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In a compression experiment on a nanoporous silica gel, it is observed that at a high pressure the
collapse of nanoporous structure provides a mechanism for plastic deformation, leading to an energy
absorption efficiency much higher than that of many conventional protection and damping materials.
Even though the network material is brittle, the overall behavior of the silica gel is ductile. After the
compression test, the nanopore volume is largely reduced while the variation in nanopore surface
area is secondary. According to a first-order poromechanic analysis, the effective plastic deformation
is dominated by the buckling of the nanopore walls parallel to the external loading.
© 2008 American Institute of Physics. �DOI: 10.1063/1.2909976�

I. INTRODUCTION

Cellular materials, such as honeycombs and metallic/
polymer foams, are widely applied in energy absorption
structures.1,2 Common examples include expanded polypro-
pylene and polystyrene in helmets and packaging systems,
composite sandwich panels in vehicle bumpers, aluminum
foams in blast-resistant containers, etc.3–5 These materials
contain large volume fractions of cells, and therefore are
lightweight and of superior thermal insulation properties.
More importantly, when subjected to compressive loadings
the cell walls can buckle,6 which absorbs a large amount of
mechanical energy, attractive for damping and protection ap-
plications. The cells are usually produced by using foaming
reagents and/or bubble generators prior to solidification.7 De-
pending on the porosity, the cell size, as well as the mixing/
solidification techniques, the cells can be either closed or
open.8 The cell size is typically 0.1–10 mm.9 Cells smaller or
larger than this range can be unstable.10

One intrinsic difficulty in developing higher-
performance cellular materials is related to the relatively
long characteristic time of cell-wall buckling. As an order-
of-magnitude approximation, the buckling time, tb, may be
taken as 1 /�, where � is the resonance frequency of the cell
wall. For a cantilever-beam-type structure, tb=���� /EI ·d2,11

where d is the cell size, � is the weight density, EI is the
bending stiffness, and �� is a geometry factor around 0.1–
0.3. For most of the engineering cellular materials, tb is in the
range of a few milliseconds to a fraction of second, longer
than the traveling time of a stress wave across the cell.
Therefore, while cell-wall buckling can significantly lower
the peak pressure, the profile of the wave front is often not
affected. In order to solve this problem, tb must be decreased
to the �s or sub-�s level, for which the cell size, d, needs to
be reduced by a few orders of magnitude to the nm scale.
This concept can also be regarded as the promotion of high-
order buckling modes. If the cell wall size is large, the first-
order mode is most energetically favorable.12 Recent re-

search has shown that if soft joints are installed, they would
trigger higher-order buckling modes under a relatively low
pressure, and thus both temporal and spatial characteristics
of buckling patterns are adjusted.13 Decreasing the cell size
can be of a similar effect. As a large cell breaks down into a
number of smaller ones, the motion of cell walls parallel to
the external loading would be constrained by the cell walls
normal to the loading, and thus low-order buckling modes
cannot take place.

When the cell size is 1–50 nm, the material becomes
nanoporous. The synthesis procedure of a nanoporous mate-
rial is very different from that of ordinary cellular materials.
Usually, molecular templates are used.14 Through thermal
and/or chemical treatment, the template precipitates out of
the network, and after it is removed via combustion or ex-
traction, empty space is left in the network as nanopores.15

The nanopore volume fraction is typically 10%−80%, and
the specific surface area is 100−200 m2 /g. Over the years, a
number of studies have been carried out on mechanical prop-
erties of nanoporous materials.16–18 Most of them were fo-
cused on ductile materials, such as copper and gold. For
brittle materials, such as silica or silicate, previous research
was mainly for fracture in thin films.19,20 Investigation on
their behaviors under compression loadings is still scarce.

