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Abstract Less fragile lightweight nanostructured poly-
urea based organic aerogels were prepared via a simple
sol-gel processing and supercritical drying method. The
uniform polyurea wet gels were first prepared at room
temperature and atmospheric pressure by reacting different
isocyanates with polyamines using a tertiary amine (tri-
ethylamine) catalyst. Gelation kinetics, uniformity of wet
gel, and properties of aerogel products were significantly
affected by both target density (i.e., solid content) and
equivalent weight (EW) ratio of the isocyanate resin and
polyamine hardener. A supercritical carbon dioxide (CO,)
drying method was used to extract solvent from wet
polyurea gels to afford nanoporous aerogels. The thermal
conductivity values of polyurea based aerogel were mea-
sured at pressures from ambient to 0.075 torr and at
temperatures from room temperature to —120 °C under a
pressure of 8 torr. The polyurea based aerogel samples
demonstrated high porosities, low thermal conductivity
values, hydrophobicity properties, relatively high thermal
decomposition temperature (~270 °C) and low degassing
property and were less dusty than silica aerogels. We found
that the low thermal conductivities of polyurea based
aerogels were associated with their small pore sizes. These
polyurea based aerogels are very promising candidates for
cryogenic insulation applications and as a thermal insula-
tion component of spacesuits.
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1 Introduction

Nanoporous materials can be produced by replacing the
liquid solvent phase within the nanometer-sized pores with
air without collapsing the pore structure. As shown in
Eq. 1, the capillary pressure is inversely related to the pore
size. For materials with nanometer pore sizes, the capillary
pressure is high; and therefore, the tendency toward pore
collapse during solvent evaporation is overwhelming and
materials will shrink when dried at ambient pressures and
temperatures:

P. =2y _ycosO/r, (1)

where, P, = capillary pressure, y; _y = interfacial tension
(liquid vapor interface), § = solvent-surface contact angle,
and r, = pore radius (or radius of curvature).

Kistler [1, 2] produced the first acrogels from a silica gel
by replacing the liquid phase with air and demonstrated that
the gel’s pore structure was maintained by drying the gels
under supercritical conditions where the interfacial tension
(yL_v) between liquid and the vapor phase is reduced to near
zero; and thus, the strong capillary forces that cause
shrinkage and pore collapse are eliminated. Based on his
investigation, aerogel materials are typically prepared by
removing the solvent contained in a gel matrix by extraction
in a supercritical fluid medium after bringing the gel solvent
system above its critical temperature and pressure and sub-
sequently relieving pressure above the critical temperature
until only vapor remains. One popular extraction solvent is
carbon dioxide because it is inexpensive and has a relatively
low critical temperature (31 °C) and critical pressure
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(7.3 MPa) [3-6]. Alternatively, the gel solvent system can be
extracted by contacting the wet gel with an appropriate
solvent.

The general preparation methods, the unique physical
and thermal properties, and future potential applications of
aerogels can be found in several outstanding review papers
[3-7]. Silica aerogels prepared via sol-gel processing and
supercritical drying can exhibit extremely low density, high
surface area, and attractive optical, dielectric, thermal, and
acoustic properties [8, 9]. These excellent properties
explain why aerogels have been considered for use in
thermal and acoustic insulation applications [3-7, 10-12].

Although silica aerogels demonstrate many unusual and
useful properties, commercialization has been limited
because of their low strength, brittleness, and (to date) high
production costs. There are several strategies to overcom-
ing the drawbacks associated with the weakness and
brittleness of silica aerogels. Flexible fiber reinforced silica
aerogel composite blankets have been developed and pro-
ven to be a significant breakthrough in producing advanced
thermal insulation materials for use at low and high
temperatures [13]. Although the fiber reinforcement sig-
nificantly improved the properties of silica aerogel
blankets, they are still dusty due to the inherent brittleness
of silica aerogels. Further reducing the aerogel blankets
dustiness and increasing their durability would significantly
expand the potential applications for aerogel insulation
materials.

Nanoporous aerogel materials have also been derived
from organic polymers, some of which can be converted to
carbon aerogels. Pekala and co-workers [14-21] have
intensively studied organic aerogels related to resorcinol/
formaldehyde (RF), melamine/formaldehyde (MF), and
phenolic/furfural (PF). These RF, MF, and PF organic
aerogels can be converted into carbon aerogels by pyro-
lysis. On the other hand, Tan et al. [22] reported cellulose
aerogels with significantly improved impact strength, while
Fischer et al. [23] recently investigated an alternate cellu-
lose aerogel that incorporated a non-toxic polyisocyanate
cross-linking agent. These organic aerogels were stronger
than silica aerogels showing very high impact strengths.
However, these organic aerogels are also too brittle, rigid,
and/or dusty to be used for some insulation applications.

