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Kevlar aerogel is a kind of easy-casting nano-porous material with the characteristics
of low density, high porosity, low thermal conductivity, high specific surface area, etc.
It can serve as functional fibers and has a bright future in the field of thermal
insulation after being processed into fabrics. To improve the tensile power of
aerogel fibers to bear more loads while maintaining their flexibility for further
braiding, a series of Kevlar aerogel tapes were fabricated in this study by using
flattened needles. It is observed that the resultant aerogel tapes show a spindle-like
cross section, and have greatly improved load-bearing capability with muscular
tensile strength up to 2.07 MPa. The use of a larger needle is conductive to preparing
aerogel tapes that are more attractive in load-bearing, and increasing Kevlar
concentration tends to result in more muscular tapes with improved breaking
stress but reduced elasticity. Besides, these tapes also inherit the excellent
thermal stability and char-forming ability of Kevlar, starting to decompose at
around 500°C and producing carbon residue more than 40% of their initial
weight at 700°C. In addition, these Kevlar aerogel tapes also perform well in
terms of thermal insulation. When exposed to a hot plate of 300 °C, the fabric
braided from these aerogel tapes show a considerable temperature drop per unit
thickness as high as 120°C mm™. It can be envisaged that the developed aerogel
tapes with muscular tensile strength and their fabric products will be promising for
high-temperature thermal insulation applications, such as being used as the
insulation layer for thermal protective clothing.

KEYWORDS

kevlar aerogel tape, flattened needle, freeze drying, thermal insulation, load-bearing
capability

1 Introduction

Aerogel is a general term for nano-porous solid materials composed of colloidal particles or
skeletons, which have ultralow density, impressive specific surface area and high porosity
(Gurav et al,, 2010; Lee and Park, 2020; Idumah et al., 2021). They are attractive as separation
membranes, thermal insulators, high-efficient catalyst carriers, biosensors, etc., (Moreno-
Castilla and Maldonado-Hdédar, 2005; Cuce et al, 2014; Stergar and Maver, 2016; Jiang
et al,, 2022). Up to now, there are diverse kinds of aerogels available, generally classified
into organic aerogels, inorganic aerogels, carbon aerogels and the composite ones (Guo et al.,
2018; Alwin and Sahaya Shajan, 2020). Some of the aerogels can be processed into particles, thin
films or flexible fibers, allowing them promising in thermal protective fabrics or even garments
(Chang et al., 2014; Bhuiyan et al., 2020; Mekonnen et al., 2021; Tafreshi et al., 2022). Among
them, the fabrics from organic polymer aerogel fibers are more appealing as they usually
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GRAPHICAL ABSTRACT

perform better in terms of breathability, comfortable wearing and
durability (Li et al., 2021; Liu et al.,, 2021).

Poly-p-phenylene terephthamide (PPTA, well known as Kevlar), a
star polymer with excellent heat resistance, robust mechanical
strength, inherent flame retardancy, etc., is widely used as the base
material for fire protective clothing, insulation paper, heat-resistant
filters, and so on (Zhang et al., 2018). It can be easily fabricated into
aerogel fibers that can then be braided into fabrics (Li et al., 2019; Liu
et al,, 2019; An et al., 2021; Bao et al., 2021; Li et al., 2022a; Zuo et al.,
2022). For example, Suzuki et al. (2019) prepared neat Kevlar aerogel
fibers by sol-gel method followed by supercritical CO, drying, which
presented outstanding flexibility and thermal insulation performance,
implying that converting Kevlar into aerogel fibers is a benefit conduct
(Suzuki et al., 2019). Li et al. (2022a) and Zuo et al. (2022) fabricated a
series of flexible Kevlar aerogel fibers by a convenient wet-spinning
technique and braided them into fabrics (Li et al., 2022a; Zuo et al.,
2022). These aerogel fibers not only inherited most of the excellent
properties of Kevlar, but also combined the advantages of aerogel,
appealing for diverse applications. Liu et al. (2019) also utilized the
same strategy to prepare Kevlar aerogel fibers and obtained similar
fabrics that can be used in extreme environments (Liu et al., 2019).
However, most of these aerogel fibers are ultrafine with diameters
about 200-600 um (Bao et al., 2021), expressed as quite small cross-
sectional areas. This means that such aerogel fibers, despite their
considerable tensile strength, cannot withstand relatively heavy loads.
The ultrafine size of these Kevlar aerogel fibers together with their
nano-porous structure gives them delicate mechanical properties that
need to be further enhanced. It was reported that the mechanical
enhancement of Kevlar aerogel fibers could be achieved by adding
functional additives such as MXene (Lu et al., 2021; Zuo et al., 2022),
carbon nanotubes (CNT) (Huang et al, 2022), etc., as well as
introducing an extra sheath for support (Sun et al, 2021; Huang
et al,, 2022). But things are not always perfect, the strategies for
enhancing mechanical properties of Kevlar aerogel fibers often come
at the expense of deteriorating some other properties of the aerogel
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fibers. For instance, the addition of MXene upgraded the thermal
conductivity of Kevlar aerogels to about 86 mW-m™"k™" (Zuo et al,,
2022), which is much higher than the neat ones (~35 mW-m "-K")
(Liu et al., 2019; Li et al., 2022a), weakened performance in thermal
insulation in other words. Given these, enlarging the cross section of
the aerogel fibers may be another effective and easily accessible
strategy to obtain muscular aerogel fibers with enhanced
mechanical properties.

