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<Abstract>

Mechanical properties of carbon coated SiCf/SiC composites have been investigated, 

in conjunction with a detailed analysis of microstructure. Especially, the fracture 

behavior of SiCf/SiC composites by the induction of carbon coating layers has been 

examined. The matrix region of SiCf/SiC composites with ultra-fine SiC powders were 

consolidated by a liquid phase sintering (LPS) process, using a sintering additive of 

Al2O3-Y2O3 powder compound. In this composite, plain and satin- woven Tyranno SA 

fabrics were also utilized as a reinforcing material. A carbon interfacial layer was 

coated around satin-woven SiC fabrics. The characterization of LPS-SiCf/SiC composites 

was investigated by means of SEM and three point bending test. 
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1. Introduction

It was well known that SiC materials 

possessed favorable properties such as high 

temperature strength, good thermo-chemical 

stability, low electrical conductivity and low 

thermal expansion coefficient. However, the 

extensive applications of SiC materials are still 

restricted due to the embrittlement at operating 

temperatures. The utilization of various 

reinforcing fibers was regarded as a promising 

approach for the toughness strengthening of 

SiC materials. SiC fiber reinforced SiC matrix 

composites (SiCf/SiC) have been studied for 

blanket module components of fusion power 

plants such as first wall and divertor coolant 

channel[1]. Composite materials has been 

understood improvement of mechnical property 

of conventional materials by adding inclusions 

(reinforcements)[2]. Majority of R&D researches 

for the developments of SiCf/SiC composites 

were focused on the formation of high density 

SiC matrices into various fabric structures, 

including unidirectional, two dimensional or 

three dimensional array cloths[3-4]. The 

polymer-derived SiC fibers such as Tyranno SA 

and Hi-Nicalon, which possessed high 

crystalline and excellent mechanical properties, 

were also developed to improve the mechanical 

properties of SiCf/SiC composites[5]. Among the 

manufacturing processes of SiCf/SiC composites, 

liquid phase sintering(LPS) process are 

recognized as an attractive method for making 

high dense SiCf/SiC composites with good 

thermal conductivity. The previous works 

showed that LPS process could provide high 

density and excellent crystallinity for the matrix 

of SiCf/SiC composites, even if the sintered 

density depended on the compositional ratio of 

oxide additive materials for the formation of 

some eutectoids around starting SiC particles[6]. 

The induction of ultra-fine SiC powder with 

submicron or nano grain size was also 

expected to improve the matrix strength of 

SiCf/SiC composites. In order to extend the 

application of SiCf/SiC composites for high 

temperature structural components, it is still 

necessary to examine a proper interfacial 

coating layer around SiC fibers for the 

strengthening of fracture energy.

In the present study, the mechanical 

properties of SiCf/SiC composites reinforced 

with two dimensional SiC fabrics were 

investigated, based on the detailed analysis of 

their microstructures. Especially, the fracture 

behavior of SiCf/SiC composites reinforced 

with carbon coated satin-woven SiC fabrics 

was examined through an observation of 

their fractured surfaces.

2. Experimental procedures

SiCf/SiC composites were fabricated by a 

liquid phase sintering (LPS) process, using a 

commercial ultra-fine SiC powder (Kojundo 

Chemicals) with an average particle size of 

about 0.3 μm. A complex mixture of 

commercial Al2O3 and Y2O3 particles was used 

as a sintering additive material for the 
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consolidation of SiC matrix. The average sizes 

of Al2O3 and Y2O3 particles were constant as 

about 1.0 μm. The complex mixture slurry 

containing SiC, Al2O3, Y2O3 and acetone was 

prepared by the blending speed of 160 rpm for 

12 hours, using a ball milling device. The 

complex slurry was prepared inside a SiC 

crucible mounted on a ball mill device. The 

total amount (Al2O3+Y2O3) and the 

compositional ratio (Al2O3/Y2O3) of additive 

materials in the complex mixture were 10 wt% 

and 1.5, respectively. In this composite system, 

the reinforcing materials were plain-woven 

(P/W) and satin-woven (S/W) Tyranno SA SiC 

fabrics.

