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Abstract

Polyimide aerogels have excellent thermal and mechanical properties, resulting in various applications, especially in insula-
tion areas. However, the conventional methods for directly producing aerogel blocks can be time-consuming and expensive
due to the long-term solvent exchange and drying. This study developed two alternative techniques, adding dimethyl sul-
foxide solvent and epoxy into the polyimide aerogel particles and consolidating them to obtain PI aerogel blocks or stock
shapes. This approach reduced the cycle time of the process by nearly 60% compared to the directly obtained stock shapes.
Samples with epoxy look promising in appearance and mechanical properties compared to the stock shapes made directly.
The compression test shows that adding epoxy improves the mechanical property and compressive strength at 10% strain
by 18%. In the same context, the samples made using dimethyl sulfoxide as a solvent exhibit higher thermal stability and
porosity when compared to directly made stock shapes. These techniques provide a range of good thermal and mechanical
properties for polyimide aerogel stock shapes prepared from the particles.

Keywords Polyimide aerogel - Stock shape - Porosity - Thermal stability - Thermal conductivity - Mechanical properties -

Ambient pressure drying - Consolidation

1 Introduction

Polyimide (PI) aerogels exhibit low density, high internal
surface area, excellent mechanical and thermal stability,
low thermal conductivity, and low dielectric constant [1-3].
These attributes make them an ideal candidate for insula-
tion solutions in aerospace components and various other
technologies [4], such as lightweight substrates for high-
performance antennas [5], building insulation [6], thermal
insulation for cryogenic propellant tanks [7], and flexible
insulation for space suits, inflatable structures for entry,
descent, and landing [8]. Although linear polyimide aero-
gels have mechanical properties on par with other polymers
with similar densities, they experience significant shrinkage
during the drying process. In contrast, cross-linked PI aero-
gels can help withstand shrinkage in drying and maintain a
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porous structure [9]. Among various methods developed for
synthesizing PI aerogels, the most versatile may be cross-
linking amine-terminated with anhydride-terminated oli-
gomers [10].

Preparation of the cross-linked PI aerogels typically
involves two steps: (i) wet-gel formation using sol-gel
method [11] and (ii) drying the wet gel in several different
ways [1, 10, 11]. The wet gel needs to go through a solvent
exchange step before drying. Highly porous PI aerogels
obtained can be flexible thin films [12] or powders [13].
Besides those forms, they can take the shape of their mould-
ing vessel used during gelation, thus forming various desired
shapes such as rectangular, cubic, cylindrical, and so on. The
latter forms are referred to as aerogel blocks or stock shapes.

The solvent exchange for the PI stock shapes requires
significant time and solvents, making the process costly,
especially on a large scale. For example, Lee et al. inves-
tigated the effect of different solvents on solvent exchange
steps. They applied solvents exchange 6 times every 2 h,
resulting in a total of 12 h [1]. Ghaffari et al. worked on
synthesizing the polyimide aerogel using 3,3’,4,4’-biphenyl
tetracarboxylic dianhydride (BPDA) and pyromellitic dian-
hydride (PMDA). The method used for the solvent exchange
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in their study took 6 days [14]. Blueshift Materials applied
6 days of solvent exchange to fabricate the polyimide stock
shape [14]. A more efficient solvent exchange process will
significantly reduce the PI aerogel production cycle and
lead to considerable cost-saving. The focus of this work is
to minimize the time for solvent exchange and, as a result,
reduce the total time and cost for the fabrication of PI stock
shapes through first producing PI aerogel particles with an
enhanced surface-to-volume ratio. The solvent exchange will
be accelerated drastically in the powder particles compared
to the PI stock shape counterparts. Although PI aerogel par-
ticles can be directly used as a final product, it is desirable
to develop a cost-effective process in order to convert PI
aerogel particles into stock shapes. To our best knowledge,
such an investigation has not been reported for PI aerogel
in the literature.

