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The incorporation of a discontinuous reinforcement, in the form of fibres or particulates, into 
a ceramic matrix provides the possibility of introducing toughness and strength. This review 
summarizes the various toughening and strengthening mechanisms and then examines and 
analyses the reported experimental observations on various ceramic composite systems. 

1. I n t r o d u c t i o n  
Ceramic materials possess several advantages, such as 
high strength and hardnessl high elastic modulus and 
excellent resistance to severe thermal and chemical 
environments. Nevertheless, a major concern in using 
ceramic materials is their inherent brittleness which 
has the potential of greatly restricting their reliability 
in service. Within the last decade the development of 
ceramic matrix composites has attracted considerable 
attention and a major effort has developed to improve 
the toughness of ceramics and thereby to realize their 
potential applications in service operations. This re- 
view provides a brief overview of these developments. 

2. The role of residual stresses 
A ceramic matrix composite consists of a matrix, 
which is a ceramic material, and reinforcements, which 
are usually also ceramics, i.e. two phases are involved. 
When a second phase is combined into a matrix there 
is usually a mismatch between them in terms of the 
structural, mechanical and/or physical properties. 
Two mismatches pertinent to the toughening and 
strengthening of ceramics are the differences in .ther- 
mal expansions and the elastic moduli. In addition, 
interfaces are introduced into the matrix and the 
strength of these interfaces plays an important role in 
dictating the operating toughening mechanisms and 
the effectiveness of the second phase in contributing to 
strengthening. 

The different thermal contractions shown by the 
second phase and the matrix phase give rise to resid- 
ual stresses when the composite is cooled down from 
the fabrication temperature. If the coefficient of ther- 
mal expansion of the reinforcing phase (fibres or par- 
ticulates) is greater than that of the matrix, the field of 
residual stresses in the matrix consists of circumferen- 
tial compression and radial tension and the fibre is in 

axial tension, as shown in Fig. 1. Conversely, when the 
coefficient of thermal expansion of the reinforcing 
phase is less than that of the matrix, circumferential 
tensile stresses and radial compressive stresses are 
created in the matrix so that the fibre is then in axial 
compression, as shown in Fig, 2; for example, such 
a stress field was detected in the system of an A1203 
matrix with SiC whiskers using neutron diffraction 
[-1]. By choosing an appropriate combination of the 
second phase and the matrix, the type and the magni- 
tude of the residual stress field may be controlled so 
that several toughening mechanisms are achieved. 

A more limited way of producing stresses in the 
matrix is through a phase transformation. Some 
second phases undergo a martensitic transformation 
which involves volumetric changes when the com- 
posite is cooled. This also leads to stresses in the 
matrix and the process may be utilized to toughen the 
material. The most prominent example of the latter 
process is found in zirconia-toughened ceramics 
(ZTC). 

In the following sections, various toughening and 
strengthening mechanisms are reviewed and they are 
examined by reference to observations on some ce- 
ramic-matrix composites. The scope of this review 
is specifically limited to discontinuously-reinforced 
composites. Continuously-reinforced composites may 
display different behaviour in some cases, although 
they also incorporate many of the same principles. 

3. Toughening mechanisms 
3.1. Microcracking 
As already noted, a misfit between the coefficients of 
thermal expansion introduces a stress field in the 
matrix. Such stresses can produce spontaneous micro- 
cracks if the residual stresses are sufficiently large [2]. 
However, the preferred situation in toughening is to 
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Figure 1 A fibre in a matrix When the thermal expansion coefficient of the fibre is greater than that of the matrix (a) at the fabrication 
temperature, (b) at room temperature without constraining the fibre and matrix to remain in contact and (c) at room temperature when 
contact between the fibre and the matrix is retained. (d) Illustrates the stress condition in the fibre in the case of (c), 
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Figure 3 Microcracking toughening mechanism: (a) thermal residual stress field alone and (b) combination of the thermal stresses and the 
applied stresses causing microcracking in a process zone in front of a macrocrack. 

create a stress field that will not produce cracks with- 
out the application of a superimposed extrinsic stress 
field. In this way microcracks are present only at the 
vicinity of the tip of a macrocrack where a stress 
concentration is available, thereby forming a process 
zone [3-53. Using this procedure the stress intensity at 
the crack tip is reduced and the toughness is increased. 
The principle of this mechanism is shown schemat- 

ically in Fig. 3, where cy is the applied stress. 
The energy dissipated in generating microcracks is 

used primarily to create new surfaces. The increase in 
fracture energy of the primary crack is expected to be 
directly proportional to the surface energy of the 
microcracks, the volume fraction of second-phase par- 
ticles or fibres producing the microcracks and the size 
of the process zone [6]. Under a fixed residual stress 
field there is a critical fibre or particle size above which 
the fibre or particle will develop spontaneous micro- 
cracks [2]. Thus, in order to increase the number of 
fibres or particles contributing to the toughening, it is 
necessary to keep the fibres or particles below this 
critical size. In practice, analysis indicates that max- 
imum toughening necessitates having a narrow distri- 
bution of particle sizes close to the critical size [7]. 

