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Abstract
Silica aerogels display an ultra-low thermal conductivity (λ) and are used as thermal
superinsulators. Here, we study the influence of aging and drying processes on the
microstructure and thermal conductivity of fiber-reinforced silica aerogel composites. Glass
wool-silica gel composites were aged for variable times, hydrophobized, and dried either at
ambient pressure or from supercritical CO2 (scCO2). The X-ray micro-tomographic data
display three distinct phases: silica aerogel, glass fibers, and macroscopic pores and cracks.
The silica aerogel appears as a continuous medium in the tomograms because the spatial
resolution (6-11 µm) is insufficient to resolve the aerogel mesopores (~0.02-0.10 µm). For the
composites prepared by ambient pressure drying, insufficient aging led to prominent drying
shrinkage and cracking, and a high macro-porosity, as quantified by 3D image analysis.
Insufficient aging also led to an increase in λ from 15.7 to 21.5 mW·m-1·K-1. On the contrary,
composites that were nearly free of cracks and displayed a constant λ of 16.3 ± 0.8 mW·m1

·K-1 could be prepared by scCO2, independent of aging time. The thermal conductivity was

reproduced from the macro-porosity to within 0.7 mW·m-1·K-1 using simple thermal transport
models consisting of thermal elements connected in series or parallel. Our results illustrate the
usefulness of X-ray micro-tomography to quantify the 3D microstructure and its effects on the
bulk composite properties and the data highlight the importance of aging for the production of
low λ aerogel-fiber composites by ambient pressure drying.
Keywords: aerogel; aging; thermal conductivity; X-ray micro-tomography; macro-porosity.
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1.

Introduction

Silica aerogels are mesoporous materials with low to ultra-low densities (0.02-0.2 g/cm3),
ultra-low thermal conductivity (12-18 mW·m-1·K-1 STP) and high specific surface areas (5001000 m2/g) [1–4]. Because of these outstanding properties, they find their use in a variety of
applications such as thermal insulation [5], drug-delivery [6], oil adsorbents [7], optical
waveguides [8] and catalyst support [9]. To overcome their inherent brittleness and fragility,
different reinforcement strategies have been employed, either by making aerogel composites
with macroscopic fibers [10,11] or by hybridization with (bio)polymers at the microscopic or
even molecular scale [12–17].

Evaporative, ambient pressure drying (APD) is a simple alternative to conventional
supercritical drying (SCD), although a hydrophobization treatment of the silica surfaces, most
typically a silylation, is essential to promote a “spring-back” effect that restores the porosity
of the gel after solvent evaporation [18–20]. In addition to hydrophobization, aging is an
essential condition for the synthesis of low density silica aerogels by ambient pressure drying,
as reported in our recent study [21-23]. There, we demonstrated that aging within the gelation
liquid, i.e., without additional solvent exchanges, effectively strengthens the gel network and
enables the production of low density silica aerogels by APD. We also concluded that the
drying process magnifies the effect of aging on the gel structure and stability, with an
irreversible pore collapse for poorly aged samples due to the strong capillary forces that occur
during APD but are mostly absent during SCD.

Silica aerogels owe their extremely low thermal conductivity to the unique combination of
low density, small pores and a tortuous particle network structure [2]. Thanks to the Knudsen
effect in the aerogel’s mesopores, the thermal conductivity of silica aerogels is only half that
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of standing air. Thus, the presence of macropores or air-filled cracks in a composite or
component leads to an increase in thermal conductivity, in contrast to conventional insulation
materials. X-ray micro tomography (μCT) can visualize and quantify the 3D morphology of
composite materials. A few studies have aimed at imaging the particle network and the
(meso)pore structure of the aerogel themselves with synchrotron radiation-based X-ray
coherent diffraction imaging approaches achieving tens of nm spatial resolution [24], which is
much higher than what achievable with laboratory-scale μCT but generally still insufficient to
resolve the majority of the mesopores (20-50 nm) and specifically the primary silica
nanoparticles (~5 nm diameter) in the silica aerogel, even under optimal imaging conditions.
Therefore, imaging probes reaching even higher resolution such as electron tomography are
typically required to fully resolve the aerogel’s inner structure [25]. However, laboratory scale
μCT, achieving spatial resolution ranges from a few tens of µm down to a few µm, has been
successfully exploited in several studies to investigate other features in the micrometer range,
i.e. larger than those of the silica aerogel’s internal structure. In these studies, the aerogel
appears as a continuous, low density medium and the features of interest have covered a wide
spectrum, e.g., stardust impact tracks in aerogels [26,27], properties of granular aerogel
materials under compression [28], cellulose foams [29], cellulose-silica hybrid aerogels [30],
wood-templated silica aerogel hybrid materials [31], aerogel-filled metals [32] and density
gradients in divinyl benzene aerogels [33,34].

