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Abstract

Cf/SiC–ZrC composites were fabricated through mold-pressing and polymer infiltration and pyrolysis (PIP) process using T700SC carbon

fibers as reinforcements. The effects of interphases on the mechanical properties and microstructures of composites were studied. Composite

showed brittle fracture behavior and low bending stress of 81 � 24 MPa when no interphase was deposited on the fiber surface. With the deposition

of a PyC/SiC interphase, composite showed typical non-brittle fracture behavior and the bending stress increased to 401 � 64 MPa and a large

amount of pulled-out fibers could be observed on the fracture surface. Meanwhile, it could also be concluded from the microstructures of the

composites that the existed interphases had a great hindering effect on the infiltration of ZrC into the intra-bundle zones in the slurry infiltration

process. The TEM analysis results showed that the carbon fibers were almost not eroded and the brittle fracture behavior may be mainly ascribed to

the strong bonding between fibers and matrix.
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1. Introduction

Due to their excellent high temperature performances, much

attention was focused on the development of composites

consisting of SiC matrix in the past decades, such as Cf/SiC and

SiCf/SiC composites [1,2]. However, the maximum use

temperatures of silicon based ceramics are limited to about

1600 8C due to the onset of active oxidation in dry air and even

lower temperatures in water vapor environments. Development

of structural materials is therefore of great importance, for use

in oxidizing and rapid heating environments above 1600 8C [3].

Two potential approaches may be chosen to develop fiber-

reinforced ceramic composites that perform at ultra-high

temperatures (>1500 8C) under oxidative conditions, namely
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(a) utilizing existing carbon-fiber-reinforced carbon-matrix

composites (C/C) or carbon-fiber-reinforced silicon carbide

matrix composites (C/SiC) coated by thick (>100 mm) ultra-

high temperature ceramic (UHTC) coatings; (b) replacing the

carbon or silicon carbide matrices of such composites with an

ultra-high temperature matrix [4]. Introduction of UHTCs into

Cf/SiC composites allows these composites to be used as

potential candidates for extreme environments associated with

the hypersonic flight and rocket propulsion due to their retained

strength and ablation resistance at high temperatures [5].

UHTCs based on the carbides, nitrides and borides of group

IVB and VB transition metals have received a considerable

attention, due to their unique combination of properties such as

high melting temperature and hardness, high electrical and

thermal conductivity and chemical inertness against molten

metals. Among the family of UHTCs, due to their high melting

temperatures and relatively low density, zirconium-bearing

UHTCs are of great interest. Meanwhile, the oxide scale

formed in the ablation process can effectively reduce the

diffusion rate of oxidizing atmosphere toward the composite.
d.
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Fig. 1. XRD pattern of Cf/SiC–ZrC composite.

Fig. 2. SEM micrographs on the polished cross-section of Cf/SiC–ZrC composites using T700SC carbon fibers as reinforcements (a,b: none; c,d: PyC; e,f: PyC/SiC).

Fig. 3. Influence of interphase on microstructure of carbon fiber distribution.
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Fig. 4. Bending stress/displacement curves of Cf/SiC–ZrC composites with

different interphases.
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For continuous fiber reinforced ceramic matrix composites

(CFCMCs), fiber/matrix interfaces are critical on determining

the performance of the materials [6], as the properties of fiber/

matrix interfaces determine the mechanical behavior of brittle-

matrix composites [7,8]. It has been postulated that the best

interphase materials might be those with a layered crystal

structure (PyC, h-BN) or a layered microstructure, such as

(PyC-SiC)n and (BN-SiC)n, the layers being deposited parallel

to the fiber surface weakly bonded to one another but strongly

adherent to the fiber surface [9,10]. Furthermore, when

interphases are deposited on the fiber surfaces, they cannot

only provide a weak bond between the fiber and the matrix but

also protect the fiber reinforcements from being damaged,

which will lead to excellent mechanical properties of

composites.

The aim of the present work is to study the properties and

microstructures of Cf/SiC–ZrC composites with different

interphases fabricated by mold-pressing and PIP process.

2. Experimental procedure

T700SC carbon fibers (Toray, Tokyo, Japan) were used as

the reinforcements of the composites, the properties of carbon

fibers were listed in Table 1. Carbon fibers were first wound to

graphite frames to form fiber sheets and some were coated with

PyC or PyC/SiC interphase by forced pressure-pulsed chemical

vapor infiltration (FP-CVI) [11]. Commercially available ZrC

powders were mixed with PCS (National University of Defense

Technology, Changsha, China) with weight ratio of 50%:50%,

using xylene as solvent to form homogenous dispersed slurry.