The carbon interfacial layer was also coated 

around satin-woven SiC fibers, using a chemical 

vapor deposition (CVD) process. The fabric 

preform for LPS-SiCf/SiC composites was prepared 

by the impregnation of complex mixture slurry 

into each SiC fabric, using a constant gas 

pressure of 6.0 MPa. LPS-SiCf/SiC composites 

composed of ten layers of fabric preform were 

sintered at the temperature of 1820℃ under 

applied pressure of 20 MPa for 1 hour. The 

sintering temperature of LPS-SiCf/SiC composites 

was determined from the phase diagram of the 

Al2O3-Y2O3 system for the creation of secondary 

liquid phases. The dimensions of as-pressed 

LPS-SiCf/SiC composites was 2(t)×40×40 mm3. 

Both sintered density and porosity volume 

fraction of LPS-SiCf/SiC composites reinforced 

with different SiC fabric structures were 

determined by the Archimedes’ method. The 

microstructure of LPS-SiCf/SiC composites was 

observed by a scanning electron microscope 

(SEM), after a mechanical polishing by diamond 

powders. In order to investigate the mechanical 

properties of LPS-SiCf/SiC composites, the three 

point bending test was carried out at the room 

temperatures. The bending load for composites 

was applied to the upper portion of stacking 

fabric layers. The dimensions of bending test 

samples was 2(t)×4×25 mm3. The span length 

and the crosshead speed for the bending test 

were 18 mm and 0.5 mm/min, respectively. 

The fractured surfaces of LPS-SiCf/SiC 

composites were also observed to examine the 

fracture behavior associated with the existence 

of carbon interfacial layer. All data of 

Fig. 1 Microstructures of LPS-SiCf/SiC composites reinforced with carbon coated satin-woven 
Tyranno SA fabrics.
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LPS-SiCf/SiC composites reinforced with 

uncoated P/W SiC fabrics quoted from Ref. 7. 

3. Results and discussion

Figure 1 shows the microstructures of 

LPS-SiCf/SiC composites reinforced with carbon 

coated satin-woven Tyranno-SA SiC fabrics. It 

was found that the composites represented a 

dense morphology with some amount of 

micropores. The good adhesion between 

satin-woven SiC fabrics and matrix region was 

also made in the microstructure of the 

composites. As shown in Figure 1(b), the 

detectable cracking of fiber by the infiltration 

of matrix slurry and the hot-pressing process 

was not observed in the cross section of 

fibers. Especially, the dense SiC matrix was 

created in the intra-fiber bundle region of 

composites, due to the sufficient infiltration of 

complex mixture slurry. The constant carbon 

coating layers with the thickness of about 0.5 

μm were well formed around SiC fibers. It 

can be considered that the slurry infiltration 

process for the preparation of fiber preform is 

effective for providing dense SiC phases in the 

matrix region of the composite, accompanying 

the suppression of fiber damages. 

Figure 2 shows the sintered density of 

LPS-SiCf/SiC composites reinforced with different 

structures of Tyranno SA SiC fabrics. The 

porosity volume fraction of the composites 

depending on the woven structures of SiC fibers 

was also shown in this figure. The composites 

reinforced with uncoated plain-woven SiC 

fabrics had an average sintered density of about 

3.1 Mg/m3, which corresponded to about 94 % 

of theoretical density. This material also 

possessed a porosity volume fraction of about 

5.3 %. On the other hand, the sintered density 

of the composites slightly decreased with the 

induction of carbon coated satin-woven SiC 

fabrics. In other words, SiCf/SiC composites 

reinforced with carbon coated satin-woven SiC 

fabrics possessed an average sintered density of 

about 2.8 Mg/m3, accompanying the porosity 

volume fraction of about 9.4%. The density 

reduction of the composites by the utilization of 

satin-woven SiC fabrics is maybe caused by the 

interruption of carbon interfacial layer for the 

infiltration of complex matrix slurry. 

