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1. Introduction

Aerogels from organic sources, e.g., resorcinol formaldehyde
(RF), exhibit an open-porous nanostructured morphology having
ultralow densities (0.03–0.08 g cm�3). The first RF aerogels were
synthesized by Pekala[1] by polycondensation of resorcinol with
formaldehyde in an aqueous solution. While investigations on
the structural and the thermal properties of RF aerogels have
been reported by several authors,[2–8] reports on their mechanical
properties are rare.[9] Pekala et al.[10] investigated the dependence

of the morphological aspects of RF aerogels
on their mechanical performance. Typically
for aerogels, like many other open-porous
materials, the power law scaling relation-
ship between the Young’s modulus E and
the bulk density ρ, E ∝ ρm, is often
explored in the literature with their
mechanical properties. The exponent m
was shown to be dictated by the network
connectivity.[11] Considering the open-cell
foam model by Gibson and Ashby,[12] for
a perfectly connected open-cellular mate-
rial, m¼ 2. However, for aerogels, this
value ranges between 2 and 4, depending
on the type of the aerogel.[13] Pekala
reported exponent values of 2.7� 0.2 and
2.4� 0.3 for the modulus and compressive
strength, respectively, for the case of RF
aerogels with envelope densities in the
range 0.05–0.3 g cm�3. Such scaling laws,
however, quantify the mechanical proper-
ties in the linear elastic regime and give
no information about the network damage
and the overall mechanical behavior.

A detailed investigation of the different types of RF aerogels
and their mechanical properties was presented by Schwan
et al.[14] There, they analyzed the mechanical behavior of the aero-
gels by uniaxial compression tests reinforced with digital image
correlation measurements, which assisted in further characteriz-
ing the evolution of the surface strain gradients, thus giving new
insights into the damage (crack) propagation and strain localiza-
tion over the surface. Hard-to-flexible aerogels were investigated.
A subsequent report[15] on flexible RF aerogels further described
the mechanism of their flexibility. An aerogel box model made
up of bars (arrays of particles forming the pore wall) was modeled
to describe the relation between the flexibility and the relative
density.[16] It is now well known that the macroscopic mechanical
behavior of the aerogels is dictated by themicroscopic kinematics
of their pore walls. By designing a simple framework based on
the classical beam theory, it was realized that the lower the aero-
gel density, the larger the flexibility. Also, the smaller the pore
size at a given envelope density, the larger the flexibility.
Accordingly, if the density of the string of the pearl network
is less than the skeletal density, the flexibility is increased.
Such a quadratic-cell model approach was also used to model
the micromechanical behavior of biopolymer aerogels.[17,18]

While approaches such as the diffusion-limited cluster�
cluster aggregation (DLCA) have been used to model silica
aerogels,[19,20] such approaches are not suitable for modeling
organic aerogels,[21] as these do not show fractal scaling. In this
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water (R:W) molar ratio is varied for obtaining diverse highly open-cellular porous
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constitutive model based on the pore-wall kinematics is proposed. While the
arrays of particles forming the pore walls are moderately connected, the pore
walls are considered to behave as solid beams under mechanical deformation.
Moreover, the damage mechanisms in the pore walls that result in the network
collapse are defined. All model parameters are shown to be physically derived,
and their sensitivity to the macroscopic network behavior is analyzed. The model
predictions are shown to be in good agreement with the experimental
stress�strain data of the different aerogels.
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study, several RF aerogels based on the recipe of Pekala were
synthesized. These are referred through the following text as
p-RF aerogels. These were further characterized for their struc-
tural and mechanical properties. The mathematical model
reported by Schwan et al.[15] and the constitutive model proposed
by Rege et al.[17] were extended to capture the mechanical behav-
ior of p-RF aerogels. It was recently shown that there is a strong
influence of the pore sizes and pore-size distributions on the
macroscopic mechanical behavior of aerogels.[22] In this article,
it is further shown that only knowing the pore-size distributions,
particle diameters, and skeletal material property of the RF aero-
gels is sufficient to model and describe their macroscopic
mechanical behavior.

