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Abstract: This paper focuses on the preparation of boron-containing phenolic resin (BPR)-derived
carbon modified three-dimensional (3D) needled carbon fiber reinforced silicon oxycarbide (SiOC)
composites through a simple precursor infiltration and pyrolysis process (PIP), and the influence
of PIP cycle numbers on the microstructure, mechanical, high-temperature oxidation resistance.
The electromagnetic wave (EMW) absorption properties of the composites were investigated for
the first time. The pyrolysis temperature played an important role in the structural evolution of
the SiOC precursor, as temperatures above 1400 ◦C would cause phase separation of the SiOC
and the formation of silicon carbide (SiC), silica (SiO2), and carbon. The density and compressive
strength of the composites increased as the PIP cycle number increased: the value for the sample
with 3 PIP cycles was 0.77 g/cm3, 7.18 ± 1.92 MPa in XY direction and 9.01 ± 1.25 MPa in Z direction,
respectively. This composite presented excellent high-temperature oxidation resistance and thermal
stability properties with weight retention above 95% up to 1000 ◦C both under air and Ar atmosphere.
The minimal reflection loss (RLmin) value and the widest effective absorption bandwidth (EAB)
value of as-prepared composites was −24.31 dB and 4.9 GHz under the optimization condition for
the sample with 3 PIP cycles. The above results indicate that our BPR-derived carbon modified 3D
needled carbon fiber reinforced SiOC composites could be considered as a promising material for
practical applications.

Keywords: SiOC; pyrolysis temperature; PIP cycle; microwave absorption

1. Introduction

With the rapid development of technology, low-cost, lightweight, and reusable thermal protection
materials for aerospace applications are in high demand to protect vehicles from damage under extreme
conditions [1]. According to previous literature, carbon bonded carbon fiber composites (CBCF) have
attracted much attention due to their low density and low thermal conductivity, and are considered
a promising candidate for thermal insulation. CBCF is commonly prepared by vacuum or pressure
filtration followed the pyrolysis method using chopped carbon fibers and phenolic resin (PR) as raw
materials [2,3]. Although numerous efforts have been made to research CBCF composites, the intrinsic
problems of CBCF composites severely restrict them for practical application, namely weak mechanical
and poor oxidation resistance under high-temperature conditions [4].

From the perspective of the mechanical property, the three-dimensional (3D) needled carbon
fiber preform shows promise for overcoming the poor mechanical property of pristine chopped
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carbon fibers [4,5]. In addition, the introduction of ceramic has been confirmed as an effective way
to improve the high-temperature oxidation resistance of the composites up to now [6,7]. Notably,
the pristine 3D needled carbon fiber preform is too flexible to operate, and thus direct incorporation of
the ceramic phase would result in the structural distortion of the pristine preform. In order to improve
the operability of the pristine preform, incorporation of resin-derived carbon through a simple vacuum
infiltration and pyrolysis process is an effective method similar to the preparation of CBCFs composites.
In addition, compared with common phenolic resin (PR), boron-containing phenolic resin (BPR)
presents better thermal stability at high-temperature due to much higher B-O bond energy than that of
the C-O bond. Thus, it is reasonable to believe that introducing BPR-derived carbon into the pristine
3D needled carbon fiber preform through a simple method would enhance the high-temperature
thermal stability of the composites compared to that of common PR pyrolyzed carbon [8]. From
the ceramic point of view, polymer-derived ceramics (PDCs) have gained much attention, which
could be attributed to their remarkable properties over conventional ceramics, such as low processing
temperature and excellent properties, especially in thermal stability, high-temperature mechanics,
and oxidation resistance [9,10]. Among all PDCs, apart from the amorphous phase with low thermal
conductivity, the low-cost silicon oxycarbide (SiOC) ceramics possess inherent chemical durability,
tunable mechanical and unusual high-temperature properties, which should be ascribed to its special
structure, namely an anionic silica network, in which, two divalent O atoms are partially replaced
by one tetravalent C atom [11–13]. Hence, SiOC modified CBCF composites have been constructed
and investigated by researchers [14], while there is no report on BPR-derived carbon modified 3D
needled carbon fiber reinforced SiOC composites, which according to previous research have superior
mechanical and high-temperature properties and could be used in high-temperature applications such
as thermal protection systems.

