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Densification is a major feature of silica glass that has received widespread attention. This work investigates the
fracture behavior of densified silica glass upon uniaxial tension based on atomistic simulations. It is shown that the tensile
strength of the silica glass approximately experiences a parabolic reduction with the initial density, while the densified
samples show a faster power growth with the increase of strain rate. Meanwhile, the fracture strain and strain energy
increase significantly when the densification exceeds a certain threshold, but fracture strain tends to the same value and
strain energy becomes closer for different densified samples at extreme high strain rate. Microscopic views indicate that all
the cracks are formed by the aggregation of nanoscale voids. The transition from brittleness fracture to ductility fracture
can be found with the increase of strain rate, as a few fracture cracks change into a network distribution of many small
cracks. Strikingly, for the high densified sample, there appears an evident plastic flow before fracture, which leads to the
crack number less than the normal silica glass at the high strain rate. Furthermore, the coordinated silicon analysis suggests
that high strain rate tension will especially lead to the transition from 4- to 3-fold Si when the high densified sample is in
plastic flow.

Keywords: silica glass, densification, fracture, strain rate, atomistic simulation

PACS: 81.05.Kf, 81.70.Bt, 62.20.mm, 62.20.–x DOI: 10.1088/1674-1056/abb3f2

1. Introduction
Nowadays, glass materials have been paid much attention

due in part to their excellent mechanical properties.[1–4] As a
widely used protective material, the fracture behavior of silica
glass is very important. The silica glass is a well-known brit-
tle material[5] in nature, which only needs to absorb a little en-
ergy during the fracture process.[6,7] In experiments, an atomic
force microscope was used to characterize the fracture sur-
faces. It was proved that the cracks are formed by the growth,
aggregation, and propagation of nanoscale voids[8] and the
evolution of void is the key to the failure of materials.[9] The
formation of these nanoscale voids is mainly due to the rough-
ness of the material surface.[10] However, the required spa-
tiotemporal resolutions for a comprehensive understanding of
the nanoscale void nucleation and growth is still prohibitive
for state-of-the-art experimental techniques.

As a powerful supplement to the experiment, molecu-
lar dynamics (MD) simulation[11] has been successfully ap-
plied in many microscopic mechanism studies in recent years.
Based on MD simulations, Muralidharan et al.[12] obtained
higher tensile strength by considering atomic charge transfer
during the deformation of silica glass. Besides, they con-
cluded that the strain rate below 109 s−1 has little effect on the
tensile strength, and used 2-M ring to describe the formation

mechanism of the voids systematically.[13] Except the quali-
tative mechanism description, the KIC value[14] of the silica
is calculated directly from the atomic scale by means of the J
integral,[15] which provides a new method to understand the
fracture of the silica. Pedone et al.[16] shows that the critical
value of fracture cavity is lower than the experimental value,
which is considered to be the effect of size. The previous re-
search has shown that the fracture behavior of the silica glass
is influenced by various external factors, such as model size,
quenching rate, temperature, and strain rate.[17–25] The tensile
strength will increase rapidly to a plateau level when the strain
rate exceeds 2.5×1011 s−1 and no more localization of dam-
age in the sample. Importantly, the transition from brittleness
to ductility was also observed with quenching rate and strain
rate.

In addition to the external factors, the effect of densifica-
tion on the fracture of silica glass is also worthy of attention.
Yuan et al. obtained different densified silica glass by ap-
plying pressure at the quenching stage and they found that the
void formation in densified silica glass has higher activation
energy. Densified silica glass may display more plastic de-
formation before fracture due to the pre-existing cracks.[26] In
essence, the densified silica glass is corresponding to the in-
crease of coordination number of Si and O,[27] which can lead
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to the tensile strength decrease.[28] The composition and func-
tion of different SiOx (x = 4, 5, 6) structures are different in
densified silica glass and this variation is often uneven.[29–31]

Besides, the oxygen hexagonal close-packed (hcp) and face-
centered cubic (fcc) clusters were also found in densified silica
glass.[32] All these atomic structures are certain to affect the
evolution and coalescence of voids. Thus, the fracture mecha-
nism of densified silica glass has more physical implications.