Polyisocyanurate based organic aerogels were prepared
by drying at ambient or supercritical conditions and the
corresponding carbon aerogels were prepared by pyrolysis
of the organic aerogels under an inert atmosphere [24-26].
Biesmans et al. produced their organic aerogels by a con-
ventional CO, supercritical drying process, after preparing
polyisocyanurate wet gel by trimerization reaction of iso-
cyanate with catalyst at different temperatures. Although
the polyisocyanurate aerogels were prepared with a wide
range of densities, high surface areas and small pore sizes,
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and reasonably good thermal conductivity property, they
shrank during supercritical drying mainly due to trimer-
ization reaction of isocyanate. Also, the polyisocyanurate
aerogels were generally brittle and dusty [26]. Polyure-
thane (PU) based xerogels and aerogels were recently
studied using different isocyanates and polyol hardeners by
drying at ambient or supercritical condition [26, 27].
Although the aerogels demonstrated good thermal con-
ductivity values at low pressures, they showed higher
thermal conductivity values at ambient pressures, and these
thermal conductivities need to be reduced before they can
be useful for thermal insulation applications.

Contrary to these many previous inorganic and organic
aerogel studies, little work has been devoted to developing
polyurea based aerogels and understanding the basic rela-
tionship between material variables and properties of the
polyurea based aerogels. The molecular structure of a
typical polyurea consists of alternating hard and aromatic
isocyanate segments and soft polyamine chains (generally,
polydiamines or polytriamines containing terminal hydro-
xyl (-NH,) groups) and are similar to PU molecular
structures.

Figure 1 illustrates the typical PU and polyurea structure
formed from the reaction of an isocyanate with a diol or a
diamine. Also, similar to the PU system, a wide range of
different properties can be obtained by designing polyurea
molecular structures. The reaction between isocyanates and
amines is generally faster than the reaction between iso-
cyanates and alcohols, which is a great advantage in the
production of aerogel materials using sol-gel processing.
The primary objective of this study is to investigate the
feasibility of preparing lightweight, nanostructured poly-
urea based aerogels suitable for a high performance
insulation material.

2 Experimental

Commercially available methylene diphenyl diisocyanate
(MDI), polymeric methane diphenyl diisocyanate (pMDI),
polyamine and polyol hardeners, catalyst, and solvents were
used for preparing polyurea and PU based aerogel samples.

H
\
HO—R—OH + OCNO?@NCO + H,;N—R—NH,

o}
I

| 7
o— Rﬁfﬂﬂ@?@ NH—C-—NH—R—N H%
H

Urethane Linkage Urea Linkage

Fig. 1 Formation of polyurethane and polyurea structures from the
reaction between an isocyanate and a diol or a diamine, respectively
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MDI (Mondur ML for polyurea 1) and pMDI (PAPI 94 for
polyurea 2) were obtained from Bayer Corporation and
Dow Chemical, respectively, and polyoxypropylene triam-
ines available as Jeffamine-T3000 (polyamine 1) and
T5000 (polyamine 2) with molecular weights (M) of
approximately 3000 and 5000 g/mol obtained from Hunts-
man LLC were used as polyamine hardeners. Polyether
polyol modified with ethylene oxide (Multranol 9185) with
relatively high M,, was used as a polyol hardener for pre-
paring PU aerogels, while MDI was used as a matrix resin
for preparing PU aerogels. The reagent grade triethylamine
(TEA) used as a catalyst for preparing both polyurea and PU
aerogels was purchased from Aldrich. Acetone was mostly
used for the aging solvent due to relatively easy solvent
exchange with CO, during supercritical drying as well as
for the gelation solvent due to the uniform wet gel forma-
tion, unless otherwise noted. All materials were used as
received without further purification. All formulations were
gelled at ambient conditions and aged at 50 °C for 2 days,
unless otherwise noted. The sample preparation procedure
for polyurea (or PU) based aerogels is illustrated in Fig. 2.

Polyamines (or polyol) and Solvent (Acetone)

v

Stir at R.T. (=20°C)

Adding Isocyanate
(MDI or pMDI Type) —

Mostly Transparent
Precursor Solution

5 or 10% Catalyst L,
Solution (TEA)

Weak Wet Gels for Monoliths
(Gels with Reinforced Fibers for Coupons)

v

Aging in Solvent at 50°C (or R.T.)

v

Strengthened Wet Gel

!

