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Polyimide (Pl) aerogel, as a new organic aerogel material, has the excellent thermal
properties of polyimide and the characteristic of high thermal insulation of
aerogels, and has gained increasing attention. In this work, using Pl aerogel as
the matrix material and aramid fiber as the reinforcement material, controllable
flexible Pl aerogel/aramid fiber composite insulation materials were successfully
prepared by freeze-drying and soft treatment. This study sought to determine how
the mass percentage of Pl aerogel affected the microstructure, mechanical
characteristics, thermal insulation capabilities, and thermal comfort of clothes
in Pl aerogel/aramid fiber composites. To achieve this, the preparation process of
Pl aerogel was optimized, and the effects of different mass fractions of Pl aerogel
on the properties of the composite material were evaluated. The results
demonstrated that increasing the mass fraction of Pl aerogel led to
improvements in the mechanical properties, flexibility, and heat insulation
properties of the composite material. Furthermore, the Pl aerogel/aramid fiber
composite offered enhanced thermal comfort to the wearer in hot and humid
environments, indicating that the composite material is particularly suited for
thermal insulation applications.
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1 Introduction

Aerogel is a kind of three-dimensional nano-porous material with ultra-high porosity
(Ze et al., 2018a). A large number of nano-sized pores in aerogel gives it the characteristics of
low density, low refractive index, small aperture, high specific surface area, and high porosity,
which makes aerogel have good light transmission, environmental protection, sound
insulation, and other properties (Lee et al., 2011; Ivanov and Ivanov, 2014; Du and Kim,
2022; Stan et al,, 2022). Due to the porosity of up to 90%, the aerogel material mainly
conducts heat in the gaseous phase, which possesses high thermal insulation and high surface
area. The impressive thermal insulation property of aerogels lends itself to diversified
applications where heat insulation is crucial, such as in aerospace, building retrofitting,
industry for cryogenic applications, cold weather outdoor gear (Laskowski et al., 2015;
Adhikary et al., 2021; Cao and Yuan, 2021; Lee et al., 2018; Lei et al., 2018; Zhang et al., 2020).
The aerogel material has excellent thermal insulation performance, which makes it a research
hotspot in the field of thermal clothing (Liu et al., 2022). However, the extensive application
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of traditional inorganic silicon aerogel is restricted by its fragility.
Therefore, finding ways to improve the flexibility and structural
stability of aerogel materials is a hot topic at present. Du and Kim
(2019) added SiO, aerogel powder into the flexible polyimide foam
material so that the aerogel material was evenly distributed on the
wall of the bubble hole, increasing its flexibility and avoiding serious
problems such as powder loss (Dai et al., 2021). At the same time, the
thermal conductivity of the aerogel insulation layer prepared can be
as low as 0.026 W/(m-k), which can meet the needs of heat
preservation and insulation (Lei et al, 2006; Ageev and
Ponomarev, 2018).

To overcome the problem associated with aerogel brittleness,
polyimide (PI) aerogel, as a new organic aerogel material, is gradually
gaining attention. Polyimide refers to a class of macromolecular
chemicals with imide rings on their molecular chains (Zhang
et al, 2018). Due to the stability of their molecular structure,
polyimide materials have excellent mechanical properties and
thermal stability (Fan et al, 2018; Jang et al., 2021). PI is a new
kind of thermal insulation material, and polyimide aerogel also has
the excellent thermal properties of polyimide and the characteristic of
high thermal insulation of aerogel (Feng and Yu, 2021; Zhao et al.,
2021; Li et al., 2022; Quan et al., 2022; Zhou et al., 2023). At the same
time, PI aerogel has the two characteristics of flame retardancy and
heat insulation, which can not only effectively improve the brittleness
of inorganic aerogel materials and poor mechanical properties but
also expand the application of organic aerogel in heat insulation and
flame retardant materials (Almeida et al., 2021; Wang et al., 2022).
Qian et al. (2014) used polyimide aerogels with excellent flexibility to
replace traditional SiO, aerogels as heat insulation materials and
developed polyimide aerogels with a thermal conductivity of 0.029 W/
(m-k) by the supercritical CO, drying method. The results show that
polyimide aerogel has good thermal insulation properties and
flexibility, which expands the possibility of developing new
polyimide aerogel insulation fabrics. Nguyen et al. (2014) used
nanocellulose crystal as the strengthening material of PI aerogel,
and the nanocellulose crystal filler accounted for 0-13.33% of the total
solid mass fraction. Through a series of characterization tests, it was
found that the enhanced material effectively improved the physical
and mechanical properties of the aerogel material when the content
was 560 or 920 mmol/kg.