The microcracks thus formed reduce the elastic 
modulus within the process zone. This serves to lower 
the near-crack tip stress intensity factor and thus to 
shield the crack tip from the applied stress field [8]. If 
not controlled, however, excessive microcracks may 
also lead to a decrease in fracture toughness [9]. 

In addition, the main crack may be deflected or 
it may branch due to the presence of these micro- 
cracks, and this provides the potential for additional 
toughening. 

3.2. Crack def lec t ion  and  b ranch ing  
The direction of the extension of a crack may change 
when the crack meets an obstacle such as a second- 
phase particle or fibre. There are several possible 
situations, as illustrated schematically in Fig. 4. In 
practice, this deviation in direction means that the 
crack travels a longer path and the stress intensity at 
the crack tip is reduced since the plane of the crack is 
no longer perpendicular to the tensile stress. In the 
case of fibre reinforcements, the crack may be deflec- 
ted to extend along the interface between the fibre and 
the matrix, as shown in Fig. 4a, and this facilitates 

4 

Figure 2 A fibre in a matrix when the thermal expansion coefficient of the fibre is smaller than that of the matrix (a) at the fabrication 
temperature, (b) at room temperature when the fibre and matrix are hypothetically not constrained to retain a common interface and (c) at 
room temperature when a common interface between the fibre and the matrix is retained. (d) Illustrates the stress condition in the fibre in the 
case of (c). 
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Figure 4 Toughening by crack branching or deflection: (a) a crack deflected along the interface and (b) a crack deflected by connecting to 
microcracks. 

fibre pull-out which is another toughening mechanism 
(see Section 3.3). The microcracks ahead of the crack 
tip may also attract the crack and thereby cause it 
to deflect, as shown in Fig. 4b. Crack branching 
results when the crack bifurcates into more than one 
direction. 

In general, a crack propagates perpendicular to the 
tensile axis and parallel to the compressive stress. This 
means that a residual stress field may also deflect the 
crack. For example, a particle having a thermal expan- 
sion coefficient higher than the matrix has around it 
a radial tension and a hoop compression. Such a stress 
field produced by a particle in the plane of a crack may 
deflect the crack and force it to travel around the 
particle [10]. In addition to crack deflection, the com- 
pressive stress field at a distance from the particles 
also contributes to enhancing toughness in such a 
system [11]. 

The treatment of crack deflection has been de- 
veloped theoretically [12] and examined experi- 
mentally [13]. It is concluded that a rod-shaped 
second phase with a high aspect ratio is most effective 
in enhancing toughness. The toughness is also im- 
proved by increasing the volume fraction of the sec- 
ond phase, but it is independent of the size of the 
second phase. The most important contribution to 
toughening by deflection comes from a twist after an 
initial tilt of the crack front (i.e. the crack front is 
deflected off the original plane, followed by its rota- 
tion around the axis perpendicular to the fracture 
plane). 

Such a crack-deflection mechanism of toughening 
was recently modified to include microstructural para- 
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meters such as volume fraction, shape, size, orienta- 
tion and distribution of the second-phase particles 
[14]. According to this model, the direct contribution 
to toughening from crack deflection may be less than 
predicted by the e~irlier theory [12]. 

3.3. Fibre pul l -out 
When a tensile load is applied to a composite, the load 
is transferred to the reinforcement by shearing along 
the interface between the fibres and the matrix. 
A shear stress, zs, is established at the interface be- 
tween the fibre and the matrix, and this shear stress 
leads to a tensile stress, Or, along the axis of the fibre, 
as shown in Fig. 5. 

The relationship between the two stresses is given 
by [15] 

o ,  = \ad (1) 

where l is the length of the fibre and df is the fibre 
diameter. If ot is less than the failure stress of the fibre, 
of, and ~s reaches the shear strength of the interface, % 
fibre pull-out will take place. 

For any selected composite system, the values of of 
and zi are fixed. Therefore, the condition of ot < of 
when zs = ~i is satisfied only if l/df is less than of/2zi. 
This leads to the definition of a critical aspect ratio for 
the fibre, given by 

= 2x--~, (2) 

or, when the diameter of the fibre is fixed, a critical 
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Figure 5 Stresses acting on a fibre due to the matrix under the 
application of a tensile stress. 

length, lo, given by 

~ f  df 
1o - (3)  

2xi 

At lengths below this critical value the fibre is pulled 
out before fracture. At lengths above this critical value 
the fibre is broken without pull-out. 

Fibre pull-out requires additional work and thus 
toughening effects are achieved in the process. From 
Equation 3, it is seen that a weaker interface gives 
a greater critical length for the fibres. Thus, more 
fibres participate in the pull-out process and hence 
more toughening is achieved. However, the interface 
must be sufficiendy strong to give a reasonably high 
work of pull-out and to minimize the possible decrease 
in strength. 

The interfacial shear strength depends on the bond 
between the matrix and the fibre. The bonding may 
result from a chemical reaction or mechanical friction, 
or from a combination of the two. Although the con- 
tribution from a chemical reaction is difficult to esti- 
mate, it is generally possible to assess the bond 
strength arising from mechanical factors. 

