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Abstract: A comprehensive computer program has been developed to simulate
the process of crack propagation in whisker-reinforced ceramic composites. Two
toughening mechanisms, crack bridging and crack deflection, are considered in
the simulation. The fracture process of the composites is simulated in order to
understand the complex mechanisms which occur between a propagating crack
and whiskers. The results provided by the simulation indicate that there is a
interaction between the two toughening mechanisms when they operate simulta-
neously. The values of the combined toughening are greater than that of each one
individual toughening and less than their sum. With the increase of the whisker
contents, the toughening effects of crack bridging and crack deflection increase,
and the dominant toughening mechanism changes gradually from crack deflec-
tion to crack bridging. The best toughening effect can be obtained when whiskers
are at high angles with the crack plane. The results of the simulation are in good
agreement with that of the experiments for some ceramic composites. © 1998
Elsevier Science Limited and Techna S.r.l. All rights reserved
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1 INTRODUCTION

Significant toughening has been achieved in many
kinds of ceramics by the addition of whiskers.!
Observations in the composites,>* so far suggest
that there are possibly five toughening mechan-
isms, crack bridging, crack deflection, whisker
pullout, microcrack, and crack bowing. But there is
still an ongoing debate about the relative impor-
tance of each of these mechanisms. A composite’s
fracture toughness depends not only on the char-
acteristics of the separate components, and the
way they are combined, but also on the role
played by each of these factors during crack pro-
pagation. In most cases, more than one mechan-
ism act simultaneously in a composite, but the
relative contributions of each mechanism and
roles for each material factor are very difficult to

*To whom correspondence should be addressed.
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determine experimentally. It is a very valuable
work to get this information wusing micro-
mechanical models.

2 THEORETICAL MODELS

Microstructure observations of whisker-reinforced
ceramic composites revealed that the major tough-
ening mechanisms are crack bridging, whisker
pullout and crack deflection. In this paper, the
crack bridging model consists of two mechanisms,
whisker bridging and whisker pullout.

When a crack meets with a whisker at a larger
angle with the crack plane, the whisker will debond
from the matrix and slip over a certain distance, L;
(Fig. 1). The relation between the axial stress, o,
and the axial extension, > Of whisker into crack
can be obtained according to the shear-lag model®
by assuming that the incline whisker is not bending
during the crack opening process.
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Fig. 1. Schematic of an incline whisker bridging and crack
opening.

6¢ = 2[e,t(1 +n)/r"* iy (1)

where n = E,V,/(EnVm), E, and r stand for the
Young’s modulus and the radius of the whisker, t
is the whisker—matrix interface shear stress.

By presuming that whisker failure will take place
either within the crack surface or within the slip-
ping zone, the strength along the whisker is given
by

6.6 = OwL/(2L,)
Co.5 = Ow[l — Lc/(2L)]

(L<L
(L> Lc% @)

where L, is the whisker critical transfer length and
L is the whisker length. Following the geometric
relation

G, = Gy cos’ &, u, = upcos d (3)

the relation between o, and u, can be written as
o) = A/l ()

where A =2 cos*2¢[Ey1(1 +n)/r]'/2
The crack closure stress perpendicular to the
crack plane is obtained by

T, = o,V (5

Crack deflection is commonly observed in whisker-
reinforced ceramics. In the case of long whiskers
where two ends of the whiskers are far from the
crack plane, the crack is firstly deflected and pro-
pagates along with the whisker—matrix interface
and returns to its original direction. The maximum
deflected length of the crack is almost the same as
maximum length of pulling out of the whisker, and
much less than the half length of whisker.> The
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crack surface area is enlarged due to crack deflec-
tion, so the toughening effect associated with the
crack surface area can be calculated. If the max-
imum deflection length, L; equals the slipping
distance, L;. The resultant toughness due to the
additional surface area can be given by assuming
that the fracture morphology comprises cones
(height, 0 to Ly)

/2

Yi/Vm = %% J \/(g)z-i—(Ldsin 0)%d0 (6)

0

where Y,, Y,, are the strain energy release rate of
defected and undeflected crack, respectively, and &
is the centre to centre nearest neighbor spacing
between whiskers.’