Moreover, the functional performance of PDCs after high-temperature annealing is also desired in
addition to the structural properties, and the electromagnetic wave (EMW) absorption properties of
PDCs have aroused lots of attention in recent years [15–23]. For example, Hong et al. [21] successfully
prepared porous PDC-SiC/Si3N4 composites by the unidirectional freeze casting of Si3N4/camphene
slurries with various polycarbosilane (PCS) contents. The results showed that the EMW absorption
properties of the composites could be effectively controlled by the PCS content, whose minimum
reflection loss (RLmin) was as low as −56.20 dB and the widest effective absorption bandwidth (EAB)
was up to 7.00 GHz for the sample with 20 wt.% PCS. Yin and co-workers [22] fabricated nano
SiC-modified SiOC ceramics through pyrolysis of a mixture of liquid polysiloxane and nano SiC with
an average grain diameter of 30 nm, and the RLmin and widest EAB values were −61.00 dB and
3.50 GHz for the sample after it was annealed at 1400 ◦C, respectively. High-performance silicon
boron carbonitride (SiBCN) ceramics with excellent EMW absorption efficiency were obtained by
Kong et al. [23] by pyrolysis of carbon-rich hyperbranched polyborosilazane precursors with pendant
phenyl groups. The ceramics obtained at 1320 ◦C showed the optimized EMW absorption performance
with an RLmin value of−71.80 dB and an EAB of 3.65 GHz. Therefore, it is expected that the BPR-derived
carbon modified 3D needled carbon fiber reinforced SiOC composites might also attain good EMW
absorbing properties because of the presence of carbon fibers with good electrical conductivity.

Based on these above points, the objective of the present work is therefore to investigate
the microstructure and properties of BPR-derived carbon modified 3D needled carbon fiber reinforced
SiOC composites through a simple precursor impregnation and pyrolysis (PIP) method for the first
time. The influence of annealing temperature on the formation of the composition and microstructure
of the products were analyzed. In addition, the effects of PIP cycle numbers on the morphology,
microstructure, thermal stability, and mechanical and microwave absorption properties of BPR-derived
carbon modified 3D needled carbon fiber reinforced SiOC composites were also investigated in detail.
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2. Experimental Section

2.1. Preparation of BPR-Derived Carbon Modified 3D Needled Carbon Fiber Reinforced SiOC Composites

First, the cubic samples (size: 10 × 10 × 10 mm3) used as substrate were cut from bulk anisotropic
BPR-derived carbon modified 3D needled carbon fiber composites with densities of 0.28 ± 0.05 g/cm−3

and porosities of about 84%. The above low-density C/C specimens were ultrasonically cleaned
with ethanol for 10 min and dried at 80 ◦C for 24 h, and the preparation of SiOC precursor was
through a co–hydrolysis method according to previous literature [4]. The detail for preparation of SiOC
precursor was listed as following: 500 g methyltrimethoxysilane (MTMS, supplied by Zhengzhou ALFA
Chemical Co., Ltd., Zhengzhou, China; 97% purity) and 62.5 g dimethyldimethoxysilane (DMDMS,
supplied by Zhengzhou ALFA Chemical Co., Ltd., Zhengzhou, China; 99% purity) were dissolved
in the solvent of 67.5 g ethyl alcohol (EtOH, purchased from Harbin Kecheng Chem. Co., Harbin,
China; 99.9% purity) and 112.5 g distilled water (purchased from Harbin Kecheng Chem. Co., Harbin,
China), and then 1.34 g HNO3 (0.1 M, purchased from Harbin Kecheng Chem. Co., Harbin, China)
was added to catalyze the gelation process, and then the above mixture was stirring for 20 min to form
the SiOC precursor. Then the dried low-density C/C specimens were impregnated with the excess SiOC
precursor for 60 min at room temperature using a vacuum infiltration device, and then the specimens
filled with SiOC precursor were heated to 70 ◦C for 48 h for cross-linking and curing. Then the cured
specimens were pyrolyzed at high-temperature (1200, 1400, and 1600 ◦C) at a heating/cooling rate of
3 ◦C/min with a holding time of 60 min at the maximum temperature under a flowing Ar atmosphere.
Finally, the BPR-derived carbon modified 3D needled carbon fiber reinforced SiOC samples were
achieved after cooling to room temperature. In order to investigate the effect of PIP cycle numbers on
the microstructure and properties of BPR-derived carbon modified 3D needled carbon fiber reinforced
SiOC composites, the process of impregnating the BPR-derived carbon modified 3D needled carbon
fiber specimens with the sol gelling, drying, and heating, was repeated 1, 2, and 3 times, which were
denoted as S1, S2, and S3, respectively.