In this study, inspired by the rattan mat, we focus on fabricating
muscular Kevlar aerogel tapes with a flat structure. This is to obtain a
larger cross section than traditional aerogel fibers to bear more loads,
meanwhile, to maintain their flexibility in the direction of thickness for
further braiding. To achieve this, several flattened needles of different
sizes were used, resulting in a series of Kevlar aerogel tapes. The
structure, tensile properties and thermal behavior of the resultant
aerogel tapes were characterized. The results reveal that all of the
aerogel tapes have a spindle-like cross section, in accordance with what
we pursued. The enlarged cross section attributes these aerogel tapes
better load-bearing capability. Besides, these aerogel tapes also
perform well in thermal insulation, better than the previously
fabricated aerogel fibers. These advantages, combined with the
inherent flame retardancy and appealing thermal stability of
Kevlar, make the aerogel tapes attractive to thermal insulation fabrics.

2 Experimental details

2.1 Materials

Commercial Kevlar fibers were supplied by Yantai Tayho
Advanced Materials Co., Ltd. Dimethyl sulfoxide (DMSO),
potassium  tert-butoxide, methanol, and tert-butanol
purchased from Shanghai Aladdin Biochemical Technology Co.

were

Ltd. The chemicals were used as received without further purification.

2.2 Preparation of spinning suspensions

Different
concentrations of 4 wt.%,

suspensions for spinning with varying Kevlar
6 wt.%, 8wt%, and 10 wt.%
prepared by dissolving a certain amount of commercial Kevlar
fibers in DMSO with the help of potassium tert-butoxide and

methanol, according to previous reports (Yang et al, 2011; Liu

were

et al., 2019). The content of methanol in each suspension was set
as 10 wt.%. To accelerate the dissolution of Kevlar fibers, continuous
oven heating together with intermittent stirring was adopted.

2.3 Fabrication of aerogel tapes

The schematic diagram for fabricating Kevlar aerogel tapes is
shown in Figure 1. To obtain Kevlar aerogel tapes of different sizes,
four flattened needles born from 13 G, 14 G, 15 G and 17 G were used.
The G here is short for gauge, reflecting the outside diameter of the
needle. The larger the G value, the thinner the needle. After flattened,
the outlets of these needles are approximately rectangular in shape.
Their sizes are given in Figure 1; Supplementary Table S1 in the
Supplementary Materials. As shown, the short sides of these needles
are almost the same, about 0.45 mm, while the long sides are different
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Process of fabricating Kevlar aerogel tapes with flattened needles of different sizes, and the appearance of the fabric braided from the tapes.

from each other, varying from 1.40 mm to 2.82 mm. In the process of
spinning, the nanofiber suspensions of different Kevlar concentrations
were extruded from a syringe reservoir into a coagulation water bath
through one of the flattened needles given above. The feeding rate of
the nanofiber suspension was set to be about proportional to the outlet
area of the needle used, to ensure a relatively constant length of tape
production. The suspension extruded was solidified gradually in the
bath to form continuous flat wet gels. The wet gels were collected and
were then extracted several times with 25 vol.% tert-butanol solutions
to complete the solvent replacement. After that, the wet gels were
refrigerated at -80°C for about 24 h, and were then freeze-dried for
2 days to form aerogel tapes. For the convenience of discussion, the
Kevlar aerogel tapes fabricated are marked as KAT-x-y, where x is the
Kevlar concentration of the suspension used, and y is the needle used
for wet-spinning.

