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The nanoporous structure and the mechanical properties of silica aerogels are studied by molecular
dynamics simulations on large samples. For the first time, atomistic simulations are able to reproduce a
pore size distribution, centered on 10 nm, comparable to experimental values. Using an unprecedented
combination for silica aerogels of large volumes, large strains, and relatively small strain-rates, direct
evidence of their peculiar mechanical behavior at the nanoscale is provided, from elasticity to fracture.
The surface stress that silica ligaments experience produces a significant tension-compression asym-
metry and an unusual discontinuity in the Poisson effect. The ductility of highly porous silica aerogels
arises from an interplay between surface stress and a significant amount of reorganization in ligaments.
Taking advantage of the large volumes accessible here, the very heterogeneous nature of low-density
silica aerogels is reproduced, with an impact both on their elasticity and on their strength. In partic-
ular, a clear dependence between tensile strength and sample volume is uncovered, which opens per-
spectives for the elaboration of multi-scale models.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Silica aerogels are of great interest from both scientific and in-
dustrial perspectives. Their exceptionally low thermal conductiv-
ities, acoustical insulation properties and low densities offer
unparalleled application opportunities for building insulation,
electronics, aerospace, chemistry, pharmacy and many other sec-
tors [1]. The key to this outstanding performance is in their highly
porous three-dimensional solid nanosized network [2], which is
also responsible for their poor mechanical properties [3]. The un-
derstanding and optimization of the mechanical behavior of silica
aerogels is challenging. Their complex structure exhibits different
sizes of porosity ranging from the nano to the mesoscale [4,5]. An
analysis that encompasses these different scales is necessary for
such hierarchical fractal materials [6,7].

Molecular Dynamics (MD) simulations are an appropriate tool
for the study of mechanical properties at the nanoscale. Atomistic
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simulations have successfully reproduced the fractal characteristics
of the nanoporous structure of silica aerogels [8,9]. MD simulations
have correctly predicted the power law that relates thermal con-
ductivity and density, with a good correlation with experimental
data [10,11]. Recent efforts in MD have also tackled mechanical
properties with a focus on elasticity. The power law characterizing
the relationship between elastic modulus and density has been
reproduced by Campbell et al. [12] for nanoporous silica and more
recently by Murillo et al. [13], Lei et al. [7] and Patil et al. [14] for
silica aerogels. Coarse-grained models also offer a route to me-
chanical properties [15]. Although the power law obtained by these
authors is in good agreement with experimental data, there is still a
lack of sound knowledge on deformationmechanisms and the links
between mechanical properties and porosity size and size distri-
bution. Besides, mechanical properties are not limited to elasticity.
Albeit seldom studied [14,16], plastic deformation and failure are
paramount for these inherently weak materials. These limitations
in the literature are mainly the results of the restricted volume of
material that MD simulations can handle. Most of the above-cited
MD studies are confined to volumes smaller than 203 nm3, lead-
ing to smaller pore size distributions than those of experimental
aerogels centered on 10 nm [17e19]. Although some recent studies
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tackle volumes of the order of 303 nm3 [14], simulated silica aero-
gels in MD studies are still not representative enough for a detailed
mechanical investigation. For nanoporous gold, a MD combination
of large volume (21� 21� 107 nm3), large strains (~30%), and
relatively small strain-rates (3� 108s�1) was already attained by
Farkas et al. [20].

Additionally, the extremely high surface to volume ratio of those
materials involves long computation times for relaxation. There-
fore, one of the main prerequisite that MD must confront to real-
istically investigate the mechanical behavior of nanostructured
silica aerogels is a dramatic increase in the capability to simulate
large enough volumes together with sufficiently large strains or
durations. Computation time in MD simulations is mostly depen-
dent on the interatomic potential. In order to study the mechanical
behavior of materials with high surface area, an interatomic po-
tential able to reproduce both bulk and surface properties of
amorphous silica with a significantly reduced computation time is
needed. A previous study [21] has shown that a simple pair po-
tential optimized in computation time (without long-range in-
teractions) reproduces surface and bulk properties of the BKS
potential very satisfactorily [22], while leading to a 3000 gain factor
on the CPU time per atom per step.

Using this optimized pair potential, we simulate volumes that
are representative of the secondary particles of silica aerogels. The
volume of our smallest sample (203 nm3) is representative of the
volume used previously in the literature for mechanical studies
[7,13]. Our largest sample, depicted in Fig. 1, is 1003 nm3 in volume,
and contains more than 7 million atoms. More importantly, our
simulated samples are large enough to contain an adequate num-
ber of pores with a size that matches experiments. Here, these
nanoporous structures are investigated in detail for their me-
chanical behavior from elasticity down to fracture.
2. Methods

2.1. Interatomic potential and aerogel preparation

Interactions between all atoms of the simulation box are defined
by the Wolf BKS potential (van Beest, Kramer and van Santen),
proposed by Carr�e et al. [23]. It mainly differs from the original
version of the BKS potential [22] by the introduction of a cut-off on
Coulombic long-range interactions. Details on the potential and on
its validity for satisfactorily reproducing structural and energetic
Fig. 1. The largest silica aerogel sample simulated. Sample density is 250 kgm�3 in a 1003 n
thick slice in the sample. c) Zoom-in image showing oxygen and silicon atoms in blue and r
reader is referred to the Web version of this article.)
properties of amorphous silica with high surface area may be found
in Refs. [21,23] and in section S1 of the Supporting Information.