In this study, we systematically investigate the influence of different aging times (from 2 to
24 hours) and drying processes (SCD, APD) on the structure and thermal conductivity of
fiber-reinforced silica aerogel. The trends in thermal conductivity are correlated to the
structure and in particular the crack volume determined by μCT analysis.

5

2.

Experimental section

2.1 Synthesis of fiber-reinforced silica aerogel composites
Fiber-reinforced silica aerogel composites were prepared according to the process scheme
depicted in Fig. 1. The hydrophobized glass wool (SAGER, SAGLAN (032) FA40,
Switzerland) used for the synthesis had a bulk density of approximately 38 kg/m3 and a
thermal conductivity of 32 mW·m-1·K-1, whereas the polyester fiber (PES) blanket (Ridan Sp.
z o.o, Poland) had a thermal conductivity of 40 mW·m-1·K-1. 9 ml of polyethoxydisiloxane
(PEDS), a prepolymerized form of tetraethyl orthosilicate (TEOS) containing 20 wt% SiO2
equivalents (PEDS-P750E20 [35]) was diluted with 21 ml of ethanol (A15-A-MEK, absolute
ethanol denatured with 2 vol.% methyl ethyl ketone) and 1 ml of distilled water under
constant stirring for 5-10 minutes at room temperature. Gelation was initiated by the addition
of 0.36 ml of 5.5 M ammonium hydroxide solution (NH4OH in water) with a gelation time of
approximately 10 minutes. The gelation-initiated sol was cast into glass wool or PES fiber
blankets (volume ~50×50×10 mm3) placed in polystyrene boxes. The samples were covered
after gelation with an additional 0.4 ml of ethanol, and the boxes closed with a tight-fitting lid
(but not sealed) to prevent exposure to the air due to solvent evaporation during aging, and
aged at 65°C and atmospheric pressure for different times (2, 4, 6, 8, 16 and 24 hours). The
aged gel composites were then hydrophobized by soaking in a mixture of 60 ml of
hexamethyldisiloxane (HMDSO), 0.24 ml of hydrochloric acid (37% in water) and 2.2 ml of
ethanol at 65°C for 24 hours. The hydrophobized gel composites were dried at ambient
pressure for 2 hours at 150°C. An additional series of hydrophobized gel composites (glass
wool only) was dried in an autoclave (4334/A21−1, Separex, France) from supercritical
carbon dioxide (SCD). The autoclave of the supercritical dryer was filled with ethanol prior to
loading the samples. Once the chamber was tightly closed, the remainder of the chamber was
filled with liquid CO2 and the ethanol was slowly released from the bottom of the dryer. After
6

multiple solvent extraction steps to exchange the ethanol with liquid CO2 during ~24 hours,
the autoclave was isolated from the CO2 supply and heated for 3 hours to 48°C, which
increased the pressure to 150 bar and brought the liquid CO2 to the supercritical state.
Subsequently, the dryer was gradually depressurized by releasing gaseous CO2 over
approximately one hour and allowed to cool before the samples were removed from the
chamber.
2.2 Thermal conductivity (λ)
Thermal conductivity at ambient conditions (EN 12667 @ 10°C) was determined with a
custom built guarded hot plate device designed for small samples of low λ materials [36]. The
menisci from the sol-gel process were polished off prior to analysis, and a small weight was
placed on the top plate of the device (330 g, including the top plate, corresponding to a
pressure of 1.3 kPa) to ensure a good thermal contact between the sample and the instrument.
2.3 Scanning electron microscopy
Scanning electron microscopy (SEM) images were obtained with a FEI Nova NanoSEM 230
instrument (FEI, Hillsboro, Oregon, USA) at an accelerating voltage of 10 kV and a working
distance of 5 mm. The aerogel-fiber composites were fixed on the sample holder using a
carbon pad and subsequently coated with 15−20 nm (as measured on a smooth piezo) of
platinum for SEM analysis. Because of the high surface area and high surface roughness of
silica aerogel, the effective thickness of the Pt coating is much lower, but hard to evaluate.
2.4 X-ray micro-tomography
Glass wool-silica aerogel composite cuboids (10x10x15 mm3) were cut out of the bulk
materials with a razor blade and attached to cylindrical sample holders with silicon glue. The
PES-silica aerogel composites sustained severe damage during cutting and were therefore not
analysed by μCT. X-ray micro-tomography was performed at the Empa Center for X-ray
Analytics with a laboratory scale custom-made system with an effective spatial resolution of
7