Due to the advantages of excellent chemical and cor-
rosion resistance, thermal and dimensional stability, and
excellent mechanical and electrical properties, epoxy resins
can be used in a broad range of applications in laminating
adhesives, surface coating, and semiconductor encapsulation
[15, 16]. Many surface treatments have been developed to
increase the adhesion between polyimide and epoxy. Hun-
trakool et al. investigated the surface reactivity of polyimide
with other adhesive materials, such as epoxy. They studied
the surface reactivity of four different polyimides using con-
tact angle, flow microcalorimetry, Fourier transform infra-
red spectroscopy, and X-ray photoelectron spectroscopy
[17]. Akhter et al. reviewed the composite of polyimide
with epoxy [18]. They produced two types of polyimides,
blended them with epoxy to make the epoxy-amine network
(0-7.5 wt% PI), and characterized them with thermogravi-
metric analysis (TGA), differential scanning calorimetry
(DSC), and x-ray diffraction (XRD). Kim et al. used various
techniques to preserve the aerogel pores from resin infiltra-
tion. In their method, ethanol was added to fill the pores.
They showed that the thermal conductivity of the preserved
aerogel pores decreased as the aerogel volume fraction was
increased in the composites [19]. Zuo et al. manufactured
PI nanofibrous membranes using electrospinning and rein-
forced them with epoxy resin. Using different characteriza-
tion methods, they showed that the strength and elongation
at break were four times stronger at the contact points, with
a fusion of fibers [20]. Piljae et al. made polyimide/acrylic/
epoxy bricks using 3D printing techniques. They used this
method to manufacture a complex shape sample that was
difficult to produce using the supercritical process [21]. As
a summary some of the previous work for making the PI
aerogel stock shape are presented in Table S1. This litera-
ture confirms that changing the solvent takes much time
and material for most of the previous work which will be
adjusted using the introduced method in this work. In addi-
tion, most of the previous work applied supercritical drying
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which cannot be used in the industrial scale due to usage of
high pressure and cost.

In this work, we have investigated the consolidation
method for manufacturing PI aerogel stock shapes from
aerogel particles instead of direct synthesis and applied
ambient pressure drying instead of supercritical drying,
which has widely been used for aerogel fabrication. Before
the consolidation, PI aerogel particles were treated by either
mixing with dimethyl sulfoxide (DMSO) or epoxy resin. The
thermal and mechanical properties of these stock shapes
were then compared.

2 Experimental
2.1 Materials

All reagents and solvents were used as received. DMSO
(>99% Reagent Plus), 4,4’-oxydianiline (ODA),
3,3’,4,4’-biphenyltetracarboxylic dianhydride (BPDA),
acetone (technical grade), Chloroform, benzoic anhydride
(BA), and 2-methyl imidazole (2-MI, 99%) were purchased
from Sigma Aldrich. 4,4’-diamino-2,2’-dimethylbiphenyl
(DMB), and 1,3,5-Tris(4-aminophenoxy) benzene (TAPOB)
were purchased from Tokyo Chemical Industry. IN2 epoxy
infusion resin was purchased from Easy Composites. The
resin was a mixture of bisphenol-A-epoxy resin and epichlo-
rohydrin-formaldehyde phenol polymer.

2.2 Pl aerogel particles

The PI aerogel particles were first synthesized, by following
a method used by Blueshift Materials [22], using DMSO as
the solvent; DMB, ODA, as diamines; BPDA as a dianhy-
dride and TAPOB as a branching agent. 2-MI and BA were
added as catalyst and dehydrating agents, respectively, and
the mixture was mixed for 6 min. When a clear yellow solu-
tion appeared at the end of 6 min, the sol was poured into
a mould. The gelation was recorded to be 30 min. The gel
was left in the same mould and aged in ambient conditions
for 18-24 h. Subsequently, the gel was washed with acetone
six times every 24 h. Finally, the monolithic PI was dried at
200 °C for 90 min under a vacuum and then heated to 300 °C
for 12 h under an argon flow. The whole process of making
the stock shape in the direct process took more than 8 days.
The PI stock shape was then milled with a CAMaster-Stinger
I dry miller machine with a feed rate of 50 in/min, plunge
rate of 15 in/min, and rotational speed of 12,000 rpm. The
obtained PI aerogel particles are shown in Fig. 1 a, b pre-
sents the microstructure of these particles using scanning
electron microscopy (SEM).
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Fig. 1 a A photograph and b
SEM of PI aerogel particles
used in the present work as
received