Thermal protective clothing systems are widely used in a variety
of industries, such as firefighting, automotive manufacturing, and oil
rigs (Wardiningsih and Troynikov, 2021). These systems are
designed to protect workers from extreme temperatures, both hot
and cold. The effectiveness of thermal protective clothing is largely
determined by its thermal resistance performance, flexibility, and
moisture management capabilities (Li et al, 2013). Nonwoven
fabrics are commonly used in such clothing systems, but they
have limitations in terms of their thermal resistance and
moisture management capabilities. At present, the thermal
protective clothing developed and applied is relatively thick, and
the heat insulation efficiency is not high, which needs to be
improved (Li et al,, 2021; Zhang et al, 2021). In order to make
thermal protective clothing that is lightweight and has an efficient
function, the development of organic aerogel/high-performance
fiber wikis for composite thermal protective clothing has become
the research focus (Wang, 2018). Fiber is the primary load-bearing
element in the composite, and it generally remains linear elastic or
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perfectly plastic and becomes a stronger and stiffer material than the
same when in bulk form (Mylsamy et al., 2019; Chinnasamy et al.,
2020). Balu et al. prepared the fiber-reinforced composite material
fiber.
thermogravimetric analyses were used to predict the effects of

using natural coccidia Dynamic mechanical and
different fiber lengths on the dynamic mechanical properties of
fiber-reinforced composites, such as loss modulus, storage modulus,
and weight loss (Sethuraman et al., 2010). The combination of
aerogels and high-performance fiber wikis can maximize the
performance of both materials, combining the high strength of
fiber wikis with the high thermal insulation and flexibility of
aerogels (Li et al., 2016a; Li et al., 2016b; An et al.,, 2021).

In this work, we prepared a flexible PI aerogel/aramid composite
material employing aramid fiber as the basis material, PI aerogel
material, and a freeze-drying and softening procedure. Meanwhile,
the PI aerogel/aramid composite material’s thermal insulation
performance was investigated, and its mechanical, flame-
retardant, and thermal stability capabilities were also examined.
The effects of PI aerogel containing different mass fractions on
thermal insulation, flame retardancy, thermal stability, and
mechanical properties of aerogel composites were studied in
depth. The tensile strength and flame retardancy of neat PI
aerogels are significantly enhanced by the addition of aramid
fabric. The development and use of aerogel composites will
benefit from the effective preparation of aramid/PI aerogel

composite insulating materials.

2 Materials and methods

2.1 Materials

The aramid fiber in this study was purchased from Tianjin Glory
Tang Fiber Technology Co., Ltd., China. The specifications of the
purchased aramid fiber are 70 g/m”. N, N-dimethylacetamide (DMAc),
3,3,4,4-diphenyltetracarboxylic, anhydride (BPDA), octadecylamine
(ODA), triethylamine (TEA), and acetone were purchased from
Sinopharm Chemical Reagent Co. Ltd., China. All the regents used
in this experiment were of analytical grade purity.

2.2 Methods

2.2.1 Preparation of water-soluble PAAs

Polyamide acid (PAA), a water-soluble polymer, is used as the
PI aerogel precursor material. First, a certain amount of ODA was
added to a beaker and dissolved in DMAc with the mass ratio m
(ODA): m (DMAc) = 1:20. Then, it was placed in an ice bath
(0-4°C), and a magnetic rotor was added. The stirring speed was
500 r/min, and BPDA was added several times in a small amount.
The dosage ratio of BPDA to ODA was n (BPDA) :n (ODA) = 1.1:1,
and a stable yellow transparent PAA solution was obtained after
reacting for 4 h. At room temperature, a certain amount of TEA
was slowly dropped into the polyamide acid solution, and the
dosage ratio of TEA to ODA was n (TEA) :n (ODA) = 2.5:1. After
2h of reaction, a yellow transparent polyamide salt (PAAs)
solution with a certain consistency was obtained. The prepared
PAAs solution was slowly poured into a beaker containing acetone
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FIGURE 1

Flowchart of Pl aerogel/aramid fiber composite material preparation.

and precipitated in acetone to obtain solid PAAs particles, which
were fully aged in acetone and left for 3 h before being filtered out.
Finally, white PAAs solid particles were obtained by drying at 45°C
in an oven for 5h to constant weight.

