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1. INTRODUCTION

High-temperature thermal insulators with high thermal in-
sulation values and high mechanical strength are required for the
thermal protection systems of the hypersonic vehicles (Mach
number as high as 12),1 which endured high heat flux and
ultrahigh temperature.2 Aerogels are nanoporous solid materials
with high surface area, high porosity, and low density.3 Due to
their unique nanometer network and nanoporous structure,
which suppress the gaseous thermal conduction significantly,
aerogels exhibit very low thermal conductivity, e.g., 0.012Wm�1

K�1 at room temperature for resorcinol-formaldehyde (RF)
aerogels,4 and they are excellent thermal insulators used in
aerospace.5 In the many aerogels, with a variety of chemical
compositions ranging from inorganic oxides to polymers that
have been explored to date,6�16 carbon aerogels (CAs) have the
highest thermal stability and can maintain their mesoporous
structure at a high temperature even exceed 2000 �C in an inert
atmosphere.17 In addition, CAs exhibit much higher specific
extinction coefficients than other kinds of aerogels, thus the
radiative thermal conduction, which is the dominating compo-
nent of heat transfer at high temperature, is very low.18 It is also
well-known that the carbon materials (foam, fiber felt, and rigid
carbon bonded carbon fiber tile) have been widely used as high
temperature thermal insulators or thermal structures.19 There-
fore, CA is one of the most promising materials for high-
temperature thermal insulators in thermal protection system,20

especially for the hypersonic vehicles or the space vehicles that
endured high heat flux and high temperature. Of course, the CAs

must be coated with antioxidation coatings when they are used
in air because they may be oxdized at above about 500 �C in the
presence of oxygen.

Similar to silica aerogels, CAs are brittle and fragile, and they
collapse easily. So it is difficult to prepare the CA in a large-scale
industrial setting. There has been a lot of excellent work on
reinforcing the silica aerogels by cross-linked polymers between
the necks of the particles of the network chains,21�23 it can
significantly improve the strength by as much as 2 orders of
magnitude while only doubling the density over those of native or
nonreinforced aerogels.24,25 However, this cross-linking method
is inappropriate for the CAs because it has been found that
pyrolysis under inert atmosphere of polyurea-cross-linked RF
aerogels yields macroporous carbons,26 whereas it is well-known
that pyrolysis of native RF aerogels leads to typical mesoporous
carbon aerogels. At the early stages of carbonization (200�
250 �C) polyurea is detached chemically from the RF skeletal
framework above its melting point (123 �C), and by melting
causes local framework collapse with creation of macropores
surrounded by xerogel-like walls.

Reinforcing the brittle ceramics with fibers to fabricate com-
posites such as C/C,27 C/SiC,28,29 and SiC/SiC30,31 is an
effective way to improve themechanical properties. To overcome
the similar brittleness for CAs, many attempts to strengthen the
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gel skeletons by reinforcing themwith carbon fibers,32�34 carbon
nanotubes,35�38 and ceramic fibers39 have been explored. Un-
fortunately, these hard reinforcements barely shrink, whereas
the CAs are derived from carbonizing organic aerogels, they
exhibit large linear shrinkage of 20% or higher.40,41 Thus the
different shrinkage rates between the reinforcements and the CA
matrices will lead to large residual stresses and then lead to large
cracks. The cracks in the composites reinforced by hard carbon fibers
can be as large as 0.5 mm.33 These large cracks may be detri-
mental for the CAs using as thermal insulators, because they may
increase the gaseous thermal conductivity. In addition, overlarge
cracks may decrease the mechanical strength of the composites.

To reduce the cracks and improve the methods that using
inorganic fibers or tubes as hard reinforcements, in this paper we
introduce a new concept that using oxidized polyacrylonitrile
(PAN) fibers as soft reinforcements to prepare an organic fiber-
reinforced organic aerogel composite first, and then carbonizing
to form a carbon fiber-reinforced carbon aerogel composite
(C/CA). The organic PAN fiber felts are directly impregnated
by RF sols. Afterward, the RF gels are synthesized in the void
space between the PAN fibers. After drying at ambient pressure,
the organic PAN/RF aerogel composites are obtained. Upon
carbonization, the PAN fibers shrink with the RF aerogels to
form carbon composites, thus reducing the difference of shrink-
age rates between the fiber reinforcements and the aerogel
matrices, and results in CA composites with improved mechan-
ical properties and without any obvious cracks.