Washing to Remove
Unreacted Monomer

- |

Dried Polyurea (or PU) Aerogel
Monoliths and Coupons

Superecritical
Drying

Fig. 2 Flow chart for the preparation procedure of polyurea (or PU)
based aerogel monolith and coupon samples

Basic properties of the gel systems such as gel time,
bulk density, shrinkage factor, thermal conductivity at
different pressures and temperatures including atmospheric
conditions, and pore volume and pore size distribution, and
thermal decomposition temperatures were measured. Gel
time was defined as the time following addition of all the
catalyst into the sol, to the gelation point of the sol which is
defined as when the sample did not move with gentle
shaking. The shrinkage factor is defined as the ratio of the
final density of the dried samples to the target density
calculated from solid content in the sol: Shrinkage Factor
() = Final Density (g/cm?)/Target Density (g/cm?). Also,
assuming polyurea has a density of 1.20 g/cc based on the
densities and weight ratio of isocyanate and polyamine, the
total porosity (%) was calculated: porosity (%) = 100 —
[[bulk polyurea aerogel density (g/cm’)/1.20 g/cm’] x
100]. Thermal conductivity at a single mean temperature of
37.8 °C was measured using a custom heat flow meter that
consists of a hot plate, a NIST-calibrated reference sample
(i.e., polystyrene), aerogel sample for measurement, and
thermocouples, which was schematically illustrated in [28].
Thermal conductivity (1) values at different pressures and
temperatures were calculated using Eq. 2 [29]:

l=0-Cp-p (2)

where thermal diffusivity values (o) were measured using
the step heat method [30], specific heat (Cp) values were
determined using a differential scanning calorimeter, and
bulk density (p) values were calculated from sample
geometries and masses.

The BET surface area, pore volume, average pore size,
and pore size distribution were measured by using liquid
nitrogen absorption method in Accelerated Surface Area
and Porosimetry Measurement System (Micromeritics
Instrument Co., Model: ASAP 2010) after degassing at
70 °C (105 °C for silica aerogel) for 12 h. Microstruc-
tures were measured by using a field-emission scanning
electron microscope (FESEM, JEOL JSM-6335F). The
fracture surface of each sample was used for FESEM
measurements [28]. The thermal stability, decomposition
temperature, and mass loss were measured by using TG-
DTA/DSC (Netzsch Instruments, Inc. Model: STA 449C
Jupiter).

The effect of the ratio of amine hydrogen equivalent
weight to isocyanate equivalent weight (EW ratio (equiv-
alent weight of NH/equivalent weight of NCO)) on the
shrinkage factor and thermal conductivity values of the
polyurea based aerogel monoliths prepared with a constant
target density of 0.1 g/cm® and a catalyst content of 5 wt%
was first studied as functions of two isocyanate and poly-
triamine types. Table 1 lists the isocyanate, polyamine and
EW ratio used to prepare the samples for the experiments.
It is generally known that an equivalent weight (EW) ratio
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Table 1 Recipes used to prepare the aerogels to study the effect of
the ratio of amine hydrogen equivalent weight to isocyanate equiva-
lent weight (EW ratio) on the shrinkage factor and thermal
conductivity values of the polyurea based aerogels

Table 3 Material variables and levels used for a 3-level, 2-factor, 9
experiment full factorial DOE method conducted at catalyst contents
of 5 and 10 wt%

Exp. No. Factor 1 Factor 2 EW
Sample No. Isocyanates  Polyamines® EW Ratio (wt/wt) PTarget (g/cm3) Ratio (wt/wt)
Polyurea 1-Al MDI Polyamine 1 0.1 DOE-1 0.06 0.05
Polyurea 1-A2 MDI Polyamine 1 0.3 DOE-2 0.06 0.10
Polyurea 1-A3 MDI Polyamine 1 0.5 DOE-3 0.06 0.15
Polyurea 1-A4 MDI Polyamine 1 0.7 DOE-4 0.08 0.05
Polyurea 2-AS pMDI Polyamine 1 0.1 DOE-5 0.08 0.10
Polyurea 2-A6 pMDI Polyamine 1 0.3 DOE-6 0.08 0.15
Polyurea 2-A7 pMDI Polyamine 1 0.5 DOE-7 0.10 0.05
Polyurea 2-A8 pMDI Polyamine 1 0.7 DOE-8 0.10 0.10
Polyurea 3-A9 MDI Polyamine 2 0.1 DOE-9 0.10 0.15

Polyurea 3-A10 MDI
Polyurea 3-A11  MDI
Polyurea 3-A12 MDI

Polyamine 2 0.3
Polyamine 2 0.5
Polyamine 2 0.7

Polyurea 4-A13  pMDI Polyamine 2 0.1
Polyurea 4-A14  pMDI Polyamine 2 0.3
Polyurea 4-A15  pMDI Polyamine 2 0.5
Polyurea 4-A16  pMDI Polyamine 2 0.7

% See Sect. 2 for more details

of approximately 1 may provide the best physical proper-
ties for bulk polyurea and PU systems.

