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Abstract: To investigate the effects of carbon fiber (Cf) adding content on the properties of Si3N4, Cf/Si3N4 composites 

with 0, 2wt% and 5wt% of short carbon fibers were prepared by hot-press sintering method, using Y2O3 as sintering 

additives. With long-time ball milling process, carbon fibers were well dispersed in mixed powders using ethanol as 

dispersion medium. Carbon fibers distribute uniformly in the composites and Si3N4 grains grow to a certain degree in 

the vertical direction to the pressure of hot-press. The interfacial by-product silicon carbide (SiC) phase forms due to 

the reaction between added Cf and Si3N4 particles or SiO2 layer on surface of Si3N4 particles during high temperature 

sintering. The sample with 2wt% Cf addition achieves a higher value of thermal conductivity (45.8 W/(m K)), while 

the thermal conductivity of Si3N4 without Cf is only 37.1 W/(m K). Therefore, the addition of Cf can improve the ther-

mal conductivity of the composites. The fracture toughness of the composites has a slight increase with Cf adding. The 

measured hardness values for all samples are within a range of 16.6–16.8 GPa.  
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Si3N4 ceramic is not only an important engineering ce-
ramics with a variety of applications[1], but also a promis-
ing substrate and package material for high power inte-
grated circuits due to its good thermal conductivity, high 
electrical resistivity, low dielectric constant, and low 
thermal expansion coefficient[2]. However, the thermal 
conductivity of Si3N4 is still not high enough to be used in 
some industrial areas. In recent decade years, more and 
more researches focused on the improvement of thermal 
conductivity of Si3N4. It has been found that the thermal 
properties of Si3N4 are strongly influenced by the quality 
of raw powders[3-4], type of sintering aids[5], forming tech-
nique[6], sintering method[7-8], and sintering conditions[9]. 
But few investigations on the thermal properties of Si3N4– 
based composites, second-phase composited, or fiber 
composited Si3N4 have been reported.  

Since carbon fiber materials were discovered, enormous 
amount of research interests have been sparked due to 
their potential applications as reinforcement components. 
One promising usage of carbon fibers is to act as fillers in 
composite materials to improve their thermal, electrical, 
and mechanical performances. Some carbon fibers have 
very good thermal properties. For example, the mesophase- 
pitch-based carbon fibers have a high thermal conductivity 
of 500 W/(m K); the graphitized carbon fibers have a 

higher thermal conductivity. Therefore, Cf was used to 
improve the thermal properties of composites. Due to the 
addition of Cf, the thermal conductivities of carbon fi-
ber-in-oil suspensions[10] and carbon fiber-in-polymer 
composites were enhanced[11] significantly. Borrell[12] re-
ported that an increase of 83% in thermal conductivity at 
room temperature was observed when adding 80vol% of 
carbon nanofibers to ZrO2 ceramics.  

In our present study, the high-density Cf/Si3N4 compos-
ites were tried to be fabricated by hot-press sintering with 
rod-like Si3N4 particles as raw powders and short carbon 
fibers as reinforcement. The interfacial structure between 
Cf and Si3N4 matrix was investigated and the effect of Cf 
addition on the thermal conductivity and mechanical 
properties of Cf/Si3N4 were discussed, respectively.  

1  Experiment 

1.1  Preparations 
The rod-like raw powders of Si3N4 were prepared via 

partial nitridation and self-propagating high temperature 
synthesis process (SHS)[13]. The image of rod-like Si3N4 

powders was shown in Fig. 1(a). The rod-like Si3N4 pow-
der is a mixture of α- and β-phase (seen in Fig. 2).The 
carbon fibers were purchased from Japan (Toray Industries 
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CO., Ltd.) and its diameter is 7-8 μm (seen in Fig. 1(b)). 
For better dispersion, the carbon fibers were cut into a 
length less than 100 μm. The raw Si3N4 powders were 
mixed with 3wt% Y2O3 (purity>99.9%, Yuelong New Ma-
terials Co., Ltd, Shanghai, China) in ethanol using Si3N4 

balls in a polyethylene pot. After 24 h milling, the short Cf 
(varied in 0–5wt%) was added to the batches. After mill-
ing for another 12 h to reach a uniform dispersion of Cf, 
the slurry was dried at 80℃ for 10 h and sieved through 
an 80-mesh screen. The mixed powders were then placed 
into a graphite container (25 mm in diameter) and 
hot-pressed at 1800℃ for 2 h, under a uniaxial pressure of 
30 MPa in a flowing N2 atmosphere. Three types of compos-
ite samples with different carbon fiber content(0, 2wt%, 
5wt%) were obtained, defined as SN-Cf-0, SN-Cf-2, and 
SN-Cf-5, respectively. 
1.2  Characterization 

