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Abstract: T h is  p a p e r  p re se n ts  th e  re s u lts  o f  m ic r o s tr u c tu ra l a n a ly s is  o f  n o v e l p re c e ra m ic  p a p e r - 

d e riv e d  S iC f/ S iC  co m p o site s  fa b r ic a te d  b y  sp a rk  p la sm a  s in te r in g . T h e  s in te r in g  te m p e ra tu re  an d  

p re ssu re  w e re  2 1 0 0 / 2 2 0 0  °C  an d  6 0 / 1 0 0  M P a , resp ectiv e ly . T h e  co n te n t  o f  f ib e rs  in  th e  c o m p o site s  

w a s  ap p ro x . 10 w t % . T h e  S iC f/ S iC  co m p o site s  w e re  a n a ly z e d  b y  p o sitro n  a n n ih ila tio n  m e th o d s, X - 

ra y  d iffra ctio n  tech n olog y , sca n n in g  e lectro n  m icroscop y , an d  R a m a n  sp ectroscop y . L o n g e r s in terin g  

tim e  ca u se s  th e  p ro p o rtio n  o f th e  6H -S iC  co m p o sitio n  to  in crea se  to  ~ 80% . T h e  in crea se  in  s in te r in g  

te m p e ra tu re  fro m  2 1 0 0  ° C  to  2 2 0 0  °C  le a d s  to  p a rt ia l tra n s itio n  o f 4 H -S iC  to  6H -S iC  d u rin g  th e  

s in te r in g  p ro ce ss , a n d  th e  lo n g -life  c o m p o n e n t o f  p o s itro n s  in d ic a te s  th e  fo rm a tio n  o f S i v a ca n c ie s . 

T h e  R a m a n  ch a ra cte ristic  p e a k s  o f  tu rb o stra tic  g ra p h ite  a p p e a r in  th e  R a m a n  sp e ctru m  o f  S iC  fib ers , 

th is  is  c a u se d  b y  th e  d iffu s io n  o f  c a rb o n  fro m  th e  su rfa c e  o f  th e  S iC  fib e r  a n d  th e  p re ce ra m ic  p a p e r 

d u rin g  th e  h ig h -te m p e ra tu re  s in te r in g  p ro cess .

Keywords: la m in a te d  co m p o site ; s ilico n  ca rb id e ; m icro s tru c tu re s ; p o sitro n  a n n ih ila tio n

1. Introduction
Silicon carbide (SiC) has excellent properties—such as low density, high specific 

strength, high specific modulus, resistance to thermal shock, low coefficient of thermal 
expansion, radiation tolerance, and chemical inertness [1,2]. Due to the high radiation 
resistance at elevated temperature, low activation and decay heat properties, low thermal 
neutron cross section and low tritium permeability, SiC is of particular interest for appli­
cations in nuclear reactors [3]. However, like other ceramic materials, the inherent high 
brittleness of monolithic SiC has become a disadvantage of its application as a structural 
material [4].

Reinforcement of SiC matrix composites with continuous SiC fibers leads to the 
quasi-ductile behavior of the material under mechanical loading and the reduction of the 
macroscopic brittleness of the composite. Therefore, the SiCf /SiC composites with more 
advantageous strength reliability and damage tolerance properties are being developed 
for nuclear energy and aerospace fields [5]. The common approach is to fabricate the 
SiC-based composite materials consisting of the continuous or dispersed (short) fiber phase,
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the continuous matrix phase, and interface layer between the matrix and the fiber [6]. The 
implementation of so-called interface layer coating—such as pyrolytic carbon or boron 
nitride deposited on the surface of the SiC fibers (SiCf)—can improve the macroscopic 
mechanical properties of the SiCf/SiC composites by preventing the integration of fibers [3].