2.3 Treatment of Pl aerogel particles

This work used two methods to treat the PI aerogel particles,
including (i) varying the amount of DMSO and (ii) epoxy
resin. The samples made using these methods are referred
to as PI-DMSO-X or PI-epoxy-X, where the X refers to
either the % mass of DMSO or epoxy mixed with PI aerogel
particles.

2.4 Incorporation of DMSO

Turning PI aerogel particles into a porous stock shape
requires PI particles to be consolidated without significantly
losing the porosity in the particles. It is believed that add-
ing DMSO would wet PI aerogel particles, making them
more prone to be stuck together during the moulding pro-
cess, thus reducing the tendency of crushing particles by
consolidation. The DMSO was chosen for compatibility with
the monomers and particles, as it is the original solvent for
the PI aerogel synthesis. It was added to the particle system
in different contents: 0.0, 3.0, 5.0, 10 and 30% mass with
respect to the total mass of the particles; see Fig. 2a. Acetone
was then added, and the mixtures were manually stirred for
5 min to yield a uniform dispersion, as shown in Fig. 2b. The
mixture was left overnight to evaporate the extra acetone.

Fig.2 The steps involved in the
incorporation of DMSO into
the PI aerogel particles: a the
addition of DMSO to PI aerogel
particles and b the mixture of
the particle with DMSO after
the addition of acetone

The remaining mixture was finally moulded and fully dried
at 250 °C for 24 h according to the direct method of aerogel
block preparation [12].

2.5 Incorporation of epoxy

A water-particle slurry was created by adding 20 ml of water
to 1 g of PI aerogel particles. The slurry was shaken vigor-
ously to ensure complete mixing between the water and par-
ticles, as shown in Fig. 3a. Due to its viscose nature, epoxy
cannot be well mixed with PI aerogel particles directly. In
order to achieve a uniform epoxy dispersion around indi-
vidual particles, epoxy was dispersed in chloroform before
adding into the particles. Two different parts of the epoxy
(resin and hardener), at a stoichiometric ratio of 100:30 by
weight, were mixed with chloroform manually in a separate
container. For each 5 g of the particles, 20 ml chloroform
was added to epoxy, which was added in 3.0, 5.0, 9.0, and
20% mass with respect to the total mass of the particles.
Next, the dispersed epoxy mixture was introduced into the
water-particle slurry and mixed manually for 10 min. The
produced mixture was left in ambient condition for 24 h to
evaporate the excess water, as shown in Fig. 3b. Finally, the
mixture was filtered using a Buchner funnel and an aspirator
setup and was ready for moulding (Fig. 3c).

@ Springer



2104

Journal of Porous Materials (2023) 30:2101-2112

Fig.3 The steps involved in the incorporation of epoxy into the PI aerogel particles: a the slurry mixture of water-PI aerogel particles; b the
mixture after the addition of epoxy, and c after filtering the mixture of water-PI-epoxy, d demoulded PI aerogel stock shape

2.6 Particle consolidation

Conversion of PI aerogel particles to the stock shapes
was carried out through consolidation moulding. First,
an aluminium tube with an internal area of 1 X 1 inch was
machined. Two aluminium blocks were machined, slid inside
the tube, and secured by pins through open holes on the tube
side. The distance between the two blocks was 1 inch, and
consequently, a 1 X 1 X1 inch cavity was created inside the
tube. The PI aerogel particles treated with DMSO or epoxy
were then transferred into this cavity. 4.5 g of the particles
were used in order to ensure the particle bulk volume was
greater than 1 cubic inch so that when the blocks were put
in place, the particles were under compression. The parti-
cle-filled mould was then transferred to an oven, where the
DMSO-treated particles were heated at 250 °C for 24 h (to
remove all the added DMSO during the drying process), and
epoxy-treated particles were heated at room temperature for
24 h and 80 °C for 6 h. This temperature and method were
selected based on the curing condition for the applied epoxy
by its supplier. Stepwise drying was used for these samples
in order to control the viscosity increment and reduce any
chance of infiltration of the epoxy inside the pores.

