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The J-based fracture testing technique is newly extended to 
experimentally determine the tension-softening (a-6) rela- 
tions in ceramic-matrix composites. The J-based technique 
originally proposed for concrete has been well established 
for quasi-brittle materials where the fracture process is pri- 
marily dominated by the formation of a fracture process 
zone and the contribution of the crack tip toughness is negli- 
gibly small. In this study, the J-based technique is further 
developed to cover a more general case, i.e., a material in 
which the crack tip stress singularity coexists with the frac- 
ture process zone. This is the case, in particular, for modern 
fiber-reinforced ceramic composites and coarse-grained 
ceramics. The newly derived testing technique has been 
applied to foam glass composites reinforced with SIC and 
stainless steel short fibers. The validity of the deduced ten- 
sion-softening relations has been examined by microscopy 
observations and by comparing with other conventional 
testing methods: the fracture energy method and the R- 
curve approach. It is suggested that the J-based fracture 
testing technique can provide reasonable tension-softening 
relationships and fracture parameters in modern ceramics 
and ceramic-matrix composites. 

1. Introduction 
ERAMIC-MATRIX composites have been the focus of sub- C stantial research efforts in recent years. The major driving 

force for ceramic-matrix composite development is the poten- 
tial of utilizing ceramics in load-caving structural components 
with greater mechanical and thermal reliability. A feasible 
approach for improving mechanical properties is through the 
enhancement of fracture toughness. It has been established that 
fiber reinforcement of ceramics is one of the most promising 
ways to substantially improve fracture toughness and crack 
growth resistance.'-3 Fiber bridging in a zone immediately 
behind the crack tip is a primary mechanism for the improve- 
ments. The bridging zone is often referred to as the fracture pro- 
cess zone. It has been shown from microscopy observations4" 
that fracture behavior within the fracture process zone is com- 
plicated, and includes fiber debonding, pullout, and breakage. 

A Barenblatt-type cohesive model' has been frequently 
employed to describe the development of the fiber bridging 
zone in ceramic-matrix Fiber bridging may be 
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characterized by the relationship between the traction acting 
across a crack plane, u, and the average separation distance of 
the crack faces, 6. By definition, the relation can be obtained 
from a direct tension test. The form of this functional relation 
strongly depends on the details of the crack bridging mecha- 
nisms, fiber volume fraction, diameter, and embedment length. 
In most instances, the u-6 relation also provides useful fracture 
parameters for material characterization such as composite ten- 
sile strength and fracture toughness. In addition, it could be 
used for numerical simulations of crack formation and propaga- 
tion in structures made of the composite. Therefore, further 
development in microstructural design of ceramic composites 
and mechanical performance prediction of ceramic composite 
structural parts calls for a reliable testing technique for 
determining 0-6 relationships. Considering the complex frac- 
ture behavior observed in the process zone, composite optimi- 
zation can only become practical when a suitable fracture 
testing methodology has been established based on a theoreti- 
cally sound foundation in conjunction with micromechanical 
model development. 

Li" and Li et al.,'* among others, have proposed a novel 
J-based fracture testing technique to determine the tension- 
softening relationship originally for characterizing the fracture 
behavior of concrete. The testing technique has the advantage 
of requiring only a simple stroke controlled loading machine 
and is relatively stable in comparison with direct uniaxial ten- 
sile tests. Most of the other indirect methods introduced for the 
measurement of the tension-softening relation to date are based 
on monitoring of the fracture process zone growth and 
crack propagation resistance curve (R-curve).'' '' A review of 
the methods has been given by Mai.Is The determination of 
R-curves, which is the prerequisite of those testing methods, 
requires knowledge of the exact location of the fracture process 
zone tip. However, it has often been pointed out that it  is diffi- 
cult to identify the accurate extent of the fracture process zone 
in quasi-brittle materials.'" This was also true for foam glass 
composites tested in this study due to complicated pore struc- 
ture in the matrix. The J-based technique overcomes this short- 
coming by measuring the crack tip opening displacement rather 
than by monitoring the growth of the fracture process zone. 
It has been applied by several researchers to a number of 
quasi-brittle materials including concrete." fiber-reinforced 