Recently, novel protection and damping systems were
developed by using nanoporous silica particles suspended in
liquids.21–25 The nanopore surfaces were usually modified so
that they were nonwettable. As the external loading reached
a critical value, pressure induced infiltration could occur.
Due to the ultralarge nanopore surface area and the high
degree of hysteresis of sorption curves, the systems were
energy absorbing. The nanoporous material functionalized
�NMF� liquids can be utilized to fill the cells in a regular
cellular material so as to enhance its performance.26 In such
a system, it was observed that in addition to the infiltration of
pressurized liquid, the eventual collapse of nanoporous struc-
ture also provided a beneficial energy-absorption mecha-
nism.
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II. EXPERIMENTAL

In order to investigate nanoporous silica behaviors, a
silica hydrosol was first produced by refluxing water glass
that contained 5.6% Na2O and 14.9% SiO2 and 3M sulphu-
ric acid solution. Silica hydrosol was extracted by a needle
valve. The reactor was kept in a water bath at room tempera-
ture. The pH value was maintained at 3.5, so that the specific
micropore volume was minimized.27 The hydrosol was
washed in distilled water repeatedly, and set for 24 h, leading
to the formation of nanoporous silica gel. The gel particles
were then dried in a continuous air flow at 100 °C for 3 h.
Their nanoporous structure was characterized by using a Mi-
cromeritics TriStar-3000 gas absorption analyzer, and the re-
sults of nanopore volume and nanopore surface area distri-
butions are shown in Figs. 1�a� and 1�b�, respectively.

The synthesized nanoporous silica gel particles were
placed in an air-hardened steel cylinder and compressed by a
steel piston. By using a type 5569 Instron machine, the pis-
ton was intruded into the cylinder at a constant rate of 1
mm/min. At the first loading, when the pressure reached 200
MPa, the piston was moved out at the same rate. The same
loading-unloading process was repeated, after which the
loosely packed particles were consolidated into a disk. Then,

with the same loading rate, the nanoporous silica disk was
compressed to 750 MPa for two cycles. Figures 2 and 3
show typical load-displacement curves. After each loading,
about 0.1 g of silica gel was harvested for gas-absorption
analysis, following which the samples were dissolved in
methanol and dried by vacuum filtering, and then their
weight densities were measured. The data of nanoporous
structures are listed in Table I. The dried sample was also
observed in an environmental electron scanning microscope
�SEM�. Figure 4 shows typical micrographs.

III. RESULTS AND DISCUSSION

The results of the porosity analysis in Fig. 1 indicate
clearly that the synthesized silica gel is mesoporous. The
nanopore volume distribution curve has the modal value of
9.4 nm. The most probable nanopore size in the surface area
distribution curve is slightly smaller, around 8.3 nm, since
larger nanopores have smaller specific surface areas. Most of
the pore volume is associated with the nanopores of sizes in
the range of 5–15 nm; the contribution of nanopores smaller

FIG. 1. Gas absorption analysis results of the nanoporous silica gel sample:
�a� the nanopore volume distributions and �b� the nanopore surface area
distribution.

FIG. 2. Typical load-displacement curves of a low-pressure test. The curves
have been shifted horizontally.

FIG. 3. Typical load-displacement curves of a high-pressure test. The curves
have been shifted horizontally.
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than 3 nm or larger than 18 nm is negligible. However, the
surface area of the smallest nanopores is only slightly
smaller than the peak value.

In the low-pressure compression test, as shown in Fig. 2,
no clear pressure plateau can be observed. With the increas-
ing of compression volume, the pressure increases gradually
to the set point of 200 MPa. As the load is reduced, while
initially the unloading path and the loading path overlap with
each other, the linearity of the unloading curve is maintained
quite well even in the low-pressure range, until the external
load entirely vanishes. Thus, there is a significant residual
deformation, primarily due to the close-packing of the silica
particles. The changes in nanopore surface area distribution
and nanopore volume distribution are quite small �Fig. 1�,
suggesting that the nanopores remain stable. This is con-
firmed by the SEM observation that before �Fig. 4�a�� and
after �Fig. 4�b�� the low-pressure compression experiment
the frameworks of silica particles are similar. The relative
probability of nanopore size distribution at the peak value
decreases by about 8%, and that of the smallest nanopores
slightly increases, i.e., a small portion of large nanopores are
broken down into smaller ones, probably related to the col-
lapse and fracture of the nanopores close to particle surfaces.
The change in porous structure in the largest nanopore size
range is not detectable. There are no considerable variations
in the average nanopore size, the total nanopore surface area,
the total nanopore volume, as well as the weight density.