5-10 µm (Fig. S3). 2D radiographs were acquired with a Perkin Elmer XRD 1621 aN14 CN2
ES flat panel detector that consists of a 2048×2048 array of amorphous Si pixels (𝑝𝑝=200 µm),
covered with a 700 µm–thick layer of a CsI(Tl) scintillator. The X-ray source is a VISCOM
XT9160 TXD (VISCOM AG) micro-focus X-ray tube with a 6 µm–thick W target and a
minimum focal spot size of a few µm for the collimated electron beam. All measurements
were performed with an accelerating voltage Vsource = 50 kV and a current I = 190 μA. A
tomographic dataset consists of 1440 radiographs over 360° rotation, acquired with an
exposure time of 1500 ms each. A 3D image (tomogram) was obtained by the FeldkampDavis-Kreiss cone beam filtered back-projection tomographic reconstruction algorithm [37] in
the Octopus Reconstruction(TM) software (Inside Matters, www.octopusimaging.eu). The raw
tomogram was saved as a stack of 2D images (tomographic “slices”, 16 bit TIFF, each voxel
𝑝𝑝

with discretized value within the interval [0; 65535]). The voxel size is 𝑝𝑝� = 𝑀𝑀, where 𝑀𝑀 ≡
𝑑𝑑𝑆𝑆𝑆𝑆
𝑑𝑑𝑆𝑆𝑆𝑆

is the geometrical magnification factor due to the cone geometry of the beam, 𝑑𝑑𝑆𝑆𝑆𝑆 is the

source-to-detector distance (1042 mm), and 𝑑𝑑𝑆𝑆𝑆𝑆 is the source-to-sample distance (adjusted for
the highest magnification compatible with the field of view). Section 3.3 describes the 3D

image analysis workflow used to compute the bulk porosity and pore size distribution of the
sample, implemented with the open source platform ImageJ/Fiji [38], with in housedeveloped software (the Empa Bundle of ImageJ Plugins for Image Analysis, EBIPIA [39]
and Avizo 3D (FEI Visualization Sciences Group).

3.

Data analysis and results

3.1 Sample appearance and volume shrinkage
The volume shrinkage of APD fiber-reinforced silica aerogel composites is strongly affected
by the aging conditions, in contrast to the composites prepared by SCD (Fig. 2 and Figs. S1a
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and S1b). The volume shrinkage is approximately 28 to 30% more for a 2 hours aged APD
glass wool aerogel composite when compared to a long aged (24 hrs.) sample while the
volume shrinkage is less than 5% irresepective of aging time for SCD glass wool composites.
Also, the dense nature and texture of the silica aerogels and the relatively more discontinuous
cracks in the APD aerogel composites are prominent for short aging times (2 to 6 hrs.) (Fig. 2
and Fig. S1a) as observed in our previous study [21].
3.2 SEM analysis
The high magnification SEM images from our recent study of aging of silica aerogel
granulates [21] display a typical morphology with mesopores enclosed by secondary particle
aggregates of 20−50 nm in diameter (Fig. 3a and Fig. S2a). The SEM images at lower
magnification show that the glass fibers are incorporated well into the silica network and
confirm the reinforcement of silica aerogel (Fig. 3b, Fig. 3c and Figs. S2b-d). However, no
microstructural variations could be observed either for a short aged (2 hours) or long aged
sample (24 hours) for both APD and SCD aerogel composites with SEM, presumably because
the information provided by SEM images is restricted only to a (fracture) surface description.
Hence, μCT was used to analyse the structure of the glass wool-silica aerogel composites over
the entire sample volume.

