
CERAMIC-MATRIX
COMPOSITES

1. Introduction

With the development of emerging technologies such as aero-space, transporta-
tion and power generation, advanced materials are needed for components such
as control surfaces, wing edges and nose cones; turbine blades and shrouds
in more fuel efficient engines and heat exchanger elements. These structural
components must operate in the temperature range between 1100 and 16508C.
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Ceramics, inorganic, nonmetallic, crystalline compounds with mixed ionic–cova-
lent nature to their chemical bonds, have been the traditional candidate materi-
als for such high temperature use. Their many desirable properties include high
melting points, high chemical stability, high elastic modulus and hardness, high
wear and creep resistance, and low mass density relative to metallic materials.
Monolithic ceramics, however, are brittle and are thus very sensitive to intrinsic
flaws and damage produced by use. Failure of these materials occurs in a cata-
strophic manner and at low strain-to-failure ratios. However, the problem can be
alleviated by reinforcing monolithic ceramics with a second phase which is itself
capable of operating at high temperatures. Such systems are designated as cera-
mic matrix composites (CMC).

The reinforcing phases in ceramic matrix composites are usually also cera-
mic and have many possible morphologies: particulate, platelet, whisker, short-
fiber, or continuous-fiber. Reinforcing entities are typically added to ceramic
matrices to produce tough composites. In comparison, high strength reinforce-
ments are added to polymer-based composites to increase strength and stiffness.
To enhance toughness high strength reinforcements with high elastic modulus
and weak interfaces with the matrix are required; to produce high strength
and stiffness, strong interfaces along with high stress transfer are needed to
allow efficient load transfer or shedding from the matrix to the reinforcement.

2. Ceramic Composites Systems

With the appropriate choice of composite properties, such as reinforcement and
matrix materials, reinforcing geometry and composite interface, an otherwise
brittle mode of failure of a ceramic becomes more ‘‘ductile’’ and noncatastrophic
in nature. Thus, the choice of the component materials is an important aspect of
designing ceramic matrix composites. Two questions need to be addressed when
making these choices. First, if a matrix crack encounters a potential bridging
entity, will it deflect along the reinforcement/matrix interface or will fracture
of the reinforcement occur? Second, if interface debonding occurs, will the inter-
facial sliding shear resistance, t, be low enough to allow the bridge to slip in the
matrix or will fracture of the bridging-reinforcement occur?

A partial answer to the first question has been provided by a theoretical
treatment (1,2) that examines the conditions under which a matrix crack will
deflect along the interface between the matrix and the reinforcement. This frac-
ture–mechanics analysis links the condition for crack deflection to both the rela-
tive fracture resistance of the interface and the bridge and to the relative elastic
mismatch between the reinforcement and the matrix. The calculations indicate
that, for any elastic mismatch, interface failure will occur when the fracture
resistance of the bridge is at least four times greater than that of the interface.
For specific degrees of elastic mismatch, this condition can be a conservative
lower estimate. This condition provides a guide for interfacial design of ceramic
matrix composites.

About the second question, concerning the relative strengths of the bridge
and the interfacial sliding resistance, little is known a priori. Some progress
made for the system of continuous fiber-reinforced ceramic-matrix composites
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will be discussed later. The general recommendation is to have a high bridge
strength and a low interfacial sliding shear resistance.

Various combinations of ceramic–matrix composites have been manufac-
tured at the research level. Their properties are given in Table 1 for oxide-based
matrices and in Table 2 for nonoxide matrices. Some commercial products are
identified for information only. Such identification does not imply recommendation

Table 1. Oxide-Based Ceramic-Matrix Composites

Reinforcement Density,
g/cm3

or
% tdeTypea

Amount,
vol %

Strength,b

MPa
Toughness,c

MPa
ffiffiffiffiffi
m
p Modulus,

GPad Reference

Al2O3 matrix
B4Cp 50 4.5 380 3.28 (3,4)
SiCw 20 2.5 400 5
SiCw/SiO2i

f 20 6.0 420 6
SiCw/Si3N4w 20 203 3.4 95% td 7
SiO2f 6.3 28 8
TiCp 30 4.0 400 4.26 4
BNp 24.6 490 91.1% td 9
Alp 20 8.4 10
ZrO2(t)

g
p 2000 5–8 333 4.54 11

Aluminosilicate glass matrix
SiCw 0.8 80 5
Al2O3f 311 3.3 12

Cordierite glass matrix
SiCf 128 1.6 2.44 9

Pyrex glass matrix
Al2O3f 305 3.7 12
SiCp 30 171 1.79 13
SiCw 30 180 3.04 13
SiCp/SiC

h
w 159 2.73 13

Soda-lime silicate matrix
SiCw 20 0.7 72 5

LASIII glass ceramic matrix
SiCw 35 327 5.1 14

3Al2O3 � 2SiO2 matrix
SiCw 10 274 2.7 197 2.84 15
SiCp 262 2.35 240 15
ZrO2(t)

g
p 250 4.0 150 98.9% td 16

ZrO2 matrix
ZrO2(t)

g
p 400–600 10 200 6.08

aSubscripts denote reinforcement morphology; p ¼ particulate, l ¼ platelet, w ¼ whisker, f ¼ fiber,
i ¼ interlayer between reinforcement and matrix.
bStrength as measured in a four-point flexure test (modulus of rupture); to convert MPa to psi, multi-
ply by 145.
cFracture toughness; to convert MPa

ffiffiffiffiffi
m
p

to psi
ffiffiffiffiffiffi
in:
p

, multiply by 910.048.
dTo convert GPa to psi, multiply by 145,000.
e%td ¼ percentage of theoretical density.
f20% SiCw.
gTetragonal.
h10% each.
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or endorsement by NIST, nor does it imply that the products are the best available
for the purpose.

3. Composite Reinforcements

The structure of reinforcements can be either equiaxed or acicular. The nature
of their placement within a composite, the composite architecture, is critical to the
resultant composite properties. Possible architectures are summarized in Figure 1.

Equiaxed particles, which are well dispersed in the ceramic matrix, tend to
produce isotropic composite behavior. The particles, either ceramic or metallic,
may be single crystal or polycrystalline in nature.

Acicular reinforcements such as whiskers and platelets tend to produce
rather more anisotropic composite properties. Whiskers and platelets are usually
single crystals with aspect ratios up to 100 and with tensile strengths near their
theoretical value. Composite processing can be tailored to produce either an
aligned microstructure with the principal axis of all reinforcements lying in
the same direction; a textured microstructure in which the principal axis is
randomly arranged within a single plane; or an isotropic microstructure in
which the reinforcements are randomly arranged in three dimensions. Aligned
reinforcements produce a composite with highly unidirectional properties in
the alignment direction, but with properties that are isotropic in the transverse

Table 2. Nonoxide-Based Ceramic-Matrix Composites

Reinforcement

Typea
Amount,
vol %

Strength,b

MPa
Toughness,c

MPa
ffiffiffiffiffi
m
p Modulus

GPad
Density,
g/cm3 Reference

AIN matrix
BNp 65.5 480 9

SiC matrix
SiCw 19.9 240 8
TiB2p 16 4.5 430 3.30 4
TiCp 25 6.0 450 3.36 4

Si3N4 matrix
SiCw 10 620 7.8 18
SiCw 20 4.0 350 17
SiCw 10 436 5.7 19
Si3N4p 680 7.6–8.6 160 19
TiCp 578 7.2 328 17
TiCp 30 4.5 350 3.7 20