If the normal stress across the interface is ~, and the 
friction coefficient of the interface is ~t, the shear 
strength arising from mechanical bonding is given by 

~m = - -  U ~ .  ( 4 )  

where ft, < 0 (compression); otherwise xm = 0. The 

value of % can be obtained from the relationship [16] 

(0~f - am) A T 
~ .  = (5)  

1 + vm 1 - 2 vf + 
2Era Ef 

where ~ denotes the coefficient of thermal expansion, 
v is Poisson's ratio, E is Young's modulus and AT is 
the temperature differential between the temperature 
below which stress relaxation cannot take place and 
the temperature under consideration: the subscripts 
m and f refer to the matrix and the fibres, respectively. 

It follows from Equation 5 that when :~r > ~m the 
value of 6.  is positive (tensile stress) and there is 
no mechanical bonding. Chemical bonding is then 
necessary for pull-out toughening. On the other hand, 
if ~f < 0~ m a mechanical bonding arises with a strength 

m of z i . 
Both mechanical and chemical bonding usually 

exist in practice, although one of them may be domi- 
nant. In addition, the friction coefficient of the inter- 
face is dependent upon the chemical reaction between 
the matrix and the fibres. It is possible to alter the 
interfadal characteristics by changing the surface con- 
ditions of the reinforcement so that the toughening 
effect from fibre pull-out is increased [17]. Toughen- 
ing from fibre pull-out can be enhanced also by 
increasing the length of the fibres [18]. 

The shear strength of the interface may be deter- 
mined experimentally for fibre reinforced composites 
by pushing or pulling fibres to slide in a ceramic 
matrix [19-22]. Reasonably comprehensive analyses 
of such processes have been developed [23, 24], taking 
into consideration the ehemical bonding, residual 
stresses and surface roughness of the fibres [23]. 

3,4. Crack bridging 
In the crack bridging mechanism, shown schemat- 
ically in Fig. 6, the front of a crack passes beyond the 
reinforcing fibres but the fibres remain intact and 
bridge the fracture surfaces in the wake of the crack. 
The open displacement of the crack is then limited and 
this makes further propagation of the crack difficult. 

Several theoretical analyses of the bridging process 
have been proposed [25-28]. The toughness of the 
composite is improved by increasing the strength, the 
diameter and the volume fraction of the reinforce- 
ments. An important factor is to prevent damage to 
the fibres by passage of the crack. This requires either 
partial debonding of the fibres from the matrix at the 
crack tip or a high strength for the fibres. Contribu- 
tions from bridging by large matrix grains have also 
been reported [29]. 

Experimental evidence for crack bridging [27, 30] 
indicates that debonding of the fibres occurs along the 
interfaces. Whisker bridging has also been observed 
in situ [31]. 

3.5. Crack pinning 
Unlike crack bridging, where a crack tip passes be- 
yond a reinforcement fibre, crack propagation may be 
stopped and the crack pinned at the fibres or particles. 
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Figure 6 Toughening by crack bridging: (a) a crack in a matrix with no fibres and (b) a crack bridged by fibres. 

A model has been developed where the increase in 
fracture energy is attributed to the bowing out of the 
crack front between the fibres or particles, as illus- 
trated in Fig. 7 [-32]. It is clear that such a mechanism 
demands both a strong reinforcement and a good 
interface so that the fibres or particles can act as 
barriers. Also, the spacing between the reinforcements 
must be small compared to the 6rack size in order for 
this mechanism to be effective. 

3.6. Phase transformation 
The use of a phase transformation is a novel and 
attractive mechanism of toughening, but it is limited 
to materials containing a phase that undergoes 

Figure 7 A crack front pinned by fibres. 
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a transformation during the fracture process. This 
transformation is usually martensitic, so that it in- 
volves a change in the volume and/or shape of the 
second-phase particles, and it is diffusionless and 
athermal. 

If such a phase is unconstrained, it will transform 
from its present metastable structure at high temper- 
atures to a stable structure at low temperatures when 
the temperature is decreased. However, the strain en- 
ergy associated with the shape change during trans- 
formation may prevent the process from occurring 
when the phase particles are contained in a stable 
matrix. For the transformation to take place, an 
appropriate stress field is necessary to provide this 
energy. As a result, the stress field is reduced. 

Toughening takes place when a crack propagates 
through a matrix containing such phases, since the 
stress field of the crack tip is relieved by the trans- 
formation of the second-phase particles near the 
crack. A transformation zone is formed in front of the 
crack tip within which the stress intensity is greatly 
decreased, and further propagation of the crack then 
requires an increase in the level of the applied stresses. 
Many theories have been developed to analyse the 
toughening behaviour through phase transformations 
[33-36] and the various transformation-toughening 
mechanisms have been reviewed [37]. 

To date, most attention has focused on the use of 
a phase transformation in the toughening of zirconia. 
This material has a tetragonal structure at high 
temperatures and a monoclinic symmetry at low tem- 
peratures. The temperature for the start of the trans- 
formation when cooling zirconia is ~ 1125K [38]. 
The transformation gives rise to an increase in volume 



of ~ 4% and a shear distortion of ~ 7% [39]. It is 
possible to calculate the stresses and strain energy 
brought about by the transformation and to analyse 
the transformation conditions [40]. Optimum 
toughening is achieved by having most particles very 
close to the transformation conditions in the absence 
of external stresses so that a larger transformation 
zone is available (e.g. having particles that are just 
smaller than the critical size above which spontaneous 
transformation will occur without the additional 
stress field [6]). 

