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Abstract
In this work, 3D C f /SiBCN composites were fabricated by polymer in�ltration and pyrolysis (PIP) with
poly(methylvinyl)borosilazane as SiBCN precursor. The 3D microstructure evolution process of the
composites was investigated by an advanced x-ray computed tomography (XCT). The effect of dicumyl
peroxide (DCP) initiator addition on the crosslinking process, microstructure evolution and mechanical
properties of the composites were uncovered. With the addition of DCP initiator, the liquid precursor can
cross-link to solid-state at 120 °C. Moreover, DCP addition decreases the release of small molecule gas
during pyrolysis, leading to an improved ceramic yield 4.67 times higher than that without DCP addition.
After 7 PIP cycles, density and open porosity of the �nal Cf/SiBCN composite with DCP addition are 1.73
g·cm -3 and ~10%, respectively, which are 143.0% higher and 30.3% lower compared with the composites
without DCP addition. As a result, the �exural strength and elastic modulus of Cf/SiBCN composites with
DCP addition (371 MPa and 31 GPa) are 1.74 and 1.60 times higher than that without DCP addition (213
MPa and 19.4 GPa).

Introduction
Siliconboron carbonitride (SiBCN) ceramics have attracted considerable interest as their excellent thermal
stability, high-temperature mechanical properties and high creep resistance at elevated temperatures [1-4].
Based on these excellent properties, SiBCN ceramics are considered as a key candidate for applications
under extreme conditions in the aerospace industry, such as the heat shield, leading edges of advanced
aircraft [5-7]. However, low toughness and poor thermal shock resistance restrict the wide application of
SiBCN ceramics [8, 9]. Cf/SiBCN composites with carbon �ber as reinforcement fundamentally overcome
the brittleness and poor thermal shock resistance, which are supposed to have a wider application in the
above-mentioned areas [10-12].

Traditional methods for carbon �ber reinforced ceramic matrix composites fabrication include chemical
vapor in�ltration (CVI) [13-16], reactive melt in�ltration (RMI) [17-21], polymer in�ltration and pyrolysis
(PIP) [22-26], etc. Due to the multicomponent of SiBCN, it’s hard to obtain a SiBCN matrix by CVI or RMI.
Up to now, most of the reported Cf/SiBCN composites are fabricated by PIP. Generally, a large amount of
small-molecule gas is released during the pyrolysis process, which reduces the ceramic yield of precursor
and decreases the fabrication e�ciency of the composites [27-29]. Cross-linking of the precursor into
large molecules has been proved to be an effective method to reduce the release of small molecules
during pyrolysis. However, high cross-linking temperature (200 °C or even higher) and long cross-linking
time (30 h) are generally required for the SiBCN precursor [30]. In our recent work, it is reported that
dicumyl peroxide (DCP) can be used as an effective initiator for the cross-linking of precursor [25, 31-33].
It is indicated that DCP plays a signi�cant role in the microstructure and further the properties of the �nal
composites. However, effect of DCP addition on the microstructure formation process, properties of the
Cf/SiBCN composites has not been reported. {Lee, 2008 #130}
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In this work, Cf/SiBCN composites were fabricated by the PIP method with and without DCP initiator
addition. XCT (x-ray computed tomography) analysis was used to investigate the 3D microstructure
evolution of Cf/SiBCN composites. The effect of DCP initiator on the cross-linking behavior,
microstructure evolution process and mechanical properties was uncovered. This work may have a
profound in�uence on the future advancement in design and fabrication technique, properties
improvement of Cf/SiBCN composites.

Experimental Procedure
Three-dimensional (3D) needled carbon �bers (T700 3K, Toray, Tokyo, Japan) were used as the
reinforcement of composites. The �ber fabrics with a density of 0.52 g/cm3 and �ber volume fraction of
about 28% were �rst deposited with the PyC interface by the CVI process [31]. Liquid
poly(methylvinyl)borosilazane (PBSZ, Institute of Chemistry, Chinese Academy of Science) was used as
the initial SiBCN precursor. 1 wt% dicumyl peroxide (DCP, Sinopharm Chemical Regeant Co. Ltd) was
added as a cross-linking initiator. The precursor was analyzed by FTIR spectrometer (Tensor27, Bruker,
Germany), Thermogravimetric (STA 409/PC, Netzsch, Germany) and Mass Spectrometry (Advance III HD
500 MHz, Bruker, Germany). Using the PBSZ precursor with and without DCP addition, the SiBCN matrix
was introduced into the 3D carbon �ber fabrics by vacuum impregnation, followed by cross-linking at 120
°C for 2 h. After that, the composites were pyrolyzed at 1100 °C for 2 h with a heating rate of 5 °C/min in
Ar atmosphere. With DCP addition, the Cf/SiBCN composites with an open porosity of ~10% were
obtained after 7 PIP cycles. The density and open porosity of the prepared Cf/SiBCN composites were
measured by the Archimedes’ method using deionized water as immersing medium.

