
bands are not always contiguous with cracks, but are distributed
randomly in the sample. The ultrashort stress pulse duration
(tens of nanoseconds including the shock release) is at least an
order of magnitude smaller than the characteristic time (micro-
seconds) for crack propagation, effectively preventing the sample
from catastrophic failure (comminution).
Under shock compression (uniaxial strain) below the Hugoniot

elastic limit (HEL) and for a shock wave propagating in the x3
direction, the generalized Hooke’s law simplifies to

σij =Cijkl«kl =Cij33«33, [1]

where Cijkl is the fourth-order elastic constant (stiffness) tensor
and «33 is the uniaxial strain aligned with direction of shock wave
propagation. Therefore, the maximum shear stress, τmax, and
hydrostatic pressure, P, are functions of elastic constants and
longitudinal strain, and can be written as

τmax

P
=
3ðC33 −minfC13,C23gÞ

2ðC33 +C13 +C23Þ , [2]

where the stiffnesses are represented in the matrix (two-index)
notation. For boron carbide, with a low-symmetry rhombohedral

Fig. 1. Laser shock-recovery assembly, free-surface 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, Ufs vs. t profiles. Two in-
dependent VISAR channels with distinctive Etalon length were used to unambiguously determine the free-surface velocity. Peak Ufs ∼ 4.2 km/s, rendering Up ∼ 1/2 Ufs =
2.1 km/s. (E) Determination of shock stress by impedance match shock Hugoniot (σs vs. Up) of aluminum and boron carbide. At the interface of Al and boron carbide,
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 (blue).
Intersection of the reflected Al curve with shock Hugoniot of boron carbide yields the estimate of the shock pressure in boron carbide. TakingUp = 2.1 km/s fromD, one
obtains shock stress, σs = 45–50 GPa, according to two most representative boron carbide Hugoniots from Pavlovskii (5) and McQueen et al. (6), respectively.
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lattice (26), different structure models predict different values.
Using ab initio simulation, Aryal et al. (27) calculated values of
C33 = 553.1 GPa and C13 = 76.8 GPa; ignoring the small differ-
ence between C13 and C23, Eq. 1 simplifies to

τmax

P
=

3ðC33 −C13Þ
2ðC33 + 2C13Þ≈ 1, [3]

indicating that the shear stress in boron carbide before the onset
of inelastic deformation is very significant.
The shock stress is related to hydrostatic and deviatoric

stresses by, σs =P+ ð4=3Þτmax. Thus, at HEL [σs ∼ 20 GPa (11,
28)], τmax ≈P= 8.6 GPa. In the laser shock experiment, the shock
pressure, σs= 45∼50 GPa, is much higher than the HEL, and it
is expected that the shear stress will be relaxed by directional
amorphization. It should be noted that boron carbide is a
strongly anisotropic material (with anisotropy ratios of C33/C11 =
0.98, C13/C12 = 0.49, 2C44/(C11 − C12) = 0.8), and, as a result,
Emax/Emin = 8.1 (29). To determine the stress state on a specific
plane, Voigt’s approach to coordinate transformation on stiff-
ness tensor needs to be performed before the calculation of the
Cauchy normal and shear stresses (30). If Cijkl is the original
stiffness tensor, one can write

Cmnop = lmilnjloklplCijkl, [4]

where Cmnop is the stiffness tensor in the new coordinate system
and l are the direction cosines. The ratios between the resolved
shear stress τ and shock stress σs on the observed planar fault
(as in Fig. 2) and amorphous band (as in Fig. 3) are 0.25 and 0.2,
respectively. Therefore, the amorphization process is strongly
loading-path dependent. The detailed coordination transforma-
tion can be found in SI Appendix. Amorphization is promoted by
shear deformation because it gives rise to larger lattice displace-
ments than those by hydrostatic pressure.
Pressure may also play a role in amorphization of B4C. It

was shown that B4C exhibits a negative melting slope with
dT=dP≈−13± 6 K=GPa (31), resulting in a reduction of melting
temperature up of to 200 K at the HEL (∼20 GPa). Besides, the
elastic stiffness of boron carbide is pressure dependent, indicating

that pressure may affect the shear instability of B4C, the dominant
amorphization mechanism.
The increase in temperature due to shock compression can be

evaluated from the Hugoniot relations and experimentally de-
termined shock parameters. This is shown in Fig. 4 (marked as
homogeneous shock temperature, Thomo), in conjunction with
the decrease of melting point. Clearly, Thomo is not sufficient for
melting at a shock stress of 45 GPa.
In addition to the Thomo, there is localized heat generation

because of the lattice friction associated with shear localization.
It is assumed that shear localization and amorphization start at
HEL. The localized temperature rise ΔTband in an amorphous
band of width wband can be estimated by assuming that the re-
laxation in deviatoric strain energy is balanced by the increase in
internal energy and heat transfer to its surroundings. The heat
extracted from the shear band is modeled assuming that there is
a constant heat generation in its symmetry plane, a problem that
was solved analytically by Carslaw and Jaeger (32, 33) assuming a
semi-infinite body on whose surface heat is deposited (more
details in SI Appendix),

