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ABSTRACT: Fused silica, a widely used facing material of transparent
armor, was found to transform into stishovite under heavy shock
compression. The ballistic-resistant performance of the partially transformed
fused silica, which is highly correlated to the crack initiation and propagation
processes, is important for multi-hit possibility. The ultra-high hardness and
strength of stishovite are beneficial for the reduction of crack initiation.
However, how the pre-existing cracks in stishovite propagate is an open
question. Here, by combining molecular dynamics simulations and density
functional theory calculations, we investigate the fracture behavior of
crystalline stishovite with pre-existing cracks at room temperature. It is found
that the crystalline stishovite phase transforms into an amorphous phase via a deformed phase under tensile loading, leading to a
ductile fracture. Amorphization is localized on crack tips because of the strain concentration. Amorphization helps to inhibit crack
propagation by volume expansion, increasing the final fracture strain. The amorphization mechanism and crack propagation path are
robust when the shape of cracks changes. These results provide a reference for application of fused silica-based transparent armor
systems.

■ INTRODUCTION
Ceramics are essential in human civilization, with widespread
applications in aerospace, automotive engineering, and medical
engineering based upon their unique thermal, physical, and
mechanical properties.1−7 Compared with metals and poly-
mers, ceramics possess higher strength, hardness, and better
resistance to wear and corrosion.8−14 But the working
situations of ceramics are always limited by their brittleness
at room temperature. Reducing the sample size to the
nanoscale offers a feasible strategy to design ductile ceramics
working at room temperature.15−20 When the diameter was
reduced to 18 nm, unusual strain plasticity of SiO2 glass
nanofibers around room temperature was observed. As the size
decreased, the free surface-affected zone increased and more
bond-switching events happened per irreversible bond loss,
thus introducing plastic deformation in SiO2 nanofibers.19,20

Fused silica has been substantially investigated as a facing
material for transparent armor because of its high hardness and
transparency.21−28 Previous studies indicate that fused silica
will transform into stishovite when it experiences heavy shock
compression, improving the ballistic protection perform-
ance.29−31 The improvement is rooted in the ultra-high
hardness of stishovite, which is 5 times harder than the silica
glass matrix.32,33 Despite excellent hardness, brittleness is also
an important parameter to evaluate a good transparent armor.
It is known that brittleness will lead to the fast propagation of
cracks under shock compression and ballistic impact.34,35 The
propagation of cracks will continuously decrease the ballistic
resistance under multi-hit impacts. Although the trans-

formation from fused silica to stishovite results in an increase
in hardness, which is good for transparent armor, it is still
unknown how the pre-existing cracks in stishovite propagate.
Therefore, understanding the evolution of the brittleness-
induced cracks in stishovite is of great importance for
improving the performance of fused silica-based transparent
armor.

In this paper, we report the ductile fracture of stishovite
single-crystalline thin films with pre-existing cracks at room
temperature. In a crack-free lattice, the amorphization appears
randomly, resulting in a disordered structure. For thin films
with pre-existing cracks, amorphization only appears near crack
tips, while most of the ordered structure remains. As cracks
exist, the strain concentration at crack tips induces lattice
deformation, forming a deformed stishovite phase. Then, the
amorphous phase prefers to nucleate near the deformed
stishovite phase rather than the pristine stishovite phase. What
is more, the fracture behavior of stishovite thin films with pre-
existing cracks is size-dependent. The fracture strain increases
from 0.12 to 0.44, while the concentration of an amorphous
phase increases as the sample width is reduced from 150 to 30
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nm. The amorphization toughening mechanism comes from
the volume expansion induced by crystalline-to-amorphous
transformation and the formation of nanobridges, as shown in
Figure 1. We further evaluate the influence of the shape of the
pre-existing crack on its propagation. Overall, the shape does
not affect the amorphization mechanism and the propagation
path, but it affects fracture properties. As the initial crack

length increases from 6 nm to 30 nm, the fracture strain

decreases at first and then converges at a crack length of 24

nm. The fracture toughness increases at first and converges at a

crack length of 12 nm.