TiN matrix
Al2O3p/AlN

e 229 10.2 21

WC matrix
Co 20 16.9 442 10

aSubscripts denote reinforcement morphology; p ¼ particulate, l ¼ platelet, w ¼ whisker, f ¼ fiber,
i ¼ interlayer between reinforcement and matrix.
bStrength as measured in a four-point flexure test; to convert MPa to psi, multiply by 145.
cFracture toughness; to convert MPa

ffiffiffiffiffi
m
p

to psi
ffiffiffiffiffiffi
in:
p

, multiply by 910.048.
dTo convert GPa to psi, multiply by 145,000.
e30% each.
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Three-dimensional random

(a)

(b)

(c)

Aligned

Planar random

Unidirectional

Three-dimensional random

Two-dimensional aligned
(two-dimensional weave)

Three-dimensional aligned
(three-dimensional preform)

Fig. 1. Reinforcement architectures for ceramic–matrix composites and corresponding
composite properties. (a) Spherical particles; (b) platelets, whiskers, short fibers; and
(c) continuous fibers.
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direction. Such microstructures are produced when whisker-reinforced compo-
sites are fabricated by extrusion or when platelet-reinforced composites are
fabricated by tape-casting or hot-pressing techniques. Textured microstructures
produce composites that have isotropic properties in the reinforcement plane.
This tends to be the most common type of microstructure produced when a whis-
ker-reinforced composite is fabricated by hot pressing or tape-casting techniques.
Fabrication techniques required to produce a completely random microstructure
with resulting isotropic properties are extremely difficult. Hence, most ceramic
composites reinforced with acicular particles tend to have some form of texture
and thus, some anisotropy of properties.

Fiber reinforcements can be amorphous, single crystal or polycrystalline in
structure. They can be either short fibers producing similar composite architec-
tures to those of whiskers or they can be continuous. Continuous fiber reinforced
composites tend to have orthotropic properties. For unidirectional composites
properties transverse to the fiber direction are significantly different from
those parallel to the fiber direction. Some continuous fibers may be woven into
two-dimensional weaves before being incorporated into a composite. Such compo-
sites have in-plane properties with fourfold symmetry and different properties
out of plane. These two-dimensional fiber weaves are usually rotated through
a fixed angle on stacking to produce more isotropic planar properties. A preform
may also be woven in three dimensions to produce more isotropic properties in
all directions, but this adds considerably to the overall cost of the resulting
composite.

The role of reinforcements in a ceramic-matrix composite system is to trans-
fer stress from the matrix to the reinforcement, thereby shielding the crack tip
from the applied load and providing an additional dissipative energy sink to
resist crack propagation. This function is usually achieved via strong reinforce-
ments with a weak interface between the reinforcement and the matrix. This
combination allows ligament debonding and energy dissipation via frictional
sliding of the reinforcement in the matrix. The matrix and reinforcement are
usually chosen to allow weak interface debond stress. However, in practice, it
is difficult to achieve this state because most ceramic systems react chemically.
In fiber and whisker reinforced ceramic composite systems an interlayer coating
of pyrolitic carbon is usually incorporated at the interface to facilitate easy
debonding. Alternative approaches to weaken the interface are given later.

Table 3. Platelet Reinforcements for Ceramic-Matrix Composites

Platelets

Tensile
strength,
GPaa

Modulus,
GPaa

Density,
g/cm3

Diameter,
mm

Maximum use
temperature, 8C

Al2O3
b 400 3.986 5–15/1 2040

SiCc 3 470 3.21 5–500/1–15 1600
SiCd 0.5 470 3.21 10–15 1600

aTo convert GPa to psi, multiply by 145,000.
bAtochem, Centre de Recherche, France.
cC-Axis, Jonquiere, Quebec.
dRef. 22.
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A related and important issue in choosing a reinforcing material is the che-
mical compatibility of the reinforcement with the matrix. The reinforcement
must also have high strength that is retained to elevated temperatures. If the
environment has access to the reinforcement, either at the surface or through
matrix cracking, then the reinforcement must be sufficiently chemically inert
in the service-environment. Tables 3 through 5 present the properties of a few
of the currently available platelets, whiskers, and fibers for use as reinforce-
ments in ceramic composites.

4. Ceramic Matrices

Ceramic matrices are usually chosen on their merits as high temperature mate-
rials; reinforcements are added to improve their toughness, reliability, and
damage tolerance. The matrix imparts protection to the reinforcements from che-
mical reaction with the high temperature environment. The principal concerns
in choosing a matrix material are its high temperature properties, such as
strength, oxidation resistance, and microstructural stability, and chemical com-
patibility with the reinforcement.

Another consideration is the difference in thermal expansion between the
matrix and the reinforcement. Composites are usually manufactured at high
temperatures. On cooling any mismatch in the thermal expansion between the
reinforcement and the matrix results in residual mismatch stresses in the com-
posite. These stresses can be either beneficial or detrimental: if they are tensile,
they can aid debonding of the interface; if they are compressive, they can retard
debonding, which can then lead to bridge failure (25).

Table 4. Whisker Reinforcements for Ceramic-Matrix Composites

Whiskers

Tensile
strength,
GPaa

Modulus,
GPaa

Density,
g/cm3

Diameter,
mm

Length,
mm

Maximum
use

temperature,
8C

Al2O3
b 20 450 3.96 4–7 40–100 2040

B4C
c 14 490 2.52 2450

SiC
Silar

SC9d
7 340–690 3.2 0.6 900 1760

VLSe 8.3 580 3.2 4–7 5000 1400
Tokamaxf 600 3.2 0.1–1.0 50–200 1400
SiCg 600 3.2 0.5–1 5–100 1400

Si3N4

SNWBh 14 385 3.18 0.05–0.5 5–100 1900

aTo convert GPa to psi, multiply by 145,000.
bCatapal XW, Vista Chemical Co., United States.
cRef. 23.
dAdvanced Composite Materials Corp. (ACMC), Greer, S.C.
eLos Alamos National Lab, Los Alamos, N. Mex.
fTokai Carbon Co., Japan.
gJ. M. Huber, Corp., Nacagdoches, Tex.
hUBE Industries, Japan.
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Compressive interfacial stresses increase the interfacial shear resistance.
Although usually detrimental to toughening, these stresses can enhance tough-
ening if bridge pullout is the operative toughening process.