Simulations are performed with Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) [24] with a velocity-
Verlet algorithm and a 1.0 fs timestep. Periodic boundary condi-
tions are used in all three directions. The fractal structure of aerogel
is generated with Kieffer's method [8]. Using the Wolf BKS poten-
tial, the strategy is to extend the volume of the dense amorphous
silica in order to reach the desired aerogel density. Silicon and
Oxygen atoms are located at crystalline sites of b-cristobalite and
the structure is melted at 5000 K. The liquid silica is quenched to
300 K at 4.7.1012 K.s�1 to obtain an amorphous solid silica. In MD
simulations, this quench-rate is typically of the order of 1010 � 1012

K.s�1 [25]. However, during this preparation stage, it is not neces-
sary to look for a finely equilibrated configuration since in the next
stage, the structure is isostatically and instantaneously stretched in
all directions by approximately 10%. A relaxation stage in the NPT
ensemble with Berendsen barostat [26] and Langevin thermostat
[27] is applied during 50 ps to equilibrate the structure at 300 K.
Stress concentrations appear locally and voids develop during the
relaxation stage by the gradual breaking of Si-O bonds. The
stretching/relaxation stages are repeated until a predefined aerogel
density is reached. A final relaxation stage of 200 ps is performed,
which is meant to bring the aerogel structure in a stable state with
constant pressure and volume (see section S2 of the Supporting
Information). Using Kieffer's method [8], nine samples of silica
aerogel are generated with the same final density of 250 kgm�3.
The nine aerogel samples differ in the volumes of simulated ma-
terial (203, 303, 403, 503, 603, 703, 803, 903 and 1003 nm3).

2.2. Structural characterization

All structural characteristics are computed from the 803 nm3

sample, which should be sufficiently large to ensure statistical
meaningful results. Here, the fractal dimension, df , is computed
using themethod introduced by Kieffer et al. [8], based on the long-
range decay of the total radial distribution function, gðrÞ:

df ¼ 3þ dln gðrÞ
dln r

; (1)

where r is the distance separating a pair of atoms (see section S3 of
the Supporting Information).

The pore size distribution is another structural characteristic of
m3 volume (more than 7 million atoms). a) 3D view of the simulation box. b) A 20 nm
ed, respectively. (For interpretation of the references to colour in this figure legend, the
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interest that can be compared with experimental data. For highly
porous materials like silica aerogels, pores are fully connected. This
impedes the determination of a pertinent pore size. Here, standard
image analysis tools for characterizing experimental volumes are
applied. A voxelized image with the same dimension as the MD
simulation box and a 1 Å resolution is generated and initially filled
with white voxels. A sphere filled with black voxels is then located
at the center coordinates of each atoms obtained from the MD
simulation. The sphere radius is determined by the smallest
dimension that ensures dense ligaments. The resulting 3D image is
thus simply composed of white and black voxels, which stand for
porosity andmatter, respectively (inset of the pore size distribution
in Fig. 2b). The granulometry algorithm in the ImageJ software is
then used to compute the pore size distribution [28].

2.3. Mechanical characterization

Mechanical tests are performed in the NPT ensemble using
Berendsen barostat [26] and Langevin thermostat [27]. The system
temperature is maintained at 300 K during simulations. Twomodes
for uniaxial mechanical tests have been applied.

Target stress mode with load-unload cycles: A loading stage is first
imposed with a stress ramp using the Berendsen barostat. Starting
from an equilibrated state, the system is then brought to another
predefined uniaxial stress sr . While stress increases, the di-
mensions of the simulation box in the non-solicited directions are
adjusted by the barostat in order to keep a zero stress in those
directions. Once sr is attained, a relaxation stage is imposed until
no further strain is measured. An unloading stage follows with the
same procedure and again with a relaxation stage at zero stress.
Depending on the various uniaxial mechanical tests performed in
this study, the applied strain-rates before sr is attained are 109,
5� 108, 108 and 107s�1. With the target stress mode, the stress
ramp and the number of MD steps corresponding to the desired
strain-rate have to be predefined in the input file of the simulation.
The strain-rate is constant when the stress/strain relation is linear.
However, during plastic events, a slight variation of the strain-rate
may occur. Thus, this method is used only for small deformation
tests (sections 3.3, 3.4, 3.5 and 3.6). Furthermore, it has been
checked that for the results of section 3.6 (with a deformation of up
to 9%), the slight strain-rate variation does not have any influence
on the results.

Constant strain-rate mode: the simulation box is deformed with
an fixed strain-rate (109, 108 or 107s�1). The Berendsen barostat
Fig. 2. Structural characterization of the 803 nm3 sample. a) Fractal dimension versus den
tribution for various densities. The insets show a sample slice (slice thickness¼ 1.5 nm) dire
calculation.
imposes a zero stress in the non-solicited directions. This method is
used for mechanical tests with large deformation (>10%, section
3.7) for an optimal control of the strain-rate during plastic events,
especially fracture events.