The effect of target density on the properties of polyurea
2 aerogels prepared with an EW ratio (NH/NCO) of 0.1 and
with 5 and 10 wt% catalyst contents were studied. Table 2
provides the target densities and EW ratios used to prepare
the polyurea 2 aerogels. Some of these samples were
chosen to investigate the microstructure of the aerogels by
SEM. Also, in order to find the optimum values of target
density and EW ratio, we conducted a 2 variable, 3 level, 9
sample full factorial DOE experiment. Table 3 summarizes
the material variables and levels used to prepare the sam-
ples for the DOE experiment. The objective of the DOE
method used in this study was to quantitatively analyze the

Table 2 Recipe used to prepare the aerogels to study the effect of
target density on important properties of polyurea 2 based aerogels
prepared with 5 and 10 wt% catalyst content

Exp. No. Factor 1 pryrger (g/cmS) EW ratio (wt/wt)
Exp-1 0.05 0.1
Exp-2* 0.06 0.1
Exp-3 0.08 0.1
Exp-4* 0.1 0.1
Exp-5 0.12 0.1
Exp-6 0.15 0.1
Exp-7 0.2 0.1

% Also used for the microstructure study
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effects of these material variables on the properties of the
polyurea based aerogels. Statisca™ (StatSoft®) DOE
software was used for experimental design and data
analysis.

3 Results and discussion

Figure 3 illustrates shrinkage factors of polyurea aerogel
monoliths prepared with different isocyanates and poly-
amine hardeners at a constant target density of 0.1 g/cm’
and a catalyst content of 5 wt% as a function of EW ratio.
Figure 3 shows that as higher EW ratios are used, higher
shrinkage factors are observed for the polyurea based
aerogel monolith samples after supercritical drying. More
uniformly and densely cross-linked polyurea wet gel
structure resulting from higher isocyanates content (i.e.,
smaller EW ratio (NH/NCO)) may be associated with less
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Fig. 3 Shrinkage factors of polyurea based aerogel monoliths
prepared with a recipe shown in Table 1 and a constant target
density of 0.1 g/cm3 and a catalyst content of 5 wt% as a function of
EW ratio
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Table 4 Shrinkage factor and thermal conductivity values measured
for the polyurea based aerogel samples prepared using the recipe of
Table 1

Sample Shrinkage factor Thermal conductivity
value (mW/m K)*
Polyurea 1-Al 1.33 18.2 £ 1.12
Polyurea 1-A2 2.79 253 £ 0.68
Polyurea 2-A5 1.14 192 £ 135
Polyurea 2-A6 2.95 28.5 £ 2.84
Polyurea 3-A9 1.55 29.5 £ 1.04
Polyurea 3-A10 2.79 36.3 £ 2.16
Polyurea 4-A13 1.39 26.7 £ 1.67
Polyurea 4-A14 2.62 35.6 £2.76

4 Average of 5 thicknesses measured at five different places was
used. Measurements were conducted at 37.8 °C under compression of
about 0.1 psi

shrinkage during aging and supercritical drying. Overall,
the polyurea aerogel samples prepared with excess isocy-
anate exhibited little shrinkage and remained monolithic
which is consistent with previous results observed from PU
aerogels [26, 27].

Table 4 provides shrinkage factor and thermal conduc-
tivity values measured from the polyurea based aerogel
monoliths with good appearances prepared with EW ratio
of 0.1 and 0.3 and a target density of 0.1 g/cm®. Polyurea 1
and 2 based aerogel monoliths prepared with polyamine 1
generally show smaller shrinkage factors, lower thermal
conductivity values, and less dustiness than those prepared
with polyamine 2, while polyurea 3 and 4 based aerogels
prepared with polyamines 2 were more flexible.

Based on these results, polyamine 1 was selected as a
main polyamine hardener and used for the rest of this
study. Note that polyamine 1 and 2 have the same
molecular structure, although polyamine 1 (T3000) has a
lower M,,. Faster reactions and higher crosslinked struc-
tures formed by the reaction of isocyanates and polyamine
1 at a low EW ratio of 0.1 may be considered as main
reasons for lower shrinkage and lower thermal conductivity
values than those formed by isocyanates and polyamine 2.
On the other hand, polyurea 2 based samples prepared with
pMDI generally were more flexible and less dusty than the
polyurea 1 based aerogel samples prepared with MDI.

To better understand the effects of the hardener and EW
ratio on shrinkage factors of the aerogel samples, we pre-
pared polyurea 1 and PU based aerogel samples using two
different EW ratios. Figure 4 shows photos of the polyurea
1 and PU aerogel monoliths and fiber reinforced coupons
prepared with EW ratio of 0.1 and 0.15 and a constant
target density of 0.1 g/cc and TEA catalyst content of
5 wt%. As shown in Fig. 4, polyurea aerogel monoliths
and coupons are generally larger than PU aerogel samples

PolyUrea  PolyUrethane

AIOIA

JIUIPIBE

JOUIPICE]
sso]

Fig. 4 Photographs of polyurea and PU based aerogel monoliths and
coupons produced with two EW ratios (NH or OH/NCO) of 0.1 and
0.15 and a constant target density of 0.1 g/cm3 and a catalyst content
of 5 wt%

indicating less shrinkage. Figure 4 also shows that both
polyurea and PU aerogel monoliths and coupons prepared
with less hardener content (i.e., smaller EW ratio (NH or
OH/NCO)) show less shrinkage than observed for samples
prepared with higher hardener content implying that
polyurea and PU wet gel with higher crosslink densities
shrink less during drying. The coupon samples are cur-
rently being used to investigate the relationship among
material variables, thermal conductivities, and mechanical
properties. The results for the coupons will be separately
reported in a future paper.

