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Aerogels are a unique class of materials with superior thermal and mechanical properties particularly suitable for insulating
and cryogenic storage applications. It is possible to overcome geometrical restrictions imposed by the rigidity of monolithic
polyurea cross-linked silica aerogels by encapsulating micrometer-sized particles in a chemically resistant thermally insulating
elastomeric “sleeve.” The ultimate limiting factor for the compound material’s performance is the effect of aerogel particles on
the mechanical behavior of the compound material which needs to be fully characterized. The effect of size and concentration of
aerogel microparticles on the tensile behavior of aerogel impregnated RTV655 samples was explored both at room temperature
and at 77K. Aerogel microparticles were created using a step-pulse pulverizing technique resulting in particle diameters between
425 𝜇m and 90 𝜇m and subsequently embedded in an RTV 655 elastomeric matrix. Aerogel particle concentrations of 25, 50,
and 75wt% were subjected to tensile tests and behavior of the compound material was investigated. Room temperature and
cryogenic temperature studies revealed a compound material with rupture load values dependent on (1) microparticle size and
(2) microparticle concentration. Results presented show how the stress elongation behavior depends on each parameter.

1. Introduction

Long-distance space travel is currently limited due to avail-
ability of fuel for such missions. Current technology relies
on storage of cryogenic fuel in metallic containers, not
practical for large quantities necessary for long-term travel.
Polymeric materials are a highly adaptable group of materials
with a broad range of applications that span the biomedical
field to the space industry [1–3]. The versatility of polymer
synthesis and processing has provided an excellent platform
for the development of custom-designed, application-specific
polymers with unique properties. Most polymers however
suffer from low mechanical stiffness [4–6] and have limited
load bearing capabilities which in turn limits their use but
has been addressed in some studies by incorporating micro-
and nanosized particles into the polymeric matrix [4, 7–10].
The final mechanical strength of the impregnated polymers
strongly depends on particle parameters such as particle size,
geometry, concentration [11–14], and stress transfer between

the encapsulated particles and the polymer matrix [15]. In
general, if the applied stress is transferred effectively from the
matrix to the particles the result will be a stronger material
[16–20]. Since the introduction of micronanoparticles into a
polymer matrix can have a variety of effects on the overall
behavior of the material, each particle-polymer combination
must be independently and thoroughly characterized and the
limits of the material tested under different environmental
conditions.

Aerogels are a relatively new class of materials with
unique material properties particularly suitable for the
aerospace industry. Aerogels are currently the best known
solid thermal insulators and have been explored extensively
for insulation applications both in the monolith form and
in particle and bead geometries [21–23]. Low concentra-
tion (<15%) native aerogel-impregnated polymers have been
investigated previously for thermal insulation applications
[24, 25] and demonstrated great promise for applications
such as cryogenic tank systems and insulation on the Mars
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exploration rovers [26]. Among the various types of aerogels,
polyurea cross-linked silica aerogel (PCSA) is an attractive
candidate for this study due to its relatively lower produc-
tion cost, compatibility with green technology, and most
importantly enhanced mechanical strength accomplished by
covalent cross-linking of the polymer chains while retaining a
high degree of porosity [27, 28]. The PCSA is also hydropho-
bic in comparison to the native silica aerogels making this
type of aerogel most suitable for applications where there is a
possibility for aerogel components to come into contact with
liquids.

Silicone rubbers on the other hand are known to exhibit
a high resistance and tolerance to UV radiation, excellent
chemical stability, good thermal insulation characteristics,
and a high tensile and tearing strength over a wide range
of temperatures [29–31]. The room temperature vulcanizing
types of elastomers are easy to manufacture and process in
large quantities with a wide variety of surface and bulk prop-
erties to choose from. Additionally, polydimethylsiloxane-
(PDMS-) based polymers are still one of the most suit-
able elastomers for cryogenic applications due to their low
glass transition temperatures [32]. By combining PCSA and
RTV 655, two space-qualified materials used previously for
aerospace missions [33–39], it is possible to create compound
materials with unique and tunable physical and thermal
properties applicable to future space exploration as well
as terrestrial applications requiring expandable lightweight
insulating material.