e4Vw < 12
~ —x
ESNrVU2 Ix e *dx M
w
4Vw

Figure 2 shows a cracked three-point bend speci-
men, the initial notch length, gy, is much longer
than the crack growing length, (a — ap), until the
unstable propagation of the crack. We still assume
that the whole crack behaviour as mode I crack,
though the crack deflection takes place in the vici-
nity of the crack tip. As « is the angle between the
crack faces, the crack open displacement at point x
is given by

2uy, = afa — x) (ap £x<a) (8)
then the crack tip open displacement, CTOD, is
obtained by

CTOD = a(a — a,) (9)

When u(x) < u,,, the whisker will fail and the
crack closure stress, 7,,(x) = 0. The stress intensity
factor, K, due to the external load, P, is

3PL

K =28w2

VaF(a/W) (10)

where F(a/W) is a geometrical function.®
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Fig. 2. Schematic of a single notch three-point bend
specimen.
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As a crack propagates, the fracture resistance,
K,, of the material is obtained by

K, = Ky + dK, + dK, (11)

where K, is the fracture toughness of the matrix,
dK, is the shielding effect due to the crack closure
stress, and dKj is the additional toughness due to
the additional crack surface area.

dK; = (\/yd/)’m - 1)1(,,, (12)

dK, = J—z%l;_yz(x—))H(a/W, x/a) (13)

ao

where H(a/W, x/a) is a geometrical function.®

3 SIMULATION RESULTS AND
DISCUSSION

These parameters of ZrO,(6mol%Y,03)/SiCy
ceramic composites are used to simulate the
fracture process of a three-point bend specimen.
r=0.5um, E,,=230GPa, E,, =550GPa,
c,=8GPa,’ L,=25um, K,,=3.42MPam!/2, the
interface shear stress, 1, is given by!?

1= —pAGAT(1 + Vi) /2Em + (1 — 2v,,)/ Ey] (14)

where Aa denoted the coefficient of thermal
expansion, v is Poisson’s ratio, AT is the tempera-
ture differential between the temperature below
which stress relaxation cannot take place and the
temperature under consideration. p is the friction
coefficient of the interface and is taken as 0.5 when
the whisker surface is not treated.

It is assumed that the whisker angles, ¢, are uni-
formly distributed from 0 to @ (see Fig. 1) and ® is

3\ (a)
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n/2 . The initial crack, ag, is 2mm and the width,
W, of the sample is 4 mm. The load, P, associated
with an applied stress intensity, K,, is given by eqn
(10), the crack resistance, K,, can also be given by
eqn (11). If K, < K,, the applied stress intensity,
K,, is increased. If K, = K,, the main crack, a, is
allowed to extend by a small increment, da(= ap/
1000), all the stress calculations are repeated and
the process is redone until the main crack propa-
gates in a unstable manner.

Figure 3(a) and (b) gives a representative view of
the way in which a crack propagates through a
matrix containing randomly dispersed whiskers.

When a crack propagates through a matrix con-
taining whiskers, the crack bridging zone is formed
behind the crack tip and the crack deflects, which
decreases greatly the stress intensity at the crack
tip, the further propagation of the crack then
requires an higher load, P. As P increases, CTOD
increases and some bridging whiskers will fail,
which leads K, to drop. Once the crack stress
intensity factor, K, is higher than K,, the crack will
propagate and the applied load, P will drop, but
crack propagation is immediately arrested as the
load increase is resumed. Figure 4 shows the calcu-
lated fracture resistance curves of ZrO,/SiC,, com-
posites, and Fig. 5 shows the corresponding load-
crack length curves. It is found that the extension
of a crack proceed in an irregular manner by repe-
ated initiation and arrest, and the load-displace-
ment curve exhibits a sawtooth shape (see Fig. 6).