To this day, there is still no comprehensive understanding
of the fracture behavior of densified silica glass, although the
fracture of normal silica glass has been deeply recognized. In
this work, we examine the tensile fracture of densified silica
glass based on atomistic simulations. The tensile strength and
fracture mechanism of the different densified silica glass and
their dependence on the strain rate are revealed by mechanical
and microstructural analysis. The structure of manuscript is as
follows: Model and simulation details are introduced in Sec-
tion 2, results and discussion are presented in Section 3, and
finally conclusion is drawn in Section 4.

2. Model and simulation details
2.1. Potential model

The BKS potential is a two-body potential based on
the Buckingham potential with an added Coulombic term.
Theoretical x-ray and neutron structure factors and effective
neutron-weighted vibrational density of states of silica glass
were computed by using a series of well-known interatomic
potentials and compared to experimental results. It is found
that the BKS potential was able to adequately reproduce both
static structure and dynamical properties of silica glass.[33] Be-
sides, the calculated values of the lattice constants, density, ra-
dial, and bond-angle distribution functions, equations of state,
and phase transitions using different potentials are compared
to experimental values. Simulation results with the BKS po-
tential accurately predict the experimental measurements to
within 2%.[34]

In this work, to avoid the possible unphysical effect at
small interatomic distance, the modified BKS potential im-
proved by Barmes et al.[35] is used, which has been used many
times in the previous studies and can reproduce the structural
and mechanical properties of silica glass[12,13,19,21,26] and den-
sified silica glass.[31,32] The modified BKS potential is ex-
pressed as follows:

v =

 φ (r) = ai jr2 +bi jr+ ci j,
vBKS

c (r) ,
0,

ri j ≤ r0
i j,

r0
i j < ri j ≤ rc,

ri j > rc

(1)

with

vBKS
c = vBKS (r)− vBKS (rc)− (r− rc)

dvBKS (rc)

dr
,

where ai j, bi j, and ci j are parameters of φ (r). Here, we set
rc = 6.0 Å, rSiO = 1.5 Å, and rOO = 2.0 Å.

2.2. Computational and analytical details

The preparation of samples and loading process are
performed using LAMMPS.[36] The silica glass is prepared
from crystalline silica by a quenching process. Firstly, a
β -cristobalite (2.2 g/cm3) containing 1022208 Si atoms and
2044416 O atoms is created and used as an initial structure.
Then, different densified samples are obtained through four
stages: melting, cooling, depressurizing, and relaxing stages.
(i) The silica is melted at 6000 K for 200 ps under different
pressures (0, 2, 4, 7, 10 GPa), ensuring that the memory of the
silica crystal structure is completely removed. (ii) Cool the sil-
ica to room temperature, with the quenching rate of 57 K/ps.
(iii) decompress the silica to zero pressure within 100 ps. (iv)
Equilibrate the decompressed silica for 100 ps. The tensile
tests are simulated in the strain rate range of 109 s−1–1011 s−1

in NVE ensemble by uniformly changing the size of the simu-
lated box along the Z direction. Periodic boundary conditions
are applied in all the three directions.

The virial stress tensor[37] is calculated as follows:

σαβ =
1
V

(
−∑

i
miviα viβ +

1
2 ∑

i
∑
j 6=i

ri jα fi jβ

)
, (2)

where α and β represent x, y, and z coordinate axes, V is the
volume of sample, mi is the mass of atom i, viα and viβ indicate
velocity of atom i along the coordinate axes α and β , respec-
tively, fi jβ represents force on the atom i triggered by atom j
along the coordinate axis β , ri jα represents distance between
atoms i and j along the coordinate axis α . Note that the virial
stress was already proved equivalent to the continuum Cauchy
stress.[38]

The strain energy is calculated as follows:

U =V0 ∑

∫
σi dεi, (3)

where V0 is the volume of initial sample, i represents x, y, and
z coordinate axes.

