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Abstract

The fracture toughness of an alumina ceramic and a
continuous SiC ®ber reinforced alumina composite
processed by pressureless sintering was studied in
situ in a Scanning Electron Microscope (SEM). The
applied stress intensity factor was obtained as a
function of both applied load and crack extension.
Closure stresses across crack surfaces imposed by
grain-bridging and ®ber-bridging, and hence fracture
resistance from bridging were studied by both stress
intensity factor and J-integral considerations. Theo-
retical calculations agree with experimental results. An
average fracture resistance of&40 Jmÿ2 per ®ber and
a corresponding toughness of &1.6MPam1/2 per ®ber
was obtained for ®ber elastic bridging before ®ber fail-
ure. Fiber-matrix interfacial properties were examined
and a technique for evaluating interfacial frictional
shear stress was developed. # 1999 Published by
Elsevier Science Limited. All rights reserved
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1 Introduction

Fracture toughness as high as 40MPam1/2 and
50MPam1/2 have been achieved in continuous ®ber
reinforced ceramic composites.1,2 In these materi-
als, a major portion of the toughness is attributable
to the work required to elastically elongate the
bridging ®bers and to frictionally pull the broken
®bers out of the matrix. A complete understanding
of reinforcement-toughening mechanisms would
include ®ber-crack interactions and the relative
importance of various toughening mechanisms,
such as ®ber elastic bridging, broken ®ber pullout
and matrix grain bridging. Micromechanics studies
of the toughening process, which are not yet avail-

able, are the key to achieving such an under-
standing. Direct experimental examination of the
relative importance of various toughening
mechanisms and the interaction between matrix
cracks and reinforcing ®bers are therefore valuable.
Ceramic matrix composites are currently densi-

®ed by hot-pressing, chemical vapor, or reaction-
bonding. Commercialization of any of these pro-
cesses is hindered by technological and economic
di�culties. The ®ber reinforced composites in this
study are pressureless sintered, a potential alter-
native process for fabricating near-net-shape com-
posites. A composite processed by pressureless
sintering may have di�erent mechanical properties
than those processed by other techniques, since the
state of residual stresses and the interfacial prop-
erties may be di�erent. Therefore, it is important to
examine: how pressureless sintering in¯uences
mechanical properties; how the interfacial proper-
ties di�er in a pressureless sintered composite from
those of a hot-pressed composites; how the
mechanical properties (i.e. fracture strength) of
®bers change in pressureless sintering and how this
a�ects the interactions of matrix cracks with ®bers;
and if mechanical properties can be improved by
pressureless sintering.
In the pressureless sintered ®ber reinforced com-

posite under investigation, both ®ber-bridging and
matrix grain-bridging are operative. Grain-localized
bridging as a toughening mechanisms in alumina
was con®rmed directly with in-situ observations of,
crack propagation by optical microscopy,3 and
scanning electron microscopy.4,5 It was observed
that individual bridging grains interlock between
the crack planes behind the advancing crack tip,
sliding frictionally against matrix grains during
crack opening. It is this frictional sliding that con-
sumes energy and results in a rising resistance
curve. The combination of grain-and ®ber-bridging
enhances the crack growth resistance even further
by exerting additional closure stresses on the crack
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walls. These closure stresses shield the crack tip
from the applied load. In order for an existing
crack to extend, a higher stress needs to be applied.
Crack closure stresses associated with ®ber- and
grain-bridging are obtained from crack pro®les
measured at high magni®cation inside the scanning
electron microscope.

2 Experimental Procedure

2.1 Specimen preparation
Both composite samples and monolithic samples
were prepared by pressureless sintering. Several
sheets of tape-casted Al2O3 green tapes stacked
together to form a square specimen with ®bers
embedded between the tapes. The green thickness
was approximately 4mm. The ®bers were SCS-2
SiC ®bers (Textron Specialty Materials, MA), with
a total diameter of 140�m including a 33�m car-
bon core and a carbon-rich surface coating of
2�m. These ®bers were coated with a layer of gold
of 60mm thickness before they were embedded in
the tapes to reduce the chemical reaction between
SiC and Al2O3.

