
Crack initiation and growth characteristics in SiC/SiC under
indentation test

W. Zhang a, T. Hinoki a, Y. Katoh a, A. Kohyama a,*, T. Noda b, T. Muroga c,
J. Yu d

a Institute of Advanced Energy, Kyoto University, Uji, Kyoto 612, Japan
b National Research Institute for Metals, 1-2-1, Sengen, Tsukuba, Ibaraki 305, Japan

c National Institute for Fusion Science, Oroshi, Toki, Gifu 509-52, Japan
d China Institute of Atomic Energy, P.O. Box 275-51, Beijing 102413, People's Republic of China

Abstract

The mechanical behavior of ceramic matrix composites (CMC) is known to be strongly in¯uenced by ®ber-matrix

interfacial properties and there have been many e�orts to clarify the interfacial characteristics. To understand the

fracture mechanism of the materials it is necessary to clarify how the cracks initiate and propagate among ®bers, in-

terphase (coating) and matrix. The objective of this study is to investigate crack initiation and growth characteristics in

SiC/SiC composites with variations in coating thickness and coating methods by means of micro-indentation technique.

Micro-indentation tests and hardness tests were carried out on SiC/SiC composites produced by the chemical vapour

in®ltration (CVI) process. The intrinsic catastrophic mode of failure of the brittle composite was prevented by appli-

cation of single carbon and multiple coatings on ®bers. Thinner coatings are sensitive to make ®bers debonded and may

improve the toughness of the composites. Ó 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

SiC/SiC composite materials are potential structural

materials for fusion reactor because of their high tem-

perature strength, low induced radioactivity, non-cata-

strophic failure mode, high plant heat e�ciency and

good irradiation resistance [1]. Nevertheless, composites

brittleness is still a problem. For improving the tough-

ness of the materials, a key element is the ®ber/matrix

interfacial layer which is deposited on the ®bers prior to

chemical vapor in®ltration (CVI) processing, which was

reported in Ref. [2]. In that work, carbon layer was in-

troduced to be interphase and the relation between

¯exural strength of SiC/SiC composites and carbon

layers thickness was clari®ed. As the interphase thick-

ness increased, a reduction in the ultimate bend strength

occurs accompanied by a more gradual load drop-o� as

load is no longer e�ectively transferred from matrix to

®bers. Crack behaviors among ®bers, interphase and

matrix in¯uence the fracture performance of SiC/SiC

composites signi®cantly [3±6]. However, up to now,

there are almost no reports about crack behavior under

indentation test. In this work, push-in test and micro-

hardness test were carried out on specimens with various

thickness carbon layer and multiple layers to investigate

the e�ect of carbon layer and multiple layers on crack

initiation and propagation.

2. Experimental procedure

2.1. Material fabrication

For investigating the e�ects of ®ber coatings on crack

behavior of SiC/SiC composites, di�erent thickness

carbon coating and multiple coatings were employed

prior to SiC CVI processing. The thickness of coating

ranged from 50 to 5500 nm. Multiple coatings refers to

consecutive depositions of C, then SiC, then C.
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Seven layers 2D woven fabrics of SiC (Hi-Nicalon)

were stacked one layer by one layer and then pressed to

the thickness of 1.8 mm. After 1 h heat treatment at

1000°C in vacuum, carbon coating or multiple coatings

were deposited on ®bers (CVI). Following the process, 3

h SiC CVI was utilized to preform of specimens. In the

end, 22 h SiC CVI was applied for each side of a spec-

imen respectively. The seven types of SiC/SiC compos-

ites were produced in NRIM. With the exception of

specimen CR01 which was produced by Ube Industries

Corporation. The specimens types are listed in Table 1.

2.2. Specimens preparing

Rectangular bars were cut from the composite in size

of 4 (l) ´ 2 (w) ´ 0.043±0.6 (t) mm using low speed di-

amond saw. The surface of specimens were mechanically

polished prior to micro-indentation. Mechanical grind-

ing was employed for polishing with 3 lm diamond

slurry at ®rst and then polishing with 1 lm diamond

slurry.