The chemical composition of SiBCN ceramics were measured by the oxygen-nitrogen analyzer (TC600C,
LECO, US) and carbon-sulfur analyzer (CS2000, ELTRA, Germany). 3D microstructures evolution process
of the as-fabricated Cf/SiBCN composites were analyzed by X-ray computed tomography (microXCT-400
Xradia, Inc. US). Polished cross-sections and fracture surfaces of the composites were characterized by
�eld emission scanning electron microscope (FE-SEM, Hitachi, S-4800, Tokyo, Japan). Flexural strength
and elastic modulus of the composites were determined by a 3-point bending test (test bars 4 mm × 6
mm × 60 mm) with a span of 50 mm, and a loading rate of 0.5 mm/min. The reported value is an
average of at least 5 valid measurements.

Results And Discussion
3.1 Effect of DCP addition on the cross-linking behavior of PBSZ precursor

To determine the effect of DCP initiator on PBSZ precursor, both precursors with (PBSZ-D) and without
DCP (PBSZ) were heat-treated at 120 °C for 2 h, which are labeled as PBSZ-D-120 and PBSZ-120,
respectively. The as-treated precursor was measured by TG analysis and in-situ mass spectrum. As
shown in Fig. 1A, the ceramic yield of PBSZ is only 15%. The in-situ mass spectra of PBSZ (Fig. 1B)
indicate that the 80% mass loss at 200-300 ºC can be attributed to the release of small molecule gas,
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including hydrogen, methane, ammonia, and ethylene. The ceramic yield of PBSZ -120 is similar to that
of PBSZ (~15%). In comparison, the ceramic yield of PBSZ-D is ~30%. And the ceramic yield of PBSZ-D-
120 increases signi�cantly to ~70%. The mass loss at 200-500°C (5%) and 500-1000°C (25%) are the two
main regions in the TG curves of PBSZ-D-120. It should be noted that the precursor with DCP cross-links
to a solid-state after heat-treatment at 120 °C for 2 h, while the precursor without DCP still presents as a
liquid state (Fig. 2).

The molecular structural evolution of the precursors during cross-linking was investigated by FTIR
spectrum (Fig. 3) for further analyzing the effect of DCP. Compared with PBSZ, no obvious change can be
observed in that of PBSZ-120 (Fig. 3A). In contrast, the intensity of N-H (3429 cm-1), =CH2 (3177 cm-1),

=CH (3059 cm-1) and C=C (1600 cm-1) are signi�cantly weaker with DCP addition. As Si-CH3 is stable
below 400 °C [34], the relative intensity of (-CH=CH2)/(Si-CH3) can be used to evaluate the variation of -
CH=CH2. It shows that the relative intensity of -CH=CH2 is reduced by ~86% after cross-linking at 120 °C,
indicating that about 86% of the -CH=CH2 functional groups are reduced during the cross-linking process
(Fig. 3B). In summary, the amount of vinyl functional groups can be distinctly reduced by adding DCP
and cross-linking at 120 °C, which signi�cantly decreases the release of small molecule gas and
increases the ceramic yield.

XCT analysis was performed to reveal the microstructure difference between the pyrolyzed ceramics of
PBSZ-120 and PBSZ-D-120, the, as shown in Fig. 4. After pyrolyzing at 1100 °C the PBSZ-120 is
transformed into loose porous SiBCN ceramic (Fig. 4A) with a pore size of ~2 mm. The porous structure
formed as the boiling of the precursor, releasing of small molecule gas (CH4, NH3 and -CH=CH2) and the
volume shrinkage during the pyrolysis process. In contrast, the solid-state of PBSZ-D-120 can maintain its
shape during the pyrolysis process. Fig. 4B shows that the pyrolysis product of PBSZ-D-120 presents a
dense structure. Reticulate microcracks with a width of ~30 μm can be observed in the dense SiBCN
ceramic. The microcracks are formed as the limited releasing of small molecule gas and the limited
volume shrinkage during the cooling stage. The chemical composition of SiBCN ceramics with and
without DCP addition were measured and the results were shown in Table 1. Due to the decrease content
of -Si-O-Si and -Si-OH after adding DCP (Fig. 3), the oxygen impurity content of the SiBCN ceramics with
DCP addition is 1.22 % which is less than that without DCP addition (4.16 %). Therefore, the addition of
DCP can reduce the oxygen impurity of the SiBCN ceramics.