5. Composite Interface

The prerequisite for tough, noncatastrophic failure of ceramic-matrix composite
materials is that the interface between the reinforcement and the matrix is weak

Table 5. Fiber Reinforcements for Ceramic-Matrix Compositea

Fibers

Tensile
strength,
GPab

Modulus,
GPab

Density,
g/cm3

Diameter,
mm

Maximum
use

temperature,
8C

Al2O3

FPc 1.38 380 3.90 21 1316
PRD166c 2.07 380 4.20 21 1400
Sumitomod 1.45 190 3.9 17 1249
Safimaxe 2.0 300 3.30 3 1250

mullite
Nextel312f 3.12 1.55 150 2.70 1204
Nextel440f 4.40 2.70 186 3.05 1426
Nextel480f 4.80 2.28 224 3.05 1200

SiC
Nicalong 2.62 193 2.55 10 1204
SCSh 2.80 280 3.05 6–10 1299
SCS6h 3.92 406 3.00 142 1299
Sigmai 3.45 410 3.40 100 1259
MPDZ j 1.75 175 2.30 10
HPZ j 2.10 140 2.35 10
MPS j 1.05 175 2.60 10

SiTiCO
Tyrranok 2.76 193 2.5 10 1300

Si3N4

TNSNl 3.3 296 2.5 10 1204
SiO2

Astroquartz 3.45 69 2.2 9 993
Graphite
T300Rm 2.76 2.76 1.8 10 1648
T40Rm 3.45 276 1.8 10 1648

aRef. 24.
bTo convert GPa to psi, multiply by 145,000.
cE.I. du Pont de Nemours & Co. Inc., Wilmington, Del.
dSumitomo Chemical America, New York.
e ICI Advanced Materials, Wilmington, Del.
f3M Co., St. Paul, Minn.
gNippon Carbon Co., Tokyo.
hAVCO Specialty Materials/Textron Inc., Lowell, Mass.
iBerghoff, Tubingen, Germany.
jDow-Corning/Celanese, Midland, Mich.
kUBE Industries, Japan.
lToa Nevyo Kogyo K. K. Tokyo.
mAmoco Performance Products, Ridgefield, Conn.
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enough to allow crack deflection along or around the reinforcement. For ceramic
matrices and ceramic reinforcements this is not often the case as strong bonding
can occur during composite fabrication. With ceramic materials primary chemi-
cal bonding occurs at the interface. One way to change the bonding is to change
either the reinforcement or the matrix to materials that will not react chemically.
More typically, the interface is weakened through the incorporation of a weak
interlayer that is compatible with both the matrix and the reinforcements.
There has been much interest in the development of weak reinforcement coat-
ings. Alternative approaches have also been proposed; Figure 2 presents the
state of the art in composite interfaces (26,27). Figure 2a represents a weak
debond coating with a layer-type structure that does not react strongly with
either the matrix or reinforcement, for example, pyrolitic carbon. Figure 2b pre-
sents a porous coating of the matrix material, which is much weaker owing to the
presence of a large degree of porosity. Figure 2c presents a ductile interfacial
layer, which has a low ductile yield stress and usually a lower elastic modulus
than either the fiber or the matrix. These latter two coatings may be well-bonded
to the matrix, the reinforcement, or both. These three approaches to a weak
interface are discussed in more detail later.

A good example of the effectiveness of a weak debond coating is the Nicalon
SiC–CVI SiC matrix composite fabricated at Oak Ridge National Laboratory (28)
with varying amounts of pyrolitic carbon at the interface. The initial, as-manu-
factured, composite with no fiber coating produced a low strength, low toughness
composite. Coating the fibers with a 0.17-mm-thick layer of carbon before
deposition of the matrix dramatically changed the composite properties. The
bend strength increased from 83 MPa (12,000 psi) to 383 MPa (55,000 psi),
with an accompanying large strain-to-failure. The toughness, measured by
a work of fracture, increased from 98 J/m2 for the uncoated composite to
4110 J/m2 (�2 ft lbf=in:2) for the composite with the carbon-fiber coating.
Figure 3 shows the corresponding load–deflection curves for the uncoated and
coated composites.

Carbon is a commonly used and successful weak interfacial coating. For
high temperature applications, however, carbon is not the best solution, because
it oxidizes, leaving a physical gap between the reinforcement and the matrix or
allowing interfacial reactions that result in a strong interface bond. Much

(a) (b) (c)

Fig. 2. Microstructural design approaches for composite interfaces: (a) mechanically
weak coating; (b) porous interface and; (c) ductile interface.
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research has been conducted to develop alternative high temperature debond
coatings, with little success to date.

An alternative to the weak debond coatings is to create a mechanically
weak debond interface (26). One that shows much promise is a porous coating
of the matrix itself on the reinforcement (26). The coating is well-bonded to the
reinforcement and the matrix but is mechanically much weaker than either
because of its degree of porosity. A debond crack will thus run preferentially
through the coating. Such a coating can be as temperature and oxidation resis-
tant as the matrix itself, although the degree of oxidation protection rendered to
the reinforcement phase may be reduced by any open porosity in the coating.

An alternative to the weak debond interface approach may lie in a ductile
interface that is well-bonded to both the reinforcement and the matrix (27).
Debonding of the interface then entails ductile yielding and shearing of the inter-
face. Such a process potentially dissipates more energy than debonding and fric-
tional interfacial sliding alone. The viability of such a coating has been explored
for a model composite system of borosilicate glass reinforced with continuous SiC
fiber (27). The coating used was electrolytically deposited copper up to 19 mm
thick. The resulting composite showed an increase in toughness of 25% over
the unreinforced matrix, compared with only 6% for the carbon-coated fiber com-
posite. The disadvantage of such a system is that the degree of toughening
changes with temperature, since ductility of the interlayer changes with tem-
perature. Thus, although the high temperature toughness could be improved,
the system might remain brittle at ambient temperature.

As discussed earlier, residual stresses can arise in composites when there is
a mismatch between the linear thermal expansion coefficients of the reinforce-
ment and the matrix. These stresses can be either deleterious or advantageous
to the mechanical performance of the composite. Compressive stresses normal to
the interface lead to enhanced interfacial sliding shear stresses. The correspond-
ing hoop tensile stresses (and axial tensile stresses, if they arise) in the matrix
reduce the strength of the matrix, and hence of the composite. Matching the
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Fig. 3. Load–deflection curve for a SiC–C–SiC composite in four-point bending. Note
the extreme change in behavior fora composite fabricated with a 0.17-mm carbon layer
between the SiC fiber and the SiC matrix as compared with a composite with no interfacial
layer (28).
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thermal expansion coefficients of the reinforcement and the matrix is one solu-
tion to the problem, albeit a limited one. Another approach is the use of an inter-
facial layer to tailor the stresses, and the feasibility of such coatings has been
proposed in a mathematical treatment of the problem (29). The results of this
analysis predict that interlayer coatings with a higher expansion coefficient
and a lower modulus than either the reinforcement or the matrix reduce the resi-
dual mismatch stresses. The analysis applies to the case when the thermal
expansion of the matrix is greater than that of the reinforcement. The feasibility
of this proposal has been demonstrated in a model composite of SiC continuous
fiber reinforced borosilicate glass using a copper interlayer (27). Calculations
using the theory (29) predict that a 10-mm thick copper layer will reduce the max-
imum hoop and radial stresses to one-third of the uncoated value. Stresses mea-
sured in the glass matrix immediately surrounding the fiber using a technique of
stress-induced birefringence (30) indicate that the compressive stress of 80 MPa
(11,600 psi) for the uncoated composite was reduced to a stress of less than 5 MPa
(725 psi) for the copper interface composite.

6. Toughening Processes

The toughness induced in ceramic matrices reinforced with the various types of
reinforcements, that is, particles, platelets, whiskers, or fibers, derives from two
phenomena: crack deflection and crack-tip shielding. These phenomena usually
operate in synergism in composite systems to give the resultant toughness and
noncatastrophic mode of failure.