3.3 X-ray micro-tomography
µCT provides the 3D distribution of the X-ray local linear attenuation coefficient 𝜇𝜇 of the
material phases composing the samples under study. The differences in attenuation for
different materials are related to the chemical compositions and density: the tomogram voxel
values are semi-quantitative 𝜇𝜇 values that are linearly proportional to the local volumetric

mass density 𝜌𝜌 of the material and to 𝑍𝑍 𝑛𝑛 , where 𝑍𝑍 is the atomic number of the locally most

abundant chemical element and 𝑛𝑛 is typically between 3 and 4 [40]. Figures 4 and 5 display
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representative µCT slices from the tomograms of APD and SCD glass wool-silica aerogel
composites prepared with different aging times. There are 3 material phases clearly
distinguishable in the images: the bright white tone is associated with the largest voxel values,
corresponding to the largest 𝜇𝜇 values of the glass wool fibers (density ~2.5 g/cm3); the silica
aerogel appears in a light grey tone, due to its lower 𝜇𝜇 values (density ~0.1-0.3 g/cm3); finally,

air-filled cracks and other macropores appear as dark grey-to-black due to the near-zero X-ray
attenuation of air. Note that the silica aerogel appears as a homogenous medium because the
characteristic length scales of its internal mesoporous structure (0.005 to 0.1 µm) are much
smaller than the tomogram’s average spatial resolution (10 µm). For the APD aerogel
composites, we can observe shrinkage crack patterns typical of drying shrinkage and
respective cracking processes in porous media, e.g., soils, colloidal suspensions and gels [41]
(Fig. 4). The cracks are wider and more pronounced at short aging times (Figs. 4a, 4b and 4c),
but become more narrow and less abundant for aging times of 8 hours and above (Figs. 4d, 4e
and 4f). The SCD aerogel composites display a nearly crack-free (within the limits of the
tomograms’ spatial resolution) monolithic aerogel morphology, irrespective of the aging time
(Fig. 5).

The complex 3D fiber orientation, crack patterns and aerogel fragmentation for a 2 hours aged
APD glass wool-silica aerogel composite can be observed in the 3D rendering of a tomogram
(Fig. 6) and in its computer graphics animations where the rendered tomogram is rotated in
space (Section 4 of the Supplementary Information). In the tomogram, the fibers appear to act
as crack nucleating sites, and the size of the aerogel grains correlates with the local density of
fibers in the sample, particularly for short aging times (Fig. 4 and Fig. 6). The process of
crack formation and initiation is not the focus of this study, but X-ray tomography would be
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the ideal tool to study sample and fiber deformation and crack initiation during drying, for
example with in situ, time-resolved tomography.

µCT not only allows for a qualitative visual inspection of the structure (Fig. 6) but also
enables the quantitative analysis of the internal structure of the aerogel composites. A
statistical characterization of the crack size, in addition to the bulk porosity of each sample,
was obtained with the image analysis workflow shown in Fig. 7 and briefly summarized in
this Section. A more detailed description of each step of such workflow is provided in Section
3 of the Supplementary Information. The first step (Fig. 7a) consisted of selecting a 3D
region-of-interest (ROI) of the tomogram excluding the parts of the sample volume close to
the boundaries, i.e., the parts where the cracks were more likely perturbed/enhanced by the
sample preparation. The second step (Fig. 7b) consisted in applying to that ROI, an edgepreserving smoothing filter to increase the signal-to-noise ratio of the tomogram without
smoothing the boundaries between different material phases, such that the volume of each
phase would be preserved as much as possible despite the smoothing of the remaining parts of
the 3D image. For such purpose, we used the implementation of the Perona-Malik anisotropic
diffusion filter [42] in Avizo 3D. In the third step (Fig. 7c), the voxels corresponding to cracks
were automatically identified (“segmented”) by using an unsupervised machine learning
algorithm (𝐾𝐾-means clustering) [43]. The segmentation created a 3D binary image (“mask”)
identifying the voxels corresponding to the crack phase with a specific value, mapped to
“white” in Fig. 7c, while all the other voxels, corresponding to aerogel matrix and fibers, were
assigned a distinct value, rendered in black in Fig. 7c. The binary mask of the crack volume
allowed then to compute not only the bulk porosity (ratio of the number of white voxels to the
total number of voxels of the ROI) but also to compute the cumulative size distribution of the
crack width 𝑆𝑆 using an algorithm inspired by the physical principles used for measuring a
pore size cumulative distribution by mercury intrusion porosimetry (MIP) [44] and based
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upon the concept of a continuous size distribution [45]. Such a continuous cumulative crack
size distribution is represented in Fig. 7d and Fig. 8 as the cumulative, macro-porosity of the
sample, 𝑐𝑐𝑐𝑐(𝑆𝑆), due to cracks with size larger than 𝑆𝑆, for different 𝑆𝑆 values.