The gelation time of polyurea 2 prepared with a constant
EW ratio of 0.1 and 5 and 10 wt% catalyst contents was
studied as a function of the target density, and the results
are given in Fig. 5. Note that during gelation there was a
phase transition from the transparent light yellow urea

140

—@— 5 wt% Catalyst
—©> 10 wit% Catalyst

120 4

100

80 +

60

Gel Time (Min)

40

20

0.03 0.06 0.09 0.12 0.15 0.18 0.21
Target Density (g/cm®)

Fig. 5 The relationship between the gel times and the target densities
and catalyst concentration for polyurea 2
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solution to an opaque polyurea wet gel, which is a result of
light scattering by the polymerized polyurea gel. Figure 5
shows that faster gel formation times occur with increasing
target density (i.e., solid content) and catalyst content.
However, the effect of catalyst content on the polyurea gel
formation was less significant than it was for other aerogel
systems such as polydicyclopentadiene (pDCPD) [28] and
silica aerogels [31] previously reported.

Figure 6 illustrates the effect of target density and final
density on the shrinkage factor and thermal conductivity
values of the polyurea based aerogels, respectively, pre-
pared with a constant EW ratio of 0.1 and a catalyst content
of 5 wt%. The data presented in Fig. 6 indicates that both
shrinkage factors and thermal conductivity values (deter-
mined at 37.8 °C) of the polyurea based aerogels decrease
with increasing target and final density, respectively, until
they reach the minimum values. After they reach the
minimum value, they increase with further increasing tar-
get and final density. Since shrinkage during aging and
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Fig. 6 The effect of target and final density on shrinkage factor (a)
and thermal conductivity values at ambient condition (b), respec-

tively, of the resultant polyurea based aerogels prepared with a
constant EW ratio of 0.1 and a catalyst content of 5 wt%
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supercritical drying generally affect their final densities, it
is reasonable to observe a close relationship between the
shrinkage factor, density and thermal conductivity.

Our current results observed from polyurea based
aerogel are consistent with those of Lu et al. [20] and
Hiimmer et al. [32] that demonstrated the minimum ther-
mal conductivity for their organic resorcinol-formaldehyde
based aerogel and the opacified silica based aerogel pow-
ders at a certain density. Based on Hiimmer et al.’s study
[32], lower total thermal conductivity values as the density
increases may occur due to the decreasing gas conduction
and radiation heat transfer contributions which outweigh
the increasing solid thermal conductivity contribution due
to the higher densities. However, as the density increases
further, the conductivity of the solid increases further and
clearly becomes the dominant heat conduction mechanism,
and consequently, the total thermal conductivity values of
materials increase. A more detailed description of the
relationship between the thermal conductivity value of
aerogels and heat transfer mechanisms such as solid con-
duction, gaseous conduction, and radiation conduction as a
function of the final density can be found in [32].

Figure 6 shows that our polyurea aerogel shows the
minimum thermal conductivity value at the final density
around 0.20 g/cm3. Lu et al. [20] showed the lowest ther-
mal conductivity values of the resorcinol-formaldehyde
aerogel at density of around 0.16 g/cm® in air, while Lee
and Gould [28] also reported the lowest thermal conduc-
tivity values of pDCPD based aerogel at density of around
0.21 g/cm3. On the other hand, Himmer et al. [32]
observed the minimum total thermal conductivity values of
the opacified silica based aerogel powders at density of
around 0.12 g/cm®. The specific final densities for the
minimum thermal conductivity of the different types of
aerogels may be associated with material solid conductiv-
ities, and aerogel pore size and morphology. Also, Fig. 6
shows that the minimum thermal conductivity values of
about 13 mW/m K for the polyurea based aerogels are
comparable with those of resorcinol-formaldehyde based
aerogel monolith (12 mW/m K) [20] and opacified silica
based aerogel (13 mW/m K) [32] and are lower than those
of pDCPD based aerogels (16 mW/m K) [28] and PU
based aerogels (22 mW/m K) [27].