In this study, the authors fully characterized the effect
of high loading and impregnation levels of micron-sized
particles on the mechanical behavior of RTV 655 elastomer
at two critical temperatures: room temperature and 77K.
Microparticle impregnation levels (IL) of 25, 50, and 75wt%
were prepared, tested, and compared with neat RTV 655.The
aerogel microparticles were created using a step-pulse pul-
verizing technique appropriate for creating large quantities
of particles. Aerogel particles were separated mechanically
into three size ranges: 𝑑

1
= 300–425 𝜇m, 𝑑

2
= 180–300 𝜇m,

and 𝑑
3
= 90–180 𝜇m. The tensile behavior of the compound

material was investigated as a function of (a) aerogel particle
concentration and (b) aerogel particle size. This study shows
that for low IL the aerogel particle size dominates the tensile
behavior of the compound material while at high IL the
behavior is dominated by the concentration of the particles
rather than their physical size.

2. Materials and Methods

2.1. Aerogel Synthesis and Microparticle Formation. Polyurea
cross-linked silica aerogels were synthesized and molded in
3mL syringes as described in detail previously [32] and dried
supercritically in a QuorumTechnology’s E3100 critical point
drier. The bulk density of aerogel cylinders was determined
by volumetric and gravimetric measurements and fell in
the range of 0.317–0.50 gm/cm3. The translucency (in this
case is related to degree of porosity) of each aerogel batch
was evaluated by means of a Beckman DU-60 UV-Vis spec-
trophotometer under atmospheric conditions. A total of nine
batches were synthesized for this study, each batch producing

ten 3mL aerogel cylinders. The density of each monolithic
sample was calculated before the pulverization step.

Synthesized aerogel cylinders were next pulverized in an
IKA Works Inc. grinder model A11B1S1 with an IKA A11.1
blade for a total of 60 s in 30 s intervals to avoid internal
heating. The optimum pulverization time was established
first on a test batch of aerogels. The aerogel powder was
then passed through ASM E-11 sieves (Fisher Scientific Inc.)
with mesh sizes 425𝜇m, 300𝜇m, 180 𝜇m, 90 𝜇m, 45 𝜇m, and
20𝜇m. It was observed that over 60% of the aerogel powder
mass that was created was evenly distributed in the ranges of
𝑑
1
= 300–425 𝜇m, 𝑑

2
= 180–300 𝜇m, and 𝑑

3
= 90–180 𝜇m and

only 20% of the total mass was distributed in the size ranges
below 90 𝜇mtherefore limiting the PCSAparticle sizes for the
study to ranges greater than 90 𝜇m. Microparticles were also
imaged with a scanning electron microscope periodically.
The percentage ofmass distribution for each pulverized batch
is shown in Figure 1.

2.2. Aerogel-Impregnated RTV 655 Sample Preparation. First,
a ratio of 10 : 1 RTV 655 prepolymer to cross-linker wasmixed
thoroughly as instructed by themanufacturer and completely
outgassed in a Blue-M Precision vacuum oven. Next, equal
parts of the siliconemix were poured into three separate con-
tainers and precalculated amounts of PCSA particles of three
different size ranges (𝑑

1
= 300–425 𝜇m, 𝑑

2
= 180–300 𝜇m, and

𝑑
3
= 90–180 𝜇m) were introduced into the silicone mix such

that for each particle size range samples with a 25%, 50%, and
75% (weight percent of PCSA particles to RTV 655) were pre-
pared. The 75% concentration was the maximum concentra-
tion that would allow full encapsulation of the microparticles
and complete curing of the compoundmaterial.The neat (0%
PCSA impregnation level) and impregnated RTV 655 slurries
were thoroughly mixed, outgassed, and poured into SPI-A2
polished (The Mold Polishing Company, NJ), ASTM D1708
custom-designed dog-bone molds shown in Figure 2. Great
care was taken during the mixing process to avoid aerogel
cluster formations. The formation of agglomerates was pre-
vented as much as possible by microsieving the micropar-
ticles before adding them to the RTV 655 and careful and
consistent mixing upon adding to the RTV 655 withmechan-
ical agitation during the mixing phase in order to prevent
(as much as possible) agglomerates from forming. The RTV
655+PCSAmixtureswere outgassed for the final time at room
temperature and then cured at 100∘C for 1 hr.Moldswere then
removed from the vacuum oven and allowed to cool down
prior to removal of samples from molds. Table 1 summarizes
all sample groups synthesized and prepared for this study.