The 3D image analysis workflow was carried out for all 12 samples resulting in crack width
cumulative distributions for both the APD and SCD aerogel composites with different aging
times. For the APD aerogel composites, the cumulative volume fraction of pore space due to
any crack size 𝑆𝑆, i.e., the macro-porosity in between the aerogel grains, strongly decreases as

the aging time increases (Fig. 8a). A similar trend is seen for the cumulative volume fraction
values for larger 𝑆𝑆 values, indicating that also the crack width decreases with increasing

aging. Such quantitative results are consistent with a simple visual inspection of the

tomograms (Fig. 4 for examples of slices only). In contrast to the APD results, there is no
significant variation in the cumulative porosity for the SCD aerogel composites as a function
of aging time (Fig. 8b), again consistent with a qualitative visual inspection of the 2D cross
sections (Fig. 5). The total macro-porosity (𝑐𝑐𝑐𝑐(𝑆𝑆 = 0 𝜇𝜇𝜇𝜇) ≡ xair) of the aerogel composites
dried at ambient pressure decreases from 58% to 6% with increasing aging time, while the

total macro-porosity is less than 10% for all aging times for the SCD aerogel composites (Fig.
9a and Table 1).

3.4 Thermal conductivity
The thermal conductivity (λmeasured) of fiber reinforced-silica aerogel composites prepared by
APD is strongly affected by the aging conditions in contrast to the aerogel composites
prepared by SCD (Fig. 9b, Table 1 and Table S1). The APD aerogel-fiber composites’
thermal conductivity decreases with increasing aging time and the decrease in λ is most
pronounced at short aging times with a nearly constant λ for aging times of 8 hours and above
(Fig. 9b). This aging time dependence was observed for both the glass wool and polyester
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fiber APD aerogel composites but with slightly lower thermal conductivities for the glass
wool composites. Importantly, the λ of a long aged APD fiber reinforced-aerogel composite
approaches that of the SCD aerogel composites. Even more importantly, the 3D quantitative
characterization of drying shrinkage cracking in the aerogel composites correlates very well
with the thermal conductivity trend. As the macro-porosity decreases with increasing aging
time, the thermal conductivity also decreases (Figs. 9a, 9b and Table 1).
The 3D distribution of materials (fibers, aerogel, air) as derived from the tomograms and the
segmentation of the respective phases could serve as input for advanced 3D numerical
simulations of heat transport [46–48]. In this study however, we have limited ourselves to a
simpler, analytical approach to predict the macroscopic thermal conductivity. We calculated
thermal conductivity for the composites for two end-member scenarios: a parallel case, where
the materials are aligned in layers parallel to the heat flow (maximizing thermal bridges) and a
series case, where the materials are aligned in layers perpendicular to the heat flow
(minimizing thermal bridges) (Fig. 10). The thermal conductivity for these end-member cases
can be calculated from the simple analytical expressions given in Fig. 10. The actual
distribution of materials (Fig. 4 and Fig. 5), and thus the thermal conductivity, lies in between
these two extremes. The calculation requires several inputs. The total macro-porosity, i.e., the
volume fraction of air (xair) in the aerogel composites is obtained from the 3D image analysis
as described before (Fig. 9a and Table 1). The volume fraction of silica aerogel is
approximated by (1 - xair), ignoring the minor volume fraction of glass fibers (~1.5% for our
glass wool density). The thermal conductivity of air inside the macropores was approximated
to 26 mW·m-1·K-1 STP, assuming that air is stationary inside the macropores (no convection).
The thermal conductivity of the aerogel (λaerogel) as a function of aging time was approximated
by those measured (Table S2) on silica aerogel granulate (APD) and monoliths (SCD)
prepared under the same conditions. A detailed description of the aging dependence of the
thermal conductivity of the silica aerogel granulate will be reported in a separate publication.
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The contribution of the solid thermal conduction of glass wool is very low (< 0.2 mW·m-1·K1

), as determined from thermal conductivity measurements in vacuum for glass wool densities

of >0.150 g/cm3, and by accounting for radiative contributions [49,50]. Since the density of
the glass wool used in the current study is even lower (0.038 g/cm3), we have assumed the
solid thermal conduction through the glass fibers is negligible. The thermal conductivities
calculated for both the parallel and series cases are listed in Table 1. As expected, the values
calculated for the parallel case are systematically higher than for the series case but the
differences are limited (≤ 1.2 mW·m-1·K-1 STP) and similar to the uncertainty on the
calculations. The thermal conductivities calculated from the tomography data reproduce the
experimental values to within 0.7 mW·m-1·K-1 STP (one standard deviation), demonstrating
the strength of the approach (Fig. 10 and Table 1).