Another design based on the formation of a laminated structure layer-by-layer rein­
forced with SiC fibers was suggested in the previous study, in which the novel preceramic 
paper-derived SiCf/SiC composites were successfully fabricated using spark plasma sin­
tering (SPS) [1], which has the advantage of being faster than other processes—such as 
reactive melt infiltration (RMI) [7], chemical vapor infiltration (CVI), polymer infiltration 
pyrolysis (PIP) [8], etc. Preceramic paper, as a feedstock for sintering SiC, is a paper with 
a thickness of 0.5 mm that incorporates SiC powder with a size of about 4.5 pm, can be 
used as a raw for manufacturing ceramic substrates with complex geometric shapes. The 
detailed information on fabrication of SiC preceramic paper can be found in [9,10]. During 
SPS process, the organic components—such as hemicelluloses, cellulose, lignin, pulp fibers, 
etc.—decompose, and the remaining SiC particles is combined and densified with the SiC 
fibers to form the SiCf/SiC composites. The 'nature' of the layered-structure can also lead 
to the improvement of the mechanical properties such as flexural strength and fracture 
toughness of these composites [11]. It has been shown that the SiCf/SiC composites have 
obvious advantages as a structural material for nuclear reactors, such as high strength and 
quasi-ductility in comparison with SiC bulk materials, the improved mechanical properties 
are attributed to a combination of distinct toughening mechanisms—such as crack deflec­
tion, crack bridging, crack branching and delamination, pull-out, and layer rupture [1]. The 
main goal of this study was to analyze the microstructure of the paper-derived SiCf/SiC 
composites fabricated by SPS.

2. Materials and Methods
2.1. Fabrication of Paper-Derived SiCf/SiC Composites

The SiCf/SiC composites made of preceramic papers were fabricated using SPS. The 
manufacturing process of these specimens was presented in detail in [1]. The fabricated 
SiCf/SiC composites consist of the SiC layers derived from preceramic papers [9,10] and the 
layers of oxygen-free SiC-Nicalon™ fibers (Nippon Carbon Co., Tokyo, Japan). These fibers 
are slightly carbon-rich advanced fibers, which exhibit good stability under high levels 
of neutron irradiation [12]. The organic components in the preceramic paper decompose 
during sintering, and thus the porosity can be formed. In addition, during sintering a 
necking is formed between SiC particles, resulting in a uniform porous structure [1].

A schematic representation of the manufacturing process of SiCf/SiC layered com­
posites made from SiC filled preceramic papers and SiC fibers is shown in Figure 1. The 
uncoated SiC fiber bundles were placed between preceramic paper layers. The angle of 90° 
is set between two adjacent fiber layers to avoid poor mechanical properties across the fiber 
direction [13]. The fiber content was 10 wt %. In order to minimize the potential damage 
to SiC fibers at temperatures above 2300 °C [14], the samples in this work were sintered 
using SPS at 2100 °C and 2200 °C for 3 min and 10 min, respectively. The sintering pressure 
was increased to 100 MPa to reduce the porosity of the SiCf/SiC layered composites. The 
subsequent results confirm the effectiveness of this approach.

After the sintering, the cylindrical specimens with diameter of 20 mm were grinded, 
polished and rinsed with acetone and ethanol in an ultrasonic bath for 15 min.

2.2. Positron Annihilation Studies
The investigation of the defect structure was carried out by positron spectroscopy 

techniques. The positron lifetime spectroscopy (PLS) and Doppler broadening spectroscopy 
(DBS) were implemented. The PLS and DBS experiments were completed on the positron 
research platform (Institute of High Energy Physics of the Chinese Academy of Sciences, 
Peking). For the PLS, the 22Na isotope, transferred on polyimide film (DuPont™ Kapton®) 
was used as a positron source in this study. The source intensity was about 13 pCi. The
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maximum positron energy from the 22Na source is 1.275 MeV, which corresponds to the 
mean positron depth around 500 pm for SiC specimens. A pair of BaF2  scintillator detectors 
was used to detect the у  quanta released after positron generation and annihilation, and 
the positron lifetime spectrum was measured by fast-slow coincidence measurement 
technology. In the PLS experiment, the so-called "sandwich geometry" was used where the 
positron source was "sandwiched" between two identical samples under investigation [15]. 
To ensure that all emitted positrons are stopped and annihilated within the material, two 
identical samples were used in this study. For this reason, two identical samples were 
prepared by cutting one sample into two pieces.