2. Methods

2.1. Materials

Resorcinol 98% and anhydrous sodium carbonate were pur-
chased from Aldrich. An aqueous solution of formaldehyde
(24% w/w, not stabilized) from VWR, Germany, was used.
Acetone (pure, technical grade) was purchased from Th.
Geyer, Germany, and deionized water was used for synthesis.
For gelation, sealable propylene containers of 120mL (with screw
cap), and for washing, polypropylene containers of 400mL
(press-on lid) were purchased from VWR, Germany. Carbon
dioxide 4.5 (purity≥ 99.995%) used for supercritical drying
was purchased by Praxair, Germany.

2.2. Synthesis of RF Aerogels

Resorcinol (R) was dissolved at room temperature in deionized
water (W) under stirring at 150 rpm using a cross-magnetic stir-
ring bar. The molar ratio R:W was varied from 0.003 to 0.012.
The quantities for a 200mL solution were m(R0.003)¼ 3.57 g
and m(W0.003)¼ 188.37 g; m(R0.005)¼ 5.84 g and m(W0.005)¼
180.85 g;m(R0.009)¼ 10.14 g andm(W0.009)¼ 166.66 g;m(R0.011)¼
12.18 g and m(W0.011)¼ 159.97 g; and m(R0.012)¼ 13.18 g and
m(W0.012)¼ 156.78 g. An aqueous solution of formaldehyde (F)
and solid sodium carbonate was then added to the stirred resorcinol
solution. The R:C and R:F molar ratios were kept constant at 200
and 0.5, respectively. The pH value of the RF solution was not
changed. Stirring at room temperature continued for 30min,
and the homogeneous transparent solution was placed in a sealable
polypropylene container in an oven at 60 �C (Memmert GmbH,
Germany). After 7 days of gelation and aging, the wet gel was cooled
down to room temperature and transferred into an acetone bath to
remove residual reagents and exchange water by acetone being sol-
uble in supercritical carbon dioxide. The acetone was refreshed six
times within 3 days. Supercritical drying was conducted with CO2 in
an autoclave of 60 L volume (Eurotechnica, Germany) at 60 �C and
110 bars for about 21 h. The degassing rate was adjusted to 0.2 bars
per minute.

2.3. Characterization of RF Aerogels

The microstructure of the aerogels was investigated using a scan-
ning electron microscope (SEM) (Zeiss Merlin, Germany). For

specimen preparation, all aerogels were coated with platinum
for 90 s with 16mA. The bulk densities were measured using
a GeoPyc instrument and the skeletal densities using an
AccuPyc instrument based on displacement measurement tech-
niques (Micromeritics, Germany). For physisorption experi-
ments, the samples were degassed for 12 h at 110 �C and 0.1–
0.5mbar (VacPrep 061, Micromeritics, Germany). The measure-
ments of specific surface area, mesopore volume, and mesopore
size distribution were carried out at 77 K by nitrogen adsorp-
tion�desorption isotherms (TriStar II, Micromeritics,
Germany). The calculations were based on Brunaer–Emmett–
Teller (BET) and Barrett–Joyner–Halenda (BJH) methods. The
mechanical testing was conducted using an INSTRON 5566A
(INSTRON, United Kingdom) and load cells of 500 N. The com-
pression was conducted at a rate of 1 mmmin�1. For measuring
the nominal stress from the applied force, the specimen cross-
sectional area was measured using a digital microscope Keyence
VHX-1000D (Keyence Corporation, Germany).

2.4. Constitutive Modeling

The mechanical properties of cellular solids can be formulated
based on the mechanics of their pore walls.[12] p-RF aerogels
exhibit a cellular morphology, and their microscopic characteris-
tics will be discussed in detail in Section 3. The aerogel network
is made up of arrays of particles connected together in a 3D open-
porous network. These arrays of particles then form the pore
walls. Dargazany et al.[23] investigated the validity of representing
interparticle bonds by means of linear springs. They found that
under relatively small deformations and for moderately con-
nected bonds, this assumption remains valid. Furthermore,
Schwan et al.[15] modeled the flexibility in carbon aerogels by
assuming the array of particles to behave as a solid beam.
Building upon these studies, and considering the microcell
model by Rege et al.,[17] the open-cellular network of p-RF aero-
gels was assumed to be made up of a network of quadratic micro-
cells distributed homogeneously through the 3D network. The
pore wall (or walls of these microcells) was considered to have
the diameter of the particle (dp). An illustration of the model

