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Abstract

Si3N4 ceramic matrix composites reinforced by
nearly unidirectionally aligned SiC whiskers have
been prepared by extrusion and hot pressing. Unlike
the case in traditional Si3N4 ceramic matrix compo-
sites reinforced by random SiC whiskers, the
mechanical properties of the composites exhibit a
signi®cant dependence on whisker orientation. In the
direction of whisker alignment for SiC(w)/Si3N4

composites, increments in bending strength and
fracture toughness of 200MPa and 3MPa.m1/2 are
obtained respectively, compared to the values in the
direction perpendicular to whisker alignment. Based
on microscopic fractographic observation and
micromechanics analyses, the e�ects of whisker
orientation on toughening mechanisms are discussed.
The results indicate that the whisker orientation, y,
is a decisive factor for the essential toughening
mechanisms of whiskers. Only in the case of small y
and weak interface can whisker pullout occur, and
whisker has maximum toughening e�ect. The results
show that e�ects of whisker strengthening and
toughening can be improved simultaneously through
whisker oriented alignment. # 1999 Elsevier Science
Limited. All rights reserved
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1 Introduction

It is well known that whiskers are e�ective
reinforcements for ceramics, and considerable

development of whisker-reinforced ceramic matrix
composites (CMCs) has been made in recent dec-
ades.1±4 It is believed that by incorporating whiskers
into a ceramic matrix with careful process control,
not only fracture toughness but also strength can
be signi®cantly increased, and the scatter in
strength can be reduced.5,6 Another advantage of
the whisker reinforced CMCs system is its superior
oxidation resistance at high temperature compared
with most continuous ®ber or metal dispersion
reinforced CMCs.7

A major purpose of the toughening lies in
improving the strength reliability and the ¯aw
tolerance of the brittle ceramics.7 This issue is clo-
sely related with the fracture resistance character of
the toughened material. The enhanced fracture
toughness of CMCs with whiskers is believed to
originate mainly from the additional energy dis-
sipation through interaction between whiskers and
matrix in the crack bridging zone behind the crack
tip.2,7±9

Previous work has suggested that the essential
toughening mechanisms of whisker reinforced
CMCs include whisker bridging, frictional pullout,
and crack de¯ection.2,8±10 However, these experi-
ments did not take into account the e�ect of whis-
ker orientation, which is considered as one of the
sensitive parameters a�ecting toughening process.
For continuous ®ber reinforced composites, ®bers
have one or two preferred orientations, and the
reinforcing mechanics has been extensively stu-
died.11 However, for whisker reinforced compo-
sites, whiskers are usually randomly oriented,
consequently the detailed toughening process
appears to be more complicated, because in this
case the toughening process would be expected to
be sensitive to the whisker orientation.12±14 In
most long grain or whisker reinforced CMCs, the
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reinforcements are randomly oriented within sur-
rounding matrix, while if the processing methods
involving extrusion,15 tape-casting16 are taken,
certain preferred orientation of whiskers may occur.
The present work seeks to investigate the relation

between toughening action and orientation of
whiskers in whisker-reinforced ceramic composites.
For this purpose, SiC(w)/Si3N4 composites with
nearly unidirectionally aligned SiC whiskers were
prepared by extrusion and hot-pressing, and the
relationship between whisker orientation and
mechanical properties of SiC(w)/Si3N4 composites
were examined. Based on an analysis of the micro-
structure, three essential toughening mechanisms
are presented. Furthermore, micromechanics ana-
lysis are presented which examine the e�ects of
whisker orientation on toughening mechanisms.