The microstructures of ZTC have been analysed in 
some detail [41]. The three most fundamental micro- 
structures are: (1) partially-stabilized zirconia (PSZ) 
with large cubic matrix grains and dispersed coherent 
precipitates of tetragonal structure; (2) tetragonal zir- 
conia polycrystals (TZP) with fine grains; and (3) a 
ceramic matrix with dispersed tetragonal zirconia 
particles. With careful control, these microstructures 
can lead to a significant improvement in the fracture 
strength and toughness of ceramic materials [42, 43]. 

In practice, zirconia toughening is complex and 
may include transformation toughening, microcracking 
toughening and deflection toughening [44, 45]. Some 
investigations have shown that microcracking is a more 
important toughening mechanism in zirconia-toughened 
alumina [46, 47]. Since the effects from a phase trans- 
formation and microcracking decrease in importance 
with increasing temperature, crack deflection may 
become of increasing importance at elevated tem- 
peratures. Several methods have been proposed to 
increase the toughness at high temperatures in ZTC, 
including a combination of transformation toughen- 
ing at low temperatures and fibre reinforcement at the 
higher temperatures [38]. 

Finally, when zirconia is incorporated to improve 
other matrices, the toughening is most effective when 
the matrices have a yield strength of >~ 450 MPa, 
a close match in elastic modulus with zirconia and 
strong interfaces with zirconia particles [48]. 

3.7. Summary  
Having reviewed the toughening mechanisms, it 
should be noted that more than one mechanism usu- 
ally operates simultaneously in any composite 
[49, 50]. Several individual mechanisms may interact 
with each other; for example, microcracking and crack 
bridging may precede pull-out, and crack deflection 
may be attracted by the microcracks. The focus 
of much current research is to identify the various 
possible toughening mechanisms in a particular 
composite and then to effectively combine these mech- 
anisms to produce a tough composite. 

4. Strengthening mechanisms 
4.1. Load transfer 
The difference between the value of Young's modulus 
for the fibres and the matrix gives rise to different 
stresses in the fibres and in the matrix when they are 
deformed to the same strain. If the Young's modulus of 
the fibres is much greater than that of the matrix, then 

the fibres carry more load than the matrix. Therefore, 
this requires good interfaces that remain sufficiently 
strong to transfer the load from the matrix to the 
fibres. For whisker reinforced composites it is often 
desirable to increase the length of the whiskers [18]. In 
addition, it is usually required that the ratio of 
Young's modulus of the fibres to that of the matrix is 
greater than two to achieve a significant increase in 
strength [51]. This is often not the case in ceramic 
matrix composites where toughening instead of 
strengthening is the main concern. 

4.2. Pre-stressing of the matrix 
If the coefficient of thermal expansion of the fibres is 
greater than that of the matrix, compressive stresses 
develop in the matrix when the composite is cooled 
down from the processing temperature. Under these 
conditions the external tensile stresses will be reduced 
by superimposition of such a compression field. 

4.3. S t rengthening through toughen ing  
The fracture strength, cyf, of a material is related to its 
fracture toughness, as measured by the critical stress 
intensity factor, K~c, through the relationship 

\c,12) (6) 

where c is the critical crack length above which a crack 
will propagate rapidly to cause failure and 13 is a con- 
stant. Therefore, an increase in K~c may bring about 
a higher value of % However, toughening itself may 
affect the strength of the material. For example, micro- 
cracking toughening may decrease the strength when 
the microcracks are not limited to a small process 
zone in front of the crack tip or when many spontan- 
eous microcracks develop in the matrix. Since 
strengthening is a second priority to toughening in 
ceramic matrix composites, the objective is to achieve 
a significant improvement in toughness while at the 
same time maintaining the strength at essentially the 
same level. 

5. Experimental observations on 
composite systems 

Experimentally observed toughening and strengthen- 
ing effects and mechanisms are now summarized for 
a number of different ceramic matrix composites. For 
composites utilizing transformation toughening, PSZ 
and TZP are not included. The results are presented in 
Table I. Inspection shows that the toughness in terms 
of K~c of the matrix material is generally significantly 
increased, whereas the strength increase is usually 
only moderate. 

The following sections analyse some typical com- 
posite systems. 

5.1. AI203 matrix composites 
The AI203 matrix composites tend to be the most 
thoroughly investigated. The toughness and strength 
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15 1500 of the matricies and the composites listed in Table I 
are plotted schematically in Fig. 8: the spread in values 
is a consequence of the different processing methods, 
the materials, the evaluation methods and the nature 
of brittleness in the materials. However, it is apparent 
that a fracture toughness of /> 1 0 M P a m  ~/1 and 
a flexural strength of > 600 MPa may be achieved in 
these composites. SiC whiskers and Z r O  2 particles are 
the most common reinforcements, and it appears that 
Z r O  2 is slightly more effective. 