Figure 1. Illustration of the cellular aerogel network and the assumption of
the equivalency between the array of particles forming the pore wall and a
beam with a circular cross section having the same diameter as that of the
particles.
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assumption is shown in Figure 1. The values for the different
cases of the p-RF aerogels are shown in Table 1. The pore wall
was then modeled as an Euler�Bernoulli beam. The variation in
the sizes of the microcells was approximated by means of BJH
pore-size data. Such an approach was shown to be suitable for
modeling the fibrillar network of the biopolymer aerogels.[18]

Thus, the proposed model was an extension of the aforemen-
tioned models, in a way suitable for p-RF aerogels. These pore
walls were represented as isotropic and homogeneous beams
of constant circular cross section.

2.4.1. Model Description

The aerogel network was assumed to be formed of isotropically
and continuously distributed microcells in all spatial directions.
Under compression, the pore walls underwent axial compression
and bending. The force acting on the pore wall was split into an
axial component and a bending one. The derivation of the strain
energy of a quadratic cell under deformation is already shown in
the study by Rege and Itskov.[24] In terms of the microscopic
stretches (λ), the strain energy can be expressed as

ψðλ, lÞ ¼ 2Eð1� λÞ2sin2φ

l
½3I cos2 φþ Al2 sin2 φ� (1)

where l represents the length of the pore wall and E, I, and A
denote the Young’s modulus, area moment of inertia, and
cross-sectional area of the pore wall.

2.4.2. Distribution of Pore Sizes

The varying pore sizes in the p-RF aerogel network were deter-
mined by the BJH method[19] and are described in greater detail
in Section 3. Using the pore-area distribution, the probability
density function of the pore sizes (p(l)) was calculated. This is
usually non-Gaussian, and previous studies have used a gener-
alized beta distribution function to mathematically describe it.
However, in this work, a normal distribution function approxi-
mated the pore-size density much better than the non-Gaussian
ones. Accordingly, p(l) along the range of the pore-wall lengths (l)
is expressed as

pðlÞ ¼ 1

ϑ
ffiffiffiffiffi

2π
p e�

ðx�lmeanÞ2
2ϑ2 (2)

where lmean and ϑ denote the mean and standard deviation of the
function. These parameters were obtained by approximating p(l)
to the BJH data.

2.4.3. Damage Criteria

Substructural evolution in the aerogel network leads to damage
due to the breaking of the interparticle bonds. The failure in an
array of particles is assumed to occur when the bending moment
between the particles reaches a critical value. Unlike in our pre-
vious model, this was translated to the bending stress of the
beam (pore wall), which is M

Z , where M is the bending moment
and Z is the section modulus of the pore wall. The bending stress
is accordingly expressed in terms of the microstretches as

σbenðλ,lÞ ¼
3Edpð1� λÞ sinφ cosφ

2l
(3)

Once this bending stress reached a maximum allowable value
σmax, the cell walls lost their mechanical integrity and resulted in
pore collapse. The collapsed cell walls did not contribute to the
total network energy. This collapse of the pores had an influence
on the evaluation of the network strain energy. The 1D network
energy in any spatial direction d is given by

Ψd ¼
Z

lmax

lmðλdÞ
NppðlÞψðl, λdÞdl (4)

where Np is the total number of microcells within the network
and λd is the microstretch in direction d. As only the active cells
contribute to the network, the limits of the integral change with
increasing deformation. In the reference configuration,
lmðλdÞ ¼ lmin.

2.4.4. Directional Averaging

For generalizing the 1D network response to 3D, the concept of
numerical integration over a unit microsphere was used.[15] This
approach was proven to be useful in modeling cellular sol-
ids.[17,25] Accordingly, the 3D network strain energy can be
expressed as

Ψ �
X

k

i¼1

ωiψd ¼
X

k

i¼1

ωi

Z

lmax

lmðλdi Þ
NppðlÞψðl, λdiÞdl (5)

Table 1. Properties of RF aerogels as a function of R:W molar ratio.