3.2 The effect of DCP on microstructure evolution of Cf/SiBCN composites

Fig. 5 shows the weight increase rate, density and open porosity as a function of PIP cycles. All the
composites were cross-linked at 120 ℃ for 2h before pyrolysis for each PIP cycle. After the 1st PIP cycle,
the weight of the composite impregnated by the precursor with DCP addition increased by 65.4% which is
about 2.7 times higher than that without DCP (24.6%). This indicates that DCP addition increases the
ceramic yield of precursor and improves the PIP e�ciency of Cf/SiBCN composites signi�cantly. After the

2nd PIP cycle, the weight increment of the composite with DCP addition (25.9%) is still higher than that
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without DCP (17.9%). However, from the 3rd PIP cycle, the weight increase of the composites without DCP
addition is a little higher than that with DCP. This can be attributed to the less open porosity in the
Cf/SiBCN composite with DCP addition. After 7 PIP cycles, the weight increase of the composite with DCP
addition is lower than 1%, which is less than that without DCP (1.75%). And, the total weight increase of
the Cf/SiBCN composite with DCP addition is about 166%, while that is only about 106% for the
composite without DCP. The results indicate that after the entire PIP cycles, DCP addition to the precursor
effectively improves the PIP e�ciency of the Cf/SiBCN composite.

The effect of DCP on the density evolution of the Cf/SiBCN composite was also studied (Fig. 5B). The

density of Cf/SiBCN with DCP addition is higher than that without DCP for each PIP cycle. After the 7th

PIP cycle, the density of Cf/SiBCN composites with DCP addition is 1.73 g·cm-3, while the Cf/SiBCN

composite without DCP addition is only 1.21 g·cm-3. In contrast, the porosity of the Cf/SiBCN composites

with DCP addition is always lower than that without DCP addition for each PIP cycle. After the 7th PIP
cycle, the porosity of the Cf/SiBCN composite with DCP addition decreases to ~10%, while that without
DCP addition is ~33%. In summary, for the same PIP cycles, the addition of DCP can effectively increase
the density of Cf/SiBCN composites and reduce their open porosity. The phase composition of the
Cf/SiBCN composites with and without DCP addition were determined by X-ray diffraction and the results
were shown in Fig.5C. The same peaks (at 26° and 43°) are observed in both composites corresponding
to the (002) and (101) plane of carbon �ber. Otherwise, the SiBCN matrix in both composites is
amorphous.

For further analyzing the microstructure evolution of the Cf/SiBCN composites, 3D visualization of the
two Cf/SiBCN composites was performed by μ-XCT. XCT images in Fig. 6-8 show the densifying process
of the two Cf/SiBCN composites. Fig. 6A, C, E, G shows the cross-section images of Cf/SiBCN without

DCP addition after the 1st PIP cycle. Fig. 6A, C show that the �ber preform contains 5 layers of X-direction
�bers and 4 layers of Y-direction �bers. The distance between the �ber bundles is about 200 μm. Limited
SiBCN matrix can be observed between the �ber bundles. The high magni�cation images (Fig. 6E, G)
show that a small amount of SiBCN matrix is �lled in the �ber bundle. Fig. 6B, D, F, H are cross-section
images of the composite after the 1st PIP cycle using PBSZ-D as the precursor. Compared with Fig. 6A, C,
the composite in Fig. 6B, D has the same �ber arrangement. However, more SiBCN matrix can be found
between the �ber bundles. The SiBCN matrix is divided into 100-200 μm fragmentized pieces by reticulate
cracks (Fig. 6F, H). The fragmentized matrix structure is formed due to the volume shrinkage of the
precursor during pyrolysis. And, the cracks can serve as channels for further precursor impregnation. With
the increase of the impregnation times, these cracks will be slowly �lled. However, large pores with a size
of 300-500 μm are hard to be �lled by precursor as this type of pores has limited capillary force for
effective impregnation.