5. 1.1. AI203 with SiC whiskers 
The tensile strength and the Young's modulus at room 
temperature of SiC whiskers is reported to be ~ 7 and 

700 GPa, respectively [51, 55]. The shear modulus 
of the A1/O3 matrix may be estimated from the 
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Figure 8 Fracture t o u g h n e s s  a n d  f l e x u r a l  s t r e n g t h  of A1203 matrix 
a n d  A1203 matrix composites (p, particles; w, whiskers). 

T A B L E  I Summary of strengthening and toughening effects in ceramic composites 

Material" K m (MPa m 1/2) 
(matrix + reinforcement) 

Flexural strength (MPa) 

Matrix Composite Increase Matrix Composite I n c r e a s e  

(%) (%) 

Major toughening Ref. 
m e c h a n i s m s  

A120 a + 15 vol % Br (w) ~ 4.0 
A1203 + 5 vol % B4C (p) ~ 4.0 
A1203 + 30 wt % Sialon 3.5 
A120 3 + 30 vol % SiC (w) 5.0 

7.5 88 ~ 400 
5.5 38 ~ 400 
4.3 23 
9.5 90 385 

AI/O 3 + 20 vol % SiC (w) 4.6 8.7 89 600 

A1203 + 15 vol % SiC (w) - 7.0 - 
A120 3 + 30 vol % SiC (w) 2.1 4.6 119 - 
A12Oa + 40 wt % SiC (w) ~ 4.0 ~ 8.0 100 ~ 480 
A1203 + 30 vol % SiC (w) - 6.0-8.7 - - 

A1203 + 33 vol % SiC (w) 
A1203 + 25 vol % SiC (w) ~ 3.0 

A1203 + 5 vol % SiC (p) 3.0 
AIzOa + 30 vol % SiC (p) 4.3 
A1203 + 5 vol % TiB2 (p) ~ 4.0 
A1203 + 15 vol % ZrO 2 
AlzO3 + 15 vol % ZrO2 ~ 5.5 

A1203 + 5-8 vol % ZrO2 ~ 5.0 
A1203 + 20 vol % ZrO2 4.7 

A1203 + 15 vol % ZrO2 ~ 3.5- 
4.0 

A1203 + 12 vol % ZrO2 
(single crystals) + 
40 vol % TZP  

7.6--9.8 - 
10.7 257 ~ 5 5 0 -  

600 
4.5 50 
7.0 63 610 
6.5 63 ~ 420 

1 0 . 0  

9.0 64 ~ 3 2 0 -  
480 

8.0 60 ~ 4 5 0  
8.7 85 

5.7-6.0 

12.0 

Mullite + 30wt % SiC (w) 2.5 3.5 40 180 
Mullite + 30 wt % SiC (w) ~ 2.3 ~ 4.7 104 ~ 350 

400 
Mullite + 35 wt % Y-ZrO2 ~ 2.3 ~ 4.0 74 400 
Mullite + 30 wt % SiC (w) ~ 2.3 ~ 6.2 170 400 
+35 wt % Y-ZrO2 
Mullite + 10 vol % SiC (w) 1.8 ~ 2.5 39 191 

Mullite + 10 vol % SiC (p) 1.8 ~ 2.4 33 191 
Mullite + ZrO 2 (p) 2.0 3.0 50 - 

Mullite + 15 vol % ZrO2 (p) 2.0 ~ 3.1 55 
Mullite + 20 vol % SiC (w) 2.0 ~ 4.7 135 
Mullite + 20 vol % ZrO2 (p) 2.0 7.0 250 
+ 20 vol % SiC (w) 
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500 25 
600 50 

650 69 

800 33 

330 
652 
700 46 

~ 550-600 0 

480 - 21 
650-700 55-67 

480-940 - 

600 33 

386 114 
500 25~,3 

40~450  - 
700 75-100 

255 34 

260 36 

- [ 5 2 ]  

- [52] 
- [53] 
Whisker pull-out; crack [51] 
defection and bridging 
Whisker pull-out; crack [54, 55] 
deflection 
- [56] 
- [ 5 7 ]  

- [58] 
Whisker pull-out; crack [17] 
deflection 
Microcracking [9] 
Whisker pull-out/bridging; [59] 
crack deflection 
Microcracking [60] 
- [ 6 1 ]  

- [ 6 2 ]  

Microcracking [63] 
- [64] 

- [65] 
Transformation; [66] 
microcracking 
Transformation; [67] 
microcracking 
Transformation; [68] 
microcracking; crack 
deflection 

[69] 
[70] 

[70] 
[70] 

Whisker pull-out; whisker/ [71] 
matrix interaction 
- [ 7 1 ]  

Grain boundary [72] 
strengthening 
- [ 7 3 ]  

[73] 
[73] 



T A B L E  I Cont inued .  