2.3. Testing

A scanning electron microscope with in situ micro-

indentation test capability (SEMITEC) and a micro-

Vickers hardness testing machine were utilized to

introduce cracks in the composites. The newly developed

ultra micro-indentation test machine locates the indentor

with in an accuracy of 0.5 lm. This accuracy makes the

apparatus possible to indent at the center of the ®bers

with an average diameter of about 14 lm. The indentor

tip is the Berkovich pyramid with 68°. Push-in test was

done at 90 g-f for observing ®bers debonding behavior.

The micro-Vickers hardness testing machine with the

maximum load of 1000 g-f and a quadrangle indentor tip

was applied to introduce cracks in matrix around ®bers.

An SEM was used to observe the morphology of speci-

mens surface after the push-in test and the micro-hard-

ness test. Transmission electron microscope (TEM)

examination was also carried out to study the micro-

structure after thin-®lm specimen preparation with the

focused ion beam processing device (FIB). The place

where ®bers debonded in push-in test was milled to about

60 nm by the FIB system for observation using TEM.

3. Results and discussion

(1) The push-in test and crack behaviors of thin spec-

imens under push-in test. From the push-in test of thin

specimens with thickness below 100 lm and with max-

imum load of 100 g-f, it was seen that the number of

debonding ®bers increased with the increment of the

load. A bundle of ®bers debonded together. In addition,

indenting site is also an important factor to decide the

number of debonding ®bers. The phenomena mentioned

above occurred at the place where the ®bers distributed

densely and touched each other. At the place where ®-

bers distributed separately usually only one ®ber de-

bonded when the ®ber was pushed.

Fibers debonding was very e�ective to reduce crack

initiation. While the ®ber was di�cult to debond, crack

would be introduced on the ®ber. Cracks were observed

at 50 g-f was applied to the matrix. Cracks usually ini-

tiated at the edges of the indentor and propagated along

the edges direction in matrix (which were similar with

the thick specimens under hardness test as shown in

Fig. 1 in following section). The crack usually de¯ected

at the interface between ®ber and coating. Such crack

de¯ection behavior is generally thought to be the reason

for SiC composites toughness.

(2) The crack initiation and propagation during hard-

ness test. Crack initiation and propagation were ob-

served during hardness test on matrix. Typically cracks

were introduced by 200 g-f. When hardness tests were

carried out in the matrix beside ®bers, cracks initiated in

matrix. If cracks propagated through coating layer, ®-

bers tended to debond. Therefore, for thin coating

specimens, ®bers were easy to debond. Di�erent crack

behaviors of three kinds of composites with single C-

layer with thickness of 290, 1900 nm and multilayer with

thickness of 3400 nm were observed. The SEM images of

the ®rst two materials after hardness test are shown in

Table 1

List of the specimens used

Sample ID CK01 CK02 CK03 CK05 CK07 CK09 CKM01 CR01

Coating thickness (nm) 890 2100 660 2900 5500 290 1650 50

Fig. 1. Crack initiated and propagated between matrix and ®-

bers.
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Fig. 1. For composites with the thinnest carbon coating,

the cracks were initiated by the indentation partially,

debonded multiple ®bers until the crack was arrested. In

the case of ®ber with C-layer thickness of 1900 nm,

cracks propagated to interface and stopped there with-

out ®ber debonding. Similar phenomenon was observed

on specimen with multiple layers ®bers.

Generally the strength of the matrix is lower than

that of the ®bers. The primary function of the matrix is

to transfer the load to the ®bers while the debonding

layer prevents catastrophic failure and provides pseudo-

plasticity through ®bers debonding and pull-out. In the

hardness test, thinner coating appeared to produce easy

®ber debonding. For improving the toughness of SiC/

SiC composite, in the future, composites with single

layer whose total thickness is below 1000 nm will be

suggested to be produced for ®nding the optimum of

coating thickness.

(3) The debonding of ®bers under push-in test. For

single ®ber push-in tests on specimens of � 600 lm

thickness, various debond behaviors were observed.