The phase compositions of Cf/Si3N4 specimens were 
analyzed by XRD with CuKα radiation (λ=0.1541 nm, a 
D/MAX-2550VX X-ray diffractometer working at 40 kV 
and 100 mA). The microstructures of the starting powder 
morphology and fracture surface of bulk samples were 
observed by a field emission scanning electron microscope 
(FESEM, JSM-6700 JEOL, Japan, 10.0 kV). The interfa-
cial structure between Cf and Si3N4 matrix was character-
ized by a high-resolution transmission electron micro-
scope (HRTEM, JEM2100F JEOL, Japan, 200 kV) cou-
pled with a selected area electron diffractometer (SAED) 
and energy-dispersive spectroscope (EDS) using Cu-grid 
as sample holder. 

 

Fig. 1  SEM images of raw Si3N4 particles (a) and raw carbon 
fibers (b) 

 

Fig. 2  XRD patterns of raw Si3N4 powders and Cf/Si3N4 composites 

Thermal conductivity (k) was calculated by the equa-
tion of k=ρCpα, where ρ, Cp and α represent the bulk den-
sity, specific heat, and thermal diffusivity of the disk 
specimen, respectively. While the bulk density (ρ) was 
measured by the Archimedes method in distilled water, the 
thermal diffusivity (α) was measured by a laser-flash 
method (LFA427) from room temperature (RT) to 500℃ 
on disk specimens with 10 mm in diameter and 2 mm in 
thickness, and the specific heat (Cp) was measured with a 
differential scanning calorimeter (DSC) in RT–500℃ 
temperature range. The hardness (Hv) and fracture tough-
ness (KIC) were also measured by Vickers indentation 
method at a load of 4.9 N for 10 s at RT. All the measured 
surfaces of samples were vertical to the direction of axial 
pressure applied in hot-press procedure.  

2  Results and discussion 

2.1  Phase formation and distribution in Cf/Si3N4 
composites 

It is believed that β-Si3N4 as main phase is beneficial 
for obtaining high thermal-conduction and mechanical 
property. The XRD patterns of prepared Cf/Si3N4 compos-
ite specimens with different Cf concentration (seen in Fig. 2) 
show that there is only β-Si3N4 main phase in the three 
samples of SN-Cf-0, SN-Cf-2, and SN-Cf-5. In compari-
son, obvious signs of α-Si3N4 phase are shown in raw 
Si3N4 powders. It is found that a nearly complete 
phase-transformation from α-Si3N4 to β-Si3N4 occurred 
after 2 h sintering of Cf/Si3N4. Yang[14] reported that the 
existence of carbon would prohibit the α→β Si3N4 phase 
transformation. However, the carbon fibers in our research 
have almost no negative effect on α to β transformation 
during sintering at high temperature of 1800℃. All three 
composite specimens display an obvious orientation ten-
dency of the matrix Si3N4 grains, as indentified in XRD 
patterns by a sharp difference in relative intensities of 
XRD peaks between composite samples and raw powders 
of Si3N4. For example, the XRD peaks of (101) plane for 
the characteristic β-Si3N4 phase are almost not visible in 
the sintered samples while they are very strong for the raw 
powders. Such alignment of β-Si3N4 grains is a result of 
the uniaxial pressure applied on the rod-like Si3N4 raw 
powders packed in graphite die during hot pressing. 
Moreover, no Cf was detected by XRD. It’s hard to judge 
whether carbon fiber additives can keep their natural state 
after sintering just by using XRD detection. 