2.2. Characterization and Measurement

The phase composition of as-prepared composites was analyzed by an X-ray diffractometer (XRD,
PANalytical, Almelo, Holland). The carbon states in the samples were investigated from the Raman
spectra through a JY HR-800 Raman microscope (Horiba Jobin Yvon, Paris, France) by irradiation
with a 532 nm laser. The morphologies and microstructures of the composites were observed by
the field-emission scanning electron microscopy (SEM, HELIOS NanoLab 600i, FEI Company, Hillsboro,
OR, USA), transmission electron microscopy, and high-resolution transmission electron microscopy
(TEM and HRTEM, Tecnai G2-F30, FEI Company, Hillsboro, OR, USA). The densities of samples with
different PIP cycle numbers were measured by the Archimedes method using a high-accuracy electronic
balance, and the details for the measurement were reported elsewhere [4,5]. The compressive behavior
and strength were evaluated using an Instron 5569 universal test machine to acquire the mechanical
properties of as-prepared composites, and the tested specimens with the dimension of 10 × 10 × 12 mm3

were uploaded at a constant rate of 0.5 mm/min. Notably, the average value was used to improve
the accuracy and reliability of the data, which came from at least five samples for each kind of
sample obtained in the same condition. The thermal stabilities of as-obtained composites both in
air and Ar atmospheres were analyzed by the thermogravimetric analysis (TGA, SDT Q600, TA
Instruments, Wilmington, DE, USA) with a heating rate of 5 ◦C/min up to the temperature of 1000 ◦C.
To investigate the functional performance, namely the EMW absorption property of the composites,
the electromagnetic parameters of samples with different PIP cycle numbers were measured at 2–18 GHz
using a vector network analyzer (Agilent N5230A, Agilent, Palo Alto, CA, USA) in a wax matrix with
50% weight loading. The samples were obtained from the composites homogeneously mixed with
wax at 85 ◦C and then the homogeneous mixture was pressed into a toroidal mold with an inner
diameter of 3.00 mm and an outer diameter of 7.00 mm. After they were taken out of the mold,



Appl. Sci. 2020, 10, 1924 4 of 14

the measured samples were obtained, and the reflection loss (RL) was obtained using the relative
complex permittivity (εr = ε′ − jε”) and complex permeability (µr = µ′ − jµ”) by our self-programmed
software, following equations according to the line theory [24–26]:

RL(dB) = 20lg
∣∣∣∣∣ Zin − 1
Zin + 1

∣∣∣∣∣ (1)

Zin =

√
µr

εr
tanh

[
j
2π f d

c
√
µrεr

]
(2)

In which, Zin refers to the normalized input impendence of the absorber, d stands for the thickness
of the tested sample, c represents the light velocity in free space, and f is the frequency of the microwave
frequency, respectively.

3. Results and Discussion

3.1. Effect of Pyrolysis Temperature on the Composition and Microstructure of the Composites

According to previous literature, the composition and microstructure of composites with
the addition of SiOC precursor were strongly dependent on the pyrolysis temperature. Therefore,
the effect of the pyrolysis temperature on the composition and microstructure of the as-obtained
composites was investigated first [11,13,27]. Figure 1 shows the XRD patterns collected on
the composites pyrolyzed at 1200, 1400, and 1600 ◦C for 60 min. At low pyrolysis temperature
1200 ◦C, apart from the sharp diffraction peak at about 15◦ from carbon, the term pattern of the products
presents a completely amorphous structure only with the presence of amorphous silica centered
at about 2θ = 25◦. After the pyrolysis temperature increased to 1400 ◦C, the (111) diffraction peak
of cubic SiC at about 35◦ starts to appear, and this diffraction peak becomes more evident when
the pyrolysis temperature further increased to 1600 ◦C, and other characteristic peaks of SiC could
also be observed, including at about 42◦, 60◦, and 72◦, which could be attributed to the (200), (220),
and (311) planes of standard cubic SiC (JCPDS No. 29-1129), respectively [28–30]. The above results
confirm that the crystallization of β-SiC would be promoted by the increasing of pyrolysis temperature,
and the pyrolysis temperature plays an important role in the composition of the composites after
the introduction of SiOC. During the high-temperature treatment, the following reactions would occur
within the structural evolution of the SiOC preceramic based on previous results [11,13,27]:

SiOxCy→SiO2 (amorphous) + SiC + Cfree (3)

SiO2 (amorphous) + 3Cfree→SiC + 2CO (4)
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From the results shown, it can be seen that Reaction (3) occurs below 1400 ◦C, if the temperature
exceeds 1400 ◦C, Reaction (4) takes place.

Raman spectroscopy was carried out to evaluate the structural evolution of the free carbon
phase within the as-prepared composites under different pyrolysis temperatures, and the results are
shown in Figure 2. From the results, two obvious peaks could be observed, approximately 1350 and
1600 cm−1, referring to the typical D and G band corresponding to the disordered and graphitized
carbon state, respectively [31]. The relative parameters for the above two bands are listed in Table S1,
and the intensity ratio of the D band to the G band (ID/IG) could be employed to evaluate the relative
content of free carbon within the sample, and the higher value implies the higher relative content of
free carbon compared with that of the graphitized carbon [32,33]. From the results listed in Table S1,
the value of ID/IG increases with the increase of pyrolysis temperature, suggesting that the relative
content of free carbon increases as the pyrolysis temperature is increased. The value of ID/IG could also
be used to analyze the content of defects in the sample. The higher value indicates the larger content of
defects in the sample, and thus it is reasonable to believe that the number of defects in the composites
increases with pyrolysis temperature, which would be beneficial to improve the EMW absorption
properties of the composites. In addition, the band around 2700 cm−1 could be assigned to two-phonon
(2D) band, which refers to the graphitic ordering, which appears at 1400 ◦C and becomes more evident
at 1600 ◦C, demonstrating that the composites after above 1400 ◦C heat-treatment would own relatively
high graphitization degree, which would result in enhanced EMW absorption performance [27].

Appl. Sci. 2020, 10, x FOR PEER REVIEW 5 of 14 

Raman spectroscopy was carried out to evaluate the structural evolution of the free carbon phase 
within the as-prepared composites under different pyrolysis temperatures, and the results are shown 
in Figure 2. From the results, two obvious peaks could be observed, approximately 1350 and 1600 
cm−1, referring to the typical D and G band corresponding to the disordered and graphitized carbon 
state, respectively [31]. The relative parameters for the above two bands are listed in Table S1, and 
the intensity ratio of the D band to the G band (ID/IG) could be employed to evaluate the relative 
content of free carbon within the sample, and the higher value implies the higher relative content of 
free carbon compared with that of the graphitized carbon [32,33]. From the results listed in Table S1, 
the value of ID/IG increases with the increase of pyrolysis temperature, suggesting that the relative 
content of free carbon increases as the pyrolysis temperature is increased. The value of ID/IG could 
also be used to analyze the content of defects in the sample. The higher value indicates the larger 
content of defects in the sample, and thus it is reasonable to believe that the number of defects in the 
composites increases with pyrolysis temperature, which would be beneficial to improve the EMW 
absorption properties of the composites. In addition, the band around 2700 cm−1 could be assigned to 
two-phonon (2D) band, which refers to the graphitic ordering, which appears at 1400 °C and becomes 
more evident at 1600 °C, demonstrating that the composites after above 1400 °C heat-treatment would 
own relatively high graphitization degree, which would result in enhanced EMW absorption 
performance [27].  

 
Figure 2. The Raman spectra of as-prepared composites after different pyrolysis temperatures. 