2.2.2 Preparation of Pl aerogel/aramid fiber
composites

The preparation method of PI aerogel/aramid composite is
shown in Figure 1. First, the PAAs particles were added to a
beaker with some deionized water and TEA, and stirred for 2 h
until completely dissolved, and the PAAs aqueous solution with a
solid content of 4% was obtained. It was poured into a mold with
aramid non-woven fabric and frozen for 24 h. PAAs aerogel was
obtained by drying under the vacuum condition of less than 3 Pa.
Then, PAAs aerogel was placed into the oven for a thermal
imidization reaction at 150°C for 2h and 250°C for 1h, and
finally, PI aerogel/aramid composite was obtained. A series of PI
aerogel/aramid composites were prepared by controlling the
dosage of the PAAs solution. The aerogel composites with the
corresponding aerogel mass fraction of 0%, 10%, and 20% were
named PIAOQ, PIAI, and PIA2, respectively.

2.2.3 Shrinkage and porosity evaluation

The dry heat shrinkage rate refers to the percentage of length
shrinkage after the PI aerogel/aramid fiber composite is treated in
hot and dry air at 150 °C for 1 h. It is calculated by formula 1.

Ly-L
S=""""%100%. (1)
Lo

In Formula 1, S is the shrinkage rate, L, is the PI aerogel/aramid fiber
composite length before treatment, and L is the PI aerogel/aramid
fiber composite length after treatment.
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The density of the PI aerogel/aramid fiber composite is
calculated by calculating the diameter, length, and weight of the
fiber, and the porosity is calculated by Formula 2.

P=<1-ﬂ>x100%. @)

Po

In Formula 2, P is porosity, p is the aerogel fiber density, and p, is
the composition density of the solids.

2.3 Characterizations

The microstructure of the PI aerogel/aramid composite was
observed using a scanning electron microscope (SEM, SU-3500,
Hitachi, Tokyo, Japan). The pore size distribution of PI aerogel/
aramid fiber composites was analyzed by means of a pore size
measuring instrument (CFP-1100A, American Porous Materials
Corporation).

A heat conduction analyzer was used to test the thermal
conductivity of PI aerogel/aramid fiber composites, and the
sample size was 5cm x 5cm. The test temperature was 25 °C,
the sampling time was 5, three points were collected for each
sample, and the average value was taken to obtain the thermal
conductivity of the samples. The thermal resistance of PI aerogel/
aramid fiber composites was analyzed by dry heat, radiative heat,
and contact heat resistance. The pore structure of PI aerogel/aramid
fiber composites was analyzed using the Autosorb-iQ pore size
distribution analyzer of Konta.

The tensile properties of PI aerogel/aramid fiber composites were
tested using a universal material testing machine. The tensile strength
and elongation of PI aerogel/aramid composites were characterized.
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FIGURE 2

SEM image of the Pl aerogel/aramid fiber composite material sample, (A) PIAO, (B) PIAL, and (C) PIA2.
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Shrinkage and porosity of the Pl aerogel/aramid fiber composite material sample.

According to GB/T 24218.5-2016, the bursting strength of PI
aerogel/aramid composites was tested using a microcomputer
controlled electronic universal testing machine. The air
permeability of the PI aerogel/aramid fiber composites samples
was investigated. Air permeability was measured following the
ISO 9237:1995 test method. The mean airflow was calculated

from five readings for each test specimen.

3 Results and discussion

3.1 Morphology analysis of Pl aerogel/
aramid fiber composites

PI aerogel/aramid fiber composites were successfully prepared
by the method of mold forming and freeze-drying, and the surface
morphology is shown in Figure 2. The SEM images of all the samples
structure and  three-dimensional

presented a honeycomb
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intersecting networks without apparent aggregation. As can be
seen from Figure 2A, the thickness of the fibers is less than 1 pm.
The pore size of the sample decreased slightly with the increase in
the PI aerogel content, and it can be clearly seen that PI aerogel is
distributed among the fibers from Figure 2C. In addition, with the
increase in PI aerogel addition, the pore wall of the sample skeleton
was significantly crumpled, indicating that the aramid fiber and PI
aerogel in the composite aerogel formed a structure similar to “rear-
concrete,” and a more compact three-dimensional skeleton structure
was constructed. This indicated that the improvement of the quality
of PT aerogel resulted in more PI aerogel reaching the fiber skeleton
structure.

Figure 3A shows the porosity of the PI aerogel/aramid fiber
composite material sample. The porosity of the PI aerogel/aramid
fiber composite slightly decreases from 85% to 79% with the increase
in the PI aerogel content. These results indicated that the increase in
the PI aerogel mass fraction significantly improved the structural
integrity of the aerogel and made the PI aerogel/aramid fiber
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FIGURE 4
FT-IR curves of the Pl aerogel/aramid fiber composite material
sample.

composites have fewer pores. Figure 3B shows that the shrinkage of
the PI aerogel/aramid fiber composite almost remains unchanged,
and the results show that the addition of PI aerogel has little effect on
the shrinkage of the PI aerogel/aramid fiber composites.