The local shear strain can be used to describe the plas-
tic deformation on the atomistic level.[39,40] By comparing the
current structure and a reference structure, the local deforma-
tion gradient transform matrix Ji can be determined as follows:

Ji =

(
∑

j∈N0
i

d0T
ji d0

ji

)−1(
∑

j∈N0
i

d0T
ji di j

)
, (4)

where di j is the separation (row) vector between atoms i and
j (superscript 0 means the reference structure), atom j is one
atom i ’s nearest neighbors, N0

i is the total number of nearest
neighbors of atom i at reference structure.

The Green–Langrangian strain can be obtained by ηi =
1
2

(
JT

i Ji− I
)

and the local shear invariant strain[41] is calcu-
lated from matrix ηi:
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η
miese
i =

√[(
η i

xx−η i
yy
)2

+
(
η i

xx−η i
zz
)2

+
(
η i

yy−η i
zz
)2
]
/6+

(
η i

xy
)2

+
(
η i

xz
)2

+
(
η i

yz
)2
, (5)

where η i
xx, η i

yy, η i
zz, η i

xy, η i
xz, and η i

yz are components of shear
invariant strain at the atom i. Here, the calculation of ηmiese

i

for various atomic structure is performed using the software
package OVITO.[42]

3. Results and discussion
3.1. Preparation of densified silica glass

In a small range, the atomic coordination of glass ma-
terials can be retained, resulting in a flawed and incomplete
short-range ordered structure. The coordination states of five
different densified (including normal density) silica glass sam-

ples are presented in Fig. 1(a), where the cutoff radius is 2.4 Å.
It can be seen that the normal-coordinated silicon (4-fold Si)
is dominant. With the increase of quenching pressure, 4-fold
Si will gradually convert to over-coordinated silicon (such as
5-fold and 6-fold Si), which constitute the major defects in
densified silica glass. When the quenching pressure reaches
10 GPa, the fraction of 5-fold Si in the sample is over 13%,
and the fraction of 6-fold Si reaches about 0.5%, as reported
in the literature.[26] Three different Si coordination groups are
presented in Fig. 1(b), in which 4-fold Si, 5-fold Si, and 6-fold
Si are marked by A, B, and C. In fact, the larger the coordina-
tion number is, the higher the density is.
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Fig. 1. (a) Fraction of different coordinated silicon samples versus quenching pressure. (b) Local amplified view of the atomic structures.

Table 1. Different silica glass models and strain rate modes.

Sample designation Quenching pressure/GPa Initial density/(g/cm3) Dimensions (LX ×LY ×LZ)/nm Strain rate designation Strain rate/s−1

S1 0 2.20 31.39×31.39×47.09 SR1 109

S2 2 2.31 30.88×30.88×46.32 SR2 5×109

S3 4 2.41 30.46×30.46×45.69 SR3 1010

S4 7 2.54 29.92×29.92×44.88 SR4 5×1010

S5 10 2.66 29.46×29.46×44.19 SR5 1011

3.2. Stress–strain relation and the tensile strength

The normal stress–strain and the shear stress–strain
curves of S1, S3, and S5 at five strain rates (SR1–SR5) are
plotted in Fig. 2, where the shear stress τ = [σzz − (σxx +

σyy)/2]/2, the engineering strain ((V −V0)/V0) is adopted.
When the strain rate is lower than SR3, we find that the stress
in S1 and S3 decreases sharply to zero after reaching the peak
value, showing a typical characteristic of brittleness fracture.