Mater ia l"  Kic ( M P a  m a/z) 

(matr ix  + reinforcement)  

F lexura l  s t rength  (MPa)  

M a t r i x  C o m p o s i t e  Increase Ma t r i x  Compos i t e  Increase 
(%) (%) 

M a j o r  toughen ing  Ref. 

mechan i sms  

Sialon + 10 vol % Y - Z r O 2  3.1 5.5 77 - - - 

Sialon + 20 vol % Y - Z r O 2  3.1 6 94 - - - 
Sialon + 30 vol % Y - Z r O 2  3.1 7.5 142 - - - 

SiC + 10 wt % A 1 N  2.8 4.7 68 - - - 

SiC + TiB2 (p) 4.6 8.0 74 - - 
SiC + 25 vol % TiC (p) 4.0 6.0 50 500 > 700 > 40 

SiC + 40 vol % TiC (p) ~ 1.8 ~ 6.0 233 - - - 

SisN4 + 30 vol % SiC (w) 4.5 6.4 42 750 950 27 

SiaN,, + 20 vol % SiC (w) ~ 3.0 ~ 4.2 40 ~ 500 ~ 500 0 

SisN4 + 20 vol % S iC(w)  ~ 5 . 0  ~ 7 . 5  50 ~ 7 0 0  -~<600 - 

S isN 4 + 20 vol % SiC (p) ~ 5.0 ~ 8.5 70 ~ 700 ~> 400 - 

S i sN 4 + 20 vol % SiC (w) ~ 5.0 ~ 10 100 ~ 700 ~ 400-500 - 

+ 20 vol % SiC (p) 
SisN4 + 20 wt  % SiC (w) 7.5 10.2 36 - 1300 - 
S i sN 4 + 30 vol % SiaN,, (w) 4.0 ~ 8.0 100 650 ~ 650 0 

Si3N,, + 20 vol % TiC (p) 4.7 7.0 49 - - - 

S i 2 N 2 0  + 30 vol % SiC (w) ~ 3 ~ 6 100 ~ 400 ~ 750 88 

TiBz + 30 vol % SiC (w) ~ 5.0 ~ 7.0 40 ~ 450 ~ 550 22 

TiB2 + 15~45 vol % ZrO2 ~ 5.5 6.5-9.5 18-73 - - 

TiC + t0  vol % SiC (w) ~ 4.0 ~ 6.0 50 ~ 550 ~ 700 27 

Trans fo rmat ion  [74] 

Trans fo rma t ion  [74] 

Trans fo rma t ion  [74] 

- [ 7 5 ]  

Crack  deflection [76] 

Crack  deflect ion [10] 
Crack  deflect ion [77] 

Crack  deflection; whisker  [78] 

pul l -out  
- [79] 

Whi ske r  pul l -out  [80] 
Crack  def lec t ion /branch ing  [80] 

Whi ske r  pul l-out ;  c rack [80] 

def lec t ion /branching  
Crack  br idg ing  [81] 

Whi ske r  br idg ing  and  [82] 

pu l l -ou t  
Crack  pinning;  [83] 

mic roc rack ing  

Crack  br idg ing  [84] 

_ [ 8 5 ]  

Trans fo rma t ion  [86] 

[85] 

w, whisker  (fibre); p, par t iculate .  

expression 

G = G o -  ( ~ / ~ T )  T (7) 

where Go is the extrapolated shear modulus at abso- 
lute zero (1.71 x 105 MPa [87]) and ~G/~Tis the vari- 
ation in G K  -1 (23 .4MPaK -1 [87]). Thus, G is 

164 GP a  at T =  298K (room temperature). The 
value of Young's modulus, E, is then obtained from 

= 2 c ( ~  + v) (8) 

where v is Poisson's ratio. For alumina, v .,~ 0.3 and 
E ~ 426 GPa  at room temperature. The ratio of the 
elastic modulus of the SiC whiskers, Ew, to that of the 
A 1 2 0  3 matrix, Era, is ~ 1.6. Thus, strengthening 
through load transfer should not be significant and the 
limited increase in strength o f  the composites is at- 
tributed to the toughening. 

The thermal expansion coefficient for SiC whiskers 
is ~ 4.7-4.8 x 1 0 - 6 K  -1, whereas that of the A1203 
matrix is 8.8-8.9 x 1 0 - 6 K  -1 [51, 55]. Thus, ~f < 0~m, 
and a stress field of radial compression and circum- 
ferential tension is established in the matrix. The 
whisker is therefore in axial compression, as illus- 
trated in Fig. 2. 

A calculation of the interfacial normal stress may be 
performed using Equation 5. A normal (compressive) 
stress of 1600 MPa was estimated at 295 K and the 
interracial shear strength was subsequently calculated 
as 800 MPa from Equation 4 [883. Such a strong 
interface may make whisker pull-out difficult at room 
temperature. In fact, the critical length, l~, may be 
derived from Equation 3. Taking ~f = 7GPa ,  
df = 0.6 gm and q = 800MPa,  1r is estimated as 

2.6 gm [51]. Thus, only those whiskers whose ends 
are within Ic/2 ( ~ 1.3 ~m) from the fracture plane may 
possibly pull-out. However, when the temperature is 
raised to 1373K, cy, drops to ~ 500 MPa [89] and xi 
to ~ 2 5 0 M P a ,  so that the critical length is now 
lc ~ 8.4gm. Therefore, it is expected that more 
whisker pull-outs will take place at higher temper- 
atures. This is consistent with experimental observa- 
tions of whisker pull-outs in the creep fracture of 
A1203 composites tested at t773K with 18 and 
30 vol % SiC whiskers [89]. 