6.1. Crack-Resistance Behavior. The goal of composite reinforcement
is to produce tough, flaw-insensitive materials that fail in a ‘‘ductile’’ manner.
Such materials are more damage tolerant than the monolithic ceramics because
they can withstand larger cracks without fracture and the fracture strength may
be independent of crack size within a certain flaw size range. This important
property of flaw tolerance and stable crack growth results from a fracture resis-
tance behavior known as <-curve or T-curve behavior, in which the fracture
resistance rises with crack extension. Fracture resistance can be formulated in
terms of either stress intensity factor T or strain energy release rate < (or J).
If stress intensity factor is used, then the ordinate is the square root of crack
length and the plot is termed a T-curve. If, however, strain energy-release rate
is used, <, (or Jc) is plotted directly as a function of crack length and the curve is
termed an <-curve.

Increasing fracture resistance with crack length is a phenomenon common
to metals tested under plane-stress conditions. Ceramics also have been shown to
have similar behavior, but the phenomenon arises from elements of their micro-
structure that resist crack propagation (31). Ceramic composites are a natural
extension of this effect, where the reinforcements provide the elements that
resist fracture. The shape and extent of the <-curve is dependent on the micro-
structural scale and its effectiveness at crack shielding. If a ceramic microstruc-
ture can be designed to have an <-curve with an extensive initial ‘‘knee’’ (or
portion before the inflexion point), then there is stable crack growth before fail-
ure, and hence flaw tolerance. The material is thus tolerant to flaws of a size
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larger than that predicted by a Griffith criterion to be unstable. The importance
of toughness in engineering terms lies in the enhanced probability of detection of
longer cracks via nondestructive evaluation techniques. Figure 4 is a schematic
diagram of the toughness relation with crack length for a material with single-
value toughness and for one with a T-curve. For a material with a single-value
toughness, the toughness T can be represented by:

T ¼ KIC ð1Þ

which is not a function of crack length. For a material with a T-curve, the tough-
ness can be represented by:

T ¼ Ko þK� 
 T cð Þ ð2Þ

In this case Ko is the intrinsic toughness experienced by the crack tip (equal to
KIC for a single-value toughness material) and Km is the toughness associated
with the microstructural shielding term (equal to zero for a single-value tough-
ness material).

The propagation of a crack depends on the shape of the T-curve in relation
to the scale of the initial crack length. Initially, when a flaw is small, it encoun-
ters very little of the microstructure along its length. Analyses (32,33) have sug-
gested that the initial portion of the T-curve decreases as illustrated in Figure 4
owing to compressive microstructural elements. As the flaw extends, more of the
microstructure is sampled and the crack becomes increasingly more difficult to
propagate as the toughening contribution Km increases. Once the crack is long
with respect to the shielding elements in the microstructure, the toughness satu-
rates out and the crack grows as if it is sampling an average microstructure. The
equilibrium condition for fracture is that the driving force is greater than or
equal to the fracture resistance:

Ka � T ð3Þ

Ka = Ko + K = T = f (c)µ

To
ug

hn
es

s,
 T

, M
P

a 
 m

Ka = KIC = T ≠ f (c)

Crack length,   m

Fig. 4. Schematic representation of fracture resistance and its relation to crack length
for a single-value toughness material and a material with a fracture resistance curve
(T-curve). MPa ¼MN=m2. To convert MPa

ffiffiffiffiffi
m
p

to psi
ffiffiffiffiffiffi
in:
p

, multiply by 910.048.
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The stability condition,

dKa

dc
� dT

dc
ð4Þ

determines the nature of the fracture, that is, either stable or unstable.
Equation 4 is the condition for unstable fracture. At equality this is known as
the tangency condition.

For a single-value toughness material, dT=dc ¼ 0. Accordingly, if the
applied stress intensity factor is always increasing with crack length,
equation 4 is always satisfied. Thus, the condition for fracture is equation 5,
where Ka is given by the applied loading conditions.

Ka ¼ KIC ð5Þ

For a nonsingle-value toughness material the equilibrium condition for
fracture, equation 3, becomes

Ka � T 
 Ko þ K� ð6Þ

The stability of crack extension in such materials depends on the rate of change
of the applied driving force to that of the fracture resistance, equation 4.

dKa

dc
� dK�

dc
ð7Þ

Consider the toughness curve of Figure 5a. A preexisting flaw of length ci will not
extend until Ka � Ko. The dashed line represents a loading level that just satis-
fies the equilibrium condition for fracture, that is, equation 6. At this value of Ka,
the crack propagates unstably until it arrests at a length c0(c0 > d, where d is the
length to the inflexion point on this simplistic T-curve). The arrest criterion is
assumed to be the same as the propagation criterion, that is, equation 6, but
alternative criteria have occasionally been used in the literature. Increasing
Ka further, the crack propagates stably from c0 to c*, where the tangency condi-
tion, equation 7, is satisfied (see Fig. 5b) and spontaneous failure occurs. When
the initial crack length ci > d, there is no initial unstable crack growth, but
rather the crack grows in a stable manner with increasing Ka until the crack
length is equal to c*. Preexisting flaws in the microstructure of size less than
c* but greater than a crack length co, as defined in Figure 5b behave in a flaw
tolerant manner. The fracture strength in this initial flaw size regime is indepen-
dent of crack length, as illustrated in Figure 5c. Theoretically, cracks smaller
than co propagate unstably to failure in a high strength region. However, in prac-
tice this region is not observed experimentally because the smallest intrinsic
flaws are typically of the order of d. Thus, a T-curve can produce a region of
flaw sizes in which the material is flaw tolerant (3,34).

6.2. Crack Deflection Contribution to Toughening. Crack deflection
is a phenomenon that leads both to toughening and to the formation of bridges
that shield the crack tip from the applied stress. Little is known of the bridge
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formation process, but its effect, that is, crack-tip shielding, is considered in the
following section.

The condition for propagation of a mode I edge crack, that is, a crack that is
subjected to pure opening (tensile) stresses applied perpendicular to the crack
plane, is given by (35):

Ka ¼ Y�a
ffiffiffi
c
p ¼ KIC ð8Þ

where Y is a dimensionless geometry term, sa is the applied stress, and c is the
crack length. Once a crack is deflected from its original plane, further crack
extension requires a higher driving force to accommodate the mode II (shear)
or mode III (tearing shear) contribution to the stress intensity factor on the
new crack plane. A schematic diagram of crack deflection with contributions
from both modes is shown in Figure 6 (36). It has been shown (37) that the net
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Fig. 5. Relation of T-curve to crack growth and strength: (a) crack growth for a flaw of
size ci; (b) tangency condition for crack growth for a flaw of initial size ci.; (c) fracture
strength as a function of crack size showing region of flaw size tolerance.
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applied stress intensity factor to drive a crack on a tilt plane of � degrees from the
original plane is given by equation 9.

K �ð Þ ¼ KICsec
2 �=2ð Þ ð9Þ

Similarly, if a crack is deflected from its original plane through a twist angle of  
degrees, a mode III tearing component must also be taken into account for
further propagation of the crack. The resulting toughness is given by equa-
tion 10 (37).

K  ð Þ ¼ KICsec
2  ð Þ ð10Þ

Figure 7 shows these results schematically for both twist and tilt crack deflec-
tions. Thus, for the stress intensity factor required to drive a crack at a tilt or
twist angle, the applied driving force must be increased over and above that
required to propagate the crack under pure mode I loading conditions. Twist
deflection out of plane is a more effective toughening mechanism than a simple
tilt deflection out of plane.