6 The square specimens were then
cold-pressed uniaxially at 13MPa. After the binder
burnout at 500�C for 8 h, the specimens were pres-
sureless sintered at 1600�C for 2 h in air. The grain
size of these specimens ranged from 2 to 15mm,
with an average grain size of 8�m. The density was
3.7 g cmÿ3, 93% of the theoretical density. In this
study six ®bers were embedded in each specimen,
with two ®bers in each plane along the specimen
thickness. Monolithic Al2O3 samples without ®ber
reinforcement were processed in the same way to
serve as control specimens.
The sintered square specimens (edge length

approx. 18mm) were ground to a thickness of 1.5±
2mm, and polished with diamond paste to a 6�m
®nish on the surface for crack length measure-
ments. Loading holes were drilled and notches
sawed to form compact tension specimens to
ASTM speci®cations. The notch was sawed
through the ®rst plane of ®bers, so that only the
second plane of ®bers served as bridging ligaments
during testing. The ®rst and the third planes of
®bers ful®lled the symmetry requirements during
densi®cation. The notch was cut at an angle of 45�

to the specimen surface in a half-chevron geometry
to enhance the stability in the initial crack exten-
sion. Accordingly, the notch tip extended 1mm
further on the unpolished surface compared to the
polished surface. A Vickers indentation, contact
load 50N was placed 200�m ahead of the notch
tip on the polished surface, which left a starter
crack. The specimen was then precracked in a pre-
liminary load cycle to create a crack from the

notch tip going through the indent. After a crack
length of approximately 1300�m was propagated,
the half chevron wedge including the indent was
carefully sawed away, leaving a notch of constant
thickness and a precrack of 300�m from the notch
tip. The crack tip is several hundred microns away
from the second row of ®bers which will serve as
bridging ligaments in subsequent in-situ crack pro-
pagation studies inside the SEM.

2.2 SEM measurements of crack propagation
The precracked specimens were coated with Au±Pd
to a thickness of 25mm. A custom designed load-
ing device was used to apply a mechanical load to
compact tension specimens as crack growth was
observed in the SEM. After the specimens were
placed in the device and loaded inside the SEM to
propagate the crack, events occurring at the brid-
ging sites were monitored and recorded on ®lm and
video tapes. Both crack tip propagation and crack
wake grain- and ®ber-bridging were observed and
video taped. This was done along the crack paths
for crack opening displacement (COD) measure-
ments. The COD measurements were made only in
well-behaved regions, i.e. at grain facets oriented
normal to the load axis and located away from any
secondary cracking around bridging sites. The
cracks were rendered highly visible in the second-
ary electron mode by edge charging. This charging
limited the absolute resolution of surface-surface
separation to about 70 nm, although relative mea-
surements could be made to better than 30 nm.
Typical COD values were in the range of 50±
100 nm which are too small to be measured by
optical techniques. SEM techniques are required
for accurate measurements.

3 Results

3.1 Observation of bridging sites
In-situ SEM observation revealed that both grain-
bridging and ®ber-bridging were operative along
the crack paths. Crack propagation occurred in a
discontinuous fashion and the fracture mode was
predominantly intergranular. For the monolithic
specimens, grain-bridging occurred throughout the
entire crack path. The ®nal crack lengths before
failure were typically 600mm with maximum
CODs in the range of 0.4�m. In the ®ber rein-
forced samples where both grain-bridging and
®ber-bridging were operative, much longer cracks
with 2mm length and maximum CODs of 1.4�m
were stable under higher applied load, indicating
the e�ectiveness of ®ber-bridging. SEM pictures of
grain-bridging and ®ber-bridging are shown in
Fig. 1(a) and (b), respectively.
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3.2 In-situ measurement of crack-opening
displacements
Crack opening displacements were measured for
both monolithic and ®ber-reinforced specimens.
The crack pro®le when the stress-intensity factor,
Ka, was 4MPam1/2 for a monolithic specimen is
shown in Fig. 2(a). The crack pro®le of a specimen
with two bridging ®bers is shown in Fig. 2(b) for a
stress intensity factor of 7MPam1/2. The positions
of the two bridging ®bers are indicated. The COD
values, together with the ®ber-matrix interfacial
frictional shear stress, �, enable the evaluation of
the bridging force in each individual ®ber, as will
be shown later.