To further analyze the microstructure of as-prepared composites, the TEM, HRTEM, and 
selected area electron diffraction (SAED) images are displayed in Figure 3. The low-resolution TEM 
image of the prepared composites is shown in Figure 3a, the bulk SiOC ceramic and carbon fiber are 
marked. A closer look at the area marked A in Figure 3a is shown in the HRTEM image in Figure 3b. 
The presence of the lattice plane and the disordered zone is clearly visible, the distance between the 
planes of the selected area is about 0.25 nm in accordance with the (111) plane space of β-SiC, which 
is in agreement with the result of the XRD analysis [34,35]. Figure 3c depicts the SAED image of the 
disordered zone shown in Figure 3b, indicating an amorphous structure of carbon within the sample. 
In addition, the SAED image in Figure 3d of the SiC phase displayed in Figure 3b illustrates a single-
crystal electron diffraction spot corresponding to β-SiC, indicating that SiC are formed within SiOC 
ceramic during the pyrolysis process, which is in accordance with the analysis of the XRD result and 
previous literature [11,13,27]. From the results, it can be concluded that the SiOC will decompose into 
SiO2, SiC, and free carbon if the pyrolysis temperature is above 1400 °C. Therefore, the desired 
temperature for the preparation of BPR-derived carbon modified 3D needled carbon fiber reinforced 
SiOC composites is selected at 1400 °C, which is favorable for maintaining the relatively low thermal 
conductivity of composites intended for use as thermal protection materials in harsh environments.  

Figure 2. The Raman spectra of as-prepared composites after different pyrolysis temperatures.

To further analyze the microstructure of as-prepared composites, the TEM, HRTEM, and selected
area electron diffraction (SAED) images are displayed in Figure 3. The low-resolution TEM image
of the prepared composites is shown in Figure 3a, the bulk SiOC ceramic and carbon fiber are
marked. A closer look at the area marked A in Figure 3a is shown in the HRTEM image in Figure 3b.
The presence of the lattice plane and the disordered zone is clearly visible, the distance between
the planes of the selected area is about 0.25 nm in accordance with the (111) plane space of β-SiC,
which is in agreement with the result of the XRD analysis [34,35]. Figure 3c depicts the SAED image
of the disordered zone shown in Figure 3b, indicating an amorphous structure of carbon within
the sample. In addition, the SAED image in Figure 3d of the SiC phase displayed in Figure 3b illustrates
a single-crystal electron diffraction spot corresponding to β-SiC, indicating that SiC are formed within
SiOC ceramic during the pyrolysis process, which is in accordance with the analysis of the XRD result
and previous literature [11,13,27]. From the results, it can be concluded that the SiOC will decompose
into SiO2, SiC, and free carbon if the pyrolysis temperature is above 1400 ◦C. Therefore, the desired
temperature for the preparation of BPR-derived carbon modified 3D needled carbon fiber reinforced
SiOC composites is selected at 1400 ◦C, which is favorable for maintaining the relatively low thermal
conductivity of composites intended for use as thermal protection materials in harsh environments.
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3.2. Influence of PIP Cycle Numbers on the Microstructure and Properties of the Composites

According to the above results, the BPR-derived carbon modified 3D needled carbon fiber
reinforced SiOC composites were achieved after annealing at 1400 ◦C, and three PIP cycle numbers (1,
2, and 3 times) were selected to investigate the effect of PIP cycle numbers on the microstructure and
properties of BPR-derived carbon modified 3D needled carbon fiber reinforced SiOC composites, and
the three samples were marked as S1, S2, and S3, respectively.