R:W molar
ratio

Envelope density
[g cm�3]

Skeletal density
[g cm�3]

Porosity
[%]

Pore volume
[cm3 g�1]

BET surface area
[m2 g�1]

Mesopore volume
[cm3 g�1]

Average pore
diameter [nm]

Average particle
size [nm]

0.003 0.10 1.72 94.2 9.42 496 2.48 76a); 49b) 7.0

0.005 0.11 1.62 92.9 8.10 509 3.50 64a); 38b) 7.3

0.009 0.15 1.49 89.9 5.94 526 2.77 45a); 35b) 7.6

0.011 0.17 1.45 88.2 5.16 449 3.88 46a); 33b) 9.2

0.012 0.18 1.49 87.9 4.91 514 2.43 38a); 33b) 7.8

a)Calculated with Equation (9); b)Calculated from the peak maximum of the pore size distribution.
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where ωi represent the weight factors corresponding to the col-
location directions di. In our model, the scheme of numerical
integration with k ¼ 45 integration points over the half sphere
was used.

The macroscopic first Piola�Kirchhoff (nominal) stress tensor
T can be then expressed as

T ¼ ∂Ψ
∂F

¼ ∂Ψ
∂λdi

∂λdi
∂F

(6)

where F denotes the deformation gradient. Affine deformation
was assumed, such that the microscopic stretches followed the
macroscopic ones.

3. Results and Discussion

3.1. Experimental Analysis

3.1.1. Properties and Microstructure of RF Aerogels

The prepared aerogels showed a dark red color with translucence
and exhibited a hard and brittle surface. As expected, the increase

of solid content in the synthesis procedure resulted in an
increase in the envelope density, as shown in Figure 2a.

The porosityΦ was calculated from envelope and skeletal den-
sities (ρe and ρs), as

Φ ¼ 1� ρe
ρs

(7)

Figure 2a also shows that the porosity decreased with increas-
ing solid content (R:W molar ratio).

The microstructure of the p-RF aerogels was qualitatively
investigated using a SEM. Figure 2c,d shows the micrographs
of the aerogels, prepared with the lowest and the highest solid
content (R:Wmolar ratio). The micrographs of the other aerogels
with intermediate solids contents are shown in Figure S1,
Supporting Information. It can be seen that all aerogels have
a very homogeneous nanostructure with a high degree of
cross-linking. The network consists of small particles, linked
together like a string of pearls. A higher concentration of resor-
cinol and formaldehyde leads to denser structures and higher
cross-linking. The particle size increases, whereas the pore size
decreases. To validate these observations, the average pore size
dpore is calculated using Equation (9).

Figure 2. a) Increase in envelope density and decrease in porosity with a higher resorcinol amount. b) Pore size distributions of RF aerogels with increas-
ing solid content (R:W molar ratio) and microstructure of aerogels prepared at R:W molar ratios of c) 0.003 and d) 0.012.
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Vpore ¼
1
ρe

� 1
ρs

(8)

dpore ¼
4�Vpore

SBET
(9)

The average particle size dp can be calculated using the BET
surface area (SBET) and ρs, as

dp ¼
6

SBET�ρs
(10)

The results are shown in Table 1.
The calculations confirmed the observations from the SEM

images. Table 1 shows that the particle size exhibited an increas-
ing trend with increasing solid content, whereas the pore diame-
ter strongly decreased. While a clear trend in the BET surface
area could not be identified, the increase in particle size was
attributed to the corresponding decrease in the skeletal density.
Looking at the pore size distributions shown in Figure 2b, it is
also evident that the mean pore size decreased with increasing
solid content and the pore size distribution became narrower.

3.1.2. Mechanical Properties

The mechanical properties were investigated under uniaxial
compression. The stress�strain curves showed the typical nature
found in cellular materials (Figure 3).[26] At first, a linear elastic
regime was observed, where the increment in stress was directly
proportional to the compressive strain. This region is also known
as Hooke’s region and there, the deformation is reversible. The
slope of the curve in this region quantifies the Young’s modulus,
which was found to increase with increasing solid content
(increasing R:W ratio). For samples with R:W 0.003 and
0.005, the linear region was less pronounced, whereas for other
samples, it was distinct. Figure 4 shows the evaluated Young’s
modulus versus the envelope density. A higher solid content

leads to a denser and more cross-linked structure, resulting in
an increase in the stiffness. The stress�strain curves, presented
in Figure S2, Supporting Information, show a high reproducibil-
ity of the results, up to a compressive strain of less than 30%.