ψ

(b)

θ

(a)

Fig. 6. (a) Crack deflection and propagation through a tilt angle Kð�Þ ¼ KIC sec2 (�/2).
(b) Crack deflection and propagation through a twist angle, Kð Þ ¼ KIC sec2 ( ) (36).
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A crack front may interact many times with inhomogeneities in the micro-
structure, causing multiple deflections. The resultant average driving force for a
crack front that has undergone multiple deflection is an average of the many
deflections of the crack tip. This problem has been treated mathematically
(38–40). Having considered the effectiveness of various deflection morphologies
for microstructural inhomogeneities, the authors came to the conclusion that the
resultant toughening from deflection is dependent only on the shape and distri-
bution of the inhomogeneities and not their size. The higher the density and
aspect ratio of inhomogeneities, the higher the maximum toughening. Therefore,
rodlike geometries produce higher toughening than either platelets or spheres. It
was postulated that the toughening arises mainly from the twist component and
the maximum possible toughening predicted by the model is approximately 2KIC.

Deflection rarely operates as the sole toughening mechanism in a system,
although its contribution in some systems may be significant. Crack deflection,
however, is a major aspect of bridge formation processes that leads to toughening
via bridging ligaments.

6.3. Crack-Tip Shielding. Crack-tip shielding has two origins: process-
zone shielding and crack-wake bridging. Process-zone shielding derives from
mechanisms occurring in a zone around the crack tip which extend to the
crack wake as the crack advances, indirectly applying closure forces to
the crack flanks. Crack-wake bridging derives from intact bridging elements in
the wake of the crack, directly applying closure forces to the crack flanks.

Process-Zone Shielding. An important mechanism that can lead to the
phenomenon of crack-tip shielding is the development of a process zone around
the crack. Stresses around the crack tip cause changes in the microstructure that
can lead to process-zone shielding. In the presence of regions of nonuniform resi-
dual stresses in the microstructure, microcracks can open up, their dilation pro-
viding a back stress on the crack tip that retards further crack propagation (40).
A similar dilatation can be produced by stress-induced phase transformations in
which there is a volume change (41) or by yielding of ductile particles (10). Initi-
ally, a process zone is formed ahead of the crack tip, which may enhance crack
growth, but as the crack advances, a fully developed process zone is formed in the
wake of the crack, causing closure forces to be applied to the crack flanks. A
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Fig. 7. Relative toughening owing to (� � �) tilt, �, and (���) twist deflections,  .
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schematic diagram presenting the identified process-zone shielding mechanisms
in ceramic-matrix composites is given as Figure 8. The toughness produced by
each type of zone has the same form in terms of the strain energy release rate
approach (42):

<1 ¼ <o 1þ 2�"VfE
0
c=�c

� � ð11Þ
where <1 is the steady-state fracture resistance, (maximum in <-curve); <o is
the crack-tip fracture resistance; Z is a dimensionless zone-shape coefficient
(�0:03 to 0.06); e is the dilatation strain per reinforcement (microcrack, trans-
forming particle, or ductile yielding particle); Vf is the volume fraction of rein-
forcement; and Ec

0 is the plane strain composite modulus [Ec=ð1� 	2Þ] and sc the
critical stress at which microcracks open up, particles transform, or particles yield.

The process zone toughening mechanism is seldom found to operate in iso-
lation from other toughening mechanisms. The exception is the case of particles
that undergo a phase transformation in which case the toughness is attributed to
process zone shielding alone.

Crack-Wake Bridging. Crack-wake bridging occurs when matrix cracks,
upon encountering a bridging entity, deflect around the entity, leaving it intact
in the wake of the crack. Continued crack propagation requires further increases
in the applied load to overcome the bridge closure forces. When the crack opening
displacement at the bridging site is large enough to pull the bridge out of the
matrix or to break the bridge, a steady state bridging zone develops, which
then moves with the crack. New bridges are created at the crack front, and
the bridges farthest away from the crack front become inactive. Such processes
are energy dissipative and impart some degree of nonlinear stress–strain behav-
ior to the composite; fracture becomes tougher with the possibility of developing
large strains before final failure. The phenomenon of crack-wake bridging leads
to T-curve behavior. In terms of a toughness approach, in which stress intensity
factors can be linearly added, the far-field stress intensity factor Ka is equal to
the stress intensity factor due to the bridging terms Km added to the stress inten-
sity factor associated with the crack tip Ko:

Ka ¼ K� þ Ko ð12Þ
The form of the solution for the bridging contribution is specific to the reinforce-
ment and the crack geometry but is of the general form (35)

K� ¼
ffiffiffi
2

�

r
Vf

ðx�
0

�� u xð Þ½ �ffiffiffi
x
p dx ð13Þ

(a) (b) (c)

Fig. 8. Process-zone shielding mechanisms: (a) Microcrack cloud; (b) phase transforma-
tion; (c) yielding of ductile reinforcements.
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where Vf is the volume fraction of bridging entities and sm[u(x)] is the closure
stress applied via a bridge to the flank of the crack as a function of crack opening
2[u(x)]. The integral is evaluated over the bridging zone from the crack tip at
x ¼ 0 to the maximum extent of the bridging zone at x ¼ x�. Evaluation of the
integral in equation 13 requires a knowledge of the crack profile with distance
from the crack tip, u ¼ uðxÞ. This function is obtained by evaluation of the inte-
gral equation (35,43):

2u xð Þ ¼ 8Ko

E0

ffiffiffiffiffiffi
x

2�

r
þ 4Vf

�E0

� �ðx�
0

�� u x0ð Þ½ � 2
ffiffiffiffi
x

x0

r
� ln

ffiffiffi
x
p þ ffiffiffiffi

x0
p

ffiffiffi
x
p þ ffiffiffiffi

x0
p

����
����

� �
dx0 ð14Þ

where E0 is the plane strain elastic modulus. Solution of this integral equation is
specific to the bridging relation and is not simple.

Toughness can also be calculated by considering a J-integral approach,
where the equivalency with stress intensity factor is given by (44):

Ja ¼ K2
a

Ec
ð15Þ

Jo ¼ K2
o

Em
ð16Þ

and

Ja ¼ J� þ Jo ð17Þ

where

J� ¼ 2Vf

ðu�
0

�b uð Þ�du ð18Þ

where 2u� is the maximum crack opening displacement after which bridge fail-
ure occurs. Note that 2u� ¼ 2uðx ¼ x�Þ. Using this approach the toughening
increment, Jm, can be calculated without having to solve the integral equation 14,
however, the value obtained is only the steady-state toughening increment.
No determination of the rising portion of the <-curve can be made using this
approach. If the bridging relation includes dissipative processes, then the J-inte-
gral given in equation 18 is not strictly correct, because it assumes that the brid-
ging process is nondissipative. This situation typically leads to an overestimate
of the toughening increment (45).

7. Mechanical Performance

7.1. Particle Reinforcement. Particle reinforcement is an excellent
method for toughening brittle ceramic matrices (3,41,46–48). The toughness
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imparted to such composites is due to multiple toughening mechanisms includ-
ing crack deflection, crack pinning, microcracking, residual stress, frictional
bridging, particle pullout, and transformation toughening. The mechanisms
important to any specific system depend on the physical properties of the parti-
cles: size; morphology; thermal expansion mismatch with the matrix; and
strength, toughness, and ductility.