2.3. Room Temperature and Low Temperature Tensile Mea-
surements. The tensile behavior of the neat and PCSA-
impregnated RTV 655 samples was evaluated by means of an
ESM 301 (Mark-10 Inc.) bench top tensile tester both at room
temperature and at 77K, according to the D1708-06a ASTM
standard for testing of polymers. Data acquisition andmanip-
ulationwere performedusing the ESM301manipulation soft-
ware Measure. The instrument was fully calibrated following
manufacturer’s recommendations prior to sample testing. For
low temperaturemeasurements a custom-designed cryogenic
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Table 1: Summary of sample types prepared for this study.

Sample group Number of batches Ingredients PCSA diameter = 𝑑 (𝜇m) % PCSA concentration by wt.

1 3

RTV 655 0%

RTV 655 & PCSA 425–300
25%
50%
75%

2 3

RTV 655 0%

RTV 655 & PCSA 300–180
25%
50%
75%

3 3

RTV 655 0%

RTV 655 & PCSA 180–90
25%
50%
75%
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Figure 1: Percent mass distribution of PCSA particles for different
diameter ranges for seven separate synthesis batches, after pulveriza-
tion stage (𝑡 = 60 sec). The majority of PCSAmicroparticles created
by step-pulse pulverization technique were greater than 90𝜇m in
diameter.

chamber was used. The sample under investigation was
positioned between custom-designed stainless steel clamps
and the assembly was positioned inside the chamber. Liquid
nitrogen was then poured inside the chamber and once
thermal equilibrium was accomplished the tensile test was
performed.

3. Results and Discussion

Cross-linked silica aerogels are expected to be translucent in
the visible range and heavily absorbing in the UV range. The
mean UV-Vis transmittance spectra of all aerogel cylinders

10mm 5mm

Figure 2: Highly polished SPI-A2 aluminum molds for curing of
neat and impregnated RTV 655 samples for tensile testing. Dog-
bones were cut according to ASTM D1708 geometrical specifica-
tions.
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Figure 3: UV-Vis transmission behavior of PCSAmonolithic cylin-
ders used in this study prior to the pulverization stage. Monolithic
aerogel densities of the synthesized samples fell in the range of 0.317–
0.5 gm/cm3.

used in this study are shown in Figure 3 where error bars
represent the statistical standard deviation. It can be seen
that transmission through each sample increases significantly
as the wavelength of the incident beam increases towards
the visible region, as expected. The transmittance signal is
expected to be affected by the density of the aerogel sample
under investigation resulting in a weaker transmitted signal
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Figure 4: Typical tensile behavior of neat (0% IL) RTV 655 at (a) room temperature and (b) 77K.The stress strain curve of RTV 655 at room
temperature follows a classic elastomeric behavior. The increased strength of the polymer at 77 K reflects reduced mobility of the polymer
chains and significant stiffening without geometrical changes such as shrinkage.

for samples with higher densities. Monolithic aerogel densi-
ties of the synthesized samples used in this study fell in the
range of 0.317–0.5 gm/cm3 hence explaining the variations in
the transmission spectra.

The typical room temperature (300 k) and low temper-
ature (77K) tensile behavior of neat (0% IL) RTV 655 are
shown in Figures 4(a) and 4(b), respectively, reflecting a
“baseline” behavior and measurement. At room temperature
the tensile behavior of 10 : 1 (polymer : cross-linker) RTV
655 demonstrates a classic elastomeric behavior [40, 41] as
expected. The tensile behavior of neat RTV 655 at 77 K
demonstrates a significant strengthening and stiffening of the
polymer chains [32] with limited amount of elasticity and
no noticeable amount of geometrical change in the form of
shrinkage. The effect of PCSA microparticle incorporation
on the rupture load of impregnated RTV 655 at room
temperature is shown in Figure 5 for three separate sample
batches measured independently and compared with the
behavior of neat RTV655measured under similar conditions.
For the largest particle sizes (𝑑

1
= 300–425 𝜇m) (Figure 5(a))

a drop of more than a factor of ten in rupture load is noted
for the lowest IL (25%) compared to the value for neat RTV
655 leading to a highly nonlinear profile. A less significant
change in rupture load (drop by a factor 1.5) is observed when
IL is increased from 25% to 75% suggesting that for the larger
particle sizes the level of impregnation (loading) plays a small
role in the overall mechanical strength of the compound
material. In Figure 5(b) the effect of medium-sized particles
(𝑑
2
= 180–300 𝜇m) on rupture load shows again a drop in

load roughly by a factor of ten between 0% IL and 25% IL
and a decrease in rupture load of 0.25 between 25% and 75%
with an overall nonlinear behavior again. Finally, the effect of
the smallest particle size range (𝑑