As the second loading cycle is applied, the compressibil-
ity of the particle cluster becomes much smaller. Compared
with the first loading path, the pressure reaches the peak
value with a much smaller displacement. The slope of the
compression curve is close to that of the final linear stage of
the first loading. The unloading path is nearly identical with
the loading path, and both of them are about the same as the
first unloading path, that is, the packing of silica partciles has
been saturated.

When the nanoporous silica disk is compressed at a
higher pressure, as shown in Fig. 3, the testing curve exhibits
entirely different characteristics. As the pressure is relatively
low, the loading path resembles that of the low-pressure test.
When the pressure exceeds about 400 MPa, the slope con-
siderably decreases, indicating that the system compressibil-
ity increases. In the pressure range of 400–650 MPa, a pla-
teau is formed. The width of the plateau is about 0.5 cm3 /g,
quite close to the specific nanopore volume. SEM micros-
copy �Fig. 4�c�� indicates that the silica particles are crushed

and fractured. When the pressure is higher than this range,
the system compressibility rapidly decreases. Upon unload-
ing, the pressure-displacement curve is relatively linear, ex-
cept for the final low-pressure section. The slope of the high-
pressure section of the unloading path is similar to the slope
of the final stage of the loading path. The high degree of
hysteresis causes a large residual deformation. As the high-
pressure loading-unloading cycle is repeated, the system be-
havior becomes quite linear. No compression plateau can be

TABLE I. The nanoporous structures of the silica samples before and after
the compression tests.

Average
nanopore

radius
�nm�

Specific
nanopore

surface area
�m2 /g�

Specific
nanopore
volume
�cm3 /g�

Weight density
�mg /cm3�

Before compression test 5.4 272 0.54 742
After being compressed
at 200 MPa

5.3 272 0.53 761

After being compressed
at 750 MPa

4.7 267 0.34 1128

FIG. 4. Typical SEM microscopy of silica particles �a� before the compres-
sion test, �b� after the low-pressure compression test, and �c� after the high-
pressure compression test.
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observed. Both the loading and the unloading paths are of
similar slopes to that of the unloading path of the first cycle.

According to the TriStar-3000 analysis, after the high-
pressure compression, the nanopore volume distribution
changes considerably. Clearly, the compression plateau in
Fig. 3 is associated with the collapse of nanopores. The
maximum volume decreases by nearly 50%, and the peak
becomes flatter, i.e., the nanopore volume distributes over a
broader range of nanopore size. The volume of relatively
small nanopores increases, which suggests that larger nanop-
ores are “shrunk” or broken down into smaller nanopores.
The changes in nanopore surface area distribution are of
similar characteristics. The percentage of nanopores larger
than 5 nm largely decreases, while in the nanopore size range
of 2–5 nm a relatively high plateau is observed. The peak
value is only slightly lower than that of the uncompressed
sample, while the location of the peak shifts toward the
lower end by about 3 nm. Note that the overall specific na-
nopore surface area changes by only 2%, that is, existing
nanopore surface does not vanish.

During the high-pressure loading, the nanopore structure
is compressed by 0.5 cm3 /g. At the peak pressure, the nan-
opore space should be nearly entirely compressed. After un-
loading, the gas absorption analysis shows that there is a
large residual nanopore volume of 0.34 cm3 /g, i.e., the
nanoporous structure is partly recovered as the external load
is fully removed, which fits with the observation that the
slope of unloading curve rapidly decreases in the low-
pressure stage. The recovered nanopores do not carry load at
the second loading, and thus they must be formed by dam-
aged walls. The weight density of the initial material is
742 mg /cm3. Since it contains 0.54 cm3 /g of nanoporous
space, the effective density of the network material is
1.6 g /cm3. The weight density of the high-pressure com-
pressed material is 1128 mg /cm3, and therefore the effective
density of network is 1.7 g /cm3, close to the initial value, as
it should be.