There are some reasons for why we used oxidized PAN fiber
felts instead of native PAN fiber felts as the organic fiber reinforce-
ments. The oxidative stabilization is an essential step in the produc-
tion of PAN-based carbon fibers.42,43 This process is necessary to
cross-link PAN chains and prepare a structure that can withstand
the rigors of high-temperature processing before carbonization,
lack of or nonoptimized oxidative stabilization can also lead to
excessive weight loss during subsequent carbonization, and to
carbon fibers with inferior properties. Oxidative stabilization is
normally performed at 200�300 �C in the presence of air and the
PAN fiber is prestressed to a constant tension (to improving
preferred orientation and mechanical properties). However, if we
use PAN fiber directly, first, in the composite we can not put
tension on the PAN fibers, and second, we can not oxidize the
PAN/RF composites because we have found that the RF aerogel
would smoke and catch fire above 120 �C in air; the same
phenomena has also been found for phenolic-furfural aerogels.44

We used RF as carbon precursors because the RF aerogels
need no oxidation before carbonization, whereas other organic
aerogels like polyurethanes,45 polyureas,46 polybenzoxazines,47,48

and PAN49 need oxidation. The oxidation is an exothermic
process. When the organic aerogel monoliths are small, it is easy
to release the heat caused by oxidation, in the case of the references
mentioned above. But one of the purposes of our work is to
fabricate the C/CAs in large scale settings, which are required in
the practical thermal insulator applications. The organic compo-
sites we prepared are as thick as 50 mm. They are really thick and
it is difficult to oxidize them and to release the heat out of the bulk,
if the organic aerogels need to be oxidized before carbonization.

To gel the RF, there are two sorts of catalyst: base and acid.
The acid-catalyzed methods can really reduce the gelation time.
But in our case, because in the drying process the fiber reinforce-
ments do not shrink, there is lower shrinkage and higher strength
for the RF aerogel matrices, fewer cracks, and higher strength for
the composites. And the narrower the pore size for the aerogels,

the lower the thermal conductivity for the composites.However, the
high concentration HCl-catalyst RF aerogels (R/CHCl = 0.55),

50

using water as solvent and dried at ambient pressure, exhibit very
low specific surface area (e14.19 m2/g), and they are weak and
can be easily broken in hand by soft pressure, which is not
possible with the Na2CO3-catalyst RF aerogels with the same
density (0.41 g cm�3). When using HCl as catalyst and CH3CN
as solvent, the obtained gels shrink largely (g29%) even dried with
supercritical CO2.

51 When using hydrated metal ions to catalyze
gelation of RF, the linear shrinkage dried at ambient pressure is as
large as 47.1�64.4%.52

The structure of base-catalyst (Na2CO3) RF gels can be easily
tailored in a wide range by varying the processing conditions
(monomer concentrations and R/C values).41 Also, the surface
area in based-catalyzed aerogels is relatively high compared to
acid-catalyzed RF aerogels.53 Therefore, we take advantage of
this flexibility of Na2CO3-catalyst method to prepare a suitable
gel to reduce density as low as possible, and shrinkage and pore
size as small as possible for the matrices in the composites.

2. EXPERIMENTAL SECTION

2.1. Materials. Resorcinol (R), formaldehyde (F), sodium carbo-
nate (C), and ethanol were purchased from Shanghai National Chemical
Co. (China), deionized water (W) was obtained from Huihong Chemi-
cal Co. (China). The oxidized PAN fiber felts (preoxidized temperature
260 �C) were purchased from Nantong Senyou Carbon Fiber Co.
(China). All of the chemical reagents were used as received.
2.2. Preparation. The synthesizing process is shown in Figure 1.