Firstly, the influence of PIP cycle numbers on the densities of the as-prepared composites was
evaluated, and the dependence of density on the numbers of the PIP cycle, as depicted in Figure 4.
The pristine low-density BPR-derived carbon modified 3D needled carbon fiber composites was
about 0.28 g/cm3, and it can be clearly seen that the density of as-prepared composites increases with
increasing PIP cycle number; this is in line with previous literature [4,5]. Concretely, the values of
density for the obtained composites increased from 0.28 g/cm3 for pristine low-density BPR-derived
carbon modified 3D needled carbon fiber composite to 0.59 g/cm3 for S1 sample, to 0.77 g/cm3 for S2
sample and further to 0.88 g/cm3 for S3 sample, respectively. In addition, the dependence between
density and PIP cycle number can be used to determine the microstructure and mechanical properties
of the as-prepared composites.Appl. Sci. 2020, 10, x FOR PEER REVIEW 7 of 14 
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Secondly, the influence of PIP cycle numbers on the microstructure of as-prepared composites
was observed by the SEM images listed in Figure 5. From the results, there the number of open pores
within the composites decreases with increasing PIP cycle number, leading to an increase in density.
Large open pores can be found in the composites after one PIP cycle. In contrast to this, only small
voids could be observed after two PIP cycles. Then, the content of small voids decreases when the PIP
cycle number increases to 3, and some local regions exhibit relatively dense. In addition, the presence
of pores and voids would be beneficial to decrease the thermal conductivity of composites and improve
the efficiency of thermal insulation, and further to tailor the impedance matching of composites.
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Moreover, the effect of PIP cycle numbers on the compressive strength of as-prepared composites
was investigated. Notably, the compressive strength of low-density composites with high porosities
attracts more attention than that of tensile strength from the point of view of practical application,
especially in the thermal protection system field, and thus the compressive strengths of as-prepared
composites were evaluated and are displayed in Figure 6 [4]. The pristine compressive strength
low-density BPR-derived carbon modified 3D needled carbon fiber composites without SiOC ceramic
was just about 3.96 ± 0.24 MPa in XY direction and 1.86 ± 0.13 MPa in Z direction. From the results
revealed in Figure 6, incorporation of SiOC ceramic would strongly improve the compressive strength
of the composites, and the value of compressive strength increases both in the XY and Z directions
as the number of PIP cycle increases. Specifically, the compressive strengths for as-achieved samples
with different PIP cycle numbers are about: 12.94 ± 1.52 MPa in XY direction and 6.65 ± 0.98 MPa
in Z direction for S1 sample, 14.48 ± 1.68 MPa in XY direction and 8.62 ± 1.03 MPa in Z direction for
S2 sample, and 17.18 ± 1.92 MPa in XY direction and 9.01 ± 1.25 MPa in Z direction for S3 sample,
respectively. The reason for the different values of compressive strength between XY and Z directions
could be attributed to the distribution anisotropy of 3D needled carbon fiber preform, among which
the most fiber orientation was parallel and perpendicular to XY and Z directions, resulting in a much
higher value at XY direction compared with that of Z direction.
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Besides the mechanical properties, high-temperature oxidation resistance and thermal stability
of the materials are also important for the practical application. The high-temperature oxidation
resistance and thermal stability properties of as-prepared composites were evaluated by TGA curves
from room temperature to 1000 ◦C both under air and Ar atmospheres, and the results of S3 sample
and pristine low-density BPR-derived carbon modified 3D needled carbon fiber composite without
SiOC ceramic are given in Figure 7. The results demonstrate that the introduction of SiOC would
remarkedly improve the high-temperature oxidation resistance and thermal stability properties of
low-density BPR-derived carbon modified 3D needled carbon fiber composites both under air and Ar
atmospheres. It is worth pointing out that the weight reduction at low temperatures for the tested
samples should be attributed to the absorbed moisture on the surface of the composites due to the high
porosity. Delightedly, the S3 sample with SiOC ceramic presents excellent high-temperature oxidation
resistance and thermal stability properties with weight retention above 95% up to about 1000 ◦C either
under air or Ar atmosphere, indicating that the BPR-derived carbon modified 3D needled carbon fiber
reinforced SiOC composites could be as a promising candidate of thermal protection materials for
application in harsh environment. However, the low-density BPR-derived carbon modified 3D needled
carbon fiber composite without SiOC ceramic exhibits poor high-temperature oxidation resistance and
thermal stability properties, especially in air. Based on the above analysis results, it is reasonable to
believe that the BPR-derived carbon modified 3D needled carbon fiber reinforced SiOC composites
constructed and prepared in current work via a simple PIP method might be considered as a promising
material employed in a harsh environment on account of their enhanced mechanical properties and
excellent thermostabilities.
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Furthermore, the functional performances of BPR-derived carbon modified 3D needled carbon
fiber reinforced SiOC composites, namely EMW absorption properties, were evaluated to open up
the potential application fields. According to previous literature, the EMW absorption property of
an absorber is closely related to its electromagnetic parameters, namely complex permittivity (εr = ε′