SEM and optical microscopy images of Cf/Si3N4 com-
posites are shown in Fig. 3. In all samples, considerable 
amount of elongated grains are observed in Si3N4 matrix  
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Fig. 3  SEM and optical microscopy images of Cf/Si3N4   
Secondary electron image (SEI) of fracture surfaces of SN-Cf-0 (a) and 
SN-Cf-5 (b), back scattered electron image (BSEI) of fracture surface of 
SN-Cf-5 (c), and optical microscopy image of SN-Cf-5 surface (d) 
 
with 1–2 μm in diameter, and the elongated grains are 
aligned to some degree, which is in agreement with the 
XRD results in which the alignment of β-Si3N4 grains has 
been confirmed by the sharp peaks at (200) and (210) 
planes. The grain morphology in SN-Cf-2 sample is simi-
lar to that in SN-Cf-0 and SN-Cf-5, which is not shown here. 
In these images the carbon fibers in the dark contrast can be 
readily observed, as arrowed. Carbon fibers are well-distributed 
in Si3N4 matrix (seen in Fig. 3(c) and Fig. 3(d)). In addition, 
the diameter of carbon fibers have been decreased to 5 μm 
when compared with that of the raw carbon fibers with 
diameter of 7–8 μm. It has been proved that the carbon 
fibers would be degraded by hot-pressing process at 
higher temperatures[15-16].  
2.2  Interface reaction between Cf and Si3N4 in 
Cf/Si3N4 composites 

In the composites, the interface reaction often occurs 
between second-phase and matrix, leading to the forma-
tion of transition products at interface which may influ-
ence properties of composites. Based on the TEM obser-
vations of our Cf/Si3N4 samples, a typical interfacial mi-
crostructure of Cf/Si3N4 having 5wt% carbon fibers is 
shown in Fig. 4, with corresponding EDS patterns of dif-
ferent regions. The carbon fibers and Si3N4 grains are eas-
ily identified as arrowed in Fig. 4(a). Additionally, a tran-
sition layer with 2 μm width can be observed between 
carbon fiber and Si3N4 matrix. EDS patterns (Fig. 4(d)) 
show that the transition layer contains silicon, carbon, and 
a trace of oxygen element. Considering the degradation of 
carbon fibers and EDS patterns, it can be inferred that the 
transition layer is SiC phase caused by the carbothermal 
reduction reaction between Si3N4 or SiO2 existing on the 
Si3N4 grain surface and carbon fibers at high temperatures.  

 

Fig. 4  TEM image of interfacial surface between Cf and Si3N4 
in SN-Cf-5 (a) and EDS patterns of different regions (b, c, d) 
arrowed in (a) 

 
The possible reaction routs are described as follows : 

3C(s)+SiO2(s)→SiC(s)+2CO(g)         (1) 
3C(s)+Si3N4(s)→3SiC(s)+2N2(g)        (2) 

The reaction (1) is more preferably reached than that of 
reaction (2) in the Si3N4-SiO2-C system[17], due to its lower 
reaction active energy. After the complete consumption of 
SiO2 layer on Si3N4 grain surface, the remained carbon 
will react with Si3N4 via reaction (2). In general, these two 
reactions start at 1450℃, so the formation of transition 
layer of SiC phase may have happened at relatively low 
temperatures during hot-press sintering process. It was 
reported that Si3N4/SiC composites and SiC-based com-
posites were successfully fabricated according to the car-
bothermal reaction (1) and (2)[14,17]. 

TEM and HRTEM images of the interfacial transition 
layer of SiC are shown in Fig. 5. Many small SiC crystals 
are packed between Cf and Si3N4 matrix. The size of 
grains in the SiC transition layer is about 200 nm. Fur-
thermore，SiC grains in the transition layer can be also 
identified by the interplanar d-spacing of 0.25 nm corre-
sponding to the (111) plane of SiC phase and the corre-
sponding SAED pattern is shown in Fig. 5(b). The forma-
tion of SiC particles by carbothermal reaction between 
Si3N4 and carbon was also proved and reported by Choi[18]. 
2.3  Thermal conductivity and mechanical 
property of Cf/Si3N4 composites 