3
= 90–180 𝜇m) on rupture

load is shown in Figure 5(c) where the decrease in rupture

load between 25% and 75% is more pronounced leading to
a linear material response overall. In other words, as the
particle size shrinks the relationship between rupture load
and IL becomesmore linear and the overall tensile strength of
thematerial increases, such that as the particle size shrinks by
approximately a factor of four, the tensile strength increases
by a minimum factor of two and maximum factor of five,
never exceeding the rupture load of the neat RTV 655.

The effect of PCSA particle size and particle concen-
tration on rupture load at 77 K is shown in Figure 6 for
three separate sample batches.The strong nonlinear behavior
observed at room temperature (Figures 5(a) and 5(b)) for
particles size ranges 𝑑

1
and 𝑑

2
at IL 0% to 75% is repeated

at 77K with a linear behavior for the smallest particle size
range𝑑

3
. Figures 5 and 6 suggest that, by reducing the particle

size, at 25% IL the load tolerance of the compound material
is comparable with the neat polymer. At IL greater than
25%, however, the load bearing capability of the compound
material is significantly reduced and further reduction of
particle size has little effect. The rupture load variations seen
from one sample batch to another are mainly attributed to
particle size variations for each range and exact distribution
in the polymeric matrix after the mixing and curing stage has
been completed. In both cases (room temperature and 77K)
the smallest particle size range 𝑑

3
leads to the highest stress

to failure values, consistently for three separate batches. It is
hypothesized that this can be improved by further reducing
the particle diameters [42].

The effect of the microparticle size and concentration
on the overall stress-elongation profile of the compound
material was also investigated and compared to the behavior
of the neat RTV 655 polymer. A typical room temperature
response is shown in Figure 7 where at 25% IL (Figure 7(a))
the compoundmaterial shows some degree of elasticity when
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Figure 5: Comparison of the rupture load of RTV 655+PCSA compound specimens at room temperature with neat (0% IL) RTV 655
samples. Samples were impregnated with three particle size ranges: (a) 𝑑

1
= 300–425 𝜇m, (b) 𝑑

2
= 180–300 𝜇m, and (c) 𝑑

3
= 90–180 𝜇m

measured for three separate sample batches. A trend of reduction in the overall mechanical strength of compound material was observed
due to incorporation of PCSA particles. However, a least amount of reduction in the yield strength of the compound sample was observed at
25wt. (%) impregnation with the smallest (𝑑

3
= 90–180 𝜇m) PCSA particles.

compared to the neat RTV 655 behavior for all micropar-
ticle diameters. As the concentration level increases to 50%
(Figure 7(b)) the amount of elasticity drops significantly
deviating from the elastomeric behavior and showing stiff
nonelastic property with significantly lower stress tolerance.
Finally, at 75% IL (Figure 7(c)) the compoundmaterial shows
stiff and brittle properties with minimum or no elasticity
at all. At the 25% IL particle size did play a noticeable and

distinguishable role such that some degree of plasticity was
observed for each particle size range. As the IL increased,
however, the effect of the particle size became insignificant
compared to the effect of the IL, gradually transitioning from
an elastomeric material to a stronger and tougher material
(comparison of slopes). Loading levels in this study are
significantly higher than those in a previously reported work
[42].
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Figure 6: Rupture load of RTV 655+PCSA compound specimens at 77 K impregnated with three particle size ranges: (a) 𝑑
1
= 300–425 𝜇m,

(b) 𝑑
2
= 180–300 𝜇m, and (c) 𝑑

3
= 90–180 𝜇m measured for three separate sample batches. A similar trend of reduction in the yield

strength compared to room temperature measurements was observed. However, a considerable amount of stiffness of both neat RTV 655
and compound specimens was observed.

The stress-elongation response was also evaluated at 77 K
for each IL level and all microparticle diameters previ-
ously discussed and is shown in Figure 8. For the 25% IL
(Figure 8(a)) the compound material has resulted in a less
stiff material and overall weaker performance, rupturing at
lower load values than the neat RTV 655. As the IL level
increases to 50% the trend follows and finally at 75% IL
the compound material demonstrates the weakest behavior.