The Poisson's function (section 3.6) is calculated by a third-order
polynomial fit on the transverse strain εt versus longitudinal strain
εl data. The Poisson's function is simply n ¼ �dεt

dεl
.

3. Results and discussion

3.1. Fractal dimension

The prepared samples (see Methods section and section S2 of
the Supporting Information for details on the preparation proced-
ure) contain dense regions and large pores as depicted in Fig. 1.
Such inhomogeneities lead to long-range density correlations and
produce fractal structures. The fractal dimension of our 803 nm3

sample is plotted against density in Fig. 2a. Results are in good
agreement with Kieffer et al. [8] and less so with Murillo et al. [13].
This is because our aerogel samples are generated using the same
method as Kieffer et al. Experimental observations of Woignier
et al. [29] lead to a fractal dimension of silica aerogels that varies in
between 1.8 and 2.4 depending on the acidity of the solvent during
the sol-gel process, indicating that the fractal dimension is very
dependent on elaboration conditions. Thus, it is more reasonable to
define a range for the experimental fractal dimension, rather than
an absolute value. This range is represented in Fig. 2a by a brown
square, extrapolating Woignier's results.

Nanoporous structures modeled with MD simulations are part
of larger secondary particles with size of the order of hundred
nanometers. For the time being, a large assembly of secondary
particles, with a hierarchical porosity structure, cannot be reason-
ably simulated with MD. Thus, the densities computed from our
MD simulations are inherently larger than those obtained from
experiments for which packings of secondary particles are studied.
A density correction should be applied on the experimental results
of Woignier et al. for a relevant comparison with MD results. The
amplitude of this correction can be evaluated by assuming that the
porous network of secondary particles exhibits a 50% porosity,
typical of a granular structure. In that case, the density of MD
generated samples should be divided by approximately two to be
properly compared to experimental data. Although the fractal
dimension obtained with two different methods (Murillo et al. [13]
and Kieffer et al. [8]) slightly differs, the experimental results
sity. Comparison with simulation [8,13] and experimental data [29]. b) Pore size dis-
ctly from the MD simulation, and its corresponding voxelized image used for pore size



Fig. 3. Uniaxial tensile tests with a load/unload sequence performed at 300 K on the
803 nm3 sample at increasing density: a) 250 kgm�3 or 90% porosity, b) 450 kgm�3 or
80% porosity and c) 780 kgm�3 or 65% porosity. a) Effect of the imposed strain-rate on
the low density sample (250 kgm�3). A clear hysteretic behavior is observed for strain-
rate faster than 108 s�1. b) At higher density (450 kgm�3), a 109 s�1 rate leads to a small
hysteresis loop. c) The high density sample (780 kgm�3) exhibits negligible hysteresis
at 109 s�1 strain-rate.

Table 1
Fractional dissipated energy and loss coefficient computed from the hysteresis loops
shown in Fig. 3 for three densities (and specific surface areas) at 109 s�1 strain-rate.

density 250 kgm�3 450 kgm�3 780 kgm�3

surface area, S
V

2.28 nm�1 2.14 nm�1 1.75 nm�1

DW
W

0.74 0.13 0.03

tan d 0.12 0.02 0.004
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confirm the fractal character of low density structures generated
with both methods.

3.2. Pore size distribution

The Kieffer et al. [8] method used to generate nanoporous
structures allows the poremean size to be controlled. Experimental
microstructures can thus be approached more realistically. By
stretching the dense amorphous silica to lower predefined den-
sities, the pore size distribution can be computed at each relaxation
stage (see section Methods). This distribution is computed for the
803 nm3 sample for various densities (Fig. 2b and section S2 of the
Supporting Information). Fig. 2b shows that normal distributions
shift to larger values with lower densities. The standard deviation
of the Gaussian functions also enlarges for lower densities. This is
because large adjacent pores separated by solid bridges act as stress
concentrators causing bridge failure during stretching stages. The
largest pores are thus more likely to coalesce, leading to a broad-
ening of the pore size distribution. The stress states during the MD
generation cannot be quantitatively related to experiments but the
final MD equilibrated nanoporous structures can be favorably
compared. Experimental data showed pore size in the order of the
dozens of nanometers [18,19] while more recent experimental
characterizations showed a normal distribution with a 10 nm peak
[17]. The most porous microstructure (250 kgm�3) simulated here
is of particular interest since its size distribution peak is in good
agreement with Roiban et al. [17] results obtained by electron to-
mography for comparable density. To our best knowledge, this is
the first time that MD simulations are able to reproduce experi-
mentally measured pore size distribution (although their distri-
bution exhibits some 30 nm pores).

3.3. Hysteretic behavior

MD simulations should use strain-rates that ensure quasi-static
conditions with negligible artificial rate effects and inertia. F. Yuan
and L. Huang [30] showed that strain-rates need to be sufficiently
small (� 109 s�1 or 10�3 ps�1) in order to correctly reproduce the
brittle fracture behavior of dense amorphous silica. Faster strain-
rates lead to artificial ductility. In this work, anticipating severer
rate effects linked to the extremely large amount of free surfaces,
the mechanical behavior of silica aerogel is investigated at four
different strain-rates in between 107 s�1 and 109 s�1 on a suffi-
ciently large sample (803 nm3).