To determine the optimum target density and EW ratio,
a DOE experiment was conducted with narrow variable
levels using 5 and 10 wt% catalyst content as shown in
Table 3. Since similar results were obtained from samples
prepared with 5 and 10 wt% catalyst, the results obtained
from samples prepared with the catalyst content of 5 wt%
were used to examine properties in more detail. The effects
of target density and EW ratio on gel time, total porosity
calculated from the final density (i.e., shrinkage factor),
and thermal conductivity values measured at room



J Sol-Gel Sci Technol (2009) 49:209-220

215

Table 5 Gel time, porosity, and thermal conductivity values of polyurea 2 based aerogel samples prepared with a catalyst content of 5 wt%

compared with predictions calculated by DOE program

Exp. Gel Prediction Porosity® Prediction Thermal conductivity Prediction
No. time (min) by DOE (%) by DOE (mW/m K) by DOE
DOE-1 34 49 93.8 94.1 180+ 1.6 17.8
DOE-2 44 53 94.1 93.8 17.9 £ 0.7 18.3
DOE-3 98 74 91.8 91.8 172 £ 1.5 17.0
DOE-4 29 22 91.8 91.8 155 £ 1.0 15.7
DOE-5 31 26 91.5 91.4 159 £ 1.8 16.2
DOE-6 35 47 89.3 89.4 154 £ 1.1 14.9
DOE-7 21 13 91.6 91.3 152+ 13 15.2
DOE-8 23 18 90.6 91.0 16.5 + 0.9 15.8
DOE-9 26 38 89.0 88.9 137+ 0.8 14.4

2 Porosity (%) of samples = 100 — [[polyurea aerogel density/material (polyurea) density g/cm’] x 100]. We assumed 1.20 g/cm? as a material
density based on densities of pMDI and polyamine and the average weight ratio used for this study

temperature (37.8 °C) of polyurea prepared with the cata-
lyst content of 5 wt% are numerically analyzed and the
results summarized in Table 5.

The data listed in Table 5 shows that the experimental
and predicted porosity and thermal conductivity values by
DOE software are quite consistent, while a slight difference
is observed from the experimental and predicted gel time,
especially for samples prepared with lower target density.
On the other hand, the irregular shrinkage and the resulting
changes to pore structure appear to be affected by pro-
cessing variables such as mixing intensity and time, aging
period and temperature, and supercritical drying condi-
tions. Slight variations in these factors may be responsible
for the discrepancies observed between experimental and
DOE predictions for these samples.

The data listed in Table 5 shows that target density and
EW ratio play important roles in determining the gel time
and the total porosity of the polyurea aerogels, while the
thermal conductivity values are not significantly affected
by EW ratio. As target density and EW ratio increase,
faster gel time, lower total porosity, and lower thermal
conductivity values are observed for the polyurea based
aerogels. The effects of target density on the gel time and
thermal conductivity values of the polyurea based aerogels
are very consistent with previous results shown in Figs. 5
and 6. The relationships between material variables and gel
time, the porosity, and thermal conductivity value obtained
are indicated by Eq. 3-5, respectively:

Gel Time (min) = 253 — 4617X,; — 377X,
+23333X7] + 3133X; (3)
Porosity(%) = 111 — 451X, + 44X, + 2395X7} — 340X;
(4)

Thermal Conductivity (mW/m K)
= 31 — 383X, + 68X, + 1992X3 — 381X3 (5)

where X; and X, are target density and EW ratios of
polyamine hardener to isocyanate, respectively. The gel
time, porosity, and thermal conductivity predicted with
Eqgs. 3-5 are included in Table 5 with experimental results,
as discussed earlier. More detailed discussion of the DOE
method can be found in [28].

Figure 7 illustrates the relationships between the target
density, EW ratio and the thermal conductivity of the
polyurea aerogel prepared using 5% and 10% catalyst
content along with the best regression planes. The regres-
sion planes are mainly included as an aid to guide the
reader’s eye and indicate that samples prepared with lower
catalyst content of 5 wt% have lower thermal conductivity
values than those of samples prepared with higher catalyst
content of 10 wt%. Also, as discussed earlier, Fig. 7

@ 5 wi% catalyst
20 @ 10 wt% catalyst
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Fig. 7 The effect of catalyst content, target density, and EW ratio on
the thermal conductivity values of polyurea based aerogel monoliths
along with the best regression planes
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demonstrates that target density plays a predominant role in
determining the thermal conductivity values of the poly-
urea based aerogels. This result is not consistent with
previous results shown in Table 2 and Fig. 3 in that EW
ratio significantly affected the shrinkage factor and thermal
conductivity of the polyurea based aerogels prepared with
the wide range of EW ratios. The levels of EW ratios used
for this DOE study are probably close to the optimum
values to obtain low thermal conductivities for the polyurea
based aerogels.

Figure 8 illustrates the thermal conductivity of polyurea
and PU based aerogels at pressures from 0.075 torr to
ambient pressure of 760 torr. Table 6 provides the
numerical thermal conductivity values at 0.075 and
760 torr of polyurea based aerogel samples as well as their
target and final densities and the total porosities. The dif-
ferences in thermal conductivity values obtained between
0.075 and 760 torr may be associated with the gas con-
duction [33] or air filled effect [24] which is not a factor at
low pressures. Since the gas conduction contribution is
eliminated under vacuum, the thermal conductivity values
at 0.075 torr are determined by the characteristic material
solid conductivity [20, 33]. The gas conduction of aerogel
products is closely related to the pore volume, surface area,
size and the pore size distribution. Additional discussion on
detailed pore structures and morphologies of polyurea
based aerogel samples will be provided later.