The RF sols were synthesized by using R and F as precursors, W as
solvent, andC as catalyst. Themolar ratio of F/Rwas 2, the ratios of R/C
andW/Rwere set to be 250�2000 and 1�26, respectively. The oxidized
PAN fiber felts were used as reinforcements. The fiber orientation in the felt
is anisotropic, most of the fibers are along the felt plane (in-plane direc-
tion), and only a few needled fibers are along the perpendicular direction
of the felt plane (through-plane direction). Single fiber felt is about
15 mm thick and its apparent density is about 0.1 g cm�3. Several felts

Figure 1. Flowchart of the synthesizing process.
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were piled together and two stainless steel plates were used to press them
to obtain a desired thickness (12�50 mm) and a desired apparent
density (0.12 g cm�3). After keeping the RF sols at room temperature
for 1 day, the fixed PAN fiber felts were impregnated with the RF sols
under vacuum. Then the PAN fiber felts containing the RF sols were
placed in 50 �C water bath for 1 day, and then at 95 �C for 2 days. The
cured PAN/RF aquagel composites were soaked in ethanol for 7 days,
with exchanging the ethanol one time for each day. Then the obtained
PAN/RF alcogel composites were placed in an oven, and dried in air at
50 �C for 3 days and at 100 �C for 1 day (do not dry them at above
120 �C, or they may catch fire). The obtained PAN/RF aerogel
composites were carbonized to form C/CAs at 1200 �C for 1 h under
a flowing nitrogen atmosphere (200 mL min�1). The composites both
shrank in the ambient drying and the pyrolysis processes. For compar-
ison, hard carbon fibers and mullite fibers (Al2O3�SiO2) were also used
as hard reinforcements and impregnated with the RF sols to prepared
CA composites as the same procedure of the C/CAs from PAN fiber
reinforcements to investigate their cracks and microstructure. Pure
PAN fiber felts and pure RF aerogels were also carbonized as the pyrolysis
procedure of the PAN/RF aerogel composites tomeasure their shrinkage.
2.3. Characterization. The linear shrinkage of the samples was

calculated from the dimensions of the samples before and after ambient
drying, or carbonization. The bulk density (F) was obtained by measur-
ing the volume and the weight of the aerogels or the composites. The
porosity was calculated by (1� F/Fs)� 100%. Fs is the skeletal density,
they are 1.55 and 2.19 g cm�3 for RF and carbon aerogels, respectively.54

Nitrogen sorption measurements were performed to obtain pore
properties such as specific surface area and specific pore volume with
a QuadraSorb SI (Quantachrome, USA) analyzer. The desorption
branches were used for the Barrett�Joyner�Halenda (BJH) calcula-
tion. The microstructure of the pure CAs and the C/CAs were
investigated by a Hitachi S4800 scanning electron microscope (SEM)
after coating the samples with a thin platinum layer. The pure CAs and
the composites were cut into disk-shape with diameters of 12.7 mm and
thicknesses of approximately 1.6 mm, and the thermal diffusivities in the
through-plane direction of the samples (without any coatings) were
determined by laser flash method using a Netzsch LFA 447 apparatus in
air.55,56 The Cowan method was selected to correct the diffusivity
measurements with respect to heat losses. The effective thermal con-
ductivity (λeff) was obtained according to eq 1 from the thermal diffusivity
α, with a known specific heat capacity cp and sample density F.57

λeff ¼ αðTÞFcpðTÞ ð1Þ

T is the temperature at which the measurement is performed. Literature
values of specific heat capacity cp were used.

57

The bend strengths of the pure CAs and the C/CAs were tested by
three point bending measurement with sample dimensions of 50� 5� 4
mm3 and a span of 40 mm, using a WDW model 100 test machine
(Changchun Machine Co., China) with a 1 kN load cell. The crosshead
rate was 0.5mmmin�1. Five specimens for each kind of sample were used.

3. RESULTS AND DISCUSSION

3.1. Effects of W/R and R/C Ratios on the Structural
Properties of the RF Aerogels in the Drying Process. Com-
pared to the conventional supercritical drying, which is expensive
and time-consuming, the ambient drying of our PAN/RF gels is
cheaper and safer.58 And another important advantage for the
ambient drying is that large samples can be easily dried and
prepared. For supercritical drying, the sample dimension will be
limited by the dimension of the autoclave that used to carry out
the drying. Therefore, this ambient drying method makes the
C/CAs of even greater interest as cheaper and easier for industrial