The reason is that the atomic structure undergoes a similar re-

arrangement as the quasi-static tests. At higher strain rates

(SR4 and SR5), the samples have not been completely frac-

tured even if the strain reaches 50%, due to the transition from

brittleness to ductility. In this case, the tensile nanoscale voids

do not have enough time to further grow and merge into a big

crack. As a result, there forms the damage region all over

the sample. In addition, it is also observed that the fracture
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strain (corresponding to the maximum stress) increases with
the strain rate, indicating a gradual transformation process.
Very interestingly, we observed a significant plastic flow phase
before the complete fracture in high densified silica glass (S5)
and the fracture strain exceeds 30% for all the strain rates. In
other words, S5 needs absorbing more energy during the frac-
ture and then shows a very different deformation failure. Be-
sides, both S1 and S3 exhibit a phenomenon of bulk phase re-
bound with the rapid decrease of stress, but this phenomenon
no more appears in S5 because of the significant plastic flow.
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Fig. 2. Normal stress–strain [(a), (c), (e)] and shear stress–strain [(b), (d),
(f)] curves of different types of densified silica glass at five different strain
rates (SR1–SR5). The transition from brittleness fracture to ductility frac-
ture with strain rate, and a significant plastic flow in the high densified sam-
ple are both shown.

The tensile strength as a function of densification and
strain rate are plotted in Fig. 3. As for normal silica glass (S1),
the tensile strength varies about from 15 GPa to 20 GPa with
the increase of strain rate, which agrees well with other results
based on BKS potential.[12,13] These results are somewhat
higher than the experimental observations (11 GPa–14 GPa)
at quasi-static loading[43] as expected. At SR1, we find that
the tensile strength approximately undergoes a parabolic re-
duction ( f (x) = −121.6 + 122.4x− 27.4x2) with the initial
density and that may depend on the accumulated activation
energy by the densification.[26] Interestingly, the increase of
strain rate will gradually change the variation law, and we can
observe that the tensile strength of S2 becomes a little higher
than S1 at SR5 (M point). For each densified sample, the vari-
ation with strain rate is consistent with other observations, sat-
isfying the power law function. But, it is shown that the ten-
sile strength of higher densified samples increases faster with
the increase of strain rate. The power law for S1 and S5 can
be written as f (x) = 5.72x0.046 and f (x) = 2.33x0.071, respec-
tively, and the power law factor increases obviously with the
increase of initial density. In fact, the elastic deformation oc-
curs at the speed of sound, which is independent of the strain

rate, while plastic deformation by a series of local plastic de-
formation aggregation[44,45] does not have enough time to oc-
cur at higher strain rates, which finally leads to the increase of
the tensile strength macroscopically. In general, these results
indicate that the tensile strength of the samples is influenced
by the coupling of densification and strain rate.
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Fig. 3. Tensile strength of silica glass versus initial density and strain rate.
The tensile strength reduces approximately with a parabolic function of the
initial density, while the densified samples show a faster power increase with
the strain rate.

Meanwhile, the variation of fracture strain is shown in
Fig. 4(a). With the increase of strain rate, we find that the
fracture strain of S1–S4 undergoes a similar increase. In par-
ticular, the fracture strain of S5 is much greater than others
when the strain rate is lower than 1010 s−1 (SR3). In fact,
the densification can exhibit evident effect until the density of
silica glass reaches a critical value. We can observe that the
fraction of over-coordinated Si of S5 is over 13% and more
than other samples from Fig. 1. As shown in Fig. 4(b), we can
see that the strain energy of S5 and other samples undergoes
a similar increase and the strain energy of S5 is also much
greater than others at all strain rates. It means that the fraction
of dense atomic clusters[46–48] in structure of S5 is more than
other samples. When the sample is deformed, the atoms of
these regions need more energy to rearrange, which leads to
the increasing of fracture strain. It can also be predicted that
the deformation failure of high densified silica glass (S5) will
be different from others. However, the fracture strains of S1–
S4 converge to the same value at SR4 and the fracture strain
of S5 begins a fast reduction after 1010 s−1 (SR3) and merges
with others when the strain rate arrives at 1011 s−1 (SR5). It is
shown that the strain at the maximum of stress cannot clearly
describe differences of densified silica glass at high strain rate.
In Fig. 4(b), the differences of strain energy of all samples be-
come closer. It means that the fracture behavior of silica glass
is sensitive to the high strain rate, which eventually masks the
densification effect. In other words, the strain rate plays a more
important role than densification at higher strain rate.

128101-4
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Fig. 4. Fracture strain of different types of densified silica glass versus strain rate (a). Strain energy of different densified silica glass versus
strain rate (b). Here, the fracture strain denotes the strain at the maximum of stress.