The collapse of nanopores provides a mechanism for
plastic deformation. Usually, in a ceramic material, elastic
deformation is dominated by atomic bonding, and plastic de-
formation is governed by behaviors of dislocations or atomic
clusters, both of which are of characteristic lengths around 1
nm.28 Since ordinary plastic-deformation mechanisms are in-
active at room temperature,29 when being compressed the
pressure and the strain in a solid silica would increase lin-
early and, once the critical pressure is reached, cleavage frac-
ture would occur. With the large volume fraction of nanop-
ores, the silica gel behaves as a ductile material. Even though
the network is brittle, due to the change of nanoporous struc-
ture, which is of a length scale comparable with that of a
dislocation or an atomic cluster, the overall deformability is
largely improved. Figure 5 depicts two possible collapse
modes of a nanopore. In mode “a,” the nanopore walls par-
allel to the external loading buckle. According to the classic
linear elastic beam theory,30 the buckling stress can be as-
sessed as �1=�E� /�0, where ��0.05 is a system parameter,
E is the modulus of elasticity, � is the weight density of
nanoporous phase, and �0 is the weight density of network.
For the silica gel investigated in the current study, as dis-

cussed above, �=0.74 g /cm3 and �0=1.6 g /cm3. If E is
taken as 20 GPa,31 the value of �1 is about 500 MPa, close to
the measurement result. In mode “b,” the reduction in nano-
porous structure is caused by the bending and associated fail-
ure of nanopore walls normal to the external loading, for
which the critical stress can be estimated as �2

= �̄Y�� /�0�3/2,30 where �̄�0.3 is a system parameter and Y
is the strength of network material, which is 1–2 GPa for
silica.31 Thus, �2 is around 100–200 MPa, much smaller than
the measured pressure of the compression plateau. It can be
seen that the change in nanoporous structure should be domi-
nated by mode ‘‘a.’’ Although mode ‘‘b’’ requires a lower
stress, it is suppressed, probably due to the irregular configu-
ration and the contoured paths of nanopores, the intercon-
nected nanopore structure, etc.

The energy absorption capacity related to the nanopore
collapse can be calculated as the area enclosed by the
loading-unloading cycle, which is nearly 300 J/g. This value
is higher by orders of magnitude than that of many conven-
tional protection and damping materials, such as reinforced
polymers and shape memory alloys.32 It is also much higher
than that of NMF liquids. For instance, if the nanoporous
silica gel is surface treated and immersed in an aqueous so-
lution of electrolyte, the energy absorption efficiency is
10–30 J/g.33–36 Even if liquids of larger surface tensions are
utilized, the maximum energy absorption efficiency is only
about 100 J/g.37,38 The high energy absorption performance
of the nanoporous silica gel should be attributed to the small
nanopore size, the relatively large porosity, as well as the
high network strength.

IV. CONCLUDING REMARKS

The behaviors of a nanoporous silica gel under compres-
sive loading are investigated. When the pressure is relatively
low, the specific volume change is caused by the packing of
silica particles. When the pressure is relatively high, the

FIG. 5. Schematic of possible failure modes of nanopore walls: �a� parallel
and �b� normal to the external loading. The arrows indicate the direction of
external loading.
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nanoporous structure collapses, leading to an energy absorp-
tion efficiency higher by orders of magnitude than that of
many protection and damping materials. The material de-
forms in a ductile manner. The plastic deformation is domi-
nated by the buckling of nanopore walls parallel to the ex-
ternal loading, which is of a similar characteristic length to
that of dislocations and atomic clusters. Classic poromechan-
ics theory works relatively well for compression stress analy-
sis. After the high-pressure test, while the nanopore volume
is considerably decreased, the change in nanopore surface
area is negligible.
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