2.4 Characterization

The cross-sectional appearance and microstructure of the
resultant aerogel tapes were observed by using a ZEISS Sigma
500 field emission scanning electron microscopy (FE-SEM) under
an accelerating voltage of 5kV. Prior to the SEM observations, the
samples were sputter-coated with gold to render them better electrical
conductivity. The specific surface areas and pore size details of some
aerogel tapes were obtained based on the Brunauer-Emmett-Teller
(BET) theory of N, adsorption method using a Mac ASAP 2460 multi-
station analyzer as well as the Mercury intrusion porosimetry (MIP)
using an AutoPore IV 9500 porosimeter. Their tensile properties were
tested by an electronic universal testing machine of WDW-1M, with a
gauge length of 100 mm and a loading rate of 2 mm-min~". Thermo-
gravimetry (TG) analyses were conducted on a Mettler TGA/DSC3+
with a heating rate of 10°C min™' from room temperature to 700°C in
N, atmosphere. In addition, these aerogel tapes were also braided into
flexible fabrics, to further evaluate their performance in thermal
insulation by placing them on a hot plate. The hot plate was
heated from room temperature to a preset temperature of 50°C,
100°C, 200°C, or 300°C, to simulate high-temperature use scenarios.
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The temperature differences between the outer surface of the fabric
and the hot plate were recorded.

3 Results and discussion
3.1 Tap structure and morphology

At the very beginning, the size and cross-sectional appearance
of the obtained aerogel tapes were characterized by SEM. The
results are shown in Figure 2; Figure 3. It can be observed that the
cross section of the aerogel tapes shows a spindle-like structure.
The formation of the spindle-like section is mainly due to the
difference in extrusion resistance, which is larger at both ends of
the flattened needle. In other words, the spinning suspension at the
ends suffers additional resistance from the short side of the needle
to extrude. Therefore, it makes the extrusion of the spinning
suspension more difficult at the ends than at the center of the
needle, resulting in thinner tape thickness at the ends. These
aerogel tapes with spindle-like sections are helpful for braiding
compact fabrics with fewer and narrower air gaps between the
tapes, making them more attractive for heat radiation shielding in
thermal insulation applications.

The thickness and width of the resultant aerogel tapes are plotted
in Figure 2. Each average tape width and tape thickness was calculated
based on microscopic observations of at least ten samples. For the
aerogel tapes fabricated with different needles but from the same
spinning suspension of 4 wt.%, their thickness remains almost
constant at about 0.21-0.23 mm. This is because the needles used
for fabrication have almost the same thickness. The width of these
aerogel tapes, however, shows an increasing tendency from 0.93 +
0.13 mm to 1.40 + 0.13 mm as the needle used enlarges from 17 G to
13 G. For the aerogel tapes obtained with the same needle but from
varying spinning suspensions of different Kevlar concentrations, their
width is nearly the same while their thickness increases gradually with
the increase of Kevlar concentration. The increase in thickness can be
explained by the Barus effect (Goto et al., 1986; Liang, 2008). That is,
polymer solutions tend to swell as they are extruded from a die, and
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The thickness and width of the resultant aerogel tapes.
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FIGURE 3
The size and microstructure of several representative Kevlar aerogel tapes observed by SEM: (A) KAT-10-15, (B) KAT-4-15, and (C) KAT-4-17.

tend to swell more when a more viscous solution with a higher From the above analyses, it can be given that the size of the aerogel
polymer concentration is used. It is thus reasonable to obtain  tapes is mainly determined by the needle used. This also means that a
thicker aerogel tapes from a higher Kevlar concentration. wide variety of Kevlar aerogel tapes can be fabricated by customizing
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spinning needles of desired shape and size. Even so, the cross-sectional
deformation and the severe shrinkage of the aerogel tapes cannot be
ignored. As shown in Figure 2; Supplementary Table S1 in the
Supplementary Materials, the width and thickness of the obtained
tapes are apparently much smaller than the size of the needle used,
with some even half the size. The shrinkage they suffered in the process
of entire fabrication, especially during freeze drying should be
responsible.