3.3. Fracture mechanism of densified silica glass

The microscopic evolution of fracture in different densi-
fied silica glass is further discussed in this subsection. Accord-
ing to the above results, we chose the two samples (S1 and S5)
at two strain rates (SR1 and SR5) to show the difference in
fracture mechanism. Firstly, the local shear strain in normal
density S1 is presented in Figs. 5(a) and 5(b). When the strain
exceeds 14.5% at SR1 (a), the localization of deformation oc-
curs and the main cracks are formed in the following evolu-
tion, as a result of the nucleation, growth and convergence of
the nanoscale voids. At the strain of 15%, we can see the
complete fracture of S1 along the main crack. With the occur-
rence of fracture, the shear deformation will be recovered to
some extent due to the stress relaxation and this phenomenon
depends on the generation and propagation of fracture wave,
which is discussed in Fig. 6. As expected, there exists a large
damage in S1 at SR5 (b) when the strain is over 20%, and a
network distribution of cracks will form all over the sample.
When the strain reaches 50%, the sample has still not broken

completely and the area ratio of the cracked region at this time
is about 0.72, indicating a typical ductility fracture.

However, the high densified sample (S5) shows signifi-
cant differences in fracture pattern. First of all, the fracture
strain is obviously lagging behind and a large amount of lo-
cal shear deformation occur before the fracture, which lead to
the plastic flow state (see Fig. 2(e)). Figures 5(c) and 5(d)
present the microscopic views of local shear strain in sam-
ple S5. At SR1 (c), the damage region has been expanded
form three main cracks in the following evolution. Finally,
the micro-voids of one main crack grow and merge, resulting
in complete fracture. When the strain is increased from 32%
to 32.5%, the area ratio of damage region varies from about
0.75 about 0.68 with the damage localization. Except the main
crack, some damage forms isolated voids and others will close.
At SR5 (d), the damage region is obviously larger than S1, but
the localization of these damages is more evident in the subse-
quent stretching process, which lead to less cracks in S5 than
S1, showing different dependences on the strain rate.
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Fig. 5. Local shear strain evolution in S1 [(a), (b)] and S5 [(c), (d)] under uniaxial tension at SR1 [(a), (c)] and SR5 [(b), (d)]. The atoms are
colored by the shear strain.
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Based on the analysis of the microscopic process, we
compare the stress profiles along the tensile direction between
S1 and S5, and the results are shown in Fig. 6. When the
fracture begins, the local stress rapidly approaches to zero. At
the strain of SR1, with the evolution of local stress, we find
obvious fracture waves in both S1 and S5. On both sides of
the crack, the tensile stress will change to compressive stress
because of the deformation relaxation. The peak value of com-
pressive stress arrives at about −6.78 GPa and −4.12 GPa in
S1 and S5, respectively. This indicates the release process of
strain energy in addition to the formation of fracture plane.
Thus, the rebound of bulk phase appears in the samples after
complete fracture. While the high strain rate can only cause
the overall reduction of stress in the sample. The tensile stress
reduces to zero directly with very small fluctuations. As a re-
sult, the rebound of bulk phase is not observed at the strain rate
of SR5.
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Fig. 6. The stress profiles of S1 [(a), (b)] and S5 [(c), (d)] at different strain
rates [SR1: (a) and (c)]; SR5: (b) and (d).