Figure 1. Sch em a tic  d  ia g ra m  o f  trie fa b rica tio n  p ro  cess o f  tire p re cera m ic  p a p er-d eriv ed  SiC f/  

SiC  co m p o sites.

The PLS had the time resolution of 195 ps. The cumulative count of each spectrum 
of positron lifetime was accumulated to the fotal of 2 x 106 to ensure statistics. The 
electronic plug-in of the measurement system was the standard NIM from EG&G (USA). 
Decompo sition of spectrums was earried out by multifile exponential components with 
the LTf 0 psogram (Poland). The contribution of the source was calculated by substituting
ŝource =  0F382 Г^ Psource =  l-7.5%.

For tire DBS, tire 22Na irotope was used as tide positron source, and the positron 
eoergy incident: on thin specimens was continuously adj ustable in the range of 0-20 keV. 
The diameter of the positron beam was 5 mm.

The empirical formula for estimating the positron incident depth is

where R is the incident depth (nm), p is the material density (g/cm3), and E is the energy 
of the incident positron (keV) [16].

The Doppler broadening spectrum was collected by high-purity Ge detectors. The 
spectrums were accumulated to the total of 2 x 106 counts in the Doppler-broadened 
annihilation peak. The energy resolution of spectrums was 1.2 ut 5П keV. The annihilation 
properties are cheracterized bye tho Si and W parameters. The total peak: energy range of 
the collected gamma photon specerum was 499.5-522.5 keV. The S parameter was defined 
as She ratio betweenthe count in the energy range of 510.2-511.8 keV and the total peak 
(499.5-522.5 keV) count; the W parameter was defined as the ratio between counts in the 
energy range 513.6-516.9 keV and 505.1-508.4 keV to the total peak (499.5-522.5 keV) count.
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2.3. Characterization by XRD, SEM, and Raman Spectroscopy
Phase composition of the composites were analyzed by X-ray diffraction (XRD) using 

D8 ADVANCE diffractometer (Bruker, USA). The scanning parameters: Cu-Ka radiation 
(A = 0.154 nm), 2(3 scan range 10-90°, accelerating; voltage 20 kV, current 10 mA, scan speed 
10° /min, samp ling step 0.0143°. The phase composition was calculated by Rietveld method 
using JADE 6 software. The crystallite size was calculated using Scherrer equation [ 17]. 
Ccnsidering that bothphases in SiCf/SiC composites ere composed of SiC, ic is diffioult to 
obtain complete information—e.g., on the chemical compooition—using; only foe saanning 
eledtron micnoscope (SEM). As a stnong covalefo compound, SiC hae high Raman efficiency 
Therefore, Raman scattering spectroscopy has been used as a powerful technical tool to 
characterize SiC-based materials [18].

Inthe presont wosk, TESCA27N™ RISE microscope (Tschecfosche Republik, WITec 
GnfoH, Germany) was used. Novel micro scopy technique, RISE combines a confocal 
Raman microscope (CRM) with a SEM in an integrated microscope system [ 19]. For SEM 
analysis, the voltage or the electron gun is set to 5 keV. For the RAMAN, the sean step size 
is set tr  50 pm. The wavelength of the (aser is 502 nm. The power and diameter of the 
laser beam are 25 mw and <400 nm, respectively. TWe information on crystallite size in 
the specimens can be obtained via the linear relationship between the integral intensity 
ratio Id /Ig and 1/La. For the lrser wavelength usees in this work (1532 nm), the f ollowing 
empirical equation can be used to calculate the size of the crystal along the a-axis La [20]

La =  4.4 [ Id / I g ]-1 (2)

3. Results and Discussion
Figure 2 shooes the SEM images of the preceramic paper-derived SiCf/SiC composites. 

From tha SEM imagdf the fiber-contained region (upper layer) and the mattix region (-ower 
layere ara clearly observed. The morphology of the composites has a uniform irregular 
poroua structure in tine SiC layers formed by crnsolidationof the powder particles with the 
linear me an eize of 4.5 pm, which is consistent with the size distribution of SiC particles in 
the as-received preceremic paper.