4.

Discussion

The decrease in λ and macro-porosity for the APD composites and its approach to λ and
macro-porosity values typical for SCD composites for the longest aging times, is similar to
the decrease in bulk density with increasing aging time for APD silica aerogel granulates as
observed in our previous study [21]. The strengthening of gels during aging due to
dissolution-re-precipitation process akin to Ostwald ripening allows the gel network to
withstand the capillary stresses during ambient pressure drying, resulting in a more complete
spring-back effect, a reduced shrinkage and a lower envelope density of the APD silica
aerogel with increasing aging time [21,51]: with increasing aging time, the density of APD
silica aerogel granulate decreases from 0.3 to 0.1 g/cm3 [21]. At short aging times, the
increase in solid thermal conduction due to higher densities is partially offset by the decrease
in thermal conduction through the thinner inter-particle necks (no Ostwald ripening), but the
thermal conductivity of the aerogel phase is nevertheless the highest for the shortest aging
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times: 17.6 mW·m-1·K-1 STP for 2 h of aging (~0.3 g/cm3), compared to 15.4 mW·m-1·K-1
STP for a sample that experienced near full spring-back (24 h aging, ~0.1 g/cm3) (Table S2).
Thus, shrinkage of the aerogel phase increases the thermal conductivity of the glass woolaerogel composites in two ways, i) by increasing λaerogel (Table S2) [2,4]; and ii) more
importantly, by increasing the volume fraction of macro-pores and cracks with a relatively
large λ (Fig. 9).

Our results highlight the importance of aging to reduce aerogel shrinkage and macroporosity,
and to produce low thermal conductivity fiber-reinforced aerogel composites by ambient
pressure drying. In contrast, there is no difference in the bulk density with different aging
times for SCD silica aerogels (density ~ 0.09 g/cm3) [21] because the supercritical drying
process eliminates the capillary stresses during drying, which leads to very little shrinkage
and hence, the aerogel thermal conductivity remains mostly unaffected regardless of the aging
time for the SCD aerogel composites (Fig. 9b). The small thermal conductivity variations as a
function of aging time for the SCD aerogel composites (± 2 mW·m-1·K-1 STP, Fig. 9b) appear
to track the variations in macroporosity observed for the same samples (Fig. 9a), but it is not
clear from the present dataset if these co-variations in macroporosity and thermal conductivity
reflect a true dependence on aging time, or are simply due to sample-to-sample variability that
would average out if more samples were to be analysed. A complex propensity for crack
formation on aging time, as perhaps hinted at by Fig. 9a, is not unlikely given the complex
dependency of silica aerogel’s mechanical properties (stiffness, brittleness) on various
processing parameters [4], but further study would be required to test this hypothesis.

5.

Conclusions
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X-ray micro-tomography provided the means to qualitatively and quantitatively characterize
the structure of glass wool fiber-aerogel composites. The 3D quantitative characterization of
drying shrinkage cracking enables the prediction of the composite thermal conductivity. Thus,
our results demonstrate the value of X-ray micro-tomography to probe the structure of
aerogel-based composites and to explain their bulk properties. Our findings confirm the role
of aging to strengthen the gel network, reduce shrinkage and enable the production of low
thermal conductivity fiber-reinforced silica aerogel composites by ambient pressure drying.
This overall result is important especially for the industrial scale production and adoption of
fiber-reinforced aerogel composites in thermal insulation applications.
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Appendix A. Supplementary data
Sample appearance of APD PES-silica aerogel composites and SCD glass wool-silica aerogel
composites for different aging times; SEM images of 24 hours aged APD and 2 and 24 hours
aged SCD glass wool-silica aerogel composites; detailed description of the 3D Image analysis
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workflow and 3D volume rendering of one tomogram; thermal conductivity of silica aerogels
are provided in the supplementary information.
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Table 1. Influence of aging time on the total macro-porosity and thermal conductivity (λ) of
19

APD and SCD glass wool-silica aerogel composites.