Figure 3 displays the fracture behaviors of 

LPS-SiCf/SiC composites reinforced with different 

structures of Tyranno SA SiC fabrics. It was 

found that the fracture behavior of the 
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Fig. 2 Sintered density and porosity 
volume fraction of LPS-SiCf/SiC 
composites reinforced with different 
structures of Tyranno SA SiC 
fabrics.
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composites greatly depended on the induction of 

carbon interfacial layer. the composites reinforced 

with uncoated plain-woven SiC fabrics exhibited 

a typical brittle fracture behavior, which the 

bending load rapidly droped at the maximum 

value. On the contrary, the composites reinforced 

with carbon coated satin-woven SiC fabrics 

represented a pseudo-ductile fracture behavior 

with a stable crack propagation beyond the 

maximum load. Especially, the composites 

reinforced with carbon coated satin-woven SiC 

fabrics possessed the fracture energy of about 

58.6 × 10-3 J, corresponded to about four times 

of that reinforced with uncoated plain-woven 

SiC fabrics. Such a fracture behavior for the 

strengthening of fracture energy is caused by the 

variation of crack propagation path at the 

interface. In other words, since the carbon 

interfacial layer leads to the interfacial relaxation 

for the propagation of fracture crack across the 

SiC matrix, the subsequent creation of interfacial 

delamination and multiple fractures of fibers 

easily occur after the crack is arrested at the 

interface. Therefore, the bending load after the 

occurrence of first cracking is maintained through 

the proper friction between reinforcement and 

matrix.
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Fig. 4 Effect of Tyranno SA SiC fabric 
structure on the flexural strength of 
LPS-SiCf/SiC composites.

Figure 4 shows the effect of Tyranno SA 

SiC fabric structure on the flexural strength of 

LPS-SiCf/SiC composites. Five test specimens 

were used to determine the flexural strength 

of the composites. The fabric structure of SiC 

fiber did not provide a great difference in the 

flexural strength of the composites, even if 

satin-woven SiC fabrirics were coated with a 

carbon interfacial layer. the composites 

reinforced with carbon coated satin-woven 

SiC fabrics possessed an average flexural 

strength of about 200 MPa, which was 

slightly lower than that of the composites 

reinforced with uncoated plain-woven SiC 

fabrics (about 270 MPa). Such a slight 

difference of flexural strength is due to the 

increase of prosity volume fraction (See Fig, 2). 

Figure 5 shows the fracture surface of 
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Fig. 3 Fracture behaviors of LPS-SiCf/SiC 
composites reinforced with different 
structures of Tyranno SA SiC fabrics.
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LPS-SiCf/SiC composites reinforced with carbon 

coated satin-woven Tyranno SA SiC fabrics. 

The composites displayed an inter-granular 

fracture in the SiC matrix region of inter-fiber 

bundle region. On the contrary, both the fiber 

pull-outs and the interfacial delamination were 

mainly observed in the intra-fiber bundle 

region of the composites, due to the existance 

of an interfacial coating layer. It also seemed 

that the majority of SiC fibers maintained a 

weak bonding with the SiC matrix, owing to 

the debonding of carbon interfacial layer. It is 

considered that the fracture profile by the fiber 

pull-outs and the interfacial delamination leads 

to a pseudo-ductile fracture for improving the 

fracture energy of LPS-SiCf/SiC composites. 

4. Conclusions

Both microstructure and mechanical property 

of LPS-SiCf/SiC composites reinforced with 

plain and satin-woven Tyranno SA SiC fabrics 

were investigated. LPS-SiCf/SiC composites 

reinforced with carbon coated satin-woven SiC 

fabrics represented a dense morphology in the 

intra-fiber bundle region, accompanying a good 

adhesion between SiC fabrics and matrix 

region. LPS-SiCf/SiC composites reinforced with 

uncoated plain-woven SiC fabrics possessed a 

sintered density of about 3.1 Mg/m3 and a 

porosity volume fraction of about 5.3 %. On 

the other hand, LPS-SiCf/SiC composites 

reinforced with carbon coated satin-woven SiC 

fabrics had a sintered density of about 2.8 

Mg/m3. LPS-SiCf/SiC composites reinforced with 

carbon coated satin-woven SiC fabrics also 

represented the flexural strength lower than 

that of SiCf/SiC composites reinforced with 

uncoated plain-woven SiC fabrics. However, 

the induction of carbon interfacial layer around 

SiC fibers greatly improved the fracture energy 

of LPS-SiCf/SiC composites, accompanying a 

pseudo-ductile fracture behavior. Such an 

improvement of fracture energy was caused 
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Fig. 5 Fracture surface of LPS-SiCf/SiC reinforced 
with carbon coated satin-woven Tyranno 
SA SiC fabrics.
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by the proper combination of pull-out of SiC 

fibers and extensive interfacial delamination. 
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