Figure 8 and Table 6 indicate that high density polyurea
1 and 2 based aerogel samples exhibit similar or slightly
lower thermal conductivities at high pressure relative to
ambient pressure, while low density polyurea 1 and 2 based
aerogels exhibit the lower thermal conductivities at low
pressure. Consequently, high density samples have higher
thermal conductivity values at low pressure than those of
low density samples. Thermal conductivity of PU based

35
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Fig. 8 Thermal conductivity of polyurea 1 and 2 and PU based
aerogels prepared with target densities of 0.07 (LD) and 0.1 g/cm®
(HD) as a function of pressure

@ Springer

aerogels as a function of pressure is similar to those of
polyurea based aerogels.

These thermal conductivity behaviors observed from
polyurea and PU based aerogels as a function of different
pressure are consistent with the previous results of Lu et al.
[20]. Decreasing thermal conductivity values of polyurea
and PU based aerogels at decreasing pressures is closely
associated with decreasing gas conduction [33]. Also, their
better thermal conductivity values at relatively low pres-
sure may occur due to their lower solid conductivity [20,
33]. As a result, the low density polyurea 1 and 2 aerogels
demonstrated better thermal conductivity values at low
pressures than those of their high density samples.

Figure 9 shows a plot of thermal conductivity of the low
density polyurea 2 aerogel sample measured under a low
vacuum pressure of 8 torr as a function of temperature.
Figure 9 shows that the thermal conductivity value of the
polyurea aerogel sample decreases linearly with decreasing
temperature under the pressure of 8 torr demonstrating
thermal conductivity values between 2.0 and 5.7 mW/m K.
The decreasing thermal conductivity values of the polyurea
aerogel sample with decreasing temperature may be asso-
ciated with decreasing radiation heat transfer as the
temperature decreases. Scheuerpflug et al. [34] demon-
strated with the silica based aerogel sample that the
radiation effect rapidly increases with increasing temper-
ature so that the radiation effect represents less than 5% of
the solid conduction heat transfer at 40 K, is equal to the
solid conductivity at approximately 240 K, and become
about 2.5 times that of solid conductivity at 300 K.

The thermal conductivity values of aerogels are affected
by the pore volume, surface area, and the average pore size.
Table 7 provides the final densities, pore volumes, average
sizes, surface areas, and thermal conductivity values of two
polyurea, PU, and silica based aerogel monolith samples. A
relatively low degassing temperature of 70 °C was used for
BET and pore size analysis of organic polyurea and PU
based aerogels, while a degassing temperature of 105 °C
was used for analysis of silica based aerogels (see Sect. 2).
The data listed in Table 7 shows that the silica aerogel has
the highest BET pore volume and surface area, followed by
polyurea 1 and 2 based aerogels, while PU based aerogels
exhibited the least nanopore volume and surface area. The
lowest and highest thermal conductivity values exhibited
by silica and PU based aerogels, respectively, are likely
associated with the differences in their pore volumes and
surface areas. The pore volume and surface area observed
from our PU aerogel are very consistent with those deter-
mined by Rigacci et al. [27]. On the other hand, polyurea 1
and polyurea 2 based aerogels with similar densities
demonstrate comparable thermal conductivity values and
surface areas. As observed from the data in Table 7,
polyurea 1 based aerogels contained almost 1.7 times the
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Table 6 Densities, p.)olrosmes, Samples® Target Final Porosity T.C. (mW/m K)
and thermal conductivity values density (g/em®) densit (%)
at 760 and 0.075 torr for the Sy e oy 760 torr  0.075 torr
(g/cm”)
polyurea and PU aerogels
Polyurea 1-LD 0.07 0.0986 91.8 18.97 5.35
Polyurea 1-HD 0.1 0.1182 90.2 19.22 8.40
Polyurea 2-LD 0.07 0.1073 91.1 21.22 5.73
 Aerogel samples were Polyurea 2-HD 0.1 0.1163 90.3 20.37 6.08
prepared with a constant PU 1-LD 0.07 0.0956 92.0 28.53 497
catalyst content of 5 wt% and a  pyy |_yp 0.1 0.1152 90.4 26.81 7.35
EW ratio of 1.0
7 (A) 1.8
é | @ Polyurea 2-LD at 8 torr :") E —@— polyurea 1
£ 67 | ——— 1.0.24.7+0.019T (*=0.99) “e 151 |-O polyurea2
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Fig. 9 Thermal conductivity of the polyurea 2 based aerogel as a
function of temperature under a pressure of 8§ torr

pore volume of polyurea 2 based aerogel, while smaller
pores are included in polyurea 2 based aerogel as indicated
by smaller average pore diameter. As a result, the average
sizes of pores in aerogel materials also play an important
role in determining their thermal conductivity values.