There are two kinds of ®bers with a single C-layer or

multiple coatings respectively. The indentor load-dis-

placement curve of the single ®ber push-in test showed

that every ®ber had a unique debonding load and the

indentor displacement at the maximum load 90 g-f was

likewise unique. Considering the debond load and

maximum displacement mentioned the above with the

®ber coating thickness together, three ®gures were

drawn out. Fig. 2 shows the relation of C-layer thickness

Fig. 2. The dependence of displacement of indentor at 90 g-f on carbon thickness.

Fig. 3. The dependence of displacement of indentor at 90 g-f on coating thickness.
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with displacement of indentor at 90 g-f under push-in

test. With increment of the C-layer thickness the dis-

placement of indentor at 90 g-f increased gradually.

From the push-in test on multiple coatings (C, SiC, C)

specimens the same tendency was seen (Fig. 3). In ad-

dition, the load at which ®bers began to debond de-

creased with the increase in the multiple coatings

thickness (Fig. 4).

From Figs. 2±4, it appears that thick coatings al-

lowed easier debonding than thin coatings. But the de-

bond load decreased rapidly with increasing coating

thickness. If the debond load is too low, the strength of

the composite will decrease. Thinner coating has a

higher shear strength (ISS) and frictional sliding

strength (IFS). When ISS is high, the matrix can transfer

load to the high strength ®bers. However, if the ISS is

very high, or IFS is very high, the ®bers will not debond

which causes two things to happen: (1) Cracks are not

tie-up at the interface and the composite fails at low

load. And (2) unless ®ber pull-out and ®ber ``bridging''

occurs the strength at large numbers of ®bers are not

used. Comparing Fig. 3 with Fig. 4, it is found that

around coating thickness of 3 lm the debond load is not

so low (�70 g-f) while maximum displacement is not so

deep (�2 lm). Therefore, a suitable coating thickness

should be found in the future work, which has high ISS

and makes ®ber debond.

From this work, it is di�cult to indicate the di�er-

ences between single layer and multiple layers. The

changing tendencies of debond load look like same. In

the future, it is necessary to clarify the di�erent function

of the two type coatings by analyzing the crack behavior

among the interphase after push-in test under SEM and

TEM.

(4) Observation of crack initiation and propagation

under TEM. Fig. 5 shows an SEM image of a specimen

processed by FIB, which was taken by SEM. Push-in

test was carried out on the ®ber which is at the left side.

There was a crack initiated at the interface between the

®ber and the ®rst carbon layer. Fig. 6 shows the TEM

image of the area which is circled in Fig. 5. The crack

propagated along the periphery of the ®ber and de¯ected

to coating and continue to propagate along the coating

growth direction of synthesis.

The carbon coating and multiple coatings were in-

troduced for transferring the load and weakening the

®ber-matrix bonding (Fuse function) [7]. From the re-

sults of the push-in test and hardness test the functions

mentioned above were seen. By TEM it was proved that

Fig. 4. The dependence of debond load on coating thickness.

Fig. 5. The SEM image of specimen after FIB.
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crack initiated in interface and de¯ected to another

coatings, which is considered good for improving the

toughness of the composite.

4. Summary

(1) Debonding of ®bers is e�ective to reduce crack

initiation in ®bers. Indentation site is also an important

factor to a�ect the debonding behavior of ®bers. The

SEMITEC presented an excellent advantage on push-in

test.

(2) A crack propagated from the matrix through

coating, led to ®ber debonding but did not introduce

crack in the ®ber. Thus, the catastrophic mode of failure

of brittle composite was prevented by the carbon coating

or multicoating on ®bers.

(3) With the increment of the coating thickness the

displacement of indentor at maximum load increased,

the debond load of the ®bers decreased. It is necessary

to ®nd a optimum coating thickness which will lead

to ®bers debond and also has high interface shear

strength.

(4) When ®bers were pushed, crack initiated at the

interface between ®bers and coating and propagated

along the ®bers periphery, or de¯ected to coating and

propagated along the coating growth direction of syn-

thesis, which was also considered to be good for im-

proving the toughness of the SiC/SiC composites.
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Fig. 6. The TEM image of crack propagation between ®ber and
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