Aging time

λmeasured

Series – λcalculated

Parallel – λcalculated

Total macro-porosity

(mW·m-1·K-1)

(mW·m-1·K-1)

(mW·m-1·K-1)

(xair) (%)

APD

SCD

APD

SCD

APD

SCD

APD

SCD

2

21.5 ± 0.4

17.1 ± 0.4

21.7 ± 0.9

15.9 ± 1.0

22.5 ± 0.8

16.5 ± 1.1

58

10

4

20.1 ± 0.4

15.5 ± 0.4

18.2 ± 1.0

16.0 ± 1.1

19.4 ± 0.9

16.3 ± 1.1

38

4

6

16.6 ± 0.4

16.0 ± 0.4

16.3 ± 1.0

15.8 ± 1.0

16.9 ± 1.0

16.1 ± 1.1

15

2

8

16.1 ± 0.4

17.1 ± 0.4

15.4 ± 1.1

16.2 ± 1.0

15.8 ± 1.1

16.7 ± 1.1

7

8

16

16.1 ± 0.4

16.1 ± 0.4

16.7 ± 1.0

16.5 ± 1.0

16.9 ± 1.1

16.9 ± 1.1

6

6

24

15.7 ± 0.4

16.7 ± 0.4

15.8 ± 1.0

16.9 ± 1.0

16.0 ± 1.1

17.3 ± 1.1

6

4

(hrs.)

Figure captions:
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Figure 1. Process scheme for the synthesis of fiber-reinforced silica aerogel composites.
Figure 2. Ambient pressure dried (APD) glass wool-silica aerogel composites for different
aging times.
Figure 3. SEM images of (a) 2 hours aged APD silica aerogel [21], (b) glass wool and (c) 2
hours aged APD glass wool-silica aerogel composite. Note that the aerogel appearance at high
magnification (Fig. 3a) may be affected by the Pt coating prior to SEM analysis.
Figure 4. 2D cross-sections (“slices”) from 3D images (tomograms), obtained with X-ray
micro-tomography, of APD glass wool-silica aerogel composites. The brightest features are
the glass wool fibers.
Figure 5. 2D cross-sections from 3D images, obtained with X-ray micro-tomography, of SCD
glass wool-silica aerogel composites. The brightest features are the glass wool fibers.
Figure 6. Computer graphics-based rendering of the X-ray tomogram for 2 hours aged APD
glass wool-silica aerogel composite.
Figure 7. Schematic representation of the different steps of the 3D image analysis workflow
to calculate the bulk porosity due to pores resolved within the tomograms, i.e., above about 10
µm in pore size, being mainly cracks, and the crack size distribution. Only images and data
from the analysis of the 2 hours aged APD glass wool-silica aerogel composite are shown. (a):
representative tomographic slice from the 3D ROI extracted from the raw tomogram. (b):
corresponding slice from the same ROI of (a) but extracted from the edge-preserved smoothed
tomogram. (c): corresponding slice from the 3D binary image of the pore (crack) space. White
voxels indicates pore space and black voxels indicates aerogel matrix and fibers. Pore size (𝑆𝑆)
cumulative distribution in the form of cumulative porosity (𝑐𝑐𝑐𝑐, as a function of 𝑆𝑆) due to

pores (cracks) with size larger than 𝑆𝑆. The value of 𝑐𝑐𝑐𝑐(𝑆𝑆) for 𝑆𝑆=0 μm corresponds to the
macro-porosity of the ROI.
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Figure 8. Continuous cumulative volume fraction of pore, i.e., crack space (𝑐𝑐𝑐𝑐) due to cracks
with size larger than 𝑆𝑆, for (a) APD and (b) SCD glass wool-silica aerogel composites for
different aging times.

Figure 9. Influence of aging time on (a) the total macro-porosity of glass wool-silica aerogel
composites and (b) the thermal conductivity of PES and glass wool-silica aerogel composites.
Note that even the small variations in thermal conductivity for the SCD composites (Δλ ~ 0.8
mW·m-1·K-1) track the small variations in macro-porosity (Δxair ~ 5%), confirming the
precision of both the image analysis and thermal conductivity measurements.
Figure 10. Comparison of measured and calculated thermal conductivity values for APD and
SCD glass wool-silica aerogel composites (for series and parallel cases).
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