Fig. 7A, C, E, G are the cross-sectional images of Cf/SiBCN without DCP addition after the 2nd PIP cycle,
where the amount of SiBCN matrix is still very limited. From the higher magni�cation images (Fig. 7E, G),
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it can be seen that a little amount of fragmented SiBCN matrix presents in the �ber bundles. Fig. 7B, D, F,
H are the cross-section images of Cf/SiBCN with DCP addition after the 2nd PIP cycle. The large pores in
the matrix are still not �lled (Fig. 7B, D). The higher magni�cation images (Fig. 7F, H) show that both large
and small SiBCN pieces exist in the matrix. Compared with the composite in Fig. 6f, h, the size of the
cracks is smaller in Fig. 7F, H. This microstructure is formed as the large cracks in Fig. 6F, H is �lled by the
small fragmented matrix. The large SiBCN pieces in the 1st PIP cycle are left and the small fragmented
matrix is divided by small cracks during the 2nd PIP cycle.

Fig. 8A, C, E, G are the cross-section images of Cf/SiBCN without DCP addition after the 7th PIP cycle.
Many large pores still exist in the composite. Only a very limited SiBCN matrix can be found in the inter-
bundle area even though the intra-bundle area is �lled by the SiBCN matrix. In contrast, the composite
with DCP has a dense SiBCN matrix both in inter-bundle and intra-bundle area. On the other hand, the
reticulate cracks are �lled by the SiBCN matrix, only small pores and a limited number of cracks exist in
the composite.

To sum up, the microstructure between the Cf/SiBCN composites is strongly in�uenced by DCP addition.
As discussed above, the precursor without DCP addition cannot cross-link at low temperature, which can
�ow out of the �ber preform before the pyrolysis process. As a result, less precursor in preform leading to
the low matrix impregnation e�ciency. On the other hand, the limited ceramic yield of the precursor also
decreases the PIP e�ciency. Consequently, the composite exhibits high porosity both in the inter-bundle
and intra-bundle areas (Fig. 9A). In comparison, the precursor with DCP addition can be introduced into
�ber preform effectively. After cross-linking at 120℃, a large amount of the solid precursor is left in the
preform. Bene�ting from the high ceramic yield, dense SiBCN matrix is introduced into both inter-bundle
and intra-bundle areas of the Cf/SiBCN composites (Fig. 9B).

3.3 The mechanical properties of Cf/SiBCN composites

Mechanical properties of the two composites were determined by a 3-point bending test, and the stress-
strain curves are shown in Fig. 10. Both curves exhibit obvious descending staircase characteristics, that
is, the composites show a nonbrittle fracture behavior. Flexural strength and modulus of Cf/SiBCN
composites with DCP addition are 371 MPa and 31 GPa, which increase by ~74% and 63% compared
with the Cf/SiBCN composites without DCP addition (213 MPa and 19.4 GPa, respectively). Therefore, the
addition of DCP greatly improves the mechanical properties of the Cf/SiBCN composites.

To reveal the relationship between mechanical properties and microstructure of Cf/SiBCN composites,
fracture morphology of the two composites is observed and shown in Fig. 11. In the Cf/SiBCN
composites without DCP addition (Fig. 11A, C), a large amount of �ber breaks. However, less interface
debonding and long �ber pull-out can be observed. In contrast, obvious �ber pull-out in the Cf/SiBCN
composites with DCP addition (Fig. 11B, D), and the length of pull-out �bers is irregular. The
microstructure indicates that the �bers in the Cf/SiBCN composites with DCP addition effectively de�ect
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cracks. And, the cracks experience long propagation path. This results in the outstanding mechanical
properties of the Cf/SiBCN composites with DCP. The effect of DCP addition on the different
microstructure and mechanical properties of the composites can be summarized as below:

The Cf/SiBCN composite without DCP addition has high porosity both in inter-bundle and intra-
bundle areas, and the volume fraction of the SiBCN matrix is limited. The limited amount of matrix
reduces the crack de�ection path in composite and the stress accumulates on �bers. Almost only
carbon �bers bear and transmit the load during the bending test. On the other hand, the vast volume
shrinkage of the SiBCN matrix without DCP addition during the pyrolysis process leading to the
damage of the PyC interface. The PyC interface falls off from the carbon �bers (Fig. 9C) which
reduces the amount of interface debonding during bending test. Consequently, with the increase of
load, �bers break resulting in the fracture of the composite.