The SEM images in Figure 3 show that the aerogel tapes are all
porous in structure, which contributes to their ultralow density
(0.05-0.29 g-cm™), high specific surface areas
(117.15-157.95 m*g™" by MIP), and high porosity (81.4%-94.8%
by MIP). In contrast, the surface of the tapes prepared is relatively
details,
Supplementary Table S1; Supplementary Figure S1

refer to
in the
Supplementary Materials. Among these aerogel tapes, KAT-10-15

smooth and compact. For more please

in Figure 3A fabricated from the highest Kevlar concentration of
10 wt.% shows a relatively denser nanofibrous structure with the
highest density of 0.29 g-cm™, but has severe fiber conglutination
issue. This could probably be a good thing as fiber conglutination is
beneficial for mechanical improvement, somewhat similar to that of
muscular polyimide aerogels dried by supercritical ethanol (Chen
et al., 2022). The BET specific surface area of KAT-10-15 was

measured to be 135.5m*g™"

. Its pore size details, together with
those of some other aerogel tapes, are plotted in Figure 4. The
results indicate that, in addition to the macropores with diameters of
hundreds of nanometers observed by SEM, there are also a large
number of mesopores in KAT-10-15, as well as in the other aerogel
tapes. In other words, the porous structure of Kevlar aerogel tapes is
multi-layered, assembled by numerous pores ranging from several to
hundreds of nanometers. This is appealing to thermal insulation, as
these small pores especially the nano-sized ones can provide the
tapes with negligible gaseous convection and reduced conduction by
greatly restricting the motion of gas molecules. For KAT-4-15
fabricated from a lower Kevlar concentration of 4 wt.%, it is more
loosely assembled than KAT-10-15. It is observed that the nanofibers
in KAT-4-15 are jointed together, but separate from each other with
almost no fiber conglutination. The difference in microstructure will
inevitably bring these aerogel tapes observable differences in
mechanical strength and some other properties.

Frontiers in Materials

By further comparing KAT-4-15 with the KAT-4-17 shown in
Figure 3C , the tape extruded from a needle of smaller width also
shows a relatively denser nanofiber structure. But the microstructure
of KAT-4-17 is not very different from that of KAT-4-15, i.e., the
effect of needle size on the tape’s microstructure is limited. It therefore
is possible to design and cast size-adjustable Kevlar aerogel tapes by
using spinning needles of different sizes, while to regulate the tape’s
microstructure by using spinning suspensions of different Kevlar
concentrations.

3.2 Tensile properties

As mentioned above, this study focuses on enhancing the tensile
strength of aerogel fibers by fabricating them into aerogel tapes. This is
achieved by enlarging the cross-sectional area to offer them muscular
ability in load-bearing, so as to facilitate their processing and use. The
tensile properties of the as-fabricated aerogel tapes were investigated,
with the results shown in Figure 5. The abscissa, i.e., strain, represents
the axial deformation degree of the tape, expressed as elongation in
this study. It can be seen from Figure 5A1 that the maximum force that
the tape can bear increases gradually from 0.45 N to 0.89 N with the
increase of tape width. This indicates that the tensile power of the
aerogel tapes was largely improved by increasing the area to bear the
load, which is consistent with our original intention. For their stress-
strain curves in Figure 5A2, however, there appears a tendency for the
stress at break to decrease first and then increase as the tape width
decreases gradually. Nevertheless, these curves show almost the same
slope. Their difference in breaking stress is mainly because they break
at different elongations. If we assume the elongation to be the same,
the breaking stress of these aerogel tapes from the same spinning
suspension but with different needles should be close to each other.
This points the direction for our future work, to further optimize the
stability of aerogel tapes in mechanical performance. The tensile
strength of these aerogel tapes in the present study is still
comparable to or higher than that of the Kevlar aerogel fibers
reported previously. For example, the aerogel tape of KAT-4-
15 shows breaking stress of 1.05 MPa, which is higher than the
0.55-0.86 MPa of the corresponding aerogel fibers prepared by
using an un-flattened spinning needle (Sun et al, 2021), and is
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The force-strain and stress-strain curves of the resultant aerogel tapes fabricated with (A) different needles and (B) from different spinning suspensions