Figure 7 shows that relative toughness of crack
bridging and crack deflection are all increased with
the increase of the whisker contents, but there is a
significant difference between both increasing
extensions of crack bridging and crack deflection,
as shown in Fig. 8. The results of the simulation
indicate that dominant toughening mechanism is
changed gradually from crack deflection to crack
bridging with increasing the whisker contents.
There is an interaction between crack bridging and
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Fig. 3. A representative simulation view of a crack propagation in whisker-reinforced ceramic composites.
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Fig. 4. R curves showing the dependence of the whisker con-
tents: (1) 10% SiC,,; (2) 20% SiC,,; (3) 30% SiC,,.
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Fig. 5. Load (P)-crack length curves showing the sawtooth
shape arising from the crack bridging process: (1) 10% SiC,;
(2) 20% SiCy; (3) 30% SiC,,.
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Fig. 6. A load (P)-displacement CTOD curve showing the

sawtooth shape arising from the crack bridging process
(Zr0O3/30% SiCy,).
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crack deflection when they operate simultaneously,
the combined toughening effects are greater than
the individual toughening effects when either
toughening method acts alone, but less than their
sum, as shown in Fig. 7 and Table 1, that may be
due to the negative interaction between the two
toughening mechanisms.

When the angle, ¢ (see Fig. 1) is taken as differ-
ent value from 0 to /2, the influence of whisker
orientation on the toughening of crack bridging
can be computed, as shown in Fig. 9, so the pre-
ferred orientation of whisker can be utilised for
higher toughening.

4 COMPARISON WITH EXPERIMENTAL
RESULTS

The ZrO,(6mol%Y,0,)/SiC,, ceramic composi-
tes(with 10, 20 and 30vol% SiC,) are manu-
factured by hot-pressing method. The fracture
toughness was measured with an Instron-1186
testing machine using the single notch three-point
bend specimens 20x4x2 mm which have gy =2 mm,
B=2mm, W=4mm and L=16mm, and crack
propagation path and fracture morphologies were
observed on an S-570 type SEM.

SEM micrograph shows that major toughening
mechanisms are crack bridging and crack deflec-
tion, both mechanisms are shown in Fig. 10(a)
and (b).

The experimental results and the simulation
results are given in Table 1, these data indicate the
predicted fracture toughness values, Kj., of com-
bined toughening are in good agreement with the
experimental values, Kjc.
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Fig. 7. Effect of the whisker contents on the relative tough-

ness of combined toughening. O, the combined toughening
effect; @, the sum of the individual toughening.
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Table 1. Fracture toughening predictions (MPam'/2)

SiCy, Predicted Measured
(vol%) Toughening by Toughening by Sum K’ Predicted K’/ Kic
crack deflection AKy crack bridging AK, Ko+ AKp+AKy (by combined toughening)
0 3.42(=K,,)
10 0.794 0.63 1.424+3.42=4.844 1.21+3.42=4.63 4.43+0.15
20 1.048 1.01 2.058+3.42=5.500 1.82+3.42=5.24 4.891+0.36
30 119 1.39 2.581+3.42=6.001 2.36+3.42=5.78 5.79+0.15
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Fig. 8. Effect of whisker content on the relative toughness of Fig. 9. Effect of orientation distribution of whiskers on the
crack bridging and crack deflection. ©, Crack deflection; ¢, crack bridging toughening effect. O, with 20% SiC,,; @, with
crack bridging. 30% SiC,,.
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Fig. 10. SEM micrographs of composites (a) with 20% SiC,, showing the bridging of the whisker and (b) with 20% SiC,, showing
crack deflection.

5 SUMMARY AND CONCLUSIONS the experimental toughening values. The results
provided by the simulation indicate:
Developed in this work is a model that simulates

the crack propagating in whisker-reinforced cera- 1. There is a interaction between crack bridging
mic composites where the interaction between the and crack deflection when they operate simul-
crack and whiskers is included. The model is valid taneously. The combined toughening effects

by comparing the predicted toughening values with are greater than the individual toughening
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effects when either toughening method acts
alone, but less than their sum.

. Increasing the whisker contents, the toughen-

ing effects of both crack bridging and crack
deflection increase and the dominant tough-
ening mechanism is changed gradually from
crack deflection to crack bridging.

. The fracture toughness is increased when the

orientation of whisker extends to be perpen-
dicular to the crack plane.
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