Using the target stress mode (section 2.3) with sr ¼ 3.5MPa,
uniaxial tensile tests are performed with loading-unloading stages.
Fig. 3a shows that for the lowest density (250 kgm�3 or 90%
porosity) and for strain-rates larger than 108 s�1, the system has not
reached equilibrium and the relaxation stage at 3.5MPa leads to
additional deformation. Unloading is initiated when no further
deformation is detectable during relaxation. A significant hysteresis
loop is clearly generated by the load-unload cycle, but interestingly
it exhibits recoverable deformation after unloading. As the strain-
rate decreases, the area of the hysteresis loop decreases and van-
ishes for the lowest strain-rate tested here (107 s�1). More impor-
tantly the slopes are not rate-dependent anymore when the strain-
rate is sufficiently small (� 108 s�1). Thus, a 108 s�1 strain-rate is a
good compromise between accuracy and computational cost for
the lowest density sample.

MD investigations on silicon and silica nanowires have observed
rate-dependence for strength but none for the elastic modulus
[31,32]. Similar MD simulations on metallic nanowires [33,34]
produced the same conclusion, although extremely high strain-
rates (>1010 s�1) led to slightly larger elastic moduli. Still, none of
those studies reported hysteresis loops as in Fig. 3a even for large
strain-rates. The hysteretic phenomenon depicted in Fig. 3a can be
elucidated through tensile tests carried out on the same sample but
at larger densities (450 and 780 kgm�3, or 80% and 65% porosity,
respectively). Approximately the same deformation has been
applied for all densities (2%) at a strain-rate (109 s�1) typical of
earlier studies [13,14,31e34].

Unsurprisingly, Fig. 3b and c indicate that stresses increase
drastically as density increases. For the intermediate density
(450 kgm�3), which corresponds to a nanoporous structure with a
mean pore size of 6 nm (Fig. 2b), the stress-strain curve still exhibits
an hysteresis, although markedly smaller. For 780 kgm�3, the
behavior may be considered purely elastic as for a dense amor-
phous silica bulk. Since the amplitude of the cycle and the strain-
rate are approximately the same for all three densities, one may
compare the energy loss coefficient, which can be estimated from
the ratio of the area of the hysteresis loop (the dissipated energy
DW) to the work done in tension (W). This ratio provides a more
quantitative approach for comparing the behavior for the three
densities at 109 s�1 (Table 1). It measures an internal energy
dissipation, from which a loss coefficient (tan dz DW

2pW) can be
estimated [35]. Table 1 indicates that the energy loss coefficient
increases as density decreases. The specific surface area, S=V , was
calculated using the Construct Surface Mesh modifier of OVITO
(also used for visualization) [36]. S=V increases with decreasing
density (Table 1). Atoms close to free surface have a low
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coordination number [21] and offer many possibilities for reorga-
nization when the sample is strained. Furthermore, ligaments
experience significant surface stress that provide ample driving
force for rearrangements. Quasi-static conditions are thus much
more difficult to attain for the lowest density samples (highest
specific surface area). Care must be taken in selecting a proper
thermostat for these highly porous aerogels: previous studies on
silica bulk do not necessarily offer a safe guide.
3.4. Effect of the simulated volume

The pore size distribution shown in Fig. 2b indicates that the
250 kgm�3 aerogel exhibits a peak at 10 nm, in good accordance
with experimental data [17]. Such large pores represent a challenge
for the definition of a Representative Volume Element for me-
chanical characterization. Here, the target stress mode is used to
compute the elastic modulus with a 108 s�1 strain-rate. This is a
good compromise between computation time and accuracy (Fig. 3).
The nine samples generated with increasing volumes (section 2.1),
ranging from 203 to 1003 nm3, were tested at the lowest density
(250 kgm�3). Dispersion was evaluated by simply stretching uni-
axially the samples in all three directions at 300 K.

The elastic modulus is determined from a linear fit at 2% strain
on the unloading portion of load-unload tests. Fig. 4a shows the
evolution of elastic moduli against sample volumes. The standard
deviation, together with the difference between the maximum and
minimum values are depicted in Fig. 4b. The smallest sample
(203 nm3) leads to a significant dispersion (~50MPa) for a modulus
which value is of the order of 150MPa. Fig. 4b shows that the
standard deviation and the extrema difference decrease with
increasing sample volume. Although the 703 nm3 sample still ex-
hibits a rather large dispersion, the global trend is clear. The volume
dependence depicted in Fig. 4 is linked to the size ratio between the
simulation box and the pore. As the volume increases, the number
of pores increases, thus improving the representativeness of the
numerical sample. The pore length scale (z 10 nm) is the pertinent
length scale when exploring the mechanical behavior of aerogels.
Recent MD simulations on the mechanics of silica aerogels do not
provide pore size distributions [7,13,14]. However, inspection of the
images provided in Murillo et al. [13] for a density comparable to
ours (280 kgm�3), indicates a similar pore structure but with an
approximately 5e6 nm pore size. We note that simulated volumes
did not exceed 153 nm3. Thus, a significant uncertainty should be
Fig. 4. Evolution of elastic moduli and dispersion against sample volume. Strain-rate is
108 s�1 and density 250 kgm�3.
expected on the elastic modulus as suggested by Fig. 4. In our case,
large samples (� 803 nm3) still exhibit some dispersion. We
consider it acceptable and in the next two sections, mechanical
tests will be carried out on the 803 nm3 sample which provides a
good compromise.
3.5. Elastic moduli