The final step was demoulding the sample carefully and
obtaining stock shape samples, as shown in Fig. 3d. Figure
S1 shows a schematic process for making the stock shape
samples at this work.

3 Material characterization

The thermal stability of the stock shape samples was meas-
ured by thermogravimetric analysis (TGA) using a TA
Instruments Q50 thermogravimetric analyzer.13-20 mg
of PI aerogel stock shapes were used in each test, and the
temperature was increased from 20 to 700 °C under air at a
heating rate of 10 °C/min. The temperatures corresponding
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to 10% weight loss, rate of weight loss and weight loss onset
were recorded.

Brunauer—Emmett-Teller (BET) specific surface
areas were obtained by nitrogen sorption at 77 K using a
Micromeritics ASAP2420 [23, 24]. The desorption branch
of the isotherms was used to obtain the Barrett-Joyner-
Halenda (BJH) pore size distributions [24]. Before the
analysis, approximately 0.2 g of the sample was subjected
to a degas cycle of 30 min at 50 °C, followed by 120 min at
120 °C, at a pressure of 10 mmHg.

The complete pore size distributions were determined
using mercury intrusion porosimetry (MIP) with a Quan-
tachrome Poremaster system. Approximately 0.1 g of the
sample was placed into a penetrometer for low and high-
pressure analysis. After adding the high-pressure jacket, the
high-pressure stage measured the mercury intruded/extruded
volume up to 60000 psi.

Bulk densities (p,) were measured using the mass and
volume of the samples for an average of three specimens
per sample. Skeletal densities (p,) were measured using a
Micromeritics Accupyc II 340 helium pycnometer with 50
fill/ vent cycles on a single sample. The % porosities were
calculated using [25]:

% Porosity =100 X [(ps — py)/p4| (1)

The compression properties of the samples were under-
taken by an Instron 5969 series universal testing system
equipped with a video extensometer followed by ASTM
D1621. The equipment was fitted with a 50 kN load cell
to evaluate the effect of the DMSO and epoxy on the par-
ticle-converted stock shapes. The cubic stock shapes with
the dimensions of 25X 25X 25 mm at a constant rate of
0.65 mm/min at room temperature were tested.

A XIATECH TC3000E thermal conductivity meter was
used to measure the thermal conductivity of the samples,
according to ASTM C1113. A 1V heating voltage hot wire
sensor was placed between the samples. Before analyzing
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the samples, a polymethyl methacrylate (PMMA) standard
sample was tested to calibrate the instrument. For all meas-
urements, a 500 g deadweight was placed on the sample to
provide pressure and keep the sample in good contact with
the sensor surface.

4 Results and discussion

The weight changes and rates of weight change against
temperature for PI-DMSO samples are plotted in Fig. 4. It
can be seen in Fig. 4a that there is no weight loss until the
temperature reaches 430 °C for both neat PI and PI-DMSO
stock shapes. The overlapping of small peaks can further
confirm this at 430 °C for all samples in Fig. 4b. From 430
to 540 °C, thermal degradation accelerates in all samples.
Between 540 and 590 °C, samples loss most of their weight.
From the rate of weight change, it can be observed that the
neat PI is slightly more thermal stable as it has the lowest
weight loss rate compared to PI-DMSO samples. In all PI-
DMSO samples, degradation was completed at 670 °C. Add-
ing different concentrations of DMSO did not significantly
impact the thermal decomposition. As mentioned, the reason
to treat already synthesized PI particles with DMSO solvent
is to soften the PI aerogel particles. This solvent is expected
to be removed through the drying process implemented in
this work.