Figure 1. Amorphization toughening mechanism: crack closure induced by volume expansion and nanobridge formation.

Figure 2. Mechanic property, coordination numbers (CNs), and the concentration of amorphous phases when applying uniaxial tensile stress on
stishovite thin films along the y direction with and without pre-existing cracks. (a,b) Stress−strain (σ−ε) relations of pristine (a) and pre-cracked
(b) stishovite thin films with widths of 30, 50, 70, 100, 150, and 200 nm. The crack is 6 nm in length for all thin films. (c,d) 3D views of stishovite
thin films without cracks (c) and with pre-existing cracks (d) under 0.1 tensile strain. Si atoms are colored according to the CN, as shown in the
bottom color bar. The thickness of stishovite thin films is 5 nm. (e,f) Concentration of an amorphous phase of stishovite thin films under 0.1 tensile
strain without crack (e) and with crack (f). The red dashed lines represent the averaged values.
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Figure 3. Evolution of the distribution of local shear strains of stishovite thin films in different widths with pre-existing cracks under tensile strains
from 0.04 to 0.08. (a) 30 nm, (b) 50 nm, (c) 70 nm, (d) 100 nm, and (e) 150 nm. The initial crack width is 6 nm. The color represents the atomic
shear strain, as shown in the bottom color bar. The brown regions indicate the amorphous phase.

Figure 4. Structure and energy evolution of the deformed phase near crack tips. (a) Si−O coordination distribution of the stishovite film with 150
nm in width under 0.06 tensile strain. The length of the pre-existing crack is 6 nm. Si atoms are colored according to the CN, as shown in the left
color bar. (b) Top and side views of the atomic structure of pristine stishovite. (c) Top and side views of the atomic structure of deformed
stishovite. In (b,c), the purple and orange pink balls represent Si and O atoms, respectively. The red balls in side views highlight the O atoms
bonding to the central Si atom. (d) Strain-dependent energy evolution of pristine and deformed phases.

Figure 5. Width-dependent fracture strain and structure of stishovite thin films with a pre-existing crack of 6 nm. (a) Fracture strain. (b)
Concentration of the amorphous phase. (c) Mass density map of stishovite thin films with 70 nm in width under a 0.1 tensile strain. The color
represents the mass density, as shown in the bottom color bar.
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■ THEORETICAL METHODS
Molecular Dynamics Simulation. The interaction

between atoms in stishovite was simulated within the
framework of a modified Buckingham (BKS) potential31,36 in
the Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS).37 The system temperature was maintained at 300
K by the Nose−Hoover thermostat.38 The models we used to
do the simulation are thin films with 200 nm length, 5 nm
thickness, and widths ranging from 30 to 200 nm. A stishovite
thin film with a width of 100 nm contains ∼20,000,000 atoms.
The cracks in pre-cracked thin films shown in Figures 2, 3, 4, 5
are all 6 nm in length along the x axis. The pre-existing cracks
are all perforated along the z axis and generated by removing
the corresponding atoms in the center of the stishovite thin
film. Periodic boundary conditions were employed along all
three directions. A full relaxation was performed for 100 ps
before tensile loading was applied. For the tensile test, the
strain rate was 10−3 ps−1. The loading direction was along the y
axis. The time step was set to be 1 femtosecond.

First-Principles Calculation. First-principles calculations
based on density functional theory (DFT) were performed by
using the Vienna ab initio simulation package (VASP).39,40

The projector augmented wave (PAW)41 method was applied
with the Perdew−Burke−Ernzerhof (PBE)42 type exchange−
correlation functional. For the potential surface calculations
under strains, a kinetic energy cutoff of 750 eV was used. For
the pristine stishovite phase, we used a 1 × 1 × 2 supercell,
which contains 4 Si atoms and 8 O atoms. For the deformed
stishovite phase, a unit cell was used, which is monoclinic and
contains 4 Si atoms and 8 O atoms. The k-point sampling was
6 × 6 × 6, generated by Monkhorst−Pack grids with the origin
at the Γ-point.43 The convergence criterion of electronic
relaxation was 10−6 eV.