Beyond the linear elastic regime, a plateau was observed.
There, nonreversible deformation occurred. The pore walls were
deformed, due to bending and subsequent failure, leading to
pore collapse. The plateau regime for samples with low R:W
molar ratios was longer and continued up to around 50% of com-
pression, whereas the plateau for other samples was short and
ended at around 20%. These differences were attributed to the
different mean pore sizes of the samples. As shown in
Table 1, the average pore size changes with increased R:W ratio.
The larger the pores, the longer they deformed to achieve a com-
pact, less porous structure. The final region is called the

Figure 3. Stress�compressive strain curves of RF aerogels with different
R:W molar ratios.

Figure 4. Log�log plot of calculated Young’s modulus versus envelope
density.

Figure 5. Approximated pore-size probability density for the different p-RF
aerogels.
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densification regime. In this region, the stress increased rapidly
for all samples. There, the porous structure of aerogels was
completely destroyed.

The exponent m from the scaling relation between the Young’s
modulus (E) and the envelope density (ρe) was found to be 3.7,
which is typical for aerogels.[13] Pekala et al.[10] reported an exponent
of 2.7� 0.2 for RF aerogels, whereas Groß and Fricke[13] reported
one with 3.13� 0.07. The differences may have been caused from
different synthesis parameters, e.g., aging temperature and curing
step. Especially during aging and curing, the connectivity between
the particles changes, which affects the mechanical response of RF
aerogels. The prefactor, in our study, was 103.55.

3.2. Model Evaluation

3.2.1. Model Parameter Analysis

The proposed model consisted of four material constants
(lmin and lmax, minimum and maximum length of the cell walls;

dp, particle diameter or diameter of the cell wall approximated as
a beam; and E, the Young’s modulus of the cell wall) and two
fitting parameters (Np, the initial number of microcells in the
network and σmax, the maximum allowable bending stress in a
cell wall).

Among these, the parameters lmin and lmax were determined
directly from the limits of the pore-size distributions obtained
through the BJH data. The BJH data (Figure 2b) were used to
obtain the PDF of the pore sizes, which were then fit by means
of a normal distribution function for the different types of p-RF
aerogels (with varying molar ratios). The corresponding distribu-
tions are shown in the Figure 5. The sensitivity of the model
response to variations in different material parameters, viz.,
the particle diameter dp, initial number of microcells Np, mean
pore size lmean, and maximum allowable bending stress σmax, was
studied (see Figure 6). Such a parameter sensitivity analysis was
executed by varying only the concerned parameter, while main-
taining all other material parameters constant. It was observed
that σmax had a strong influence on the collapse of the microcells

Figure 6. Parameter sensitivity analysis: Influence of variations in a) σmax, b) dp, c) lmean, and d) Np on the macroscopic aerogel network behavior.
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(see Figure 6a). As the allowable bending moment was reduced,
the microcells started to collapse sooner at lower strains. The
material response, thus, became more brittle. The parameters
dp and Np had a multiplicative effect on the stress�strain
response of the network, as shown in Figure 6b,d. Thus, increas-
ing them resulted in a stiffening of the network response.
However, no changes in the nature of the stress�strain response
were observed. Figure 6c shows that the mean pore size had a
significant effect on the macroscopic compressive behavior.
The smaller the mean pore size of the aerogel network, the stiffer
the network response.

Although σmax could not be correlated with the synthesis
parameters, its significant influence on the collapse of the micro-
cells is shown in Figure 6a. Thus, the parameter analysis could be
useful to support in tailoring the mechanical properties of p-RF
aerogels.

3.2.2. Validation with Experimental Results

The model predictions, as obtained from Equation (6), were vali-
dated with the experimental data and are shown in Figure 7.
While the model is not yet designed to capture the densification
in the aerogel network, beyond the pore collapse, the model could
only predict the stress�strain behavior up to 10–12% strain.
Good agreement between the two can be observed. The proposed
constitutive model could thus describe the linear elastic regime
and a portion of the plateau regime before densification took
effect. Subsequently, the model predictions deviated from the
experimental results with the onset of densification. This was
seen more distinctly for the molar ratios 0.009, 0.011, and
0.012, whereas they showed early densification (see Figure 3).