The minimum onset point is 540 °C in PI-DMSI-10 sam-
ple. As there is no significant weight loss before the decom-
position point, it can be confirmed that DMSO level was
significantly reduced during the subsequent drying. The 10%
weight loss and the onset temperatures are also summarized
along with other characterized properties in Table 1.

For PI-epoxy samples, as can be seen in Fig. 5, the
weight loss generally starts around 200 °C. The rate of
weight change has two primary peaks: one at 350 °C
and the other between 540 and 580 °C. Between these
two peaks, weight loss takes place at a lower rate. As the
% epoxy increases in the samples, the thermal stability

decreases monotonically. In fact, by increasing the concen-
tration of the epoxy from 0 to 100 wt%, the temperature
for 10% weight loss dropped by 40%.

On the other hand, the imidization process can be inves-
tigated using the TGA results. The imidization generally
consists of evaporating the solvent and cyclodehydration,
followed by weight loss in the samples with incomplete
imidization. The imidization usually occurs between 100
and 200 °C [26]. Samples obtained from both methods
do not experience a noticeable weight loss up to 200 °C,
confirming that the solvent is removed and the imidization
is completed during the preparation and drying [27]. These
results are in good agreement with the thermal studies of
polyimide aerogels [8, 28].

Comparing the measured onset points for stock shapes
at various DMSO and epoxy levels indicates no massive
change (Tables 1 and 2). The thermal stability of the poly-
mer material mainly depends on the chemistry and con-
centration of the monomers [4]. Therefore, no noticeable
weight change can be observed by increasing the concen-
tration of either DMSO or epoxy for both methods. In
addition, comparing the 10% decomposition temperatures
of all samples, PI-DMSO samples show thermal stabili-
ties as high as the directly fabricated stock shape (see
Tables 1-2).

Figures 6 and 7 present the pore size distributions for PI-
DMSO and PI-epoxy samples using nitrogen sorption and
MIP, respectively. Figure 6a shows the average size of the
pores measured by nitrogen sorption (77 K) for PI-DMSO
samples is between 20 and 37 nm. The presence of pores
between 900 and 3000 nm and the bimodal distributions
for all DMSO levels in Fig. 6b indicate that the pores are
mostly mesopores and macropores. The directly made PI
stock shape shows a sharp, narrow single peak in 300 to
700 nm. This peak confirms that the pores in this sample are
smaller and more uniform than the pores in the PI-DMSO
samples. The MIP median pore diameter for directly pre-
pared stock shape is 0.606 um, smaller than the PI-DMSO
samples (see Table 2).

Fig.4 a Weight (%), and b rates 100 4
of weight change as a function - (a) — ——0% DMSO (b)
of temperature for PI-DMSO N3 80 g 3 — gz;o Bmgg T
samples -~ S b
b S < —a—10% DMSO
S 60 < —e—30% DMSO
S —— 0% DMSO S 2
o 40 p—=—3%DwmsO S
-g’ 5% DMSO “5
3 20 | —+— 10% DMSO ° 1
; —— 30% DMSO ]
directly made stock shape 14
0 0

0 100 200 300 400 500 600 700
Temperature(°C)

Temprature (°C)
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Table 2 Critical materials properties of directly made PI stock shape
Bulk density (g/  Skeletal density ~ Porosity (%)¢ MIP median TGA (10%) Compressive Compressive Thermal con-
cm®)’p, (glem®)®p, pore diameter (°0) modulus (MPa)® strength, 10% ductivity (W/m.
() strain (MPa) K)f
0.23 1.47 84.7 0.606 550 21.00 1.80 0.054 +0.005
#Using MIP
550 Cycles on a single sample using helium pycnometry
“Via 100X [(ps—py) / ps]
dTemperatures corresponding to 10% weight loss
¢Slope of elastic part in stress—strain curves, average of three measurements
fAverage three measurements using hot wire
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As shown in Fig. 7a, the average pore sizes probed by
nitrogen sorption for PI-epoxy samples are between 24 and
35 nm, within the same range of values for PI-DMSO sam-
ples. PI-epoxy samples also show bimodal pore size distri-
butions (Fig. 7b). The volume of the adsorbed nitrogen for
PI-epoxy samples is higher than the DMSO ones.