To calculate the energies of the pristine stishovite, deformed
stishovite, and amorphous phase, a kinetic energy cutoff of 400
eV was used. The atomic models included a 4 × 4 × 4
supercell for the pristine stishovite phase and a 4 × 4 × 2
supercell for the deformed stishovite phase. The atomic model
of the amorphous phase was generated by MD simulations,
containing 128 Si atoms and 256 O atoms. The structures were
relaxed until the residual force on each atom was smaller than
0.05 eV/Å. The k-point sampling was Gamma only for
relaxation and 2 × 2 × 2 for self-consistent calculations. The
convergence criterion of electronic relaxation was 10−5 eV.

■ RESULTS AND DISCUSSION
Stress−strain curves of pristine and pre-cracked stishovite
single crystalline thin films under uniaxial tensile stress applied
along the y axis are presented in Figure 2a,b, respectively.
These thin films are 200 nm in length and 5 nm in thickness,
with widths ranging from 30 to 200 nm. The stress−strain
curves of pristine stishovite thin films show that the stress
remains the same with increasing sample sizes, while samples
with pre-existing cracks apparently present size-dependent
behavior. Figure 2a presents that in pristine stishovite, the
stress first increases linearly with the increase of strain, with an
elastic modulus of 489 GPa, which is consistent with previous
work.44 Then, the stress drops suddenly at 0.09 strain, and the
yield stress is around 34 GPa. Figure 2b presents the same
increasing tendency of stress with increasing strain at a small
strain area. When the strain reaches 0.04, the stress of samples
with different widths starts to decrease at different values

ranging from 19 to 21 GPa. The drop in the stress usually
indicates the occurrence of bond breaking or switching and
some defects.

The atomic configuration of the pristine sample with a width
of 100 nm under 0.1 tensile strain is shown in Figure 2c. The
Si atoms are colored according to the silicon coordination
number (CN). Amorphous silica is observed and distinguished
by the CN difference. Si atoms in the stishovite phase are
octahedrally coordinated by oxygen atoms (CN = 6) and
colored in red, while those in the amorphous phase are
tetrahedrally coordinated (CN = 4) and colored in blue.
Amorphization is found to initiate throughout whole films
randomly in a homogeneous nucleation manner.31 But when
cracks exist, the amorphous phase only forms near cracks
under 0.1 tensile strain, as shown in Figure 2d. The
concentration of silicon atoms in the amorphous phase for
samples with and without pre-existing cracks under 0.1 tensile
strain is shown in Figure 2f,e, respectively. It is found that for
samples with and without pre-existing cracks, averagely 7.54
and 10.67% of the crystalline silica transforms into the
amorphous phase, respectively. The crystalline-to-amorphous
transformation is nonelastic since most of the amorphous
phase fails to return to the crystalline phase even when the
stress is fully released, as shown in Figure S1, which is
consistent with previous works.45,46 According to our
simulations, localized amorphization renders the advantage of
retaining a more intact crystalline area. The intact area could
keep the high hardness and strength of the stishovite phase,
which may be helpful in reducing the damage caused by multi-
hit ballistic impact. The analysis and simulations also indicate
that the amorphization mechanisms behind them are highly
correlated to the existence of cracks or maybe other defects.