2 Experimental Procedure

The starting powder was prepared by ball milling
of a commercial-grade Si3N4 powder (E-10, Ube
Industries, Ltd., Tokyo, Japan) with sintering
additives (8wt% Y2O3, 1.5wt% MgO and 2.5wt%
Al2O3) for 24 h in ethanol. A commercial-grade
SiC whiskers (TWS-400, Tokai Carbon Co., Ltd.,
Kanagawa, Japan) were mixed with the starting
powder by ball milling in ethanol for 24 h. The
whisker content was 20wt%. After drying, the
blended powder was mixed with 10wt% poly-
ethylene ethanol (PVA) and 3wt% glycerine and
2wt% liquid para�n and kneaded by roll mixer,
and extruded through a 30mm diameter tubing to
form green wires of 1mm diameter. The wires were
placed in graphite dies parallel to the axial direc-
tion of wires. After burning-out the organic bin-
ders, the compacts were hot-pressed at 1820�C for
90min in 0.1MPa N2 atmosphere under 22MPa
pressure.
The hot-pressed plates were cut into bars for

testing mechanical properties along di�erent direc-
tion at an angle of � with respect to the direction of
whisker oriented alignment, namely de®ned as
whisker orientation angle as shown in Fig. 1.
Bending strength was determined by three point
bend testing (test bars 4�3�36mm3). The tensile
surface of the samples was polished with diamond
paste down to 1�m and the corners were rounded

with a 15mm diamond grinding wheel. Fracture
toughness was measured by SENB method (test
bars 4�6�30mm3), and the width of the notch is
less than 0.25mm.

3 Experimental Results

3.1 Mechanical properties of SiC(w)/Si3N4

composites in the di�erent whisker orientation
Figure 2 shows a SEM image which indicates the
degree of alignment of the SiC(w)/Si3N4 compo-
sites. It can be seen that whiskers in the SiC(w)/
Si3N4 composites are nearly unidirectionally
aligned.
Figures 3 and 4 show the bending strength and

fracture toughness of the SiC(w)/Si3N4 composites
at the di�erent whisker orientation angles, respec-
tively. It can be seen from Fig. 3 that the bending
strength of the composites is relatively insensitive to
whisker orientation angle when �� 60�, while there
is a signi®cant drop at larger whisker orientation

Fig. 1. The schematic diagram of the de®nition of whisker
orientation angle �.

Fig. 2. SEM micrograph of oriented SiC(w)/Si3N4 composites.

Fig. 3. The bending strength of oriented SiC(w)/Si3N4 com-
posites versus whisker orientation angle.
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angle as 75� and 90�. On the other hand, the frac-
ture toughness of the SiC(w)/Si3N4 composites
exhibits an approximately linear decrease with
increasing whisker orientation angle, as shown in
Fig. 4. From both Figs 3 and 4, it can be found
that mechanical properties of oriented SiC(w)/
Si3N4 composites exhibit obvious anisotropy, and
reach maximum values, 1038MPa for bending
strength and 10.7MPa.m1/2 for fracture toughness,
at the whisker orientation angle � � 0�, i.e. in the
direction of whisker oriented alignment. The
results suggest that e�ects of whisker strengthening
and toughening can be improved simultaneously
through whisker oriented alignment.

3.2 Fracture surface observations and three main
modes of whisker toughening mechanisms
In order to understand the relationship between
whisker reinforcing mechanisms and whisker
orientation, fracture surfaces of the specimens were
observed with SEM. Figure 5 shows a set of typical
micrographs of the specimen with di�erent whisker
orientation angle. The common images observed
are the exposed whiskers out of the cracked plane
and the whisker marks due to whisker separated
from the matrix. It can be seen that either the
length of the exposed whiskers or the shape of the
whisker marks changes with the whisker orienta-
tion angle. For a small orientation angle, the length
of the exposed whiskers is small and the whisker
marks are approximately circular in shape. With
the angle increasing, the exposed whiskers lengthen
and the whisker marks change to oblique half-
cylindrical shape.
It can be seen from Fig. 5 that whisker orienta-

tion strongly in¯uences the fracture process of the
SiC(w)/Si3N4 composites. For a small orientation
angle, whisker pull-out appears to be the dominant
mechanism contributing to reinforcing e�ect, while

for a large orientation angle, interfaces between
whisker and matrix debond and whiskers peel o�
from the interfaces. Obviously, the latter process
will consume less energy than the former, corre-
spondingly, the reinforcing e�ect for the small
orientation angle will be larger than that for the
large orientation angle.
At a larger orientation angle, the debonded part