The Cf/SiBCN composite has low porosity and dense matrix both in inter-bundle and intra-bundle
areas bene�ting from the addition of DCP. During the bending test, the matrix bears the bending load
and transmits the load to the �bers. The vast amount of dense SiBCN matrix provides su�cient path
for crack de�ection in the composite. The intact PyC interface exists between carbon �bers and the
dense SiBCN matrix (Fig. 9D) which also provides the crack de�ection path. The cracks �rstly form in
the matrix, then, propagate in the matrix and de�ect at the interface which reduces the crack
propagation energy. Fibers break with the increase of the load accumulation. Due to the su�cient
dense matrix around �bers, the broken �bers effectively pull-out from the matrix which also reduces
the energy of crack propagation. As a result, the composite exhibits better mechanical properties.

Conclusion
In this work, 3D Cf/SiBCN composites were fabricated by polymer in�ltration and pyrolysis (PIP) with
poly(methylvinyl)borosilazane as SiBCN precursor. The 3D microstructure evolution process of the
composites was investigated by an advanced x-ray computed tomography (XCT). The effect of DCP
initiator addition on the crosslinking process, microstructure evolution and mechanical properties of the
composites were revealed. With the addition of DCP initiator, the liquid precursor can cross-link to solid-
state at 120 °C. Moreover, the DCP addition decreases the release of small molecule gas which increases
the ceramic yield by 4.67 times higher than that without DCP addition. After 7 PIP process, the density
and the open porosity of the �nal composite with DCP addition are 1.73 g·cm-3 and ~10% respectively,
which are 142.98% higher and 30.30% lower than those of composite without DCP addition. Otherwise,
intact PyC interface exists in the Cf/SiBCN composites with DCP addition. As a result, the �exural strength
and modulus of Cf/SiBCN composites with DCP addition are 371 MPa and 31 GPa, respectively, which
are 1.74 and 1.60 times higher than those of the Cf/SiBCN composites without DCP addition (213 MPa
and 19.4 GPa).
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Table
Table 1 Chemical compositions of SiBCN ceramics with and without [31] DCP addition.

  Si B C N O

SiBCN (without DCP)/ wt% 44.52 7.05 27.64 16.63 4.16

SiBCN (with DCP)/ wt% 51.34 3.36 24.98 19.10 1.22

 

Figures

Figure 1

TG analysis curves of PBSZ, PBSZ-120, PBSZ-D, PBSZ-D-120 (A) [15]; Mass spectrum (MS) curve of
PBSZ during thermal treatment (B).
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Figure 2

Optical photographs of PBSZ (A), PBSZ-D (B), PBSZ-120 (C), PBSZ-D-120 (D).
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Figure 3

FTIR spectra of PBSZ (A), PBSZ-D (B) precursors before and after cross-linking [31].
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Figure 4

The μ-XCT images for pyrolysis product of PBSZ-120 (A), PBSZ-D-120 (B).

Figure 5

Weight increase rate curves (A) [15], density and open porosity variation curves of the composites as a
function of PIP cycles (B), XRD patterns of the Cf/SiBCN composites with and without DCP addition (C).
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Figure 6

XCT images of the Cf/SiBCN composites using PBSZ (A, C, E, G) and PBSZ-D (B, D, F, H) as precursor
after the 1st PIP cycle.
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Figure 7

XCT images of the Cf/SiBCN composites using PBSZ (A, C, E, G) and PBSZ-D (B, D, F, H) as precursor
after the 2nd PIP cycle.
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Figure 8

XCT images of the Cf/SiBCN composites using PBSZ (A, C, E, G) and PBSZ-D (B, D, F, H) as precursor
after the 7th PIP cycle.
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Figure 9

SEM images of Cf/SiBCN composites using PBSZ (A), (C) and PBSZ-D (B), (D) as precursor after the 7th
PIP cycle.
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Figure 10

Bending stress-strain curves of the two Cf/SiBCN composites with DCP addition (CDCP) and without
(CNO).

Figure 11

SEM images of fracture morphology of two Cf/SiBCN composites: Cf/SiBCN without DCP addition (A, C),
Cf/SiBCN with DCP addition (B, D).