In accordance with the hysteretic behavior shown in Fig. 3, the
elastic moduli are computed using the target stress mode from the
unloading stage at 108 s�1 axial strain-rate. Results are gathered in
Fig. 5 together with experimental data fromWoignier et al. [37,38].
The comparison shows that simulation results overestimate
experimental data. As already discussed in section 3, a single
length-scale porosity is generated in our simulations. Only the
mechanical properties of the nanoporous structure, which corre-
sponds to the core of secondary particles, are simulated. Thus, MD
simulated aerogels can only provide an upper bound for the elastic
modulus when comparing with experimental data.

Fig. 5 shows that the elastic modulus follows a power law
scaling, which is typical of fractal structures. Our results lead to a
3.84± 0.22 exponent, in good agreement with the experiments of
Woignier et al. [37,38]. Table 2 summarizes previously published
data and shows that in contrast with previous MD studies, our
results lead to a significantly larger exponent.

We propose that the rationale for this difference is an interplay
of two factors: the range of probed density, and the size of the
simulation box. Both factors relate to the heterogeneous nature of
low-density aerogels. Gibson and Ashby [39] proposed a power-law
exponent of 2 for open-cell foam when bending is the dominant
mode of deformation and assuming an homogeneous load distri-
bution among beams. Ma et al. [40] demonstrated that in fact, due
to the heterogeneity of the silica network, stresses are not
distributed uniformly for aerogel fractal structures of low density.
The weakening mechanical efficiency of low-density ligament
networks explains the higher scaling exponent found in MD sim-
ulations and experiments. For higher densities, the connectivity of
the network becomes more homogeneous, stresses are distributed
more uniformly and the power law exponent reverts to lower
values as predicted by Gibson and Ashby. A similar argument was
proposed in the model of Groß et al. [41] by pointing out that the
bending stiffness of ligaments in the aerogel is determined by their
smallest cross section. Fig. 1 illustrates a silica network with liga-
ments of very heterogeneous sizes, in accordance with the models
of Ma et al. [40] and Groß et al. [41].
Fig. 5. Elastic modulus versus density, computed from the 803 nm3 sample (3.5 million
of atoms) at 108 s�1 strain-rate. Comparison with experimental data from Woignier
[37,38].



Table 2
Exponents for the power law relation between elastic modulus and density. Sample sizes for MD simulations are taken from the least dense sample.

Reference Density (kg.m�3) Sample size (nm3) Exponent Origin

This work 250e780 803 3.84± 0.22 MD simulation
Patil et al. [14] 280e2080 283 3.25± 0.10 MD simulation
Lei et al. [7] 570e1225 153 3.17± 0.21 MD simulation
Murillo et al. [13] 230e2200 143 3.11± 0.21 MD simulation
Woignier et al. [37] 55e500 ~ 3.8± 0.2 experiment
Woignier et al. [38] 100e400 ~ 3.7± 0.2 experiment
Groß et al. [41] 140e2700 ~ 3.49± 0.10 experiment
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The very heterogeneous nature of the tenuous fractal-like liga-
ment network is better represented with the large volumes that are
accessible here (803 nm3), thus explaining the larger value of our
power-law exponent (Table 2) compared to earlier MD works.
When comparingMD simulations, Table 2 shows a good correlation
between the sample size and the power-law exponent, with larger
samples leading to larger exponents. Likewise, the more hetero-
geneous nature of low-density silica network may elucidate the
larger exponents found in experimental studies that specialize in
low-density aerogels [37,38].
Fig. 6. Uniaxial a) tension and b) compression tests on the of 803 nm3 aerogel sample
at 300 K (250 kgm�3) and 108 s�1 strain-rate. c-d) The corresponding Poisson's func-
tions in tension and compression. A clear discontinuity is obtained when unloading the
compressed aerogel. The inset in c) shows the transverse strain εt against the longi-
tudinal strain, εl , in absolute values. The Poisson's function discontinuity in
compression arises from the slope discontinuity shown in the inset.
3.6. Tension-compression asymmetry

Most open-cell foams exhibit a tension/compression asymmetry
in yield [20,42,43]. Fig. 6aeb shows that silica aerogels are no
exception. Uniaxial tensile and compression tests using the target
stress mode were performed on the 803 nm3 sample (250 kgm�3)
at ambient temperature (300 K) with straining of the order of 8%
(108 s�1 strain-rate) interrupted by an unloading sequence.
Fig. 6aeb indicate that there exists a finite elastic domain in tension
for MD simulated silica aerogels but that compression leads to
some residual strain upon unloading even after 3% strain. No
catastrophic failure was observed for the strains tested in Fig. 6aeb
in accordancewith the experimental results ofWong et al. [44] who
reported failure strains larger than 15% for compressed aerogels
with density 160e250 kgm�3. The unloading stage allows for the
Young's modulus to be calculated in tension (Fig. 3 and 4). An
apparent modulus may also be computed in compression using the
loading branch. Its value (115MPa) is significantly lower than the
elastic modulus in tension (159MPa). However, Fig. 6b shows that
the very existence of an elastic domain is questionable in
compression during loading. When using the unloading branch of
the compression curve, the elastic modulus is 155MPa, still lower
but much closer to the elastic modulus in tension.