Fiber sheets were impregnated with the aforementioned slurry.

After the impregnation, the sheets were dried, cut to the desired

size and placed into the graphite die to prepare unidirectional

Cf/SiC–ZrC composites. The graphite die was then heated to

about 200 8C in a hot-pressing furnace and pressure (about

5 MPa) was applied to control the thickness of samples at

temperature somewhat higher than the softening temperature of

PCS. Formed samples were further densified by several

repetitions of impregnation and pyrolysis of PCS. More

detailed experimental procedure was described elsewhere [12].

Densities and open porosities were measured by Archi-

medes’ method. As the compositions of the matrix are complex,

only the density and open porosity were listed, the relative

density was not mentioned here. The samples were cut and

ground into 4 mm � 2 mm � 40 mm specimens for three-

point-bending test in an Instron-5566 testing machine, with a

crosshead speed of 0.5 mm/min and a span of 24 mm. The

compositions of composites were characterized by X-ray

diffraction (XRD) with Cu Ka radiation. The microstructures
Table 1

Properties of T700SC carbon fibers.

Carbon

fiber

Number

of filament (K)

Tensile

strength

(MPa)

Tensile

modulus

(GPa)

Elongation

(%)

Density

(g/cm3)

T700SC 12 4900 230 2.1 1.8
of composites were characterized by electron probe micro-

analyzer (EPMA, JXA-800) and field emission transmission

electron microscopy (FETEM, TEM2010) equipped with EDS.

3. Results and discussion

The XRD pattern of composite fabricated using the as-

received T700SC carbon fibers as reinforcements is plotted in

Fig. 1. It can be concluded from the diffraction peaks that the

main phases existing in the composite are carbon fibers, ZrC,

SiC and ZrO2. Due to the low crystallinity of carbon fibers, the

intensity of their diffraction peak at about 26.78 is relatively

weak. ZrC was introduced in the slurry impregnation process.

As a result of low oxidation resistance of ZrC [13], when

contacted with air, some ZrO2 has been formed at the surface of

nano-ZrC particles and SiC in the composite came from the

pyrolysis of PCS.

Physical and mechanical properties of Cf/SiC–ZrC compo-

sites with different interphases are summarized in Table 2. It

can be observed that when there is no interphase deposited on

the surface of carbon fibers, the composite has a much higher

density (2.66 g/cm3) than those of composites with interphases

(2.26 g/cm3 and 2.37 g/cm3, respectively, for composites with

PyC and PyC/SiC). Meanwhile, as far as the mechanical

properties of composites are concerned, they are greatly

improved when interphases have been deposited on the fiber

surfaces. The bending stress of composite with PyC/SiC

interphase is 401 � 64 MPa while that of composite without

interphase is 81 � 24 MPa.
Table 2

Properties of Cf/SiC–ZrC composites with different interphases.

Interphase Fiber

fraction

(vol%)

ZrC

fraction

(vol%)

Density

(g/cm3)

Open porosity

(%)

Bending

stress

(MPa)

Elastic

modulus

(GPa)

None 36 18 2.66 4.3 81 � 24 91 � 12

PyC 38 13 2.26 7.8 226 � 26 115 � 17

PyC/SiC 39 14 2.37 7.3 401 � 64 104 � 10



Fig. 5. SEM micrographs on the fracture surfaces of Cf/SiC–ZrC composites using T700SC carbon fibers as reinforcements (a,b: none; c,d: PyC; e,f: PyC/SiC).
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The SEM micrographs on the polished cross-section of Cf/