In order to explore the structure of the prepared PI aerogel/
aramid fiber composite material, the infrared spectrum of the
samples was tested, as shown in Figure 4. It can be observed
from Figure 4 that two aramid fibers without PI aerogel were
found at 1,092 and 1,613 cm™', and the characteristic peaks of PI
aerogel/aramid fiber composite material supplemented with aerogel
were 1,056 and 1,504 cm™', corresponding to the C=0 and C-O-C
stretching vibration peaks (Yang et al., 2011). In the PI aerogel/
aramid fiber composite material, C=O and C-O-C stretching
vibration peak to the takanami several mobile blue shift
phenomenon occurred, showing that the nanometer aramid fiber
surface exposed more amide groups and is conducive to the
formation of hydrogen bonds between the fibers. The results
show that the structural density of the aramid fiber can be
improved by adding PI aerogel.

3.2 Thermal resistance of Pl aerogel/aramid
fiber composite

In order to test the influence of the PI aerogel mass fraction on
the thermal insulation performance of composite materials, the
thermal conductivity of PI aerogel/aramid fiber composite
materials was tested, as shown in Figure 5A. It can be observed
from Figure 5A that the PI aerogel mass fraction is positively
correlated with the thermal insulation performance of the aerogel
composite. The increase in the PI aerogel mass fraction will reduce
the thermal conductivity of PI aerogel/aramid fiber composite and
enhance the thermal insulation performance of the composite. The
thermal conductivity of PIA2 is as low as 0.031 W/(m-k), compared
with 0.047 W/(m-k) of aramid fiber PIAO. This is because the
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microporous structure of aerogel limits the flow of air and
extends the heat conduction path, thus limiting the role of heat
convection and heat conduction in the process of heat transfer.

To further determine the thermal insulation properties of the PI
aerogel/aramid composite, the thermal radiation resistance was
measured. The PI aerogel/aramid composites were tested by
exposing them to a 250°C heat source at a distance of 20 cm, and
the increase in the PI aerogel/aramid composite temperature with
time was recorded.

The curve of PI aerogel/aramid composites temperature change
over time is shown in Figure 5B.

It has been found that IPA2 has the maximum resistance to
radiant heat of the PI aerogel/aramid composite, and it warms up
the slowest over time. When the temperature of the PI aerogel/
aramid composite rises to 45°C, the individual wearing it will feel
pain, and when the temperature rises to 55°C, it will cause burns
to the human body (Shaid et al., 2021). The time to reach the
temperature that would cause pain and burn for IPA2 is recorded
as 587 s and 960 s, while the time to reach the temperature that
would cause pain and burn for IPAO is recorded as 358 s and
591 s. The results showed that the PI aerogel/aramid composites
containing more PI aerogel mass fraction showed better thermal
insulation performance.

3.3 Pl aerogel/aramid composite physical
properties

The tensile property is essential for the application of PI
aerogel/aramid fiber composite (Zhuo et al., 2020), so the PI
aerogel/aramid composite tensile test was carried out, and the
stress—strain curve is shown in Figure 5A. As can be seen from
Figure 6A, the tensile strength of PI aerogel/aramid fiber
composites increases with the increase in the PI aerogel mass
fraction. In addition, due to the crosslinking effect of aerogel, the
elongation at the break of PI aerogel/aramid composite was
significantly higher than that of the aramid fiber, indicating that
the addition of IP aerogel was helpful in improving the flexibility of
the aramid fiber. This is because the synergistic action of aerogel
reduces the sliding friction between the fibers inside the PI aerogel/
aramid fiber composite material, which makes it easier to deform
after receiving the force and improves the softness of the material.
Figure 6B shows the bursting strength of the PI aerogel/aramid
fiber composite; IPAO showed the minimum strength of 736 kPa,
and IPA2 demonstrated a maximum strength of 798 kPa. The
strength of the PI aerogel/aramid fiber composite was gradually
improved with the increment of the PI aerogel content. The
flexibility of PI aerogels/aramid composites was characterized
by the crease recovery angle test. The smaller the crease
recovery angle, the better the flexibility of the materials. As can
be seen from Figure 6C, with the increase in the PI aerogel content,
the crease recovery angle of PI aerogel/aramid composite decreases
significantly from 145° of PIAO to 124° of PIA2. The reason is that
after the aerogel material is subjected to external force, the relative
movement between the fibers causes the stress to be released and
changes to a stable state. After the external force is removed, the
recovery force decreases, so the crease recovery angle becomes
smaller.
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3.4 Pl aerogel/aramid fiber composite
clothing thermal comfort