F ig u re  2. S E M  im a g e  o f S iC j / SiC  co m p o site s  sin tered  a t 100  M P a  (a ), S iC  m a tr ix  a t 2 0  M P a  (b ), and  

6 0  M P a  (c).

SEM analysis of SiCf /SiC composites shows that composites sintered at lower pres­
sures (20-60 MPa) have a higher volume fraction of residual porosity when compared to 
materials sintered at pressures of 100 MPa [1].

3.1. Phase Composition
The spectrum is fitted by comparing with multiple PDF cards (Moissanite 4H, 29­

1127; Moissanite 6H, 29-1131) using the JADE 6 program. As shown in Figure 3, no
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amorphous phase was observed in sintered preceramic paper-derived SiCf /SiC composites, 
that indicates complete decomposition of organic componsnts in the preceramic papers 
during the sintering process. According to XRD, the SiCf  /Ŝ iC composites c/nsiat of two 
crystalline polymorphic jahases with hexagonal closet packago lattice (4H and 6H) laOtice. 
Thp phase composition and crystallite size of the obtained composites are presented in 
Table 1 .

Figure 3 . X -ra y  d ff r a c to g r a m s  o f  p re c e ra m ic  p a p e r  (upper), p re c e ra m ic  p a p e r -d e r iv e d  S iC f/ S iC  

c o m p o site s  (lower).

Table 1. R e su lts  o f  X -r a y d if fr a c t io n  a n a ly s is  o f  th e  p re ce ra m ic  p a p e r-d e riv e d  S iC f -S iC  co m p o site s .

Specimen Sintering Pressure (MPa) Sintering Time (min) Sintering Temperature (°C) - Phase Ratio (wt %) Crystallite Size (nm)
4H 6H

1 60 10 2100 19.5 80.5 181.3

2 100 10 2100 18.4 81.6 194.2

3 100 3 2100 28.1 71.9 112.5

4 100 3 2200 27.4 72.6 156.1

Comparing the specimens obtained by sintering at 60 MPa and 100 MPa (at 2100 ° C 
for 10 mine, no signif-cant changes in the phase composition were observed. At shorter 
sinterir^ time (2100 degrees for 3 min), for the specimen obtained fear 10 minunder -lie 
rame conditions0 the proportion of 4H-SiC reduces from 28.1% -o ~19%; correspondingly, 
the proportion of 6H-SiC phare increases erom 71.9% to ~80%. °n the specimen sintered at 
2200 °C, the propcrtion of 4H-SiC phase decreases slightly, while the pcoportion of 6H-SiC 
increases correspondingly. Longer sintering time and higher sintering temperature clso 
lead to higher degree of crystallization and larger crystallite size.

Moreover, 6H-SiC is very stable even whon the temperature exceeds 2200 °C [21]. 
Theretore, a sintering temperature higher than 2100 °C leads to an increase in the proportion 
o- 6H-SiC, and a longer sintering; time allows mote 4H-SiC to be cenverted into 6H-piCZ.

3.2. Defect Structure
Table 2 shows the long-lived components of positrons for all specimens. The results 

show that the lifetime spectrum for each composite is characterized by the dominant short­
lived component X\ of 139 ps which corresponds to the bulk state of SiC calculated in [22]. 
For the composites sintered at 2100 ° C, the dominant component x\ has the intensity I1 

over 99%, and ~87% for that at 2200 °C.
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Table 2. M ea su red  p o sitro n  life tim e  in  th e  p re ce ra m ic  p a p e r-d e riv e d  S iC f/ S iC  co m p o site s .