Addition of Cf into Si3N4 matrix exhibits some positive 
effects on thermal conductivity of composites in our re-
search. Table 1 shows the thermal conductivity variation-
sof Cf/Si3N4 composites with different concentration of car  
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Fig. 5  TEM (a) and HRTEM (b) images of interfacial transition 
layer of SiC in SN-Cf-5 specimen 

 
bon fibers measured at room temperature. The sample 
SN-Cf-2 shows the highest value of thermal conductivity up 
to 45.8 W/(m K), while the value of Si3N4 without Cf addi-
tion is only 37.1 W/(m K). Because the used Toray carbon 
fibers have a high thermal conductivity (80 W/(m K)), the 
introduction of carbon fibers with 2wt% enhances the 
thermal conductivity of Si3N4 matrix. A similar enhance-
ment effect was also reported in carbon fibers/PMMA 
(polymethyl methacrylate) composites[19] and carbon 
nanotube/alumina composites[20]. It showed that the intro-
duction of carbon materials into the matrixes with low 
thermal conductivity effectively improve the thermal 
properties of the composites. But the key factor is the uni-
form dispersion of carbons in matrix. In our experiments, 
a well-dispersed Cf in matrix is realized by using ethanol 
as efficient dispersion medium with long-time ball-milling, 
as shown in Fig. 3. 

Both thermal diffusivity and thermal conductivity of 
SN-Cf-5 are slight lower than that of SN-Cf-0. Based on 
the TEM microstructure observation of Cf/Si3N4 compos-
ites, the lower thermal property of SN-Cf-5 is attributed to 
the interfacial reaction between Cf and matrix. In short, 
three factors, caused by the interfacial reaction, are re-
sponsible for the lower thermal properties. Firstly, there 
are SiC layers with 2 μm in width between Cf and Si3N4 
grains in the composites, as shown in Fig. 4. The transition 
layers, composed of random SiC particles wrapping 
around the surface of Cf as protective shells, obstruct the 
heat flow between Cf and Si3N4 grains. Secondly, the Cf 

degrade due to the carbothermal reduction reaction during 
high temperature sintering. As a result, the diameter of Cf 
was reduced from its original 7–8 μm to 5–6 μm in final 

 
Table 1  Thermal properties of Cf/Si3N4 composites meas-

ured at room temperature 

Composites 
Cf/ 

wt% 
ρ/ 

(g cm-3) 
Cp/ 

(mm2 s-1) 
α/ 

(J g-1 K-1) 
k/ 

(W m-1 K-1）

SN-Cf-0 0 3.27 17.98 0.59 37.12 
SN-Cf-2 2 3.31 19.99 0.61 45.84 
SN-Cf-5 5 3.28 15.12 0.58 33.43 

 

state by exhausting for the formation of SiC layer. The 
carbon fibers could not keep their integrality, which might 
make a negative effect on the thermal properties of com-
posites. Thirdly, during sintering process, both carbother-
mal reduction reaction (1) and (2) can release gases (CO 
or N2), which cause many micropores in bulk samples. 
Moreover, the micropores will compromise a part of ther-
mal conductivity by scattering the heat flow in composites. 
In SN-Cf-5 sample, the obvious degradation of carbon 
fibers resulted in the production of more nano-size SiC 
grain layers, more lattice defects, and more micropores at 
interface regions, compared with SN-Cf-2 sample, which 
finally leads to a lower thermal conductivity. 

The evolution of thermal conductivity with varied tem-
peratures for the composite materials is shown in Fig. 6. 
The thermal conductivity of the three ceramic samples 
decreases gradually with the temperature increasing from 
room temperature to 500℃. This is the typical behavior 
for polycrystalline materials, demonstrating that phonon 
disharmony-induced degrades thermal conductivity at high 
temperatures[21]. 