Brittle Particles. Reinforcement via small brittle particles exploits the
toughening mechanisms of crack deflection, microcracking, crack pinning, and
crack bowing. The toughening contribution from the mechanisms of crack brid-
ging and frictional pullout may be significant if the reinforcing particles are of
the order of the matrix grain size or larger. All of these mechanisms arise
from, or are strongly enhanced by, thermal expansion mismatch stresses in
the composite. At the processing temperature the interface between the reinfor-
cement and the matrix is stress free. On cooling to room temperature, thermal
mismatch stresses can develop. If the matrix has a higher expansion coefficient
than the reinforcement, the particle will be under compression and the matrix
will have tensile hoop stresses and compressive radial stresses. The interface
will be in compression, and the stresses in the matrix will decrease as the dis-
tance from the interface increases as a function of 1/r3, where r is the radial dis-
tance from the center of the particle. If, however, the particle has a higher
expansion coefficient than the matrix, the nature of the residual stresses are
reversed and the interface is in tension. For a particle the stresses are shown
in Figure 9 (42).

These residual stresses play an important role in the mechanical response
of ceramic matrix composites. Compressive stresses can lead to increased
strength of the reinforcement, matrix or interface. Similarly tensile stresses
act deleteriously. Even though tensile stresses reduce the apparent strength of
the particles, the corresponding compressive hoop stresses in the matrix can
act to deflect matrix cracks, thereby leading to toughening by crack deflection.
Particles in compression have tensile hoop stresses in the matrix surround-
ing them. These stresses can cause microcracking at the particle. When the
stress field of a matrix crack combines with tensile hoop stresses, microcrack

–P

(P/2)(a/r)3

–P(a/r)3

Fig. 9. Residual stresses owing to thermal expansion mismatch between a particle with
radius a and thermal expansion coefficient ap and a matrix with thermal expansion coeffi-
cient am. The stresses illustrated here are for 
m > 
p and P is the interfacial pressure.
P ¼ ð
m � 
pÞð�TÞ=½ð1þ 	mÞ=2Em þ ð1þ 2	pÞ=Ep�.
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toughening is possible. In addition, tensile hoop stresses can attract matrix
cracks to increase the probability of crack front pinning.

Crack pinning and the resultant crack bowing provide another toughening
mechanism associated with brittle particle composites. As the driving force for
the crack is increased, unpinned regions of the crack front tend to grow outward,
retarded by the pinned regions. One description of the toughening that results
from this phenomenon (46,49) proposes that a crack front possesses a line
energy; accordingly, a crack that is pinned and bowed has a proportionally larger
surface energy. The increment in fracture energy is proportional to the inverse
average interparticle spacing (49) and is a function of the particle size (46). Frac-
ture energy measurements for a composite system of alumina particles in a
sodium–borosilicate glass are consistent with these functional dependencies,
showing fracture energies as large as five times that of the unreinforced glass
(46). (Of this increase, only a factor of less than two could be attributed to the
enhanced surface roughness that results from the presence of the particles).
This mechanism is not well understood and has not been widely verified; how-
ever, cracks can be pinned by inhomogeneities with a resulting tortured crack
front. Figure 10 is a micrograph of crack pinning by a fiber.

A new form of particle-reinforced composite that derives its high toughness
from particle bridging and pull-out is based on Al2O3–Al2TiO5 (3). In this system
severe thermal expansion mismatch results in residual stresses in the micro-
structure that enhance grain-bridging toughening. The resulting composite,
with steady state toughnesses of 8 MPa

ffiffiffiffiffi
m
p

, a higher toughness and exhibits
more flaw tolerance than the matrix alumina alone. The toughening mechanism
has been identified as localized grain bridging (33) and bridges, labeled B, can be
clearly seen in Figure 11.

Ductile Particles. Ductile particle reinforced ceramic composites show
promise as composite material for high strength–high toughness applications.

Fig. 10. Crack pinning by a SiC fiber in a glass matrix, photographed using an optical
microscope and Nomarski contrast. Fiber lies perpendicular to plane of micrograph; lines
represent crack position at fixed intervals of time, crack running left to right. Courtesy of
T. Palamides.
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Additions of up to 20 vol% aluminum particles to a matrix of alumina have shown
toughness of up to 10 MPa

ffiffiffiffiffi
m
p

compared with typical alumina toughness of
2 MPa

ffiffiffiffiffi
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(10). Figure 12 shows the toughening mechanisms schematically.
Ductile particles can act as bridging sites in the crack wake. Instead of frac-

turing in a brittle manner, they undergo plastic yielding as the crack opens up
(10,47,50). The maximum strain energy release rate G1 in the steady-state
region of the <-curve from ductile bridging alone for a bridged-edge crack is
given by equation 19 (10):

G1� ¼ aVf�yR"y ð19Þ

where a is a geometrical constant, Vf is the volume fraction of bridging ductile
particles, sy is the yield stress of particles in the matrix, ey is the rupture strain
of the particles in the matrix and R is the particle radius. The solution for a
bridged penny-shaped crack has been given (50). To enhance this mechanism
large particles with a high flow stress are required.

A second toughening mechanism that operates simultaneously with crack
bridging is the ductile yielding of particles in the crack-tip stress field within a
process zone (10). To maximize this toughening mechanism requires a large
volume fraction of particles of low yield strength.

Transforming Particles. A special type of particulate-composite are those
based on the tetragonal form of zirconia. Tetragonal zirconia has the ability to
undergo a stress-induced martensitic phase-transformation from its tetragonal
crystal form to a monoclinic form with an accompanying dilatation of 4% uncon-
strained (41). Common examples of such ceramic systems include MgO or CaO
partially stabilized zirconia (Mg-PSZ, Ca-PSZ, respectively), fine grain Y2O3-
doped zirconia (known as tetragonal zirconia polycrystals, or Y-TZP), and compo-
sites of fine-grain zirconia with alumina or mullite, (zirconia toughened alumina,
or ZTA and zirconia toughened mullite, ZTM, respectively). The toughening

Fig. 11. Al2O3–Al2TiO5 typical microstructure showing grain bridging, B (SEM back-
scattered electron image).Courtesy of L. Braun and S. J. Bennison.
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owing to the phase-transformation-induced dilatation in terms of a stress inten-
sity factor approach has been calculated to be that shown in equation 20,

Ka ¼ Ko þ Kp þ T ¼ Ko þ 0:3 EeTVfw
1=2 ð20Þ

where E is the modulus of the matrix, eT is the transformation strain per particle,
Vf is the volume fraction of transforming particles, and w is the width of the pro-
cess zone (44). An equivalent solution in terms of a strain energy-release rate has
been determined (51). This theoretical analysis indicates that a high modulus
matrix and a large volume fraction of transforming particles are required to
enhance the toughness. Such ceramic composites have been shown to have
toughness as high as 15 MPa

ffiffiffiffiffi
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for Mg-PSZ with strengths of the order of
600 MPa (87,000 psi) (48). In contrast TZA composites have shown strengths
as high as 2 GPa (290,000 psi) with toughness only in the range of 5 to
8 MPa
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(11). However, this particular toughening mechanism is restricted
to zirconia particulate reinforcements and is only active below the phase-
transition temperature, approximately 5008C.