ΔTband =
2ffiffiffi
π

p βτγwband

Δt

ffiffiffiffiffiffiffiffiffiffiffi
t

kρCp

s
, [5]

where β is the fraction of deviatoric strain energy converted to
thermal energy (usually taken as 0.9), k is thermal conductivity, τ
and γ are the shear stress and strain inside the band, respectively.
The former is approximated as τmax at HEL, and assumed to be
independent of increasing shock stress. The latter is related
to the uniaxial strain («uniaxial), width (wband), and interspacing
(wspacing) of bands, γ ≈ «uniaxialðwspacing=wband + 1Þ, if all of the
deviatoric strain is relaxed by shear band. wband = 2∼10 nm
can be measured from postmortem TEMmicrographs and wspacing
∼1 μm is approximated as the particle size because typically there
is only one amorphous band per grain.
Fig. 4 plots ΔTband with varying β at time t = 3 ns which is

approximated as the laser pulse duration Δt. The uncertainties in
Eq. 5 render the accuracy of prediction heavily dependent on
these material parameters, especially the strain in the amorphous
band and flow-stress dependence of strain softening. In the case

Fig. 2. TEM/HRTEM micrographs of recovered boron carbide from laser shock compression. (A) Low-magnification TEM image shows the shocked surface
with crack in the center. (B) Planar fault can be identified and HRTEM image shows successive lattice disregistries (marked by red triangles) lying along the
interface. (C) The Fourier filtered image of the boxed region in B, using ð101Þ and ð�10�1Þ reflections. (D) Corresponding geometric phase analysis shows the
deviatoric strain field in the vicinity of the planar fault.
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of softening, the temperature rise will be decreased. Neverthe-
less, the physical picture qualitatively captured in Eq. 5 provides
an estimate for localized heating. Although the prediction is
clearly below the melting point at the pressure, it is possible that
localized melting might occur. Thermal fluctuations and “hot
spots” have been observed along shear bands in metals. The
localized heating may also lead to formation of nanocrystals in
the vicinity of the stress concentration (crack), as evidenced in SI
Appendix, Fig. S3.
Several atomistic mechanisms have been proposed to explain

how B4C amorphizes under external loading: (i) Destruction

of C–B–C chain (34), (ii) transformation into and then col-
lapse of B12-CCC polytype (35), (iii) break of boron–carbon
bonds between neighboring icosahedra (36), (iv) depressurization
amorphization (15). These mechanisms suggest that the icosa-
hedra remain intact under stresses, whereas (v) recently An and
Goddard (3) performed large-scale reactive-force-field molecu-
lar dynamics simulations and proposed that the fracture of the
icosahedra also contributes to amorphization. The observations
shown in this study cannot distinguish among the reported
mechanisms, which may coexist in experiments depending on the
loading path.

Fig. 3. HRTEMmicrographs of amorphous band far away from the crack. (A) Both ends of the amorphous band, which exhibits an ellipsoidal shape, terminate in
material (one end is shown here). (B) Lattice image at the tip of the amorphous band shows clear lattice rotation. (C) Lattice image showing the amorphous region
(marked as a-B4C) with inset showing the corresponding FFT diffractograph. (D) Geometrical phase analysis corresponding to C shows that the local shear strain
(«xy = ð1=2Þγ) is significantly higher in the amorphous region than its surroundings, indicating that shear stress plays a crucial role in amorphization.
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Despite the complicated nature of atomic displacements during
amorphization, it is clear that shear stresses are vital to the pro-
cess. They lead to large magnitude atomic displacements which
can be dissipated by amorphization, cleavage, and dislocation/twin
formation. These mechanisms compete in B4C under shock
loading; however, as the strain rate increases, amorphization is
kinetically favored, suggesting a transition of failure mode from
crack nucleation/propagation to amorphization. The exact
threshold for amorphization in the laser-shocked B4C is unknown
but the 25-GPa shock experiment does not generate amorphous

bands. Thus, amorphization initiates somewhere between 25 and
50 GPa, which is higher than the previous report of 23.3 GPa for
the long-pulse shock experiment by Chen and coworkers (13). This
is consistent with first-order phase transitions, which are time
dependent. The amorphization significantly influences the equa-
tion of state and shock Hugoniot of boron carbide. At this point, it
is unclear whether unloading will modify the deformation micro-
structure. Further large-scale molecular dynamic simulation might
shed more light on this process.

Methods
Laser-Recovery Experiment. Laser-driven shock-recovery experiments were
conducted at the Jupiter Laser Facility (Janus), Lawrence Livermore National
Laboratory. Such high-energy density, once deposited onto the target, ab-
lates its surface and creates a shock wave that propagates through the target.
The ablation pressure is proportional to the laser intensity to 2/3 power. The
experimental setup is shown in Fig. 1A. The aluminum foil has three func-
tions: (i) as an ablator to transform laser energy into stress pulse; (ii) as
a heat shield which minimizes the preheating induced by laser irradiation;
(iii) as a pulse shaper to render the shock pulse on the target surface planar
(uniaxial strain condition).

VISAR Experiment and Impedance Matching. In a separate shot, the rear (free-)
surface velocity of the free standing aluminum foil subjected to a similar laser
shock is characterized by VISAR, which is shown in Fig. 1 B and C. The free-
surface velocity (Ufs) can be approximated as twice of the particle velocity
(Up): Up ∼ 0.5 Ufs. Conservation of momentum gives the relationship be-
tween the initial density ρo, particle velocity Up, shock velocity Us, and lon-
gitudinal stress or shock pressure, σs, as σs = ρ0UsUp. The shock pressure on
the surface boron carbide is determined by shock impedance Z [Z = ρ0Us (20)]
matching, as can be seen in Fig. 1E (Inset), which shows the target package
of the recovery experiment. The shock Hugoniot data for Al are well char-
acterized and documented by Los Alamos National Laboratory SESAME
database (37). For boron carbide there are some discrepancies among
the data reported in the literature (9), depending on the initial porosity of
the materials. Two most representative Hugoniots by Pavlovskii (5) and
McQueen et al. (6) were used.
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