of whisker bears not only a tensile force but also an
additional bending moment at the same time.
Consequently, the whisker is broken usually at its
root near the crack plane. This is easy to observe
from the fractured surfaces. For this reason, whis-
ker pullout becomes di�cult even with a weak
whisker-matrix interface, unless the orientation
angle is small enough. It can be seen from Fig. 5
that the amount of the pullout-hole-like marks
reduces with increasing orientation angle. Due to a
certain orientation angle, the debonded whisker
leads to mechanical damage to the matrix near the
root of the whisker just likes a crowbar upon the
matrix. The oblique half-cylindrical marks are
clearly the result of matrix damage.
Figure 6 shows three representative crack fea-

tures for whisker-reinforced ceramic matrix com-
posites: (a) a broken whisker ejected from the
cracked plane; (b) a whisker being pulled out of the
matrix; (c) the local matrix damage around the
root of whisker. According to the observation, we
consider three essential modes, whisker bridging,
whisker pull out, and matrix damage, as the essen-
tial toughening mechanisms for whiskers. Other
toughening mechanisms for whiskers, such as crack
de¯ection, can be ascribed to these essential modes.
The three essential modes are illustrated in Fig. 7
for further analyzing and discussing the depen-
dence of the toughening mechanism on reinforce-
ment orientation.

4 Analysis and Discussion

Figure 7 illustrates the mechanical condition of a
single whisker having partially debonded with the
matrix in the crack-bridging zone behind the crack
tip. S is traction force from the normal direction of
crack plane, u is the crack opening corresponding
to S, and � is the orientation angle of whisker with
respects to the direction of S, the same as the
meaning above-mentioned. During crack separat-
ing, the whisker bears a tensile force and a bending
moment at the same time, separately from the
parallel component and the vertical component of
S, and passes the forces to the interface and the
bonding matrix. As the maximum tensile stress is
concentrated on the surface of the root of whisker,
the e�ect of the shear stress between whisker and

Fig. 4. The fracture toughness of oriented SiC(w)/Si3N4 com-
posites versus whisker orientation angle.
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Fig. 5. Fracture surfaces of the oriented SiC(w)/Si3N4 composites with di�erent whisker orientation angle: (a)±(f) respectively cor-
respond to � �0 ± 75�.
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matrix should be also considered for determining
the maximum main stress, �w, on the whisker. For
the interface between whisker and matrix, it can be
generally considered that there is an interfacial
layer with a certain thickness. It bears a shear force
from the parallel component of S and a compres-
sive force from the vertical component of S as well
as a residual stress �r, and leads to a main stress,
�i. As to the local matrix near the root of the whis-
ker, the real stress condition may be quite complex
due to the complexity of the shape and the load in
there. As a ®rst approximation, it can be simpli®ed
as a wedge that is in®nitely great in thickness and
bears a uniform compressive force generating from
the vertical component of S on one side of it. This
leads to a maximum tensile stress, �m, on the surface
of the wedge, on the side of the compressive part,
in terms of the classic elastic±mechanics solution.17

In terms of such analyses, the critical conditions
for the whisker breaking, pullout, and the local
matrix damage can be obtained as:14

Uc � 2 Ldb=R� �'i �� � cos �

'2 �� � 1�
���������������������������������������������
1� Ld=R� �ÿ2 '2 �� �� �ÿ2

q� � ;
for whisker breaking

�1�

Uc � 2 �ic=�wc� � Ld=R� � Ldb=R� �'1 �� � cos �

1ÿ �r�i� �tan � �
����������������������������������������
tan2 � � 1ÿ �r=�i� �

ph iÿ1 ;
for whisker pullout

�2�

Fig. 6. Results caused by the whisker bridging, the whisker pullout, and the local matrix damage: (a) broken whisker ejected from
the cracked plane; (b) whisker being pulled out of the matrix; (c) local matrix damage around the root of whisker.
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Uc � �mc=�wc� � Ld=R� � Ldb=R� � tan�ÿ �� �'1 �� � cos �

� tan �
;

for local matrix damage

�3�

where Uc=Ewucr/R�wc, '1(�)=1+4(Ldb/R)2 tan2�,
'2(�)=1+8(Ldb/R) tan �, � � �/2ÿ�. Ew, R, Ldb

and Ld are microstructural parameters denoting
separately Young's modulus, radius, debonding
length and bonding length of the whisker. �wc, �ic
and �mc are microstructural parameters denoting
the critical value of �w, �i and �m, respectively. ucr
is the critical crack opening corresponding to that
any one of �wc, �ic and �mc is reached.
It is known, from eqns (1)±(3), that for given

microstructural parameters the Uc is di�erent
depending on �. This then leads to a dependence of
the toughening mechanisms on orientation angle.
Figure 8 shows a typical Uc±� relationship deter-
mined by eqns (1)±(3). The signs, (1), (2) and (3),
near the curves denote the equation number; on the
corresponding curve �w, �i and �m reach their cri-
tical value. The shadow area surrounded by the
curves stands for the whisker bridging. In this stage
of crack separation the whisker bears the traction
force, and absorbs energy through elastic defor-
mation. Once u reaches any one of the curves
(u=ucr) the bridging action ends, and then the
whisker is broken or pulled out or the local matrix
is damaged depending on �. In general, only in the
case of small � and weak interface can the pullout
mechanism occur. For intermediate �, the bridging
action can be continued until the whisker breaking.

When � is large, the local matrix will be damaged
prior to the whisker breaking or pullout. These
analyses are essentially in agreement with the
above experimental results.
In the case of whisker oriented alignment, at a

small orientation angle � of whisker, most of whis-
kers are perpendicular to the crack plane, i.e. par-
allel to the direction of stress, so that whiskers can
e�ectively transfer stress and a zone of whisker
bridging at crack tip can form and develop well.
Consequently, debonding and whisker pulling-out
in this case will consume much more stored elastic
strain energy and fracture toughness of the com-
posites will be increased obviously. With the
increasing of whisker orientation angle �, the
number of whiskers tilted to the normal of crack
plane increases. In this case, it becomes more and
more di�cult for bridging whiskers to pull-out so
that the contribution to toughness will decrease.
That is why in the above experiments the fracture
toughness of the composites gradually decreases
with increasing whisker orientation angle. The
bending strength of the composites versus whisker
orientation angle � exhibits the same tendency as
that of the fracture toughness, only the tendency of
drop is inapparent in the range of � from 0� to 60�.
As we know, SiC(w)/Si3N4 composites usually dis-
play intergranular fracture, therefore the bending
strength of the composites is in¯uenced by grain
boundary phase or interfacial phase as well as
whisker orientation. In the range of small and
intermediate �, the bonding strength of the grain
boundary or interfacial phases may be main factor
in¯uencing the strength of the composites. How-
ever in the range of large �, most of whiskers are
nearly parallel to the crack plane so that they can-
not transfer much stress from matrix, consequently
the strength of the composites drops sensitively.

Fig. 8. Typical relationship between the toughening mechan-
isms and reinforcement orientation, for a single reinforcement
having partially debonded with the matrix in the crack-brid-

ging zone behind the crack tip.

Fig. 7. Schematic diagram indicating mechanical condition of
a single reinforcement having partially debonded with the

matrix in the crack bridging zone behind the crack tip.
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5 Conclusions

1. The mechanical properties of the oriented
SiC(w)/Si3N4 composites exhibit a signi®cant
dependence on whisker orientation. Along the
direction of whisker oriented alignment,
mechanical properties of the composites reach
maximum values, 1038MPa for bending
strength and 10.7MPa.m1/2 for fracture
toughness, respectively. With the increase of
whisker orientation angle, both of strength
and toughness of the composites decrease.

2. Based on observing and analyzing micro-
structure, three essential toughening mechan-
isms for whiskers in SiC(w)/Si3N4 composites
were presented: whisker bridging, whisker pull
out and matrix damage.

3. Micromechanics analysis indicates that the
whisker orientation, �, is a decisive factor for
the essential toughening mechanisms of whis-
kers. Only in the case of small � and weak
interface can the pullout mechanism occur.
For intermediate �, the bridging action can be
continued until the whisker breaks. When � is
large the local matrix will be damaged prior to
the whisker breaking or pullout. These analy-
sis agrees with the experimental results well.
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