production. Lots of papers have described the ambient drying for
aerogels,13,32,50,58�63 and have concluded that the shrinkage
during the drying process is affected by the pore size and the
network strength of the gels, which are related to the molar ratios
of the R/C and the W/R used in the preparation of the RF sols.
However, in our special case, not only small pore size (for low
gaseous conductivity) but also small shrinkage (for reducing
cracks) are desired, and therefore, we must investigate the effects
of R/C andW/R values on the shrinkage and the porosities in our
experiments to get small shrinkage first and then to reduce the
pore size by decreasing R/C values as low as possible. So we
prepared RF aerogels with different molar ratios of R/C andW/R,
and investigated their shrinkage before preparing the composites.
The shrinkage and the densities of the RF aerogels prepared by
different W/R ratios are shown in Figure 2. The R/C ratios are
kept constant as 1000. It can be seen that, when theW/R ratios are
lower than 16, the RF aerogels exhibit constant andmild shrinkage
of approximately 11.0%. When theW/R ratios are higher than 16,
the shrinkage increases sharply with increasing the W/R ratio, the
reason is the weak skeleton structure resulted from the high W/R
ratio (low reactant concentration). The densities of the RF
aerogels change mildly when the W/R ratios are higher than 16,
the reason is the integration of lower reactant concentration in the
gel and higher shrinkage during the ambient drying.
Figure 3 shows the shrinkage and densities of the RF aerogels

prepared by different R/C ratios during the ambient drying

Figure 2. Shrinkage and density of RF aerogels prepared by different
W/R ratios during the ambient drying process. The R/C ratio is kept
constant as 1000.

Figure 3. Shrinkage and density of RF aerogels prepared by different R/
C ratios during the ambient drying process. The W/R ratio is kept
constant as 16.
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process. The W/R ratios are kept constant as 16. It can be seen
that, when the R/C ratios are lower than 1000, the shrinkage
increases sharply with decreasing the R/C ratio, the reason may
be the larger capillary tensions resulted from narrower pore size,
which is formed in the higher catalyst concentration (lower R/C
ratio).40,58,60�62 The density and the shrinkage are not changed
obviously when the R/C ratios are between 1000 and 2000. But
the higher the R/C ratio (lower catalyst concentration), the
larger the pore size and particle size.40,58,60�62 Thus for the
purposes of low shrinkage, low density, and narrow pore size, the
R/C and theW/R ratios were set to be 1000 and 16 for preparing
the RF sols, which were used to impregnate the PAN fiber felts to
prepare composites.
3.2. Textural Properties of the RF Aerogels and the CAs.

The pure RF aerogels prepared by R/C ratio of 1000 and W/R
ratio of 16 were carbonized to form pure CAs. The nitrogen
sorption isotherms, BJH pore size distributions, and SEM
images of the RF aerogels and CAs are shown in Figure 4.
The RF aerogels and CAs both exhibit a hybrid of type 2 and
type 4 isotherms (Figure 4a). Pore size distribution plots show a
range of pores extending from the mesoporous to the macro-
porous regime (Figure 4b), justified the type 4 isotherms. The
pore diameter of the peak of the BJH pore size distribution
curve of the CA is smaller than that of the RF aerogel, indicative
of the shrinkage of the pore during the carbonization process.
From the SEM images of the RF aerogels (Figure 4c) and CAs
(Figure 4d), it can be seen that both the RF aerogels and the
CAs comprise a three-dimensional network of interconnected

particles and continuously open macropores, justifying the type
2 isotherms.
The textural properties of the RF aerogels and CAs are shown

in Table 1. The densities of the RF aerogels and the CAs are
similar, the reasonmay be the volume shrinkage of approximately
50% and mass loss of 50% during the carbonization process.41

Both the BET surface area and the pore volume of the RF
aerogels are similar to those of CAs. Because of the shrinkage
during carbonization, the pore diameters of the peak of the BJH
distribution curves decrease from 66 nm for the RF aerogels to
37 nm for the CAs.

Figure 4. (a) Nitrogen sorption isotherm and (b) BJH pore size distribution of the RF aerogel and CA. SEM images of the (c) RF aerogel and (d) CA.

Table 1. Textural Properties of the RF Aerogel and the Related CA Prepared by R/C = 1000 and W/R = 16

material density (g cm�3) porosity (%) SBET
a (m2 g�1) Smes

b (m2 g�1) Smic
c (m2 g�1) VPore

d (cm3 g�1) Dpore
e (nm)

RF aerogel 0.449 71.0 159.6 159.6 0 0.22 66

CA 0.446 79.6 168.0 114.6 53.4 0.24 37
aBET specific surface area. bMesoporous surface area. cMicroporous surface area. d Pore volume. ePore diameter at the peak of the BJH distribution curve.