In order to figure out the mechanism of amorphization with
pre-existing cracks, we carried out atomic strain analysis for
samples with 30, 50, 70, 100, and 150 nm widths. In Figure 3,
we show the atomically resolved shear strain maps of the thin
films with tensile strains from 0.04 to 0.08 to investigate the
development of plastic deformation since the stress−strain
curves of all pre-cracked samples drop in this range. The shear
strain maps under 0.04 tensile strain show that a large shear
strain concentration appears at the crack tip with a value
around 0.1. Then, the brown regions initiate from the crack
tips and propagate perpendicular to the applied stress
orientation until tensile strains reach 0.06. According to the
corresponding configurations in Figure S2, the brown regions
are amorphous phases with a shear strain of atoms close to 1.
Despite the brown regions, we notice that there are cyan
regions in a “fishtail-like” shape with a shear strain value of
∼0.1. It should be mentioned that a new phase is found in
these regions, which will be discussed in Figure 4. As the
tensile strain further increases to 0.07 and 0.08, the amorphous
phase branches into two or three paths and grows at an angle
of ∼45° to the applied stress. The number of branches
increases as the tensile strain increases. For all thin films except
the 30 nm one, the branched amorphous phase (Figure S2)
only initiates in the strain concentration area (Figure 3). Once
the amorphization is completed, the local shear strain is
released. All these analyses indicate that the amorphization
demands the local strain concentration.

The configuration of the “fishtail-like” regions (Figures 3 and
S2) exhibits a previously unknown monoclinic phase of SiO2.
The coordination analysis of the stishovite thin film under 0.06
tensile strain is shown in Figure 4a. As shown in Figure 4a, the
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CN of Si atoms in stishovite is 6, while that in amorphous
regions is 4. It is found that the CN of Si atoms in the “fishtail-
like” region is between 4 and 6, indicating that it may be an
intermediate phase. The atomic structures of pristine stishovite
and the intermediate phase are shown in Figure 4b,c,
respectively. The main difference between them is the CN of
central Si atoms. As highlighted by red balls in Figure 4b,c, the
central Si atom is coordinated with six surrounding O atoms in
the pristine stishovite phase, while it is coordinated with 5
oxygen atoms in the deformed stishovite phase.

Since the deformed stishovite phase only appears at the local
strain concentration region, we carried out first-principles
calculations to investigate the effect of strain conditions on the
transformation from the pristine to the deformed phase. The
potential energy surfaces of the pristine phase (pink) and the
deformed phase (sky blue) under strain are shown in Figure
4d. The tensile strain ranges from 0 to 0.1, and the shear strain
ranges from 0 to 0.2. Apparently, the pristine phase is more
energy favorable when the lattice is fully relaxed. As the strain
increases, either tensile strain or shear strain, the energy of the
deformed phase decreases rapidly, while the energy of the
pristine phase increases. The intersection of the two potential
surfaces represents the phase transformation. The phase
transformation does not induce volume change. Specifically,
under a 0.05 tensile strain, the phase transformation occurs at a
0.11 shear strain. The values of strain are consistent with those
obtained from our MD simulation, in which the shear strain is
∼0.1 when the fishtail-like region appears at a tensile strain of
0.05−0.06.

To clarify whether the deformed phase plays an important
role in the amorphization process, we also compared the
energy of the pristine stishovite phase, the deformed stishovite
phase, and the amorphous phase. The energy of the
amorphous phase is 11.58 kJ/mol higher than that of the

pristine stishovite phase. The energy difference provides a
good guideline for the energy input required to amorphize
materials. DFT calculations agree well with the previous works
that the enthalpies of the crystalline to amorphous transition in
Si and Ge are 11.6 and 11.9 kJ/mol, respectively.47 Compared
to the pristine stishovite phase, the energy difference between
the amorphous phase and the deformed stishovite phase is 4.06
kJ/mol, much lower than that between pristine and amorphous
stishovite. The deformation of the stishovite phase contributes
7.52 kJ/mol, which is approximately 65% of the energy input
for amorphization, explains why the amorphous phase initiates
from the deformed phase rather than the pristine phase.

Besides the growth of an amorphous phase, the crack also
propagates as the tensile strain increases. The fracture strains
of thin films with different widths ranging from 30 to 200 nm
are summarized in Figure 5a. The fracture strain decreases as
the sample width increases and then converges when the
sample width reaches 150 nm. Meanwhile, the concentration
of the amorphous phase also decreases as the sample width
increases, as shown in Figure 5b. These two curves are highly
correlated, indicating that amorphization plays an important
role in crack propagation. Previous works have found that the
formation of an amorphous phase can additionally help inhibit
crack propagation by forming amorphous nanobridges in the
crack’s wake.48 What is more, the mass density of the
amorphous phase is much lower than that of the stishovite
phase, as shown in Figure 5c. The crystalline-to-amorphous
phase transition leads to significant volume expansion,49,50

inhibiting the expansion of cracks. Thus, the more phase
transition occurs, the more volume expands, making the thin
film sustain more tensile strains.