with varying Kevlar concentrations

comparable to those reported by Li et al. (2019), Liu et al. (2019) If the
elongation of the current aerogel tapes can be as long as that of the
previously reported Kevlar aerogel fibers, the tape’s breaking stress will
be much higher. Unfortunately, this is not the case. Even so, the
enlarged cross section allows these aerogel tapes to bear more load, as a
larger cross-sectional area means the tape has more units, i.e., Kevlar
nanofibers, for load-bearing. For practical applications, the prepared
aerogel tapes with better bearing capacity can withstand relatively high
shock and are not easily to be broken. As to the shape changes of the
aerogel tape after tensile test, it was observed that the cross section of
the tape was distorted and on longer regular as before (see
Supplementary Figure S2 in the Supplementary Materials). The
tape after tensile test was reduced in width and thickness, which
was caused by stretching.

When it comes to the aerogel tapes obtained with the same needle
but from different spinning suspensions, the force they can bear at
break shows a gradual increase from 0.51 N to 1.12N as Kevlar
concentration increases from 4 wt.% to 10wt.%, as shown in
Figure 5B1. This is quite easy to understand because a higher
Kevlar concentration means there will be more nanofibers per unit
area of the tape to against external tensile force, expressed as greater
force at break. Besides, the severe conglutination among nanofibers at
high Kevlar concentrations may also be beneficial to enhance the load-
bearing capacity of the aerogel tapes. If we further convert these force-
strain curves into the classical stress-strain ones with stress as the
ordinate, the trend for stress is the same as that for force. That is, the
breaking stress of these aerogel tapes increases gradually as Kevlar
concentration increases. The results show that the breaking stress of
KAT-10-15 is as high as 2.07 MPa, almost twice that of KAT-4-15.

Frontiers in Materials

But the elongation of KAT-10-15 at break is shortened, indicative of a
significant degradation in elasticity. It can be given that the higher the
concentration of Kevlar, the more muscular but more rigid the aerogel
tapes will be.

From the above discussion, there are reasons to believe that using
spinning needle of a larger size is conductive to preparing aerogel tapes
that perform better in load-bearing, and increasing Kevlar
concentration will result in more muscular tapes with improved
breaking stress but reduced elasticity. Aerogel tapes with different
tensile properties thereby can be customized by adjusting the needle
size and Kevlar concentration. To obtain Kevlar aerogel tapes with
muscular tensile strength without considering their elasticity, a
relativity larger needle with a higher

together polymer

concentration is preferred for spinning.

3.3 Thermal behavior

To investigate the thermal decomposition performance of the
aerogel tapes, TG analysis was conducted. The results are shown in
Figure 6. It can be seen from the figure that the aerogel tapes from
different Kevlar concentrations show almost the same behavior in
thermal decomposition. One of the main differences among them lies
in the amount of volatiles they contain, including the moisture
absorbed as well as the solvents remained, which are removed
before 130°C. Thereafter, these aerogel tapes almost do not
continue to decompose until the temperature reaches about 500°C,
indicative of outstanding performance in thermal stability. As can be
seen from the enlarged TG curves in Figure 6, the temperatures at
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TG and DTG curves of commercial Kevlar fibers and the aerogel tapes fabricated from different Kevlar concentrations

which these tapes suffer a 5% mass loss of their solid contents vary
from 493°C to 509°C, only about 30°C lower than that of commercial
Kevlar fibers. The corresponding derivative thermos-gravimetry
(DTG) curves of these four aerogel tapes also show maximum
weight loss rates at about 565°C, slightly lower that of commercial
Kevlar fibers as well. All of these confirm that the excellent thermal
stability of Kevlar is well retained after being processed into aerogel
tapes.

More than that, the carbon residue of the aerogel tapes remained at
700°C are beyond 40% of their initial weight. This is also crucial for
high-temperature thermal insulation applications, as the pyrolytic
carbon residue usually deserves a porous structure (Choma et al,
2016), which can further endow the polymer with better flame
retardancy and can better shield the objects protected to reduce
heat injury. The outstanding performance of Kevlar aerogel tapes
in char-forming and thermal stability contribute to their great
potential for high-temperature applications.