The results of hardness (Hv) and fracture toughness 
(KIC) measurements of Cf/Si3N4 composites are shown in 
Table 2. The mechanical properties of the Si3N4 matrix 
are not improved significantly by the introduction of 
carbon fibers. The fracture toughness of SN-Cf-0, 
SN-Cf-2 and SN-Cf-5 is 5.0, 4.9 and 5.3 MPa m1/2, re-
spectively, and the hardness values are all within a range 
of 16.6–16.8 GPa. From SEM observations of sample 
SN-Cf-5 (Fig. 3), the pullout mechanism of reinforce-
ment from short carbon fiber intrusion is not obvious. It 
means that the fracture toughness enhancement owing to the 
exhaustion of fracture energy from the pullout of fibers does 
not work in the duration of indentation experiment of Hv 
and KIC measurements. Furthermore, it is believed that the 
carbon fibers did not bear a large part of load in the hard-
ness measurement procedure and the to the degradation and  

 

Fig. 6  Variation of thermal conductivity with temperature for 
Cf/Si3N4 composites 
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Table 2  Mechanical property of Cf/Si3N4 composites meas-
ured at room temperature 

Composites Cf /wt% Hv/GPa KIC/(MPa m1/2) 

SN-Cf-0 0 16.6 5.0 

SN-Cf-2 2 16.8 4.9 

SN-Cf-5 5 16.8 5.3 

 
short length of carbon fibers added. Therefore, the val-
ues of Hv keep a nearly constant one. If the degradation 
of carbon fiber can be inhibited by optimizing the sin-
tering conditions or resisted by coating the fibers to 
stop interfacial reaction, or the length of additional 
carbon fiber can be tailored properly, the thermal con-
ductivity and mechanical properties of Cf/Si3N4 would 
be enhanced effectively. Further researches are needed 
to be proceeded to declare the fundamental understand-
ing and optimize the processing. 

3  Conclusion 

In summary, the oriented silicon nitride based com-
posites with different addition (0, 2wt% and 5wt%) of 
carbon fibers (Cf) were prepared by hot-press sintering 
method at 1800℃. The Cf reacts with Si3N4 (or SiO2 on 
Si3N4 grain surfaces) at interface during sintering process 
via a carbothermal reduction reaction. As a result, a thick 
transition SiC layer is formed at the interface between Cf 
and Si3N4 matrix. A higher value of thermal conductivity, 
45.8 W/(m K), belongs to the sample containing the 
2wt% Cf concentration. The addition of Cf can improve 
the thermal conductivity of the composites, while the 
interfacial reaction between Cf and Si3N4 matrix contrib-
utes the deterioration of thermal conductivity. The ther-
mal conduction improvement is balanced by the content 
of Cf addition and the degree of Cf deterioration. In addi-
tion, the influence of Cf fillers on the improvement the 
mechanical properties (Hv and K1C) are not very obvious, 
due to the degradation and short length of carbon fibers 
as well.  
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碳纤维复合 Si3N4陶瓷材料的制备及性能研究 

王贺云 1,2, 刘 茜 1, 周 遥 1,2, 周真真 1，刘光辉 1 

(1. 中国科学院 上海硅酸盐研究所, 高性能陶瓷和超微结构国家重点实验室, 上海 200050; 2. 中国科学院大学, 北
京 100049) 

摘 要: 为研究碳纤维(Cf)加入量对复合材料性能的影响, 本研究以 Y2O3 为烧结助剂, 采用热压烧结技术制备了

Cf/Si3N4 复合材料, 其中碳纤维加入量为 0、2wt%和 5wt%。选用乙醇作分散介质，通过球磨工艺可有效分散短切碳

纤维。研究结果表明: 碳纤维在复合材料中分散均匀, 且材料中的晶粒在垂直于热压压力的方向呈现一定取向排列。

高温烧结过程中, 碳纤维与 Si3N4或其表面的 SiO2层发生反应, 生成 SiC 中间层。适量碳纤维加入有助于提高复合材

料的热导性能。当 Cf加入量为 2wt%时，Cf/Si3N4的热导率较高, 为 45.8 W/(m K)；而不添加 Cf的样品, 其热导率为

37.1 W/(m K)。加入 Cf后, Cf/Si3N4的断裂韧性有小幅提高, 维氏硬度在 16.6~16.8 GPa 范围内变化。 

关  键  词: Cf/Si3N4复合材料; 热压烧结; 界面反应；热导; 力学性能 
中图分类号: TQ174                文献标识码: A 

 