Since the crack shape is variable in actual applications, we
also test initial cracks with different lengths and perforated
depths to evaluate the influence of the crack shape on its

Figure 6. Uniaxial tensile stress applied on stishovite thin films of 70 nm widths with pre-existing cracks of different lengths and penetration depths.
(a) Stress−strain (σ−ε) relations. (b) Fracture strain. (c) Fracture toughness. The initial lengths of cracks are 6, 12, 18, 24, and 30 nm. (d) Stress−
strain (σ−ε) relations of stishovite thin films without cracks, with perforated cracks, and with partial cracks. The penetration depths of partial cracks
are 2 and 5 nm. (e) 3D atomic configuration of a thin film under a 0.05 strain with a 5 nm deep partial crack. The thickness of thin films is 10 nm.
Si atoms are colored according to the Si−O coordination number, as shown in the right color bar.
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propagation. The stress−strain curves of stishovite thin films
with pre-existing cracks of 6, 12, 18, 24, and 30 nm lengths are
shown in Figure 6a. The stress of samples with cracks in
different lengths first increases linearly with increasing strain
and then decreases at different strain values ranging from 0.28
to 0.43. The fracture strains of samples with different crack
lengths are summarized in Figure 6b. As the initial crack length
increases from 6 to 30 nm, the fracture strain decreases at first
and then converges at a crack length of 24 nm. The fracture
toughness (KIc) of samples with cracks in different lengths is
summarized in Figure 6c. KIc is calculated according to the
following equation

K f cIc c= (1)

where ( )f
tan c

L
c

L

= is the geometry factor,51 c is the half crack

length, and σc is the critical far-field stress for crack
propagation to occur. The results indicate that the fracture
toughness first increases as the initial crack length increases
and then converges at a crack length of 12 nm. The saturation
of fracture toughness of thin films with the increase of the
crack length is contributed by crystalline-to-amorphous
transformation toughening.52,53 Figure 6d shows the stress−
strain curves of samples with partially perforated pre-existing
cracks of 2 and 5 nm penetration depths. The yield stress
increases as the penetration depth decreases. The samples with
partial perforated cracks are 200 nm in length, 70 nm in width,
and 10 nm in thickness, as shown in Figure 6e. The cracks are
partially perforated along the z axis.

Despite the variable fracture properties, the amorphization
mechanism is robust for different crack shapes. For perforated
cracks with different lengths, the amorphous phase initiates at
the crack tips and then propagates perpendicular to the applied
stress, as shown in Figure S3. The deformed stishovite phase
also appears under 0.05 tensile strain. For partially perforated
cracks, the amorphization starts at the crack tips, and then the
amorphous phase spreads along the z axis under 0.06 tensile
strain, as shown in Figure S4. After fully penetrating the
stishovite thin films, the amorphous phase propagates
perpendicular to the applied stress. The deformed stishovite
phase appears at 0.06 tensile strain and 0.07 tensile strain for
cracks with 5 and 2 nm penetration depths, respectively. These
results indicate that the amorphization process and crack
propagation path for samples with an initial crack in different
shapes are basically the same.

■ CONCLUSIONS
Based on MD simulations and DFT calculations, it is found
that the pre-existing cracks result in localized amorphization of
stishovite thin films. The stishovite phase transforms into the
amorphous phase via a deformed stishovite phase induced by a
local shear strain concentration. The localized amorphization
leads to volume expansion, which inhibits crack propagation.
Furthermore, we found that the shapes of the pre-existing
crack do not affect the amorphization mechanism and
propagation path but do affect fracture properties.
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