Buckling of ligaments could play a role in the tension-
compression asymmetry revealed here. However, this effect,
which is classical for open-cell foams [42,43], should be effective
onlyat largestrains.Here the asymmetryarises for strains as small as
3%. Instead, we suggest that the origin of the yield tension-
compression asymmetry is related to the significant surface stress
that nanoligaments experience. At the length scale of a single silica
nanoligament, a yield asymmetry was captured by straining in
tension and in compression a cylindrical ligament with a 4 nm
diameter. Our results (see section S4 of the Supporting Information)
are consistentwithpriorMDstudies that reported larger yield stress
in tension compared to compression when the diameter of nano-
wires decreases [45]. Furthermore, Fig. S7 in the Supporting Infor-
mation, shows that themaximum stress that a cylindrical nanowire
of 4 nmdiameter exhibits in tension (� 10GPa) is significantly larger
than in compression (� 6 GPa). In the elastic regime, silica nano-
wires are also stiffer in tension than in compression [45]. In accor-
dance with [45] we have calculated for a nanocylinder of 4 nm
diameter, a 87 GPa Young'smodulus in tension and of only 71 GPa in
compression (section S4 of the Supporting Information). In this
respect, amorphous silica differs from crystalline materials as it
exhibits a strong and abnormal nonlinear elasticity [46].

For thewhole silica aerogel, and as proposed by Farkas et al. [20]
for nanoporous gold, the core of ligaments of small enough lateral
size should be in a compressive state, while their surface is in
tension, due to capillary effects. The pressure P in the ligaments can
be approached from the generalized capillary equation that states
that the mean of the pressure P obeys [47]:

�
P
�

¼ 2
3

�
f
�
S
V
; (2)
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where f is the surface stress and S=V is the surface-to-volume ratio.
The surface stress has contributions from the surface energy g and
from the derivative of the surface energy with respect to strains
(f ¼ gþ vg=vε). Table 1 indicates that the S=V ratio is 2.28 nm�1 for
the 250 kgm�3 aerogel. The surface energy was evaluated in
Ref. [21] to be of the order of 1.J m�2. For lack of better estimation,
we also take this value as a lower-bound for f, assuming that vg=vε
is positive. With such values, the generalized capillary equation
leads to a minimum compressive stress of the order of 1.5 GPa for
the lowest density aerogel in its relaxed state, indicating the sig-
nificant effect of surface stress on aerogels that exhibit large S=V
values. The magnitude of P increases with decreasing dimensional
scale and is non-negligible only for nanometer scale ligaments. This
preexisting compressive stress in the core of the ligamentmust first
be overcome in tension before yielding. Under compression the
critical yield strength is reached sooner in the nanoligament core,
thus favoring the yielding of compressed ligaments.

The complex deformation modes of nanoligaments in the
deforming aerogel inhibits a simple quantitative extrapolation to
the whole aerogel. A compressive external load on the aerogel
triggers a local stress distribution that includes both tensile and
compressive stress states in the network of ligaments. Lührs et al.
[48] have shown, using a surface-induced asymmetric beam in a
Finite Element model, that beams aligned with the load axis tend to
be in compression, while beams oriented orthogonally are more in
tension. Thus, the significant preexisting compressive stress state in
nanoligaments explains qualitatively the yielding asymmetry in
tension-compression: it strengthens nanoligaments in tension and
weakens them in compression. In particular, the quasi immediate
onset of plastic yielding in compression originates from the pre-
existing compressive stress in ligaments described by Eq. (2).

Although of great interest for the understanding of the me-
chanical behavior of materials [49], Poisson's ratio or in the case of
finite strains, Poisson's function, n, has not been studied thoroughly
for silica aerogels [14,15,50]. For a uniaxial test, it is the negative
ratio of the incremental transverse to longitudinal strains or
n ¼ �dεt