The thermal insulation performance of the resultant aerogel tapes
was then evaluated preliminarily by braiding them into fabrics,
followed by placing the fabric on a hot plate of different
temperatures. The hot plate was set to 50°C, 100°C, 200°C and
300°C in sequence. The front view of the fabric can be seen in
Figure 1. Compared with our previous fabrics braided from
consanguineous aerogel fibers (Sun et al., 2021), the current fabric
from Kevlar aerogel tapes looks more like a rattan mat, and seems to be
more tightly braided with fewer and narrower air gaps formed between
adjacent tapes. This brings such fabrics better shielding against

thermal radiation, and thereby may endow their better
performance in thermal insulation.
Frontiers in Materials 07

Figure 7 plots the outer surface temperatures of the fabrics braided
from KAT-4-15 and KAT-4-13 over time at different exposure
temperatures. It is apparent that the outer surface temperatures of
these two aerogel fabrics are both lower than that of the hot plate.
When the hot plate was set to 300°C, for example, the temperature
difference between the fabric and the hot plate could be up to 70°C,
resulting in a considerable temperature drop per unit thickness of
about 120°C mm™". The temperature drop is much higher than that of
some previously reported Kevlar aerogel fibers including our coaxial
ones (Sun et al,, 2021; Li et al., 2022a; Li et al., 2022b). This indicates
that the current aerogel tapes indeed performed better in thermal
insulation than the aerogel fibers that were mechanically enhanced by
introducing a Nomex shell. The thermal conductivity of a similar but
much wider KAT-4-year aerogel tape is tested to be only
37mW-m K" by using a Hot Disk TPS2500 apparatus, while
those for KAT-6-year and KAT-8-year are 40.8 mW-m™ "K'
453 mW-m K™, respectively. Besides, the
temperature of the fabric braided from KAT-4-15 was also
observed to be lower than that of the other fabric braided from
KAT-4-13 throughout the entire heating and cooling process.
Their difference in tape size and thereby fabric thickness should be
responsible. The SEM images in Figure 3 show that the aerogel tapes

and

outer surface

have a spindle-like cross section, whose ends tend to be sharper as the
needle size enlarges. The sharper the ends of the tape’s cross section,
the thinner the fabric tends to be. Not only that, increasing the number
of aerogel tapes per unit length means more bends to form a fabric,
which is also conductive to increasing the thickness of the fabric. The
aerogel tapes of KAT-4-15 thereby tend to be braided into a relatively
thicker fabric, whose thickness is measured to be about 0.58 mm,
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FIGURE 7

The variations of the outer surface temperature of the aerogel fabrics, placed on a hot plate of different temperatures: (A) 50°C, (B) 100°C, (C) 200°C and

(D) 300°C.

indeed slightly thicker than the other fabric from KAT-4-13. It
therefore makes sense that the fabric braided from KAT-4-15
performs better in thermal insulation.

4 Conclusion

In this study, a series of Kevlar aerogel tapes were fabricated using
flattened needles of different sizes based on the coupled strategy of wet-
spinning and freeze drying. The structure, tensile properties and thermal
behavior of the obtained aerogel tapes were characterized. It is observed
that the aerogel tapes have a nano-porous structure assembled by
numerous nanofibers, and show a spindle-like cross section with a
thick center and narrow ends. Thanks to the enlarged cross section by
using flattened needles and the bushier branches gained from denser
spinning suspensions to bear more load, these aerogel tapes show greatly
improved load-bearing capability with muscular tensile strength. Besides,
the excellent thermal stability and char-forming performance of Kevlar
are also well preserved after being processed into aerogel tapes. The onset
temperatures of these tapes to decompose are still around 500°C, with
carbon residue more than 40% of their initial weight produced at 700°C.
In addition, these Kevlar aerogel tapes also perform well in thermal
insulation. The thermal insulation performance of the fabric depends on
its thickness to a large extent and is closely related to the size of the needle
used. The outer surface temperature of the fabric braided from KAT-4-15
can be 70°C lower than that of the hot plate, resulting in a considerable
temperature drop per unit thickness of about 120°C mm™ when exposed
to 300°C. Given these, the developed aerogel tapes with muscular tensile
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strength, inherent flame retardancy and appealing thermal stability may
have great appeal in flexible and survivable fabrics for thermal insulation
at high temperatures.
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