Figure 5. Photographs of (a, b) the PAN/RF aerogel composites and
(c, d) the C/CAs. The C/CA in c was derived from the one in b via
carbonization and without any further machining. The C/CAs in d had
been sawed so they looked smooth on the edges.
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3.3. Microstructure of the C/CAs. The RF sols prepared by
R/C ratio of 1000 andW/R ratio of 16 were used to impregnate
the PAN fiber felts (apparent density 0.12 g cm�3), then aged
and exchanged with ethanol, and then dried at ambient pressure
to obtain organic PAN/RF aerogel composites (0.531 g cm�3).
The weight percentage of the oxidized PAN fibers in the PAN/RF
aerogel composites is 22.7 wt %. The C/CAs were obtained by
carbonizing the organic composites. During the ambient drying
process, the linear shrinkage of the composite in the in-plane
direction and the through-plane direction are 5.2 and 12.4%,
respectively. Because most of the PAN fibers are along the in-
plane direction, the shrinkage of the composites in this direction is
greatly limited by the fibers, thus the shrinkage (5.2%) is lower
than that of the pure RF aerogels (11.0%). While only a few
needled fibers are along the through-plane direction, the shrinkage
in this direction (12.4%) are much higher than that in the in-plane
direction, even a little higher than that of the pure RF aerogels
(11.0%). The reason may be the tendency of keeping the volume
of the aerogels during the drying process, the lower shrinkage
limited by the fibers in the in-plane direction will be equalized by
the higher shrinkage in the through-plane direction.
Figure 5 shows the photographs of the PAN/RF aerogel

composites and the C/CAs. The color of the oxidized PAN fiber
felts is black, after impregnated with the RF aerogels to form
composites, the color is yellow (Figure 5a, b). Then the color
turns to black after carbonization (Figure 5c, d). The density of
the C/CAs is 0.520 g cm�3 (porosity 74.9%), which is a little
higher than that of the pure CAs (0.446 g cm�3, Table 1), it is
attributed to the incorporation of the carbon fibers. The weight
percentage of the carbon fibers in the C/CAs is 21.6 wt %. An
important feature of the C/CAs is their lack of obvious cracks.
This feature ensures low gaseous thermal conductivity and

high mechanical strength of the C/CAs, and suggests that the
C/CAs can be fabricated in a large-scale setting, which would be
important in the thermal insulator applications for thermal
protection system. With the PAN fiber-reinforcing and ambient
drying method, we easily prepared C/CAs with dimensions of
200� 200� 35mm3 (see the Supporting Information, Figure s2).
The SEM images of the C/CAs are shown in Figure 6. The

SEM images of the composites using carbon fibers and mullite
fibers as hard reinforcements are also shown for comparison.
There are not any obvious cracks in the C/CAs synthesized by
carbonizing the RF aerogel composites with PAN fiber reinforce-
ments (Figure 6a, b). Because the organic PAN fibers shrink with
the RF aerogels when the composites are carbonized, it reduces
the difference of shrinkage rates between the fiber reinforce-
ments and the aerogel matrices, and thus reduces the residual
stresses in the aerogels and then leads to C/CAs without any
obvious cracks (Figure 6c). The shrinkage of the pure PAN fiber
felts, pure RF aerogels, and their composite during the carboni-
zation process are shown in Table 2. The linear shrinkage of the
PAN/RF aerogel composites in the in-plane direction is 13.2%,
which is between the value of the pure PAN fiber felts (11.3%)
and the value of the pure RF aerogels (18.3%). However, the

Figure 6. (a) Lower- and (b) higher-magnification SEM images and (c) structure scheme of the C/CAs prepared by copyrolysis of PAN/RF aerogel
composites. (d) Lower- and (e) higher-magnification SEM images and (f) crack formation scheme of the C/CAs prepared by carbonizing hard carbon
fiber-reinforced RF aerogel composites. (g) Lower- and (h) higher-magnification SEM images and (i) crack formation scheme of the mullite-fiber/CAs.
The white arrows in d, e, g, and h indicate the cracks or voids in the CAs. The black arrows in f and i indicate the residual force directions that induce
cracks or voids in the CAs. The inset in h shows the void with a diameter larger than that of the mullite fiber.