Most of the investigations on toughening effects in 
the composites were conducted at room temperature, 
although it is important to also understand the 
toughening behaviour at elevated temperatures since 
many materials will ultimately be used in a thermal 
environment. With increasing temperature the resid- 
ual stress field arising from the thermal mismatch 
is relieved and the interfacial compressive stress is 
reduced. In addition, the interfacial chemistry may 
be changed,. All of these factors will influence the inter- 
action between the cracks and the whiskers. 

The temperature dependence of the toughening 
mechanisms has been examined experimentally [90]. 
The interfacial compression stress was shown to de- 
crease from > 1500 MPa at room temperature, to 

500MPa  at 1373K. Nevertheless, this reduced 
stress was sufficiently large to prevent substantial 
whisker pull-out. Thus, the fracture surfaces looked 
similar for samples tested both at room and higher 
temperatures. The whiskers perpendicular to the frac- 
ture surfaces tended to bridge the cracks, while those 
parallel to the fracture planes deflected the cracks. In 
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fact, the toughness of the alumina matrix composite 
suffered only a slight decrease up to ~ 1273 K. 

Another important property in the applications of 
ceramics at high temperatures is their resistance to 
thermal shock. When the temperature varies with time 
in a constrained component, or when the temperature 
is not uniformly distributed, internal stresses develop 
and may cause damage in the material. Consequently, 
the overall mechanical properties may be degraded. It 
has been demonstrated that the addition of SiC 
whiskers in alumina enhances the thermal shock res- 
istance of the matrix [91]. Quenching a sample of 
A1203-20 vol% SiC(w) to give a temperature differ- 
ence of 900 K resulted in no loss in flexural strength, 
although repeated quenches led to a minor decrease in 
strength which may be attributed to fatigue effects. By 
comparison, pure alumina suffered a significant 
strength loss when undergoing a temperature differ- 
ence of > 400 K. The improvement in the composite 
was attributed to the higher toughness. 

Careful examination by transmission electron 
microscopy has been conducted on Samples contain- 
ing cracks in order to identify the toughening mecha- 
nisms in a SiC whisker-reinforced alumina [30]. It 
was concluded that crack bridging by the whiskers 
behind the crack tip is the major toughening 
mechanism. Debonding of some whiskers from the 
matrix near the fracture surfaces was necessary to 
keep the whiskers intact although whisker fracture 
also occurred. 

This crack bridging process was further confirmed 
from mechanical testing where the load was recorded 
as the crack propagated [92]. It was found that the 
load versus displacement curve exhibited a sawtooth 
shape, as shown in Fig. 9. The applied load dropped 
when crack growth started, but crack propagation 
was immediately arrested as the load increase was 
resumed. Therefore, the extension of a crack pro- 
ceeded in an irregular manner by repeated initiation 
and arrest, thereby achieving a toughening effect. In 
this material the arrest of the crack was attributed to 
crack bridging by the whiskers. 

5O 

g 

4O 

30 
4 12 6 8 10 

60 

Displacement (pm) 

Figure 9 Upper portion of a load versus displacement curve for 
a SiC whisker-reinforced A1203 matrix composite, showing the 
sawtooth shape arising from the crack bridging process [92]. 
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5. 1.2. AI203 with ZrO 2 particles 
Both microcracking and transformation toughening 
take place when the spontaneously-transformed mono- 
clinic. ZrO2 phase and the metastable tetragonal 
ZrO2 phase exist simultaneously in the matrix [93]. 
Thus, this is a desirable microstructure if an appropri- 
ate size distribution of ZrO2 particles can be achieved 
(i.e. if tetragonal ZrO2 particles are transformable and 
monoclinic ZrO2 particles can introduce microcrack- 
ing at the front of a propagating crack). Microcrack- 
ing toughening in A12 O3-ZrO2 has been investigated 
experimentally and analysed theoretically for its 
importance in ZTCs [94]. 

In addition to improved resistance to catastrophic 
crack extension in zirconia-toughened alumina, the 
composite also shows greater resistance to slow crack 
growth [95]. This was attributed to crack-tip shield- 
ing by the transformation zone surrounding the crack. 
In combination with SiC whiskers, zirconia-tough- 
ened alumina shows excellent thermal shock resist- 
ance [96]. 

Large TZP agglomerates, having a size of ~ 20- 
50 txm, were combined into the alumina matrix in one 
investigation [68]. Since the tetragonal structure 
could be retained and the size of the agglomerates was 
large, the toughening achieved in this composite arose 
from transformation toughening and crack deflection. 
Because of the simultaneous presence of TZP disper- 
soids and single crystal ZrO2 particles of tetragonal 
and monoclinic form, multiple toughening effects were 
obtained from the concurrent operation of the phase 
transformation, microcracking and crack deflection 
mechanisms. A fracture toughness of ~ 12 MPam ~/2 
was achieved in this study. 