Specimen
Sintering
Pressure

(MPa)

Sintering 
Time (min)

Sintering 
Temperature (°C) T1 (ps) I t (%) T2 (ps) I2 (%) T3 (ns) I3 (%) T  (ps)

1 60 10 2100 139 99 .5 - - 2.8 0.5 149

2 100 10 2100 139 99 .5 - - 2.6 0.5 149

3 100 3 2100 139 99 .6 - - 2 .7 0 .4 148

4 100 3 2200 139 87 .2 190 11 .7 2.1 1.1 164

Long-lived component r3 (>  2 ns) with extremely low intensity was observed in all 
specimens, this may be attributed to the pick-off annihilation of ortho-positronium (o-Ps) 
trapped on porous surfaces. The value of the r3 decreases and its intensity I3 increases in 
the specimen obtained at 2200 ° C. This is mainly due to more very small pores inside the 
composite, which is consistent with the result of SEM analysis (Figure 2). In addition, a 
longer sintering time (10 min) also leads to a slightly increased I3 value, but the influence 
is much lower than that of the temperature. Apart from this, no long-lived components 
were observed in the composites obtained at 2100 °C—i.e., there is no evidence that there 
are vacancy-type defects in these specimens.

Another long-lived component t 2 (= 190 ps) only appeared in the composites obtained 
at 2200 °C, which is consistent with the theoretical value of silicon vacancy VSi in 6H- 
SiC [23]. From XRD results, the transformation of 4H-SiC to 6H-SiC occurred at 2200 °C. 
Therefore, this transformation, accompanied by external loading, can cause distortions at 
the coherent interfaces leading to the formation of vacancy-type defects.

The formation energy of carbon vacancies VC (~20 eV) is much lower than that of 
silicon vacancies VSi (~35 eV) [24]. However, no long-lived components corresponding to 
carbon vacancies of about 145 ps [23] were observed in any composites in this experiment. 
The binding energy of a positron to a carbon vacancy is less than 50 meV [22]. The strong 
Coulomb repulsion from the nearest neighboring Si atoms can result in weak localization 
of positrons at carbon vacancies. This may cause problems in detecting carbon vacancies 
by PLS. This explains why the lifetime component corresponding to the carbon vacancies 
is not detected in this experiment.

Figure 4 shows measured values of line-shape S- and W-parameters of the DB spectrum 
as a function of positron injection depth for specimens obtained under distinct conditions. 
The S-parameter is usually used for studying the size and concentration of defects such as 
vacancies, dislocations, and vacant clusters. W-parameters play the key role in the study of 
interstitial atoms and impurity atoms and precipitation phases [15] .

Figure 4. T h e d ep en d en ce  o f lin e -sh ap e  S- an d  W -p aram eters of th e  D B  sp e ctra  o n  the in jectio n  d ep th  

o f  p o sitro n s  in  sp e cim en s.

The dependence of the S-parameter on the positron energy S(E) is represented by the 
superpos ition of S-parameters at the surface ami those in the spec imen interior
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S(E) =  Fs (E)Ss +  [1 -  Fs (E)]S i (3)

where Ss is the characteristic S-parameters at the surface of the specimen; Si is the S- 
parameters in the specimen interior; Fs (E) is the annihilations ratio of injected positrons 
annihilating at the surface. When the positron injection energy is low (the corresponding 
depth range is 0-160 nm or 0-5 keV), the S-parameters of almost all specimens show rapid 
decline with the injection energy increase. This is mainly due to part of positron diffusing 
back to the near surface and the formation of the ortho-positronium (o-Ps), causing the S 
parameter to decrease. In addition, the near-surface region is often complex in structure, 
and the positrons diffused to the surface annihilate in the surface state, usually with large S 
parameters [25]. As the injected energy continues to rise, the S-parameters are independent 
of injected positron energy in the range above ~10 keV.