3.3 Applied stress intensity factor
The applied stress intensity factor is the driving
force for crack propagation, while the toughness of
the material is the resistance to crack propagation.
The resistance to crack propagation results from
the intrinsic toughness, To, of the material (related
to the atomic bond strength), and the toughness

increase from crack closure forces due to grain-
bridging, Tg. and ®ber-bridging. Tf. At equilibrium

Ka � To � Tg � Tf �1�

For monolithic specimens, the third contribution
Tf is zero. The applied stress intensity factor, Ka, is
never felt at the crack tip in the composites due to
shielding by grain- and ®ber-bridging.
For the compact tension test in this study, Ka,

can be readily calculated by,

Ka � �F=tw1=2�Y�a=w� �2�

where F is the applied load recorded during crack
propagation, t and w are the specimen dimensions
and a is the crack length measured from the center
of the loading holes. The crack geometry function
Y�a=w� is given by:7

Fig. 1. SEM micrographs of (a) grain bridging at crack inter-
face behind the crack tip; (b) SiC ®ber bridging crack faces.

Fig. 2. Measured crack opening displacements (COD) at
crack interfaces: (a) in alumina, (b) in a SiC ®ber reinforced

alumina compact tension specimen.
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Y�a=w� � �2� a=w�=�1ÿ a=w�3=2

�0�886� 4�64�a=w� ÿ 13�32�a=w�2

� 14�72�a=w�3 ÿ 5�6�a=w�4� �3�

For both the monolithic specimens and ®ber rein-
forced specimens, Ka was calculated as a function
of the applied load and the crack extension. For
the monolithic specimens, Ka, reached a maximum
value (after which the specimen broke) of
4.3MPam1/2. With two bridging ®bers, a maximum
Ka of 7.4MPam1/2 was obtained. The increase in
toughness with crack extension for one of the ®ber
reinforced composites is shown in Fig. 3.

4 Analysis and Discussion

Consider a crack that moves in the matrix towards
a ®ber. Fiber debonding can occur either ahead of
the crack front before the crack reaches the ®ber or
after the crack passes the ®ber, depending on the
elastic modulus di�erence between the matrix and
the ®ber. If the di�erence is large enough, ®ber-
matrix debonding may occur before the crack
reaches the ®ber due to strain mismatch. On the
other hand, if the elastic moduli are similar, as in
this study (Em=400GPa, Ef=410GPa), strain
mismatch is small and ®ber-matrix debonding
occurs only after the crack meets the ®ber and is
de¯ected along the interface or around the ®bers.
Subsequent increases in applied load drive the
crack past the ®ber, with an increase in debonding
length Ld, and an increase in COD at the ®ber
position. Accordingly, the tensile strain in the ®ber
is enhanced which increases the bridging stress
across the crack walls yielding the R-curve beha-
vior. The debonded part of the ®ber is partially
pulled out of the matrix. Fiber failure usually
occurs away from the crack plane due to a dis-
tribution of strength in ®bers. The broken ®ber is
then pulled out of the matrix upon further opening
of the crack. The term `pullout' has been used in
literature to describe only the toughening process
after ®ber failure when the broken ®ber is being
pulled out of the matrix. The term `bridging' has
been used to describe the toughening process
before ®ber failure. Strictly speaking, both bridging
and pullout occur throughout the entire process of
toughening, both before and after ®ber failure. To
avoid confusion the term `elastic bridging' will be
used in this paper to describe toughening before ®ber
failure, and frictional pullout to describe toughening
after ®ber failure. Usually the ®ber pullout length,
Lp, is much larger than the maximum COD before
®ber failure, and the crack resistance as a result of
frictional pullout may be comparable to or larger

than that of elastic bridging. For composites rein-
forced uniformly with a substantial volume percent
(i.e. 30%) of ®bers, elastic bridging and frictional
pullout occur simultaneously during crack propaga-
tion. Therefore, their contributions to crack resistance
can not be measured separately. For specimens in
this study only two ®bers are bridging the crack
during stable crack propagation. When one ®ber
failed, the other ®ber and the specimen broke
immediately due to the sudden increase in stress.
Therefore, measurement of contribution from ®ber
frictional pullout after ®ber failure was not taken.
This allowed the measurement of toughness increase
from elastic bridging alone, the contribution from
pullout after ®ber failure was not a factor.
The debonded part of the ®ber that provides the

closure stress is elongated elastically and therefore
in tension. At the crack plane, the tensile stress in
the ®ber as a function of half crack opening
u; �f�u�, acts to pull the ®ber out of the matrix.
This is opposed by the frictional stress at the ®ber-
matrix interface:

�f�u��R2 � �2�RLd �4�

where R is the ®ber radius, and r is the frictional
shear stress between the debonded ®ber of length
Ld and the matrix. The tensile stress in the ®bers
may also be expressed as a function of the crack
opening displacement, u, (see Appendix A):

�f�u� � �4Ef�u=R�1=2 �5�

where Ef is the Young's modulus of the ®ber.

Fig. 3. Measured toughness as a function of crack extension
for a ®ber-reinforced alumina specimen with two ®bers in the

bridging zone.
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4.1 Fracture strength of ®bers in matrix
The fracture strength of the as-received SCS-2 SiC
®bers was measured to be 4GPa at a gauge length
of 20mm. When they are embedded in the A12O3

matrix and sintered in air, the fracture strength of
the ®bers degrades due to ®ber grain growth and
chemical reactions. Fiber degradation due to che-
mical reaction was reduced in this study by a pro-
tective gold coating applied to the ®bers before
embedding them in the matrix.
If we consider the ®ber fracture strength to be

single-valued (Weibull modulus m=1), ®ber fail-
ure will occur between the crack faces where the
tensile stress in the ®ber is a maximum. However,
®bers exhibit a strength distribution due to the
presence of ¯aws and ®ber failure usually occurs
away from the crack plane, resulting in ®ber pull-
out. The ®ber pullout length, Lp, corresponds to
the distance from the crack plane, Zf, at which
®ber failure occurs. The tensile stress in the ®ber at
failure at a distance Zf, is the fracture strength of
the in-situ ®ber, S. The fracture strength of these
embedded ®bers can be evaluated for each indivi-
dual ®ber by measuring the mirror radius, am, on
the ®ber fracture surface, as demonstrated by
Thouless et al.8

S � 3�5Kf=a
1=2
m �6�

where Kf is the ®ber fracture toughness which is
approximately 2MPam1/2.8 The fracture strength
for each individual ®ber can thus be calculated and
an average value can be obtained. In this study
S=2GPa was obtained for the in-situ ®ber
strength after the sintering process.

4.2 Interfacial frictional shear stress
The interfacial shear stress � can be obtained as
shown in Appendix B:

� � REfuo=4L
2
p�1ÿ �1ÿ 2SLp=Efuo�1=2�2 �7�

where uo is the half COD at the ®ber position when
®ber failure occurs. In this equation S can be eval-
uated as described in Section 4.1, uo and Lp can be
measured experimentally for each ®ber, and Ef and
R are known constants. Using this equation an
average value of �=1.3GPa was obtained for spe-
cimens in this study.
An interfacial frictional shear stress of 1.3GPa is

large compared to values of generally <100MPa
reported in the literature.9±14 When the thermal
expansion coe�cient of the matrix is larger than
that of the ®bers as in this study, the ®bers are in

radial compression when the specimen is cooled
from the sintering temperature. In this case � can
be expressed by

� � �R� �8�

where �R is the residual stress at the interface in the
®ber radial direction, and � is the frictional coe�-
cient at the debonded interface. There are three
possible reasons for the high value of � in the spe-
cimens of this study. First, the large di�erence in
thermal expansion coe�cients between the SiC ®ber
and the alumina matrix ��mÿ�f> 4� 10ÿ6=�C�
results in a high value of �R when the specimen is
cooled from the sintering temperature of 1600�C to
room temperature. Assuming the residual stress
above 1200�C relaxes due to creep, an estimate of
the residual stress at room-temperature results in
�R� E���T � (400GPa)(4�10ÿ6/�C)=1.9GPa.
The composite materials reported in literature,
with glass matrices in most cases, have much
smaller thermal mismatches between the matrices
and ®bers.9±14 The second reason for the high fric-
tional stress may by associated with the pressure-
less sintering process. Most ®ber reinforced
composites are processed by hot-pressing, while the
specimens in this study are processed by pressure-
less sintering. In hot-pressing the residual stresses
result mainly from thermal expansion mismatch. In
sintering the matrix shrinks 30 to 40 vol% while
the ®bers, being fully dense, do not shrink at all.
This gives rise to an additional compressive stress
at the interface perpendicular to the ®bers which
do not relax completely by creep.15 Thirdly, a thin
reaction layer between the ®bers and the matrix
was found after sintering. This may increase the
roughness of the interface after debonding,
increasing the frictional coe�cient, �, between the
sliding ®ber and the matrix. Therefore, the higher
value of � may be associated with higher values of
both �R and �. Higher values of t are of practical
importance in achieving high short-crack toughness.16