dεl
. As shown in Fig. 6c, Poisson's function is strongly asym-

metrical in tension and compression and is strain-dependent.
G�omez �Alvarez-Arenas et al. [51] used ultrasonic frequencies on
low-density (160 kgm�3) silica aerogels, reporting a Poisson's ratio
of 0.20e0.21, in good accordance with our initial 0.20e0.22 values
for n. Haj-Ali et al. [50] reported somewhat lower values (nz0:18 )
on compressed samples with similar density. For larger strains
(Fig. 6d), the tensile Poisson's function increases to 0.4, indicating
that although it stills dilates in tension (n � 0:5), the sample tends
to a less dilatant behavior with increasing strain. The Poisson's
function is approximately reversible upon unloading in tension,
thus qualifying it as an elastic Poisson's function. The contrast is
clear with the compression mode for which the Poisson's function
decreases to small values (� 0:1), indicating that under compres-
sion the lateral spreading is limited (see inset in Fig. 6c). Such a
behavior has already been observed in open-cell foams with even
lower Poisson's ratio (n ¼ 0:03 for nanoporous gold foam [20], or
typically n ¼ 0:04 for standard foams [35]). It should be clear that
upon loading in compression, the Poisson's function only informs
us on the plastic response of the aerogel (plastic Poisson's function).
Recently, Lührs et al. [48] have elegantly demonstrated the effect of
the tension-compression asymmetry at the ligament scale on the
plastic Poisson's function for nanoporous gold by switching on and
off the surface tension in their samples. They show that the surface-
induced asymmetry in tension-compression discussed above tends
to decrease the plastic Poisson's function. This is because the pre-
existing compressive stress in ligaments oriented predominantly
orthogonal to the load axis impedes their tensile elongation, thus
decreasing the transverse plastic strain. Lührs et al. also show that
by suppressing the tension-compression asymmetry (by control-
ling the surface tension in their case), the plastic Poisson's function
reincreases.

Fig. 6ced indicate that upon unloading in compression, a
discontinuous jump of the Poisson's function arises. The disconti-
nuity is clear both at small strains (Fig. 6c) and at large strains
(Fig. 6d). The inset in Fig. 6c illustrates clearly the slope disconti-
nuity of the transverse strain upon unloading. This discontinuity
may be understood by recognizing that the compressed aerogel
deforms predominantly elastically upon unloading. In elasticity, the
asymmetry between tension and compression in ligaments exists
as discussed above (see also section S4 in the SI). However, it is
much less pronounced than in plasticity. Upon unloading the aer-
ogel thus reverts to an elastic deformation mode for which the
tension-compression asymmetry plays a more minor role (as in
tension). In this case, the inset in Fig. 6c shows that the slope of the
unloading branch of the compression test is very similar to the
loading (or unloading) branch of the tensile test. Thus, the
discontinuous increase in the Poisson's function upon unloading is
predominantly linked to the onset of elasticity accompanied by a
significant fading of the tension-compression asymmetry, which
was the driving force for the Poisson's function decrease during
compression loading.

3.7. Tensile strength

The tensile strength of silica aerogels is of particular interest but
requires large strains that are difficult to attain in MD if large
enough samples are used and if slow enough strain-rates are
applied [14]. Fig. 7a shows a test carried out on the 803 nm3 sample
at 108 s�1 and 109 s�1 (constant strain-rate mode). Fracture, or at
least the first signs of a sample catastrophic failure are only
discernible after 20% strain. The main plastic events that precede
failure are identified by stress drops that we could link to the
rupture of one or more silica ligaments. Fig. 7b-c-d exemplify the
rupture of such a ligament. Note how it is accompanied by a sig-
nificant reorganization of adjacent pores and ligaments, which is
driven by the release of stored elastic energy and by surface stress.
The rupture mode of a single nanoligament is thickness dependent.
Luo et al. [32] performed tensile tests on dense silica nanowires
using both MD simulations and experiments. These authors
showed a brittle-to-ductile transition of silica nanowires as their
diameter reduces below 18 nm. Under tension, when the rupture of
the ligament is initiated by void nucleation, they observed that
dangling oxygen bonds can move to low-coordination number Si
atoms to form new Si-O bonds. This bond switching mechanism
between atoms is facilitated as the diameter of the ligament de-
creases and is amplified with higher specific surface area. Bond
switching tends to delay the catastrophic failure of the ligament. In
the aerogel system, the fractal nature of the silica network implies a
highly heterogeneous distribution of shape and thickness of liga-
ments (Fig. 1). Still, considering the results of Luo et al. [32] on
thickness effects, nanoligaments in tension in the aerogel should
fail in a ductile manner. MD methods for the generation of aerogel
structures [8,13] do not allow for the control of ligament thickness.
Further investigations are necessary to quantitatively link the
ductile behavior of aerogels to the thickness of nanoligaments.

We define the tensile strength as the maximum stress, although
the full separation of the sample is not yet attained at 35% strain
(Fig. 7a). We ensured that the ductility exhibited by MD samples
and the value of the stress maximum are not the consequence of
the imposed strain-rate by applying a one-order of magnitude
smaller strain-rate right before significant plastic events detected
with the 108 s�1 strain-rate (pink curves in Fig. 7a). Results indicate
that although the 108 s�1 strain-rate test tends to delay plastic



Fig. 7. a) Uniaxial tensile test on the 803 nm3 aerogel sample (250 kgm�3) for large strain at 300 K. Pink curves are short tests on the structure loaded at 108 s�1, but reloaded at
107 s�1 at various strains (� 0:09;0:15 and 0.2). The 109 s�1 strain-rate curve is shown for comparison. b), c), d) are snapshots of a typical ligament fracture with subsequent massive
rearrangements of neighboring ligaments. The strain at which the snapshots are taken is indicated by the blue arrow in a). e) Tensile strength against sample volume in logarithmic
scale. Strength is evaluated from the maximum stress for aerogel samples (250 kgm�3) tested in three directions at 109 s�1. The smallest samples (deemed less representative) are
not used for the power law fit. Using the 6 largest MD samples, the fitted power law exponent m is 5 ðsfV�1=mÞ. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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events as compared to the 107 s�1 one, the ultimate strength should
not be affected by too large an error. This is confirmed by the curve
at 109 s�1, which smooths even further the plastic and fracture
events but exhibits a stress maximum that is in reasonable agree-
ment with slower loadings.