Table 2. Shrinkage and Carbon Yields of the Pure PAN
Fibers, Pure RF Aerogels, and Their Composites during the
Carbonization Process

materials

in-plane shrinkage

(%)

through-plane shrinkage

(%)

carbon yield

(wt%)

PAN fibers 11.3 51.4

RF aerogels 18.3 18.3 54.7

PAN/RFs 13.2 23.6 54.0
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linear shrinkage of the PAN/RF aerogel composites in the
through-plane direction is 23.6%, which is even higher than that
of the pure RF aerogels. The reason may be that the shrinkage of
the aerogel in the in-plane direction is limited by the PAN fibers
(from 18.3 to 13.2%), thus the shrinkage in the through-plane
direction will be higher than that of the pure RF aerogels to keep
the volume of the aerogels, it means that the CA matrices in the
C/CAs are pulled and elongated in the in-plane direction.
Therefore, though the PAN fiber felts shrink with the RF aerogels
and thus reducing the residual stresses and avoiding large cracks
in the composite, compared to the pure RF aerogels (18.3%), the
shrinkage of the pure PAN fiber (11.3%) is still relatively low. In
the near future, we will devote our efforts to investigate the
shrinkage of other kinds of organic fibers, in order to search out
an organic fiber with closer shrinkage to the RF aerogels than the
PAN fiber for reinforcements to improve the compatibility
between the fibers and the aerogels.
However, there are many cracks in the composites using hard

carbon fibers (Figure 6d, e) and mullite fibers (Figure 6g, h) as
reinforcements. The cracks are also found in refs 33, 35, and 64.
Interestingly, the directions of the cracks in the hard carbon fiber-
reinforced composites are different from the ones in the mullite
fiber-reinforced composites, we suppose that the reason may be
the strong adhesion between the hard carbon fibers and the CAs,
and reversely the weak adhesion between the mullite fibers and
the CAs. For the hard carbon fiber-reinforced composites, the
aerogels shrink but the hard carbon fibers barely shrink, whereas
the adhesion on the interface are strong, thus shear stresses are
induced in the CAs nearby the interface. The direction of the
shear stresses is parallel to the fiber direction (Figure 6f) and
induces cracks that are mostly vertical to the fiber direction.
However, for the hard mullite fiber-reinforced composites,
because of the weak adhesion on the interface, the aerogels split
easily on the interface. Thus the direction of the shrink-back force
is vertical to the fiber direction (Figure 6i), which induces holes
or voids between the mullite fibers and the CAs, and the cracks
spread mostly along the fibers. More SEM images indicated the
cracks of these two composites can be found in the Supporting
Information, Figures s3 and s4.
3.4. Bend Strength and Thermal Conductivity of the C/CA.

Figure 7 shows the bending stress versus strain curves of the pure
CA and C/CA. It can be seen that, for the pure CA, the bending
stress increases proportionally to the strain and abruptly declines
at the highest point when the specimen is broken, this indicates
that the pure CA is very brittle. As shown in the inset in Figure 7a,
the pure CA ruptured completely into two parts after the three

point bending measurement. Although the C/CA is tougher,
after the bending stress reaches its highest point, it decreases only
gradually with increasing strain, indicative of fracture toughness.
The C/CA was not broken completely and was still bridged by
the carbon fibers on the failure points (inset in Figure 7b).
Overall, the C/CA exhibits higher bend strength of 7.1 ( 1.7
MPa than the pure CA (4.4 ( 0.4 MPa). The improved
mechanical properties of the C/CA will be beneficial for load-
bearing thermal insulator and also make the material to be easily
machined to any possible shapes that required in the thermal
protection system. Furthermore, the mechanical properties
of the C/CA can be adjusted by adjusting the fiber fraction in
the composite.
Figure 8 shows the thermal conductivities of the pure CA

and the C/CA. It can be seen that the thermal conductivity of
the C/CA are higher than that of the pure CA, attributed to the
higher solid conductivity of the carbon fiber than that of the
pure CA. At 300 �C in air, the thermal conductivity is 0.276 W
m�1 K�1 for the pure CA, and 0.328Wm�1 K�1 for the C/CA.
Actually, the thermal conductivity of the C/CA in this work is
higher than that of the low density pure CA (0.066 g cm�3)
prepared by supercritical drying in our previous work (0.033W
m�1 K�1 at 300 �C in air).65 Nevertheless, the C/CA in this
work can be prepared by an easier and lower-cost ambient
drying process, and the C/CA exhibits fracture toughness, it is
much more robust than the low density pure CA, suggesting