The model parameters are shown in Table 2. As discussed ear-
lier, lmin, lmax, and dp were directly obtained from the experimen-
tal characterization data. The skeletal Young’s modulus E was
calculated using the scaling relationship by Gibson and
Ashby, as the parameters ρs, ρe, Ebulk, andm were already known.
It was estimated to be 4.4� 0.4MPa for molar ratios 0.005,
0.009, 0.011, and 0.012, with the exception of R:W molar ratio

0.003, where it was reported to be 8.5MPa. Although Np was
a fitting parameter, it clearly increased with increasing R:W
molar ratio. This agreed well with the SEM image analysis,
viz., the higher the R:W molar ratio, the denser the aerogel net-
work. The bending stress criterion captured the damage in the
pore walls and was shown to predict the pore collapse in the aero-
gel network.

The micromechanical nature of the model described the sub-
structural evolution in p-RF aerogels under deformation. It is
interesting to note that the model predicted the stress�strain
curves of the different RF aerogels despite the fact that they
showed a scaling exponent of m¼ 3.7. Such modeling
approaches were so far validated with biopolymer aerogels,
e.g., cellulose based, which show an exponent of nearly 2,[27] thus
within the realms of the open-cell foam model by Gibson and
Ashby.[12] As the proposed modeling approach was based on
the pore-wall mechanics and accounted for the pore-size distri-
bution, as obtained from the experimental data, the model was
capable of accurately describing the constitutive behavior of the
aerogels that did not adhere to the scaling exponent in accor-
dance with the open-cell foam model. The validation results indi-
cate a possible application of this model to predict the
constitutive behavior for different p-RF aerogels as long as the
network pore-size distribution and particle diameter for different
molar ratios are known a priori. A few molar ratios such as 0.03
may be exceptions, where additional input parameters may be
needed to be investigated before the macroscopic behavior can
be predicted.

4. Conclusion

In this article, resorcinol formaldehyde aerogels with different R:
W molar ratios were synthesized and characterized. Small
changes in the molar ratio showed significant changes to their
morphological as well as mechanical properties. While the enve-
lope density and the average particle diameter increased with
increasing R:W ratio, quantities such as the skeletal density,
porosity, pore volume, and the average pore diameter corre-
spondingly decreased. Also, the higher the R:W ratio, the stiffer
the mechanical performance. Interestingly, the overall stress�
strain curve of the aerogels with R:W ratios 0.003 and 0.005 coa-
lesced through most of the course of their deformation, whereas
the ones for the other R:W ratio remained distinctly apart. New
insights into the pore collapse and the effects of differentFigure 7. Validation of model predictions with experimental results.

Table 2. Model parameters for the different p-RF aerogels.

R:W molar ratio lmin [nm] lmax [nm] dp [nm] E [MPa] N0
a) [-]

0.003 1.7 173.6 7.0 8.5� 0.0 6.0� 1025

0.005 3.6 102.4 7.3 4.4� 0.4 7.6� 1025

0.009 2.3 102.0 7.6 2.7� 1026

0.011 5.8 108.9 9.2 3.6� 1026

0.012 2.0 75.0 7.8 7.0� 1026

a)Parameter obtained from model fitting; all other parameters were obtained directly
from experimental data.
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morphological aspects on the macroscopic mechanical behavior
of the aerogels were presented by means of a micromechanical
model. The constitutive model was based on the mechanics of
the pore walls, which were modeled as solid beams. All model
parameters were physically motivated, and their effect on the
macroscopic network behavior was studied. While a few param-
eters, namely, the Young’s modulus of the pore walls, the particle
diameter, and the initial number of cells, only had a multiplica-
tive effect on the overall macroscopic behavior, the pore-size dis-
tribution and the critical bending stress in the pore walls
influenced the nature of the network behavior. The model pre-
dictions showed good agreement with the experimental data of
the p-RF aerogels under compression. The model was successful
in describing the network behavior in the linear elastic regime
and a part of the plateau regime. The initiation of the pore col-
lapse, as predicted by the model, agreed with the softening in the
corresponding experimental stress�strain curve. The applicabil-
ity of the proposed model to describe the mechanical properties
of other organic aerogels, apart from the biopolymeric ones and
the presented p-RF ones, is yet unknown.
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