It can be seen from the S-E curves that the composite material obtained by sintering 
for 3 min has lower S parameter than those of the composites sintered for 10 min. This is 
explained by the fact that a longer duration at high temperature leads to a higher degree 
of phase transformation and the formation of defects [26]. Furthermore, higher sintering 
pressure (100 MPa) also results in lower S-parameter. It is believed that the difference in 
S-parameters is mainly due to the difference in porosity and grain size, since the isolated 
silicon vacancies already disappear below 1000 °C [22], which is far below the sintering 
temperature. This also corresponds to the results of the positron lifetime spectrum for 
specimens—i.e., no long-lived components are found in the various specimens.

The specimen prepared at 60 MPa has the highest S-parameter, and compared with 
other specimens sintered at the pressure of 100 MPa, its S-parameter has reached the 
constant at lower energy of positron. Since the presence of more pores makes the positron 
diffusion length much shorter (about a few nm), the probability of positron diffusion 
back to the surface is lower, which in turn reduces the influence of surface effects on the 
S-parameters. The value of the S parameter is considered to be determined by the pore size. 
The S parameter is larger when the pore size is larger [27].

Measured values of line-shape S-parameters of the DB spectrum as the function of 
W-parameters for specimens obtained under distinct conditions are presented in Figure 5.

Figure 5. D e p e n d e n ce  o f lin e -sh a p e  S -p a ra m e te rs  o f  trie D B  sp e ctra  o n  W -p a ra m eters .

From the W-S curve, the annihilation traces of positrons in the samples can be seen. It 
was observed that positrons are annihilated in the substrates for most specimens. However, 
foe the specimen prepared at 60 MPa, the p ositrons are mainly annihilated in the pores due 
to the larger size of the pores (green circle). Compared to the specimen fob ricated ire 10 min 
at 100 MPa, the pore size is smalltt due to the higher sinteeing pressure, and the W-S curve 
is closer to the substrate area.
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For the specimen sintered at 2200 ° C, the pores are mainly reflected in the nanometer 
level, the S parameter does not increase significantly compared to the matrix. Thus, 
compared to the specimen fabricated at 2100 °C (using the same other sintering conditions), 
no difference in S-parameters can be seen. Considering that the value of the W-parameter 
of the specimen fabricated at 2200 °C is higher than that prepared at 2100 °C, it can be 
concluded that the antisite defect was generated by the C atoms filling the Si vacancies 
during the sintering process, which increased probability of the annihilation of the positron 
with the high momentum electrons. This can also be confirmed by comparing the ratio 
curve [28] or the energy spectra of carbon [29] and SiC [30]—i.e., in the energy spectrum 
graphite crystals have larger proportion of the integrated area of the region corresponding 
to high-momentum electrons. The positron lifetime does not change significantly when 
the silicon vacancy transforms into the antisite defects [27], thus the components of the 
antisite defects in the result of positron lifetime are not distinguished from that of the Si 
vacancy. This conclusion is consistent with the conclusions of the PLS and the XRD analysis 
from the previous section—i.e., phase transition rate of SiC is accelerated at 2200 ° C—the 
pressure of sintering causes distortion at the coherent interface, resulting in defects. The 
antisite defect is reflected in the blue circular area on the W-S curve. It was observed that 
the positrons in the specimen fabricated at 2200 °C are annihilated in the substrate and the 
antisite defect respectively.

Raman scattering spectroscopy can be used to obtain information on the microstruc­
ture of materials using different spectral characteristics, such as position of peak, intensity 
of peak, full width at half maximum (FWHM) of peak, etc. [31]. Furthermore, with the 
exception of 2H and 3C-SiC, all SiC polytypes are constructed of a mixture of cubic and 
hexagonal stacking of SiC double layers, from which specific Raman spectra can be de­
rived [32], information on the presence of different polytypes in the SiC specimens can be 
obtained [18]. For the scan data collected by RISE, the obtained Raman scattering spectra 
sire matched with the positions of the SEM images to obtain the position distribution of the 
Raman spectrum. The RISE image is extracted in Figure 6.