5.2. Mullite matrix composi tes  
The toughening and strengthening of mutlite-based 
composites are illustrated schematically in Fig. 10, 
using the data in Table I. It is apparent that a signifi- 
cant increase in both toughness and strength may be 
achieved. 

Studies have been conducted on the toughening 
effects when both ZrO2 particles and SiC whiskers are 
incorporated into the mullite matrix [73]. The results 
show that the combined toughening effects are equal 
to or greater than the sum of the individual toughen- 
ing effects when either toughening method acts alone, 

- -10  
-E 
#_ 
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O3 
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" 0 

[ ]  
Matr ix 

Composite Composite 
Matr ix 

8oos 

o 3  
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Figure 10 Fracture toughness and flexural strength of mullite and 
mullite matrix composites. 
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Figure 11 Fracture toughness as a function of second-phase con- 
tent for three mullite matrix composites [-73]. A, Mullite-20 vol % 
SiC whiskers with ZrO2 particle additions; [3, mullite with SiC 
whisker additions; �9 mullite with ZrO2 particle additions. 

as indicated in Table I and documented in Fig. 11. It is 
thus advantageous to combine multiple toughening 
mechanisms for maximum effect. 

5.3. SiC matrix composites 
Significant toughening is achieved in SiC matrix 
composites, as documented in Table I and illustrated 
schematically in Fig. 12. The coefficients of thermal 
expansion for TiBz and TiC are both greater than for 
SiC. A stress field of radial tension and circumferential 
compression is therefore established around these par- 
ticles. Consequently, crack deflection is the dominant 
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v 
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o 
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Matrix 

Composite 

Figure 12 Fracture toughness of SiC matrix and SiC matrix com- 
posites. 

toughening mechanism in these systems because 
a crack tends to travel perpendicular to the tensile axis 
and parallel to the compressive stress [10, 76, 77] 

5.4. Si3N 4 matrix composites 
Although there is an increase in toughness in Si3N4 
matrix composites, as shown in Table I and depicted 
schematically in Fig. 13, the strengthening is not sig- 
nificant and indeed the strength of the composites is in 
some cases lower than in the matrix material. 

5.4. 1. Si3N4 with SiC whiskers or particles 
Whiskers are the most common form of reinforcement 
in the Si3N 4 matrix. Toughening is generally at- 
tributed to crack deflection and microcracking in the 
matrix [97, 98]. Whisker pull-out is seldom observed, 
thereby indicating a strong interface. Since Si3N4 has 
a lower thermal expansion coefficient, a tensile normal 
stress is expected in the interface so that the strong 
interfacial bonding is probably due to a chemical 
bonding between the matrix and the whiskers. It ap- 
pears that a weaker interface may further improve the 
toughness. 

The strength and toughness improvement was also 
found at high temperatures, up to 1473 K [78]. The 
toughening mechanisms at all testing temperatures 
were identified as crack deflection and whisker pull- 
out. In addition, SiC particulates were added to the 
Si3N4 matrix. It was found that there was a minimum 
size requirement (about equal to the grain size of the 
matrix) for the particles to be effective in deflecting 
cracks and hence toughening the matrix [78]. 

5.4.2. Si3N4 with TiC particles 
A wide range of combinations, from 0 to 100 vol % 
TiC, have been tested for this system [83]. The com- 
posites were fabricated by mixing Si3N4 and TiC 
powders, milling and hot-pressing the mixture. A max- 
imum toughness of ~ 7 MPam 1/2 occurred with 
a content of 20 vol % TiC particles. The strength of the 
SiaN4 matrix decreased continuously to that of TiC at 
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Figure 13 Fracture toughness and flexural strength of SiaN 4 matrix 
and Si3N 4 matrix composites. 
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-~ 50 vol % TiC loading. The initial increase in tough- 
ness due to adding TiC particles was attributed to the 
pinning of the crack front by the particles and to 
microcracking due to the thermal mismatch. The sub- 
sequent decrease in toughness at higher contents of 
TiC particles was attributed to the overall lower 
toughness of the particles 

6. Summary and conclusions 
1. There are various toughening mechanisms that 

may occur in ceramic composites, including micro- 
cracking, crack deflection and branching, fibre pull- 
out, crack bridging, crack pinning and phase trans- 
formation. Some of these mechanisms are related 
processes and in practice several toughening mecha- 
nisms may operate simultaneously. 

2. For the ceramic composites under consideration 
in this report, the matrices typically have fracture 
toughnesses of < 5 MPa m 1/2 but the composite ma- 
terials may, under optimum conditions, have fracture 
toughnesses within the range of ,-~ 8-12 MPa m ~/2. 

3. Currently, insufficient information is generally 
available to positively identify the operating, and espe- 
cially the dominant, toughening mechanisms in any 
selected composite system. 

4. The strengthening of ceramic composites may be 
achieved through load transfer, pre-stressing and 
toughening. These effects are not significant in many 
ceramic systems although the increase in strength in 
weak matrices may be as large as ,,~ 100%. Neverthe- 
less, strengthening may be effective at elevated temper- 
atures. 
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