SiC–ZrC composites with different interphases are shown in

Fig. 2. It can be observed that when no interphases were

deposited on the surface, the fiber reinforcements and ZrC

particles (with white contrast) were dispersed homogenously in

composite. After interphases were deposited, there are obvious

inter-bundle matrix zones existing in the composites and the

inter-bundle matrix is relatively dense. In the fabrication

process, pressures were applied to control the thickness of the

samples at �200 8C (somewhat higher than the softening

temperature of PCS). Therefore, the slurry on the surface of

carbon fiber bundles can move freely and fill the void existing in

the inter-bundle zones. However, as far as intra-bundle zones

were concerned, some more micro-pores can be found. There
are 12,000 fiber filaments in each fiber bundle used in the

experiment and the spaces between fiber filaments are small as

a result of the small diameter of carbon fibers. When

interphases were deposited on the fiber surface, filaments

would be stack to each other by the interphase (the white rings

around carbon fibers shown in Fig. 3) and result in a tight

structure. In the slurry impregnation process, the hindering

effect of tight fiber bundles was much more obvious than that of

loose ones, consequently, more ZrC can be infiltrated into the

intra-bundle zones of undeposited carbon fiber bundles and a

more homogenous microstructure can be obtained. Never-

theless, most of the intra-bundle spaces of deposited bundles

were filled with PCS in the infiltration process. Volume

shrinkage accompanied in the PCS pyrolysis and crystallization



Fig. 6. TEM images of composites fabricated from carbon fibers without interphase.
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process may account for the existence of intra-bundle-pores of

composites with interphases. Though some pores can be filled

in the following PIP process, there are still some closed pores

remained. During PIP process, the micro-pores left in the

matrix would decrease in size when PIP cycles proceeded.

When the pores were small enough, it was difficult for the

viscous polymer to fill into the consolidated body effectively

[14].

Fig. 4 shows the bending stress–displacement curves of

composites with different interphases. As it can be concluded

from these curves that when no interphase was deposited,

composite showed brittle fracture behavior while those with

interphases showed typical non-brittle fracture behavior as it

could be expected. With the deposition of interphases,

mechanical properties including elastic modulus and bending

stress greatly increased.

In consistence with the brittle fracture behavior of

composite without interphase, no obvious fiber pull-out can

be observed on the fracture surface, as shown in Fig. 5a and b.

With the deposition of an interphase on the fiber surface, both

the amount and the length of pulled-out fibers increase,

especially for composite with PyC/SiC interphase. It can also

be observed from the morphologies of pull-out fiber surfaces,

when no interphase was deposited, that the surfaces of pulled-

out fibers are much coarser. This noticeable difference may be

accounted by the bonding strength. It has been documented

that fiber/matrix interfacial characteristics plays a crucial role

in determining the mechanical properties of CFRCMCs. Weak

fiber/matrix interfacial bonding in a brittle matrix composite

facilitates toughening mechanism such as interfacial

debondingand fiber pull-out. In contrast, a strong interfacial

bonding tends to cause the crack propagate straightly through

the fibers and result in low fracture toughness [15]. When no

interphases were deposited, strong interfacial bonding may

occur and limit the deflection of crack in the damaging

process.
In order to better understand the reasons for the brittle

fracture behavior of composite with uncoated carbon fibers,

TEM was applied to investigate the interfacial zone between the

fibers and matrix, as shown in Fig. 6. No obvious reaction

zones can be found from both transmission electron microscopy

(TEM) and high resolution transmission electron microscopy

(HRTEM) micrographs, which means that carbon fiber

reinforcements were not eroded in the fabrication process

and that the brittle fracture behavior of composite with

uncoated carbon fiber reinforcements was mainly caused by the

strong bonding between fibers and matrix. It is well known that

too strong bonding between fiber reinforcements and matrix

will hinder the deflection of cracks in the propagation process

and result in brittle fracture behavior.

4. Conclusions

Interphases exert great effects on both microstructures and

properties of Cf/SiC–ZrC composites fabricated through mold-

pressing and PIP process.

1. When there is no interphase deposited on the surface of

carbon fibers, composite possesses a much higher density

and the dispersions of carbon fiber reinforcements and ZrC

particles are much more homogeneous than those with

interphases. When interphases were deposited, there are

obvious inter-bundle matrix zones and ZrC existed mainly in

inter-bundle matrix.

2. The addition of interphases can greatly improve the

mechanical properties of composites. The bending stress

and elastic modulus of composites with PyC/SiC interphase

were 401 � 64 MPa and 104 � 10 GPa while those of

composites without interphase were 81 � 24 MPa and

91 � 12 GPa. As a result of the weak bonding of interphases,

composite with interphases showed typical non-brittle

fracture behavior.
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3. The brittle fracture behavior of Cf/SiC–ZrC composite

without interphases may be mainly ascribed to the strong

bonding between fibers and matrix.
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