Figure 6. P o s it io n  d is tr ib u tio n  o f  th e  R a m a n  s p e c tr u m  o f  th e  S iC f/ S iC  sp e c im e n : le ft  R IS E  im a g e ; 

r ig h t R a m a n  sp e ctru m : w h e re  (a) is  fiber, (b ) is  m a tr ix , a n d  (c) is  p o fo sity .

Information on the stoichiometry of materials can be obtained by means of Raman 
spectroscopy, the carbon-rich characteristics of SiC fibers become the key to distinguishing 
between the fiber and the matrix, arid the characterization of the carbon is one of the most 
advantageous cepabilities of Raman spectroecopy. As demonstrated fn Figure 6, the color 
of the Raman spectrums line is the same as the color hf the corresponding arers in the RISE 
image. The image can clearly distinguish the; SiC fibers (blue) and the SiC layer (green) in 
the specimen. The few red areas in the matrix represent the carbon remaining after lhe 
decompo sition of the organics in the preceramic paper during sintering;. It can lie seen 
fcom tire RISE image that this free (cartoon is in the pores ef the SiC layer.

From spectrum (a), it ic observed that ihe spectrum in the region from 200 cm-1 
to 2800 cm-1 hac several maniiesSedwell-defined Raman bands. SiC in tire; fibers gives 
riee ko the band at ~830 cm-1 and ~930 cm-1 [33], while the specthum shows the main
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Raman features of graphite type [34]: D band ~1350 cm-1 , G band ~1582 cm-1 , G* band 
~2450 cm-1 , and G' band ~2680 cm-1 .

The observed obvious Raman characteristic peaks for carbon are caused by the Si/C 
stoichiometric ratio in the fibers being less than 1:1, and the excess C forming a C-C bond 
structure. Therefore, these peaks reflect the presence of the carbon packets in the fibers [35]. 
Considering that the LO and TO vibration dipole moments of the C-C bond do not change, 
the Raman scattering efficiency of the C-C bond is an order of magnitude higher than that 
of the Si-C bond [36]. Even if the share of the C-C bond structure is less than that of the 
Si-C bond, the Raman scattering peaks of C-C bond can be observed clearly. The spectrum 
shows the obvious G band and the very strong G' band, which are prominent features in 
the Raman spectra of monolayer graphene or turbostratic graphite [34].

Comparing the Raman spectrum of the SiC fiber before sintering (Figure 7), it can be 
observed that the C in the initial SiC fiber is mainly in the form of amorphous carbon [37], 
rather than the turbostratic graphite (or graphene) in the SiC fiber of the sintered SiCf/SiC 
composites. The turbostratic graphite (or graphene) may be caused by the diffusion of 
carbon from the preceramic paper to the fiber surface during the sintering process. In 
a high-temperature environment, the Si atoms from SiC sublime and break away, the 
remaining C atoms including the penetrated C atoms are combined, thereby forming 
graphite on the surface of SiC [38]. The results of Malard et al. showed that graphite 
heat-treated at ~2200 0 C exhibits a typical spectrum of a turbostratic graphite, which is 
composed of only one Lorentzian component [34], which is consistent with the G' peak in 
Figure 6. Considering that the sintering temperature of the material is 2100-2200 degrees, 
it is inferred that the observed G' may with a high probability be the typical peak of 
turbostratic graphite.

Figure 7. R a m a n  sp e ctru m  o f ca rb o n  in  u n sin tere d  S iC  fiber.

The average crystal size along the a-axis direction of the graphite in the fiber of the 
SiCf/SiC composites was calculated according; to the above formula is ~41 nm.

Figure 8 shows the SEM images of the SiC fiber under various magnifications. The 
SiC particles can be observed in the SEIM images, whose measured size does not ex­
ceed ~100 nm. The pores between the SiC particles provide channels for carbon diffu­
sion during the sintering process, forming turbostratic graphite in an oxygen-free, high- 
temperature environment.
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Figure 8. S E M -im a g e s  o f th e  S iC  fib er u n d e r v a rio u s  m a g n ifica tio n s.