Moreover, the radial distribution function (RDF), angular
distribution function (ADF) and coordination number of S1
and S5 are analyzed to characterize the mechanism of atomic
rearrangement during the uniaxial tensile tests of densified sil-
ica glass. The variation of Si–Si RDF at SR1 and SR5 are
shown in Fig. 7. With increasing the strain, we firstly find
the shift rightward of Si–Si peak of S1 (ε = 0–0.1) at SR1
(a), meaning that the Si–Si bonds elongate gradually. After
fracture, the peak is recovered under the following tension
(ε = 0.15–0.155) because of the stress relaxation. This pro-
cess also appears at SR5 (b). For the high densified sample, we
find the peak of S5 moves little to the right (ε = 0–0.2) at SR1
(c), implying the Si–Si bond is no more elongated obviously
with the plastic flow. Only the shift leftward (ε = 0.2–0.325)
after fracture is observed. This process also appears at SR5
(d). Also, there is a sudden increase of the peak at the high
strain of SR5, indicating an increase in the number of nearest
neighbors due to the strain rate effect. Besides, a small number
of closer Si–Si bonds (new peak) are also observed.
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Fig. 7. The radial distribution function of Si–Si in S1 [(a), (b)] and S5 [(c),
(d)] at different strain rates [SR1: (a) and (c); SR5: (c) and (d)]. The arrows
indicate the change of the position of peak.

The Si–O–Si ADF at different strains is shown in Fig. 8.
With the increase of strain, we find the peak of Si–O–Si an-
gle in S1 shifts rightward to a larger value and then recovers,
meaning that the Si–O–Si angle expansion before fracture and
contraction after fracture. Besides, the new peak of Si–O–Si
angle (called 2-M ring) can be observed. The plastic deforma-
tion mechanism of free volume model proposed by Tumbull et
al.[49] can well explain the appearance of 2-M ring. The stress
concentration will appear in the part of the glass material and
form shear bands, where the atoms move in a directed direc-
tion and enter into a smaller neighboring free-form void. That
process will lead to the formation of 2-M ring.
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Fig. 8. The radial distribution function of Si–O–Si in S1 [(a), (b)] and S5
[(c), (d)] at the two strain rates [SR1: (a), (c); SR5: (b), (d)].

The variation of 3-fold Si, 4-fold Si, and 5-fold Si with
strain is presented in Fig. 9. With the increase of strain, 5-fold
Si gradually converts to 3-fold Si and 4-fold Si at SR1 [(a)
and (b)]. When the fracture begins, 3-fold Si in S1 decreases
rapidly but 3-fold Si in S5 still increases until the plastic flow
stage ends. At the high strain rate of SR5 [(c) and (d)], we find
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the plastic flow stage in all samples and 3-fold Si increases
over the fracture strain, which becomes a same value for the
all the samples. Differently, when the fracture begins, 4-fold Si
is found to decrease and converts to 3-fold Si, too. It is shown
that the conversion between coordinated silicon is dependent

on both the densification and strain rate. As the fraction of co-
ordinated silicon increases, the coordinated silicon will form
atomic clusters. The atomic clusters can be rearranged to dis-
sipate the energy of the bond around the matrix and the ability
is related to the atomic density of the clusters.
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Fig. 9. Fraction of 3-fold Si, 4-fold Si, and 5-fold Si atoms as a function of strain at the two strain rates [SR1: (a), (b); SR5: (c), (d)].

4. Conclusion
In this work, we conducted MD simulations to investigate

the fracture behavior of densified silica glass and its depen-
dence on the strain rate. Firstly, the stress analysis indicates a
quadratic reduction of tensile strength with the initial density.
As for the same densified sample, the tensile strength increase
with strain rate follows a power law, but the exponent will
increase with the initial density of the sample. Besides, the
fracture strain and strain energy exhibit a rapid increase over
a certain densification, but fracture strain tends to the same
value and strain energy becomes closer at extreme high strain
rate.

The microstructural deformation suggests the transition
from few cracks to a large area of damage in all the samples
with the increase of strain rate. Strikingly, an evident plastic
flow in the high densified sample appears, which reduces the
tensile strength of densified sample and also results in the re-
duction of cracks relative the normal sample at higher strain
rate. Furthermore, the RDF and ADF analyses show that both
the Si–Si length and the Si–O–Si angle undergo expansion be-
fore fracture and contraction after fracture, and the formation
of 2-M ring. The initial densification will weaken the expan-
sion of bond length and angle. Further analysis of the coor-
dinated silicon shows that the appearance of plastic flow is
corresponding to the transition from 4-fold Si to 3-fold Si at

high strain rate tension.
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