− jε”) and complex permeability (µr = µ′ − jµ”), while the value of µr could be equal to 1 due to not
having a ferromagnetic phase involved [22,36]. Noteworthily, the real and imaginary parts of complex
permittivity, namely ε′ and ε” relate to the storage and consume abilities of electric energy, and thus
the relative complex permittivity of as-prepared composites with different PIP cycle numbers are
given in Figure 8 [22,35]. From Figure 8a, it is clear that the ε′ values for the composites increase first
and then decrease as the PIP cycle number increases, whose value is connected with the polarization
relaxation, while the ε′ values of all samples decrease with increasing frequency apart from some
slight rising. The decline tendency could be explained as following: the random dipoles within
the sample would overcome the great resistance and exhibit preferential orientation paralleling to
the external EM field, leading to the formation of dipole relaxation polarization, while there is not
enough time for the rearrangement of the dipoles to respond to the rapidly changing external EM
field, resulting in a declining tendency with the increase of frequency [29,37]. Similarly, the ε” values
for the composites shown in Figure 8b also increase first and then decrease with increasing PIP cycle
number, whose value strongly depends on the electrical conductivity of the tested sample, and thus
the variation tendency for ε” value should be attributed to the different content SiOC introduced after
different PIP cycle numbers, which could be confirmed by the above result of density for different
composites (in Figure 5). In addition, some peaks around at 4, 12, and 14 GHz should be ascribed to
the resonance behaviors [38,39]. Besides the above real and imaginary parts of complex permittivity,
another critical electromagnetic parameter for an absorber is the dielectric tangent loss (tanδe = ε”/ε’),
which presents the microwave attenuation capability, and thus the value of tanδe was calculated and is
displayed in Figure 8c. Likewise, the value of tanδe increases first and then decreases with increasing
PIP cycle number. The sequence for the average value of tanδe for as-prepared composites is S3 < S2
< S1, and a higher tanδe value for an absorber without magnetic medium might own a better EMW
absorption property from a theoretical point of view. As for the polarization, there are four polarizations
easily created within a heterostructure, including electronic, atomic, Debye (dipolar), and interfacial
polarizations [40]. According to previous results, the electronic and atomic polarizations would only
be formed at a higher frequency, which could be excluded in the present study. As for interfacial
polarization, it can be formed in the interface of two different components, and thus the interfacial
polarizations would be formed at SiOC ceramic/BPR-derived carbon, SiOC ceramic/carbon fibers, and
BPR-derived carbon/carbon fibers to improve the EMW absorption performances of the composites.
Finally, as for the Debye polarization, which could be analyzed by the following the Cole–Cole curves.
Based on the Debye theory, the relationship between ε’ and ε” could be written as follows [29,38,41]:(

ε′ −
εs + ε∞

2

)2
+ (ε′′)2 =

(
εs − ε∞

2

)2
(5)