Table 3 shows the TO peak positions of SiC in e ach specimen. Figure 9 shows the 
detailed profiles of the TO peaks for the SiC] layer ( a,b) and SiC fiber (c) of the composites. 
The TO peak: for the SiC layer is obviously split, and the overall profile is closer to 6H- 
SiC, while the detail for composite sintered at 2100 0 C for 3 min is c learly observed the 
4H-SiC [39], which Is consistent with Hie results of XRD.

Table 3. P e a k  p o s itio n  o f th e  T O  v ib ra tio n  m o d e  o f th e  p re ce ra m ic  p a p e r-d e riv e d  S iC f/ S iC  co m p o site s .

Specimen Sintering 
Pressure (MPa)

Sintering 
Time (min)

Sintering 
Temperature (0 C)

Peak Position of TO 
for SiC Fiber (cm- 1 )

Peak Position of TO 
for SiC Matrix (cm- 1 )

1 60 10 2100
770 772

798 793

2 100 10 2100
770 772

798 792

3 100 3 2100
770 779

798 799

4 100 3 2200
770 772

798 793

For the 3C-SiC, there are two peaks, one at 796 cm-1 that is assigned to the transverse 
optical (TO) phonon peak (double degeneration) and the other at 972 cm-1 to the longitu­
dinal optical (LO) phonon peak [32]; for 4H-SiC, there are TO peaks at 775 and 795 cm-1 
and LO at 967 cm-1 [39]; and for the 6H-SiC, there are TO peaks at 767 and 788 cm-1 and 
LO at 967 cm-1 [21,39]. According to the spectrum for the fiber, it can be determined that 
the fibers in SiCf/SiC composites are mainly composed of 6H-SiC. The positions of the TO 
peak for 4H-, and 6H-SiC are 794, 796, and 788 cm-1 , respectively. Except for the composite 
sintered at 2100 0 C for 3 min, the TO peak position for the matrix in the other specimens 
is at 792 cm-1 , which is significantly red shifted compared with that for the composite 
fabricated at 2100 0C for 3 min (~799 cm-1 ). This red shift is due to longer sintering time
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or the sintering temperature of 2200 °C, which cause more phase transition to 6H-SiC. This 
is consistent with the XRD and PS data. Additionally, the peak position of each specimen is 
slightly blue-shifted compared with the standard value, which is caused by compressive 
stress introduced by the sintering process.

Figure 9 . D eta ils  o f  th e  T O  p ea  k s fo r  th e  S iC  m a tr ix  o f  th e  n o v e l p re ce ra m ic  p a p er-d eriv ed  S iC f/ S iC  

C o m p o site s  b y  sintering; a t 21 00 °C  for 3 m in  (a); m a trix  w ith  o th e r  s in te r in g  co n d itio n s  (b ); an d  SiC  

fib er ( c).

4. Conclut ions
We have evaluated the m icrostructure o° the novel preceramic paper-derived SiCf /SiC 

composites fabricated by the spark plasma sintering; method with different sintering 
conditions. The influence of tht sintering pressure and time on defeet structcre of ohe 
c omposites was revealed.

Biased on the obtained results, the following conclusions were made:
L Different sintering conditions chaoge the phase composition o. the °abric aied compos­

ites. Compared to a 2100 °C, higher sintering temperature (21200 oC) accelerctet the 
p hase transition in the material to 6H-SiC; compared to 3 min, a longer sintering; time 
(10 min) results in an increase in the proportion of 6H-SiC . Nanopores are formed in 
the specimen sintered st 2200 °C.

2. The sintering. process removes vacancy-type defectc in the material. However, higher 
sintering temjoerature (2200 °C) leads to excesaively high phasetransition rate, further 
introducing vacancy-type defects.

3. A phase is observed in the fibers of SiCf /SiC composites that is believed to be tur- 
bostratic graphite. The turbostratic graphite (or graphene) may be caused by the diffu­
sion of carbon from the residual callulose fibers surface during the sinCering process.
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