7.2. Whisker Reinforcement. Toughening for whisker-reinforced
composites has been shown to arise from two separate mechanisms: frictional

Fig. 12. Micromechanics of ductile reinforcement: particles yielding within process zone
and particles bridging in crack wake.
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bridging of intact whiskers, and pullout of fractured whiskers, both of which are
crack-wake phenomena. These bridging processes are shown schematically in
Figure 13. The mechanics of whisker bridging have been addressed (52). The
applied stress intensity factor is given by:

Ka ¼ Ko þ K� and K� ¼ Kfb þKpo ð21Þ

Kfb is the toughness associated with the stretching of partially debonding whis-
kers in the wake of the crack, which includes frictional sliding of the debonded
region of the whisker against the matrix. Ka for the single mechanism of
frictional bridging is given by equation 22,

Ka ¼ EcGo þ S3
wRwVwEc

6Ew�

� �1=2

ð22Þ

where Ec is the composite Young’s modulus, Go is the strain energy-release rate
associated with the crack tip, Sw is the fracture strength of the whiskers, Rw is

Fig. 13. Micromechanics of whisker toughening: (a) schematic diagram depicting
frictional bridging, whisker fracture and pullout and (b) electron micrograph of whisker
bridging in a SiC-reinforced alumina.
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the radius of the whiskers, Vw is the volume fraction of bridging whiskers in the
crack, Ew is the whisker modulus, and t is the interfacial shear resistance of the
sliding whisker–matrix interface (t is proportional to the friction coefficient).
This solution was determined assuming a linearly increasing constitutive rela-
tionship, Pb(u), for the whisker bridging zone, where

Gfb � 2Vf

ðu�
0

Pb uð Þ � du ð23Þ

The pullout regime assumes a linearly decreasing constitutive relationship as
the crack opens up, and the whiskers pull out of the matrix with increasing
ease. One solution (52) for frictional pullout alone is

Kpo ¼ Ipo=Rw

� �
EcAw�Rwð Þ1=2 ð24Þ

where Aw is the area fraction of whiskers in the crack plane and Ipo is the average
pullout length given by

Ipo / RwSw

2�

� �
ð25Þ

Experimentally it has been shown that both frictional bridging and whisker
pullout play an important role in toughening industrially manufactured compo-
sites. Such investigations confirm that to maximize toughness via both mechan-
isms requires a high volume fraction of whiskers and a high composite modulus
to whisker modulus ratio. For example, consider the effect of 20 vol% SiC
whisker (Ec ¼ 500 GPa) reinforcement of various matrices on the toughness as
presented in Table 6 (53).

A high whisker strength combined with a low interfacial shear resistance t
enhances frictional bridging. Conversely, a high t decreases the pullout contribu-
tion once whisker fracture has occurred. Increasing the whisker radius enhances
both the frictional bridging and the whisker pullout contribution as evidenced by
an increase in toughness of a 20 vol% SiC-reinforced alumina from 6.5 to
9 MPa � ffiffiffiffiffi

m
p

when the radius of the bridging whiskers used were increased
from 0.3–0.75 mm to 1.5 mm (53).

Whisker reinforcement is a viable method of toughening composites.
However, health considerations associated with the aspiration of fine, high-
aspect-ratio whiskers raise serious concern about their widespread use.

Table 6. Whisker Reinforcement of Various Ceramic Matricesa

Matrix
Matrix modulus,a

GPab Ec/Ew
c

Relative toughness,
Km/Km

glass 80 164 1.0
mullite 210 268 1.25
alumina 400 420 2.4

aNote the importance of matrix modulus on composite properties (54).
bTo convert GPa to psi, multiply by 145,000.
c Ec ¼ Emð1� VwÞ þ EwVw.
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8. Platelet Reinforcement

Ceramic composites reinforced with crystalline platelets show similar values of
toughness as whisker-reinforced ceramic matrices. Platelets have the additional
advantages of being at least one tenth the cost of whiskers, easier to process, and
have higher thermal stability and none of the health hazards associated with the
aspiration of whiskers. Toughness comes from a combination of crack deflection,
frictional bridging and platelet pullout. Whisker toughening models are appli-
cable if the plate thickness is aligned perpendicular to the crack front. Platelets
can be of the same material as the matrix. For example, an alumina with 5 mm
equiaxed grains which is reinforced with 25 vol% of alumina platelets
(100� 200 �m� 10 �m thick) increased the toughness from 4 to 7 MPa
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(54). The fracture toughness increases with platelet volume fraction; eg, for
the 20 vol% SiC platelet reinforced reaction bonded silicon nitride (RBSN) (55).
As the volume fraction increases from 5 to 30%, the bond strength changes from
400 MPa to 350 MPa and the fracture toughness increases from 4.9 MPa to
6:5 MPa
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. Platelet size also has an important influence on toughness and
strength, which generally decrease with increasing size (Table 7).

A problem arises in using platelet reinforcements if their naturally
mechanically weak crystallographic direction is aligned perpendicular to the
crack front. The platelets easily fracture in this orientation. Further research
is needed to grow platelets with favorable crystallographic orientations.

9. Fiber Reinforcement

9.1. Short Random Fibers. The whiskers bridging mechanics given in
equations 21 through 25 apply also to short random fiber bridging mechanisms.
The bridging terms come from (44):

Ga ¼ Go þG� ð26Þ
where

G� ¼ 2Vf

ðu�
o

Pb uð Þdu ð27Þ

The integrand, Pb (u), is the force-displacement relationship for the fibers pulling
out of the matrix. This relationship is identical for fibers aligned parallel to one

Table 7. Effect of Platelet Size and Aspect Ratio on Toughnessa

Platelet size, mm Aspect ratio Bend Strength, MPab
Fracture toughness,

MPa
ffiffiffiffiffi
m
p

unreinforced 600 6.0
12 1.2 610 7.9
40 4 320 6.7
70 7 300 6.0

aFor 20 vol% SiC platelet-reinforced RBSN (55).
bTo convert MPa to psi, multiply by 145.
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another; however, for randomly aligned fibers this constitutive relationship is a
function of fiber alignment. Studies on continuous fibers misaligned to the crack
front have been conducted (56,57) to determine the constitutive relationship as a
function of misalignment angle. The greatest closure forces are applied to the
crack flanks when the fibers are perpendicular to the crack front. As the fiber
mismatch angle increases the closure forces are reduced. These results have
not been incorporated into a new bridging model.