A number of techniques have been proposed to
measure the interfacial shear stress, �. These tech-
niques may not be well suited for the ®ber reinforced
composites in this study with high interfacial fric-
tional shear stress. Fiber cracking can occur in
push-in tests when the load is high.17 The slice-
compression technique11,14 is not e�ective when the
Young's modulus of ®bers is close to that of the
matrix, as in this study. Furthermore, various
techniques often reveal very di�erent results (i.e. the
value of � by the slice-compression technique was
an order of magnitude smaller compared with the
®ber pull-out technique for the same composite11).
The technique for measuring � described in this
section is believed to be fairly dependable compared
to other techniques, especially when � is large.
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4.3 Closure stresses associated with grain-and ®ber-
bridging

4.3.1 Grain-bridging
Grain localized bridging at the crack interface
behind the advancing crack tip increases the crack
growth resistance of the material. When the crack
opens, grain pullout occurs and the fraction at the
sliding matrix-grain interface contributes to the
resistance. Grain-bridging, exerts a closure stress
across the crack faces. The closure stress ��u� as a
function of u can be expressed as18

��u� � �m�1ÿ u=u�� �9�

where �m is the maximum closure stress which
occurs at the crack tip �u � O�, and u� is the half
COD at the end of a saturated bridging zone.
When steady state is reached, the bridging zone

is saturated. When the increase in Ka with crack
length is faster than the increase in toughness, T,
the specimen fails when the crack length reaches a
critical value. In this case the bridging zone is not
saturated, and the maximum crack opening before
failure, 2Ub, is less than the steady state opening
2u�. The crack resistance can be calculated using
eqn (9) and the J-integral:

Rg � 2

�ub
0

�m�1ÿ u=u��du

� 2�mub�1ÿ ub=2u
��

�10a�

When steady, state is reached, ub� u�, therefore

R�g � �mu
� �10b�

For the Al2O3 compact tension specimens in
this study, experimental measurements gave
ub� 0�22�m. The steady state half COD, u�, is a
fraction of the grain size, L. In this study, L was
8�m. Taking literature values for �m=79MPa4

and `bridging rupture' strain "1, equal to 0.118 we
obtain u�=0.4�m �u� � "1L=2�. Inserting these
parameters into eqn (10a) results in Rg=22 Jmÿ2.
For, Al2O3 with its intrinsic resistance Ro of 17
Jmÿ2,19 the total resistance R � Ro�Rg is 39 Jm

ÿ2,
corresponding to a toughness value T � �E0R�1=2 of
4.2MPam1/2. The calculated toughness value agrees
well with the experimental measurement of
Ka=4.3MPaml/2. Therefore, the grain bridging
model gives a toughness value consistent with that
obtained from the stress-intensity approach.
When steady state is reached, inserting the para-

meters above into eqn (10b) results in R�g=28
Jmÿ2, yielding a total crack resistance R� of 45
Jmÿ2, and a corresponding maximum toughness
T� of 4.4MPam1/2.

4.4 Grain-bridging plus ®ber-bridging
For a material with both grain- and ®ber-bridging,
the toughness and the crack resistance have three
major contributions: the intrinsic fracture tough-
ness of the matrix �To�; grain bridging and pullout
�Tg�; and ®ber bridging and pullout �Tf�. Thus:

T � T0 � Tg � Tf �11a�
or

R � Ro � Rg � Rf �11b�

Where Ro� To
2=E0LR � T2=E0, and Rf � Re

r (elas-
tic bridging)�Rp

f (broken-®ber pullout), E0 �
E=�1ÿ �2�. The specimens in this study with two
bridging ®bers only the resistance due to elastic
®ber-bridging was measured and calculated, R

p
f

was not included. This allowed direct evaluation of
the e�ects of elastic ®ber-bridging.
For a composite with a substantial volume frac-

tion of reinforcing ®bers uniformly aligned along
the crack plane, the bridging e�ect can be repre-
sented by a continuous closure stress, p, over the
®ber bridging zone of length xf. The crack growth
resistance can be calculated by the J-integral:

Rf � 2

�uf

0

P�u�du �12a�

where uf is the crack opening at the end of the ®ber
bridging zone. When u � u�x� is known as a func-
tion of x�x is the coordinate along the crack length,
with the origin at the crack tip), eqn (12a) can be
written as:

Rf � 2

�xf

0

��x��du=dx�dx �12b�

where ��x� is the closure stress, � � p. Here p is
expressed as a function of u, while � is expressed as
a function of x, i.e. ��x� � p�u�x��. The resistance
can hence be calculated when the closure stress is
known as a function of COD or as a function of
crack length. Usually, the closure stress is known
as a function of x, since u is too small to be mea-
sured by conventional techniques. But in this
study, due to the advantage of the SEM in-situ
measurements, the closure stress can be obtained
both as a function of x and u.
Alternatively, the toughness can be calculated

using the Barenblatt relation.20 In the small brid-
ging zone limit, where xf � c, the Barenblatt
equation evaluates the toughness increase from the
closure stress as:

Tf � �2=��1=2
�xf
0

���x�=x1=2�dx �13�
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The results of eqns (12) and (13) should agree with
each other to be consistent.
When there are only a few ®bers bridging a nar-

row region of the crack, a continuous closure stress
can be approximated over the narrow bridging
region, x1 � x � x2. If the ®bers are far apart from
each other, it is more appropriate to use point for-
ces instead of a continuous stress. In this study, the
two bridging ®bers were very close to each other in
a narrow bridging zone of 500�m. Accordingly,
the use of a continuous closure stress within the
narrow bridging zone, x1 � x � x2, is appropriate
and the crack resistance due to ®ber-bridging is:

Rf � 2

�u2
u1

p�u�du � 2

�x2
x1

��x��du=dx�dx �14�

where 2u1, and 2u2 are the CODs at x1 and x2,
respectively. Both u and x are measured experi-
mentally.
Alternatively, inserting this narrow bridging

zone into the Barenblatt equation gives:

Tf � �2=��1=2
�x2
x1

���x�=x1=2�dx �15�

For specimens with ®ber bridging, a stable crack of
&2mm length was obtained with a maximum u of
0.7�m. Since this COD exceeds u� � 0�4�m,
steady-state grain-bridging was achieved. As
shown in Fig. 3(a) and (b), the crack pro®le di�ers
for ®ber reinforced specimens compared to the
monolithic samples due to the closure stress
from ®ber-bridging. Since the deviation of the
crack pro®le from linear is slight, the result for
monolithic Al2O3 obtained from eqn (10b) was used
to represent the grain-bridging contribution here.
Since steady-state was reached, Rg � R�g=28 Jmÿ2.
The maximum tensile stress in each bridging

®ber before failure was calculated from eqn (5)
using the measured value of COD and the calcu-
lated value of �. The average value of �f was
3.2GPa. This value exceeds the ®ber fracture
strength S because �f corresponds to the ®ber stress
at the crack plane with maximum tensile strain,
while the ®ber failure occurred at a weak point of
the ®ber away from the crack plane. The tensile
force in the ®bers at the crack plane divided by the
bridging zone area results in the closure stress
within the bridging zone. The closure stress thus
obtained is p � �=197MPa. Using this value and
the measured COD values, eqn (14) results in
Rf=76 Jmÿ2 and R � Ro � R�g � Rf=121 Jmÿ2.
Correspondingly, a total toughness T � �RE0�1=2 of
7.3MPam1/2 was obtained.