Figure 7. Bending stress versus strain curves (five specimens) of (a) the pure CA and (b) the C/CA. The insets are the pictures of the specimens after
three point bending test, the C/CA exhibits fracture toughness and after the test it still joint together by the carbon fibers on the failure point.

Figure 8. Thermal conductivities of the pureCA specimens (0.446 g cm�3)
and the C/CA specimens (0.520 g cm�3) in air by laser flash method.
After being reinforced by the carbon fiber via PAN fiber reinforcements,
the thermal conductivities of the composite are higher than that of
the pure CA, because of the higher solid conductivity attributed to the
carbon fiber.
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that the C/CA can be more easily handled with and used
as load-bearing thermal insulators in inert atmospheres or
vacuum.
The characteristic of nanometer pore size of the C/CA can

also makes it to be a promising candidate for support material.
Silica aerogels and their fiber-reinforced composites have been
developed in our laboratory and elsewhere,23,66,67 and used as
supports for phase change materials. It has been concluded that
the nanopore of the aerogel can effectively prevent the leakage
of the liquid when the phase change materials (paraffin)
melt.66,67 Carbon foam with pore diameters ranging from 200
to 400 μm has also been used by Mesalhy et al. as supports
for the phase change materials.68 It has been concluded that the
thermal conductivity of the matrix composite plays an impor-
tant role in the heat absorption rate. The higher the value of the
thermal conductivity of the matrix composite, the higher the
value of the heat absorption rate because the high value of
thermal conductivity acts to conduct the heat rapidly and acts to
absorb heat rapidly.68 Compared to the silica aerogels, which
have very low thermal conductivity (0.013 W m�1 K�1),4 the
higher thermal conductivity of the C/CAs in this work will
benefit in more rapid heat conduction through the network.
Compared to the carbon foam which has micrometer pore
diameter, the nanometer pore size of the C/CAs in this work,
which is similar to the silica aerogels, will benefit in more
effectively preventing leakage of the liquid paraffin. Therefore,
the C/CAs can be used as new supports for phase change
materials in thermal management. Furthermore, the robust
C/CAs can be partially impregnated with phase change materi-
als or phenolic resin to serve as multifunctional materials with
multiple properties such as load bearing, thermal insulating,
radiation reflecting, and heat absorbing.
In addition, our organicfiber-reinforced composites are not limited

by using base-catalyst RF aerogels as matrices. The similar raw
materials, that do not need oxidation and can be dried at ambient
pressure, can also be used as the matrices, such as phenol-furfural,
resorcinol-furfural, phenol-formaldehyde, and polyimide aerogels.
Even the oxidized PAN fiber reinforcements can be replaced by
other organic fibers that can be carbonized to form carbon fibers
compatible with the organic aerogels. We think this flexibility is
an advantage of our method.

4. CONCLUSIONS

A newC/CA architecture was prepared by ambient drying and
copyrolysis of organic fiber-reinforced organic aerogel compo-
site. Upon carbonization the organic PAN fibers shrink with the
RF aerogels, thus reducing the difference of the shrinkage rates
between the fiber reinforcements and the aerogel matrices, and
thus reducing the residual stresses, and then leading to C/CA
without any obvious cracks. The C/CA exhibits fracture tough-
ness, it has higher bend strength and higher thermal conductivity
than the pure CA. Further optimization of the controllable
parameters of the C/CAs is expected to produce composites
with even greater properties for special use as extremely high-
temperature thermal insulators in inert atmospheres or vacuum,
or phase change material supports. Together with the easy
handling, resulting from the improved mechanical properties,
the lack of obvious cracks, and the ease of fabrication, our new
method may lead to lower-cost and larger scale industrial pro-
cesses, suggesting that CAs will find increased usage in thermal
management applications.
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