The BET surface areas of the samples are between 8
and 14 m%/g. Unsurprisingly, the surface areas of PI aero-
gels in this study are low compared to that of PI aerogels
in the literature. For instance, Kwon et al. showed that the
surface area of polyimide aerogel is 103 m?/g, which is
almost 87% higher than PI samples in this work [29]. Feng
et al. also presented that the BET-specific surface area is
320 — 340 m*/g [8]. During the ambient pressure drying,
the surface tension between the solvent and pore walls
results in shrinkage and reduces the surface area. Most of
those studies have used supercritical CO, instead of ambi-
ent pressure drying to minimize the shrinkage in the pore
[8]. Figure 8 shows the nitrogen adsorption—desorption
isotherms at 77 K for all samples. The hysteresis loops
are apparent in every BET isotherm curve, demonstrat-
ing that mesopores exist in all cases. This loop also sug-
gests condensing the gas inside the pores at low-pressure
ranges and forming mono and multilayers at higher pres-
sure. The nitrogen adsorption isotherms for both meth-
ods rise above P/P,=0.9 but do not reach the saturation

plateau, indicating that they are type II isotherms. Overall,
a very low quantity of gas adsorbed at the early stage of
the adsorption, together with the large pores seen in the
MIP pore size distributions, proves that macropores are a
significant portion of the porosity.

Figure 9 shows the density and porosity correlation with
different concentrations of DMSO in PI stock shape samples.
As it was explained before, the idea for adding the DMSO is
to wet the particles; adding DMSO results in more flexible
particles with less stress required to consolidate them. As
a result, pores are expected to be intact after compression
during moulding, and higher porosity is achieved. Therefore,
particles do not break into smaller particles which may be
caused by high stress. Table 1 shows different properties for
PI-DMSO stock shapes with densities of 0.22-0.28 g/cm?
having high porosities from 80.9 to 88.8%.

Figure 10 shows the correlation of % porosity with the %
epoxy in PI-epoxy samples. As can be seen, the % porosity
is increased by increasing the % epoxy, except at 5%. This
sample has 0.40 g/cm® bulk density, the highest value among
all samples (see Table 2).

The SEM images for PI-DMSO samples are shown in
Fig. 11. The porous structure can be observed in all concen-
trations of DMSO. These images confirm that adding more
DMSO has created more open porosity in the samples, with
the highest value of 88.8% reported for 30% DMSO.

Fig.8 Nitrogen sorption iso-
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Fig. 10 Porosity-concentration profiles for PI-epoxy stock shapes

The microstructure of the PI-epoxy sample at three differ-
ent epoxy levels of 0.0, 5.0 and 20%, are shown in Fig. 12.
It can be observed that by adding 5.0% epoxy into the parti-
cles, a denser structure is shaped compared to the 0% epoxy
sample. This could be due to infiltrating the epoxy inside
and between the particles. But by adding more epoxy up to
20%, the small pores inside the particles may be filled, and
the rest of the epoxy will cover the surface of the particles.
Therefore, the bigger particles with lower density will be

generated by adding more epoxy from 5 to 20%. The median
pore diameters measured with MIP have confirmed these
results by showing a 36% increase due to changing the con-
centration of epoxy from 5 to 20%.

SEM image of the directly prepared PI stock shape shows
a porous uniform structure compared to the samples treated
with DMSO or epoxy (see Fig. 12d). This sample is 84.7%
porous and has 0.23 g/cm? bulk density, as shown in Table 2.
It is noted that PI-DMSO-30% has almost the same proper-
ties as this sample (porosity of 88.8% and density of 0.22 g/
cm?). However, the porous structures are quite different. The
directly prepared sample shows a network of tiny particles
interconnected throughout the porous structure resembling a
fibrous spider-web-like structure. In comparison, PI-DMSO
and PI-epoxy stock shapes consist of strands formed by ran-
domly bonding larger particles.