Once again, the effect of the particle sizes studied here is less
significant than the effect of the doping concentration (IL).

The overall reduction of rupture load after introducing
PCSA particles into the polymer matrix is not unexpected
since the hydrophobic nature of RTV 655 prevents bonding
between the PCSA particles and the polymer matrix. It is
hypothesized that the PCSA particles are immobilized in the
polymer matrix by “physical entrapment.” While interface
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Figure 7: Effect of PCSA particle size and concentration on the stress-elongation behavior of the compound material at room temperature.
At 25% IL (a) shows a modest deviation from elastomeric behavior in comparison to neat RTV 655. For 50% IL (b) the compound material
shows sign of a stiff material while at 75% IL (c) characteristics of a stiff and strong and more brittle material become apparent. The effect of
the particle sizes seems less significant compared to the IL.

interactions cannot be fully excluded, they are highly unlikely
due to (a) the hydrophobic nature of the RTV 655 and (b)
observations made during tensile testing. During the tensile
testing of the impregnated samples it was observed that, for
the larger particles (observed with the aid of magnifiers)
as the compound sample was elongated under fixed strain,
the elastomeric part of the compound moved at a faster
rate and was able to “slide” over the microparticles. It is
expected that the same would occur at low temperatures also,
but with less travel range available at those temperatures.
Direct observations could not be performed at 77K due to

the fact that the samples are positioned in an opaque liquid
nitrogen bath that is optically and physically inaccessible.
This also prevented the authors from making Poisson ration
measurements.

The presence of the microparticles interrupts the forma-
tion of long polymer chains and cross-linking that would
have otherwise occurred at the microscopic level. Technical
challenges associated with sample preparation prevented
glass transition temperature measurements for impregnated
samples. Scanning electron microscope (SEM) images of
the pulverized cross-linked aerogels shown in Figure 9
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Figure 8: Effect of PCSA particle size and concentration on the stress-elongation behavior of the compound material at 77 K. As IL increases
from 25% (a) to 50% (b) and finally 75%, (c) the compoundmaterial becomesweaker rupturing under lower load values than the neat polymer.
Effect of the particle size variation seems less significant than the IL.

demonstrate a highly irregular geometry which is the result
of the step-pulse pulverizing technique. The geometrical
irregularity observed in the microparticles formed affects
the magnitude and profile of stress concentrations at the
microscopic scale and hence affects themacroscopicmechan-
ical behavior that is measured for each sample. While it is
possible to create large quantities of microparticles of varying
diameters using this technique, the irregular geometry is
thought to contribute significantly towards lowering the
rupture load values.

4. Summary and Conclusion

The limitation performance of an aerogel-impregnated RTV
655 elastomer was evaluated for two critical temperatures.
Aerogel microparticles were created by means of a step-pulse
pulverizing technique that was easy to process and suitable
for the formation of large volumes of microparticles. This
method however provided little control over the particle
geometry and more specifically surface morphology. The
majority of microparticles created using this technique had
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Figure 9: SEM image of pulverized cross-linked silica aerogels
showing nonuniform geometries created by using the step-pulse
pulverizing technique.

diameters greater than 90 𝜇m, setting the lower limit of the
microparticle size distributions used in this study. It was
discovered that the maximum impregnation and loading
level that resulted in complete curing and encapsulation was
discovered to be 75wt%.

The effect of size and concentration of polyurea cross-
linked silica aerogel microparticles on the tensile behavior of
the elastomer RTV 655 was fully characterized at two critical
temperatures of room temperature and 77K. As the concen-
tration of PCSA microparticles increased from 0 to 75wt%
the tensile behavior of the compound material transitioned
from an elastic behavior to a stiff and toughmaterial. For IL of
25 and 50wt% the effect of microparticle diameter on overall
material response was identifiable. At IL 75wt% however the
concentration level dominated the material behavior with
little influence from the particle diameter variations. Overall,
the size of the PCSA particles impacted the rupture load val-
ues themost while the concentration of the PCSA particles in
the RTV 655 matrix dominated the stress-elongation behav-
ior. It is expected that by further reducing the particle sizes
significant increase in the rupture load values will be seen.
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