9.2. Continuous Fibers. Composites reinforced by continuous fibers
can fail in one of several possible modes depending on the interface properties
and the fiber strength (58). A characterization of these modes by fiber strength
and sliding shear resistance is depicted schematically in Figure 14. When the
distribution of fiber strengths is broad (as characterized by a low Weibull modu-
lus) in the regime of low fiber strength/high shear resistance, fiber fracture in the
crack wake occurs away from the crack mid-plane and the fibers pullout. The
majority of toughening is due to the frictional pullout mechanism, although,
there may be some contribution from frictional bridging before fiber fracture
occurs. In this regime, the composite fracture strength is a function of the
crack length, and the matrix cracking stress is the ultimate tensile stress. The
mechanics associated with failure in this regime are (9):

Gfb / R m� 5ð Þ=� m�2ð Þ
h i1= mþ1ð Þ

ð28Þ

Gpo / R m� 3ð Þ=� m�1ð Þ
h i

1= mþ1ð Þ ð29Þ

where Gfb and Gpo are the toughening contributions from frictional bridging and
pullout, respectively. The dependencies of these contributions on the fiber radius
R and the interfacial shear resistance t are sensitive functions of the Weibull
modulus m. The toughness increases with fiber radius when m is greater than 5
and decreases when m is less than 3. The toughness increases with a decreasing
interfacial shear resistance when m is greater than 2 and decreases when m is
less than or equal to 1.
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Fig. 14. Failure mechanisms for continuous fiber reinforced ceramic matrices (58).
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A transition to a different mode of composite failure, which is still within
this low fiber strength/high shear resistance regime, occurs when the fiber
strengths have a much tighter strength distribution as characterized by a high
Weibull modulus. Initially the fiber strength is sufficient to allow the formation
of a bridging zone in the crack wake before fiber fracture occurs at the point of
highest stress in the fiber, that is, in the crack mid-plane. There is little to no
fiber pullout contribution to toughening, and the contribution from fractional
bridging predominates (45):

Gfb ¼
VfV

2
mE

2mRS3

3Ef �E2
c

� �
ð30Þ

where S is the fiber strength. Accordingly, in this low fiber strength/high shear
resistance regime, the fiber strength distribution, and in particular the Weibull
modulus, are extremely important in tailoring composite properties to produce
high toughness composites.

In the region of high fiber strength and low interfacial shear resistance,
matrix cracks can propagate around the fibers leaving them intact in the wake
of the crack. The matrix can be completely cracked through with the fibers sup-
porting all the load before fiber failure begins. This regime of composite fracture
leads to a very nonlinear stress–strain behavior, with a strong T-curve and crack
length independent of strength at long crack lengths. Matrix cracks begin to
propagate at the matrix cracking stress Bmm (51,60).

�m� ¼
6�GmcEfV
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mVm

 !1=3

ð31Þ

In such a material the toughness is primarily due to bridging contribution,
rather than fiber pullout.

10. Chemical and Thermal Stability

Ceramic-matrix composites are a class of materials designed for structural appli-
cations at elevated temperature. The response of the composites to the environ-
ment is an extremely important issue. The desired temperature range of use for
many of these composites is 0.6 to 0.8 of their processing temperature. Exposure
at these temperatures will be for many thousands of hours. Therefore, the com-
posite microstructure must be stable to both temperature and environment.
Relatively few studies have been conducted on the high temperature mechanical
properties and thermal and chemical stability of ceramic composite materials.

10.1. Reinforcement Integrity. Strength degradation with increasing
temperature occurs to a much greater extent with ceramic reinforcements, par-
ticularly those of continuous fibers, than it does with monolithic materials. Rein-
forcements have high surface areas to volume so that they are more susceptible
to strength degradation resulting from surface reactions with the atmosphere.
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These reactions can also decrease the toughness of the composite if crack-wake
bridging and pullout are the predominant toughening mechanisms. This phe-
nomenon results from the strong relationship between reinforcement strength
and composite toughness predicted by the theoretical models.

Studies on the dependence of strength on temperature for Nicalon SiC
fibers exposed to an oxidizing atmosphere have revealed that these fibers main-
tain their strength and stiffness up to 10008C. By 13008C, however, the tensile
strength drops to 800 MPa (116,000 psi) (61). Mullite fibers (Nextel series) have a
rapid fall off in elastic modulus at 9008C, but maintain a strength of at least 1
GPa (145,000 psi) up to 14008C. Studies on strength degradation of alumina
fibers (62) have revealed that these fibers maintain their strength and stiffness
up to 8008C, with only 10% loss in both up to 10008C. In general, nonoxide fibers
tend to drop to half their 10008C strength at 14008C; oxide fibers drop to half
their strength at 11008C.

10.2. Composite Response. Chemical Degradation. A majority of
ceramic-matrix composites show strong trends in the manner in which the
mechanical properties are affected by temperature. If the interface degrades,
allowing strong bonding to occur between the reinforcement and the composite
matrix, the toughness is considerably reduced (58). If the interface remains
weak enough to allow debonding and pullout, composite strength and elastic
modulus are reduced. Usually, toughness increases with increasing temperature
until a temperature is reached at which failure occurs by a different mechanism,
such as creep, then toughness falls off rapidly (19,63). Composites that derive
their toughness from stress-induced phase transformations, such as those
based on zirconia, typically undergo a drastic reduction in toughness above
8008C, owing to the change in stable phase.

If reinforcements are nonoxides, then oxidation is a possibility at elevated
temperatures. Oxidation of SiC and TiC to SiO2 and TiO2, respectively, may be
rapid at 12008C, leading to matrix cracking as a result of the volume expansion
accompanying the oxidation. If the matrix is alumina, further reactions may take
place between the alumina and the oxidation products, forming mullite
(3Al2O3 � 2SiO2) with SiO2, and aluminum titanate, with TiO2 (Al2TiO5).

A further problem is possible if the reinforcements are very small. Coarsen-
ing of the particles or whiskers may occur driven by Ostwald ripening, in which
large particles grow through diffusional transport at the expense of smaller ones.
This can be minimized by choosing matrices in which the reinforcement elements
have very low solid solubilities and diffusion coefficients. Platelets, however,
have been shown to be more resistant to coarsening than particles or whiskers.

Creep Resistance. Studies on creep resistanceof particulate reinforced
composites seem to indicate that such composites are less creep resistant than
are monolithic matrices. Silicon nitride reinforced with 40 vol% TiN has been
found to have a higher creep rate and a reduced creep strength compared to
that of unreinforced silicon nitride. Further reduction in properties have been
observed with an increase in the volume fraction of particles and a decrease in
the particle size (20). Similar results have been found for SiC particulate rein-
forced silicon nitride (64). Poor creep behavior has been attributed to the pre-
sence of glassy phases in the composite, and removal of these from the
microstructure may improve the high temperature mechanical properties (64).
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In contrast to the particulate-reinforced composites, all other reinforcement
morphologies appear to provide enhanced creep resistance. The creep rate of
Ce–TZP has been found to be reduced by a factor of 5 at 12508C by the addition
of 10 vol% Al2O3 platelets (55). The addition of 20 vol% SiC whiskers to mullite
reduces the steady-state creep rate by a factor of 10 (65).

11. Conclusion

Ceramic matrix composites are candidate materials for high temperature struc-
tural applications. Ceramic matrices with properties of high strength, hardness,
and thermal and chemical stability coupled with low density are reinforced with
ceramic second phases that impart the high toughness and damage tolerance
which is required of such structural materials. The varieties of reinforcements
include particles, platelets, whiskers and continuous fibers. Placement of reinfor-
cements within the matrix determines the isotropy of the composite properties.

The toughness of ceramic matrix composites derives from a combination of
two phenomena: crack deflection and crack tip shielding mechanisms. Particu-
late reinforced matrices derive their toughness from processes such as crack
deflection, crack pinning and bowing, microcracking and frictional bridging
mechanisms. Whisker, platelet, and fiber-reinforced matrices derive their tough-
ness from crack wake frictional bridging and pullout mechanisms. For the
mechanism of crack-wake bridging the most important aspect of the composite
is the interface between the reinforcement and the matrix. It must be weak
enough to allow debonding around the reinforcement leaving it as an intact brid-
ging element in the crack wake. Control of the interface between the matrix and
reinforcements is extremely important in optimization of composite properties.
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