Compression tests of the PI stock shapes were carried
out to evaluate the effect of DMSO and epoxy treatment
on the mechanical performance of the particle-converted
PI stock shapes. Compressive modulus was taken as the
slope of the elastic domain in the stress—strain curves and
are presented in Tables 1 and 2. Adding epoxy and DMSO
can significantly affect the mechanical properties of the PI
stock shapes. Compressive strength taken as the compressive
stress at 10% compressive strain is presented in Table 2 for

Fig. 11 SEM images of PI-DMSO stock shapes with a 0, b 5, and ¢ 30% DMSO

@ Springer
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Fig. 12 SEM images of PI-epoxy stock shapes at a 0; b 5, ¢ 20% epoxy, d directly made stock shape

stock shapes with epoxy. Compressive strength could not
be measured at 10% compressive strain for samples with
DMSO as the samples disintegrated earlier. Figure 13 shows
the correlation between compressive modulus and DMSO
concentration and epoxy concentration. It can be observed
that adding DMSO, which increases % porosity and pore
size, will reduce the compressive modulus. The PI-DMSO
samples with brittle structures were expected to have low
mechanical properties.

On the other hand, by increasing the concentration of
epoxy up to 5%, the compressive modulus increased up to
43.2 MP and the compressive strength to 2.19 MPa. But
then, as was expected from the density and porosity corre-
lation, for PI-epoxy-9 and 20% samples, this value dropped
to 42.1 and 32.18 MPa, respectively. This reverse observa-
tion could be due to the manufacturing process. For sam-
ples with a higher amount of epoxy, there is a chance of
sticking the material into the mould’s wall; even by using
the release agent spray before moulding. Therefore, more

force must be applied during moulding and demoulding.
It could also be due to the accumulation of excess epoxy
between the particles, which weakens the structure. These
results are in line with the porosity measurements. Overall,
the PI-epoxy samples exhibit higher density, lower poros-
ity, and higher mechanical properties than PI-DMSO sam-
ples and PI stock shape made by the direct method.
Figure 14 presents the thermal conductivity of the stock
shapes as a function of the % DMSO and % epoxy used
to treat the PI aerogel particles. Incorporating DMSO and
epoxy into the PI matrix has increased thermal conductiv-
ity between 24 and 38% relative to the directly made PI
stock shape, as seen in Tables 1 and 2. Figure 14a shows
that by increasing the concentration of DMSO, which
increases % porosity, the thermal conductivity reduces
from 56 to 50 mW/m. K. For Pl-epoxy samples, up to
5% epoxy, the thermal conductivity rises to 78 mW/m.K,
which is in line with the density and porosity, and then by
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adding more epoxy from 5 to 20%, it drops to 69 mW/m.
K, as seen in Fig. 14b.

5 Conclusion

This work has developed a procedure for fabricating PI
aerogel stock shapes from consolidation of aerogel particles
where DMSO and epoxy systems were used. The original
goal of this study was to shorten the production time of aero-
gel blocks compared to direct stock shape manufacturing.
The stock shapes' porous texture and thermal and mechanical
properties were investigated. It has been clearly shown that
the incorporation of epoxy in the PI aerogel particles (up to
5 wt %) can significantly improve the mechanical properties
of the stock shapes. PI-DMSO samples are thermally stable
up to 500 °C. On the other hand, the thermal conductivity of
the particle-converted stock shapes increases by adding more
epoxy due to the infiltration of the pores. Both methods cre-
ate samples that have pores larger than 50 nm, indicating the
presence of macroporosity in their pore structures. However,
the densities of stock shapes with epoxy are higher due to
the presence of the epoxy between the aerogel particles. The
infiltration might have happened despite leaving the mixture
before and after moulding at room temperature, resulting
in reduced % porosity and increased density. Nevertheless,
we have proved that it is feasible to produce PI stock shapes
through PI aerogel particles with reasonable thermal and
mechanical properties in a shorter time, i.e., ~60 h, com-
pared to the traditional method that is completed in more
than 8 days.
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