Strength in flaw-prone materials is generally volume-
dependent. We examined this proposition for silica aerogels by
carrying out uniaxial tensile tests with large deformations on the 9
samples probed for elasticity (from 203 to 1003 nm3). These tests
were carried out at a rather high strain-rate (109 s�1) to keep
reasonable computation times while ensuring an acceptable error
on the simulated strength (Fig. 7). As for elasticity (Fig. 4), samples
are tested in the three directions to evaluate dispersion. Fig. 7e
shows, in log-scale, the relationship between strength and sample
volume. The contrast is clear with Fig. 4, which showed conver-
gence of the Young's modulus with sample volume. Here, while the
three smallest samples (� 403 nm3) only indicate that strength
increases with smaller volumes, the six largest samples fall
unambiguously on a power law. The classic weakest-link hypoth-
esis already tells us that strength depends on the size of the largest
flaw and that the probability of failure increases with sample vol-
ume. Assuming a simple Weibull distribution for the failure prob-
ability of ligaments, the failure probability in a sample of volume V1
is equal to that in a sample of volume V2 if stresses s1 and s2 are
linked by V1s

m
1 ¼ V2s

m
2 where m is the Weibull modulus, which is

an indicator of strength dispersion [52]. MD generated silica aero-
gels are far from meeting Weibull assumptions, in particular of a
single flaw type population that initiates brittle failure. Also, a
rigorous statistical analysis is out of reach with our limited number
of simulations. Still, the power law correlation indicated by Fig. 7e
for the largest volumes suggests that the weakest-link hypothesis
should hold for describing silica aerogel failure. This has important
practical implications for MD simulations and experimental data
analysis as it commands caution in ascribing a strength value for a
given density.

On a more positive note, it also hints to some avenues for multi-
scale approaches as the strength of large secondary particles may
be inferred from small-scale simulations. While it is premature to
unambiguously ascribe a precise value for m from Fig. 7e, the
relationship between strength and volume that it reveals allows for
an educated guess. It suggests that the strength of micronic sec-
ondary particles should be of the order of 10MPa. The rather small
value of m is also consistent with a heterogeneous distribution of
defects in terms of position and size. As for macroporous ceramics
[53], it should decrease further as the ligament thickness increases.
4. Conclusion

So far, MD simulations on silica aerogels have not been able to
treat the large volumes investigated here (203e1003 nm3). The use
of an optimized potential, validated for high surface area [21],
opens exciting perspectives towards more realistic simulations on
silica aerogels. By taking full advantage of the large gain in CPU time
offered by this potential, we explored nanoporous structures that
are very close to experimental silica aerogels in terms of pore size
distribution. We have demonstrated that sufficiently large volumes
are necessary to tackle mechanical properties. In short, the size of
the simulated sample should be at least eight times the pore size to
ensure a correct evaluation of elastic properties. We have also
shown that silica aerogels, with their exceptionally high surface
area, pose a challenge to current MD simulations as they require
relatively low strain-rates to ensure quasi-static conditions.
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Our simulations indicate that silica aerogels belong to the large
family of foams but with a marked asymmetry in tension-
compression that originates from the substantial preexisting
compressive stress that ligaments are subjected to. This compres-
sive stress in the core of ligaments arises from surface stress effects
and facilitates plastic yielding of the aerogel in compression.
Indeed, silica aerogels may not present any finite elastic domain in
compression. We have also uncovered a discontinuity in Poisson's
function for compressed silica aerogels that are unloaded, reflecting
the weakening tension-compression asymmetry for ligaments that
switch from plastic to elastic deformation mode. We have shown
that the surprising ductility observed in uniaxial tensile tests is not
an artefact produced by too high a strain-rate. Instead, it is linked
both to bond switching mechanisms [32] and to the ability of
neighboring ligaments to reattach by rearrangement after a local
fracture. This reorganization is mainly driven by surface energy.

Strength of silica aerogels, at the length scale of secondary
particles, is a volume dependent property. This conclusion was
accessible because we could investigate relatively large volumes
that are elusive with standard potentials. Silica aerogels seem to
fulfil the conditions for the weakest link theory to apply, but the
value of the power-law inferred from our simulations needs to be
corroborated. Also, only pure silica has been modeled here.
Experimental aerogels include various chemical species on the
surface. Those surfactants play an important role during the sol-gel
process, as hydrophobizing agents. They are very likely to impact
themechanical response of nanoporous silica [54] bymodifying the
surface energy. In the longer term, we believe that the effect of this
surface alteration on the nanoscale mechanical behavior of silica
aerogels, needs attention.
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