Figure 10 illustrates the pore size distributions of poly-
urea 1 and 2 and PU based aerogel monoliths and the
adsorption and desorption isotherms for a polyurea 2 based
aerogel. Figure 10a shows that polyurea based aerogels
have wider pore size distributions than the PU aerogel. As
discussed before, polyurea 2 aerogel contains a higher
volume of smaller pores (less than 10 nm) than polyurea 1
and PU based aerogels.
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Fig. 10 Pore size distributions of polyurea 1 and 2 and PU based
aerogels (a) and the adsorption and desorption isotherm for a polyurea
2 based aerogel (b)

Table 7 Densities, nanopore volumes, average sizes, surface areas, and thermal conductivity values of polyurea, PU, and silica based aerogels

Samples Density Pore volume Average pore Surface area Thermal conductivity
(g/ce) (cms/g) diameter (nm) (mz/g) (mW/m K)

Polyurea 1* 0.1182 0.91 19 189 18.2

Polyurea 2* 0.1163 0.58 12 192 19.2

PU* 0.1277 0.16 13.0 47 27.0

Silica” 0.0902 2.86 13.7 686 12.0

* Degassing at temperature of 70 °C for 12 h under the vacuum

® Degassing at temperature of 105 °C for 12 h under the vacuum

@ Springer
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Fig. 11 SEMs of PU (a), silica (b) and polyurea based aerogels of Exp-2 (c¢) and Exp-4 (d) prepared with two different target densities of 0.06
and 0.1 g/cm’, respectively, measured at magnification of X10 K

Fig. 12 SEMs of PU (a), silica (b) and polyurea based aerogels of Exp-2 (¢) and Exp-4 (d) prepared with two different target densities of 0.06
and 0.1 g/cm® measured at magnification of X60 K
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Fig. 13 TGAs of polyurea 1, polyurea 2, and PU based aerogels
prepared with target density of 0.1 g/cm®

Figure 11 shows the SEM photos and illustrates the
microstructures of PU, silica, and polyurea based aerogels
with two different densities of 0.06 and 0.1 g/cm® (Exp-2
and Exp-4, see Table 2) measured at magnifications of
X10 K. The SEMs obtained at magnifications of X60 K
are shown in Figure 12. Figures 11 and 12 show that
silica based aerogel contains the least pores and consists
of ~50 nm clusters of nanosized silica particles. The
polyurea aerogels have similar microstructures, and the
high density polyurea based aerogel has larger pores than
the silica aerogel. The low density polyurea contains
some macropores, while the PU based aerogels exhibit a
fibrillar morphology containing macrosized (>100 nm)
pores. The large pores (possibly defects) observed by
SEM in PU and low density polyurea based aerogels may
increase their gaseous and radiation thermal conductivity
contributions [33] resulting in higher thermal conductiv-
ities. In order to significantly improve the thermal
conductivity performances of polyurea based aerogels,
especially low density polyurea aerogels, further optimi-
zation of processing methods will be required focusing on
the relationship between large pores and processing
conditions.

Figure 13 demonstrates the mass loss of polyurea 1
and 2 and PU based aerogels measured by thermo-
gravimetric analysis (TGA) in air. The initial mass loss
is low indicating that outgassing of volatile materials at
low temperature is minimal which is important for
spacecraft and spacesuit insulation applications. The
TGA illustrated in Fig. 13 shows that polyurea 1 and 2
and PU based aerogel samples are relatively stable up to
270 °C. Since the varying thermal stability may be
associated with the structures of the aerogel materials,
the higher thermal stability of polyurea 2 based aerogel
may be due to a more thermally stable structure formed
by using a polymeric isocyanate (pMDI) instead of the
monomeric MDI.

4 Conclusion

In this study we demonstrated that lightweight nanoporous
polyurea based aerogels can be produced by using a simple
sol-gel processing and supercritical drying method and
investigated their physical and thermal properties and pore
sizes. The uniform polyurea gels were formed from the
reaction between isocyanate precursors and polyamine
hardeners at room temperature and atmospheric pressure.
Supercritical CO, drying method was successfully used to
produce polyurea aerogels from their wet gels. The poly-
urea based aerogel exhibited a wide range of final densities
and had little dustiness, high porosity (including mesopo-
rosity), low shrinkage, low thermal conductivities, good
hydrophobicity, and high thermal stability. Both target
density and equivalent weight ratio between isocyanate
resin and polyamine hardener played very important roles
in determining sample appearance, shrinkage factor, and
thermal conductivity values of the polyurea aerogels. We
also found that the polyurea based aerogel contained higher
pore volume and surface areas and smaller pore sizes than
the PU aerogel, which is a main reason the polyurea
aerogels exhibit good thermal conductivity values at a wide
range of pressures and temperatures. The polyurea aerogels
are very promising candidates for many thermal insulation
applications including spacesuit insulation.
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