Notably, the parameters listed in the above equation, including εs and ε∞ refers to the static
permittivity and relative dielectric constant at the high-frequency limit. From Equation (5),
the relationship between ε’ and ε” should be a semicircle, namely the Cole–Cole semicircle. The number
of the Cole–Cole semicircle corresponds to the number of Debye relaxation processes. The Cole–Cole
curve of all as-obtained samples with different PIP cycle numbers at the frequency 2–18 GHz is
displayed in Figure 8d. Clearly, at least four semicircles could be found among all the samples,
indicating that various relaxation processes would be generated within all as-prepared composites.
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The EMW absorption properties of all samples with different PIP cycle numbers were evaluated,
and the two-dimensional (2D) RL contour plots are revealed in Figure 9. The pristine low-density
BPR-derived carbon modified 3D needled carbon fiber composite without SiOC ceramic possesses
a poor EMW absorption performance just with an RLmin value of −7 dB, and the BPR-derived
carbon modified 3D needled carbon fiber reinforced SiOC composites achieve substantially enhanced
microwave absorption performances. From Figure 9a, the RLmin value for the S1 sample with one
PIP cycle is about −12.22 dB at 18 GHz with a thin thickness of 1.00 mm, and the EAB value is about
2.1 GHz (15.9–18.0 GHz). However, after increasing the PIP cycle number to 2, the RLmin value is just
about −9.81 dB at the frequency of 18.00 GHz and the matching thickness of 1.00 mm. Obviously,
the composite with three PIP cycle numbers (S3 sample) exhibits the best EMW absorption property,
whose RLmin value is as low as −24.31 dB at 18 GHz with an ultra-thin thickness of 1.05 mm (Figure 9c),
and the largest EAB value for the S3 sample is about 4.9 GHz ranging from 13.08 GHz to 17.98 GHz
with the thickness of only 1.21 mm. Combined with the above results, it is reasonable to believe that
the introduction of SiOC ceramic would be beneficial for the enhancement of the EMW absorption
properties of low-density BPR-derived carbon modified 3D needled carbon fiber composites, and their
EMW absorption performances could be effectively controlled by just adjusting the PIP cycle numbers.
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Reasons for the improved EMW absorption performance are described in the following: Firstly,
the dipole and interfacial polarizations would be mainly responsible for the improved properties
due to the presence of numerous Cole–Cole semicircles and interfaces [42,43]. Secondly, conductive
and dielectric losses also tightly affected the EMW absorption performance because of the different
conductivities among carbon fibers, BPR-derived carbon, and SiOC ceramic [42,43]. Moreover,
the defects within the composites might also play an important role in increasing the microwave
absorption abilities [42,43]. Overall, the enhanced EMW absorption properties might be mainly due
to the matched impedance and improved loss ability that arose from the synergetic effect among
carbon fibers, BPR-derived carbon, and SiOC ceramic. To date, lots of efforts have been made to
investigate and improve the EMW absorption properties of carbon fibers and PDCs, especially in
construction of composites, and thus we further compared the EMW absorption capabilities between
our products and absorbers recently reported and the results were displayed in Figure 10 and Table
S2 [6,9–13,15–20,24–26]. Although the RLmin value for our products, namely BPR-derived carbon
modified 3D needled carbon fiber reinforced SiOC composites is not the lowest, the value is comparable
to those of most of PDCs (Figure 10a). Notably, our BPR-derived carbon modified 3D needled
carbon fiber reinforced SiOC composites possess the widest EAB value among all the absorbers listed
in the references, which is vitally important for design and construction of next-generation EMW
absorption absorbers. The above results indicate that our BPR-derived carbon modified 3D needled
carbon fiber reinforced SiOC composites with good high-temperature oxidation resistance, mechanical,
and EMW absorption properties could be considered as a promising material for practical applications.
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4. Conclusions

In this paper, a novel composite composed of BPR-derived carbon modified 3D needled carbon
fiber reinforced SiOC is presented and was constructed through a simple PIP method. The critical
process parameter, namely the pyrolysis temperature was optimized. The influence of PIP cycle
numbers on the microstructure, compressive strength, high-temperature oxidation resistance, and
EMW absorption performances of the composites was studied for the first time, providing useful
theory and experimental data for the research of PR-based composites.

The results show that the composition and microstructure of as-prepared products strongly
rely on the pyrolysis temperature, as the SiOC phase will decompose to SiC, SiO2, and free
carbon when the temperature exceeds 1400 ◦C. In addition, the number of PIP cycles dramatically
affects the microstructure and physical–mechanical properties of the composites. The density and
compressive strength of the composites increases as the PIP cycle number is increased. In addition,
the high-temperature oxidation resistance and thermal stability properties of the composites were
remarkedly improved after the introduction of SiOC, whose weight loss under both air and Ar
atmosphere up to 1000 ◦C was less than 5%. A substantial enhancement of EMW absorption properties
was achieved after incorporation of SiOC ceramic compared with the poor microwave absorption
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ability of pristine low-density BPR-derived carbon modified 3D needled carbon fiber composite
(RLmin = −7 dB), whose value of RLmin decreased to −12.22 dB for the sample with one PIP cycle, to
−9.81 dB for ample with two PIP cycles and to −24.31 dB for the sample with three PIP cycles.

In conclusion, the present study indicates that BPR-derived carbon modified 3D needled carbon
fiber reinforced SiOC composites with good high-temperature oxidation resistance, mechanical,
and EMW absorption properties could be considered as a potential candidate material for practical
applications in a harsh environment. Our next work will focus on the optimize the overall performances
of BPR-derived carbon modified 3D needled carbon fiber reinforced SiOC composites, especially in
improving the high-temperature oxidation resistance with advanced multi-composition coating.
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