Because the PI aerogel/aramid fiber composite is used in
protective clothing fabrics, wearing comfort is also particularly
important. The thermal comfort of clothing material is directly
related to its air permeability, moisture permeability, and heat
preservation. The air permeability of clothing materials is
particularly important, which directly affects the evaporation of
human sweat and skin respiration (Awais et al., 2021). We tested the
air permeability of the PI aerogel/aramid fiber composite, and the
test results are shown in Figure 7A. We can observe that the
permeability of the control fabric without IP aerogel is
significantly higher than that of IPA1 and IPA2. For IPAO, the
maximum permeability to air is 35.1 mL cm™ s™' at 100 Pa, and for
IPA2 with 20% aerogel content, the minimum air permeability is
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24.8 mL cm ™ 57" at 100 Pa. The air permeability of textile materials
is directly related to its porosity. The results showed that the
presence of IP aerogel particles blocked the free flow of air and
blocked the pores between the aramid fibers, therefore decreasing
the permeability of the PI aerogel/aramid fiber composite.
Considering the air permeability and moisture permeability
required by the aramid fabric, the low resistance to moisture
vapor transmission with high air permeability is foreseeable. So,
PI aerogel/aramid fiber composite will certainly be able to provide
better thermal comfort than the aramid fiber.

In addition, for PI aerogel/aramid fiber composite materials used in
clothing fabrics, the moisture permeability index (i,,,) for assessing
clothing thermal comfort is also significant. The i,,,, value is based on the
measurement method of the heat insulation value of clothing. It is used
to measure the i, value of clothing when the human skin is completely
wet. The PI aerogel/aramid fiber composite of the moisture

frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1224883

Liu et al.

10.3389/fmats.2023.1224883

>

I8 Air permeability

10 20

Pl aerogel content (%)

w w
o o
L '

N
«
A

(=Y
o
A

Air permeability(mL-cm2s™!)
5 S

wu
'

0 I
0

FIGURE 7

0.8

Permeability index I
0.6 = I I

0.5+
0.4 =

0.3 4

Permeability index (i)

0.2 4

0.1+

0.0

0 10 20
Pl aerogel content (%)

(A) Air permeability and (B) moisture permeability index of Pl aerogel/aramid fiber composite.

permeability index value is shown in Figure 7B. From Figure 6B, it can
be observed that the lowest i,,,, value of IPAQ without IP aerogel is 0.558,
and the highest value of i, is 0.679. In general, the i,, value of the
clothing material will increase with the increase in ambient temperature
and humidity to maintain the heat balance. Therefore, the larger the i,
value of clothing material, the easier it is to maintain the thermal
balance of human body in a high temperature and humidity
This high-permeability PI aerogel/aramid fiber
composite will provide better thermal comfort for the wearer in a

environment.

high temperature and humidity environment.

4 Conclusion

In summary, microporous PI aerogel/aramid composites with
robust mechanical properties and highly efficient heat insulation
performance were prepared by molding and freeze-drying. With
the increase in the PI aerogel mass fraction, PI aerogel/aramid fiber
composite material shows better thermal insulation performance.
PIA2 has the best thermal insulation, with a thermal conductivity
as low as 0.031 W/(m-k) at room temperature. In addition, the
thermal insulation properties of the PI aerogel/aramid fiber
composites were also significantly improved with the increase in
the PI aerogel mass fraction. The thermal conductivity of the
composites was significantly reduced due to the high porosity and
low thermal conductivity of PI aerogel. Furthermore, the PI
aerogel/aramid fiber composite with 20% PI aerogel mass
has the best
maintaining high tensile strength. In addition, for the PI

fraction deformation  performance while
aerogel/aramid fiber composite with 20% PI aerogel mass
fraction, the air permeability is 24.8 mL cm™ s™' at 100 Pa and
the permeability index value is 0.679. The results indicate that the
use of aerogel nonwoven fabric in thermal protective clothing
systems is a viable alternative to commercial nonwoven fabrics. Its

superior thermal resistance performance, flexibility, and moisture
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management capabilities make it a potentially ideal material for
such systems. Further research is needed to explore the use of the
fabric in different work environments to determine its
effectiveness and potential limitations. It can provide the
material basis for the development of fire protection clothing,
petrochemical fire protection clothing, and heat protection

clothing with lightweight and efficient heat insulation function.
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