Alternatively, with the measured values of x1 and
x2 and the calculated closure stress of �=197MPa,
eqn (15) results in Tf=3.1MPam1/2 and
T � To � T�g � Tf or 7.5MPam1/2. Both results are
consistent with the experimental value of the
applied stress intensity factor, Ka=7.4MPam1/2.
An increase in crack growth resistance of 76

Jmÿ2 and a corresponding fracture toughness
increase of 3.2MPam1/2 from the elastic bridging
of two ®bers is remarkable, compared to an
increase in fracture toughness of only 0.2MPam1/2

by one bridging ®ber in a glass matrix.12±14 This
increase in fracture toughness in our study is
attributed to the large interfacial ®ctional stress, �
compared with those in glass specimens, where � is
so low that the embedded ®ber can be pulled out of
the matrix completely without breaking. The
accompanying crack resistance is practically unu-
sable in industrial applications since the crack
opening is too large (in the order of the length of
the embedded ®ber). Therefore. optimum values of
�, not minimum values of �, need to be investigated
to achieve maximum crack resistance within the
maximum practical COD. To achieve a steep rising
R-curve, this work based on elastic bridging sug-
gests the need to increase � in continuous ®ber
reinforced composites with low � values.
The ®nal debond length, Lfd, of ®bers before

failure can be calculated from Appendix B

Lfd � 2Lp=�1ÿ �1ÿ 2�fLp=Efu�1=2� �16�
Numerical calculations using the measured values
of Lp; �f and u result in Lfd=90�m on average for
the specimens studied. This debond length is small
compared to the ®ber diameter due to the large
value of �.

5 Summary

. Alumina specimens reinforced with con-
tinuous SiC ®bers were processed by pres-
sureless sintering and exhibit both grain- and
®ber-bridging.

. Crack propagation and crack pro®le mea-
surements were performed in situ inside the
SEM. The crack pro®le measurements provide
information on crack tip shielding due to
grain- and ®ber-bridging.

. Crack resistance and fracture toughness as a
function of crack extension were computed by
both stress intensity considerations and the J-
integral, together with the applied stress
intensity factor. The results were shown to be
self-consistent.

. The fracture strength of ®bers in the matrix
were evaluated. A technique for measuring the
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®ber-matrix interfacial frictional stress � was
developed. The importance of the interfacial
frictional stress was discussed.

. A crack resistance of &40 Jmÿ2 per ®ber due
to elastic ®ber-bridging was obtained for the
®ber reinforced composites.
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Appendix A

From eqn (4) in the text, it can be obtained that:

�f�u� � Ld�=R �A1�

Taking Z as the coordinate axis in the direction
parallel to the ®ber with the origin at the crack
plane, the tensile stress, ��Z�, in the ®ber at an
arbitrary position, Z, within the debonded region
can be obtained. Since

��z��R2 � 2�R��Ld ÿ Z� �A2�

therefore

��Z� � 2��Ld ÿ Z�=R �A3�

Then the tensile strain in the ®ber at position Z is

"z � ��z�=Ef � 2��Ld ÿ z�=REf �A4�

The half crack opening displacement, u, can thus
be calculated using eqn (A4) as:

u �
�Ld
o

"zdZ �
�Ld
o

2��Ld ÿ Z�=EfRdZ � �Ld2=�EfR�

�A5�

The debonding length can then be obtained from
eqn (A5) as:

Ld � �EfRu=��1=2 �A6�

By inserting eqn (A6) into (A1), the tensile stress in
the ®ber between the crack faces can be expressed
as a function of u as:

�1�u� � 2Ld�=R � �4Ef�u=R�1=2 �A7�

which is eqn (5) in the text.
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Appendix B

If Lfd is the maximum debonding length before
®ber failure, and 2u0 is the maximum COD before
®ber failure, then at the crack plane where Z � O:

�f�0� � 2�Ldf=R �B1�

Similarly, the stress in the ®ber at the ®ber position
just before ®ber failure is:

S � 2��Lfd ÿ Lp�=R �B2�

with Lp the pull-out length of the ®bers. Right
before ®ber failure, eqn (A7) becomes:

�f�uo� � �4Ef�uo=R�1=2 �B3�

Combining eqns (B1) and (B2) gives:

S � ��0��Lfd ÿ Lp�Lfd �B4�

From eqns (B1)±(B4), it can be obtained that:

4�Lp��2=R2 � 4��LpSÿ u0Ef�=R� S2 � 0 �B5�

By solving eqn (B5) for �, eqn (7) in the text can be
obtained. By combining eqns (B2) and (7), (16) in
the text can be obtained.
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