and rocks,2'-*' in which the fracture process is 
primarily dominated by the formation of a fracture process 
zone and the contribution of the crack tip singularity is negligi- 
bly small. Further, the testing procedure has been numerically 
verified on the basis of the fracture process zone model.z4~'s It 
has been shown, however, that in current advanced ceramic- 
matrix composites, the term of crack tip singularity cannot be 
neglected, and the bridging toughness is of the same order of 
magnitude as the crack tip singularity term:-" 

The objective of this research is to further develop the 
J-based testing procedure to explicitly account for the crack tip 
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singularity while considering the bridging process zone. In this 
paper, the principle underlying the J-based technique, and the 
experimental and data analysis procedures, are presented. The 
technique is applied to fiber-reinforced foam glass composites 
to determine how well the testing procedure performs in prac- 
tice. The test results and comparisons with those obtained by 
other testing methods are reported. 

11. Theoretical Basis for the J-Based Technique 

This section provides the principle of the J-based technique, 
followed by a description of the testing procedure. A sche- 
matic of stress distribution around the crack tip is presented in 
Fig. I (a) for a material where the crack tip singularity coexists 
with the fracture process zone. The development of the fracture 
process zone is characterized by a relationship between the 
stress, u, and the crack opening displacement, 6. For the closed 
contour shown in Fig. I(b), the J-integral path independent 
property*’ requires 

( 1 )  

The J ,  term represents the energy release rate associated with 
far-field loading, and contains information on the specimen 
geometry. The J,,, is the crack tip singularity term. Finally. J ,  is 
the energy consumed by the development of the fracture pro- 
cess zone. Thus in terms of energetics, Eq. ( I )  implies that the 
energy release rate associated with far field loading is absorbed 
by the creation of a unit matrix fracture surface and by fracture 
process zone development. Applying the ./-integral analysis to 
the terms J,, ,  and J ,  for the material with the crack tip singular- 
ity and fracture process zone, Eq. ( I )  can be expressed by 

J ,  + J ,  + J,,,  = 0 

8, 

K $ I  - u’) 
(2) E J ,  = u(6)d6  + I 

0 

where 6, is the crack opening displacement measured at the 
original crack tip. K,,, is the crack tip stress intensity factor, and 
E and u are Young’s modulus and Poisson’s ratio of the com- 
posite, respectively. Differentiating Eq. (2) with respect to S,, 
the stress, u, may then be determined from 

(3) 

Thus if J ,  and K,,, can be determined. and 6, can be obtained 
experimentally, then the a-6 relationship can be derived from 

In Fig. 2. the flow of the testing procedure based on the above 
discussion is presented. The J-integral value can be evaluated 
experimentally by conducting tests on two specimens with dif- 
ferent crack lengths as illustrated in Fig. 3. During tests, load, P ,  
load-line displacement, 6,. and crack tip opening displacement, 

Eq. (3). 

pm 

J 

I 

Fig. 2. Flow chart of testing procedure. 

6,. are measured simultaneously. The value of the J-integral for 
a given value of 6, is calculated using the following equation: 

where B is the specimen thickness, and S(6,)  represents the area 
under the PIB-6, curve. The subscripts, 1 and 2, refer to the dif- 
ferent crack lengths, a ,  and (I?. respectively. Based on a set of 
PIB-6, and 6,4 ,  relations for each specimen with different 
crack lengths. the relationship between J and 6, is obtained as in 
Fig. 2(e). Figure 2(f) illustrates the u 4 ,  curve deduced from the 
fracture test data. Note that 6, denotes the crack tip opening dis- 
placement to be experimentally obtained. In practice, in order to 
measure the crack tip opening displacement, relative movement 
between two points at opposite sides of the crack is usually 

The 0-6, curve rises to a peak initially, then monitored.ll 12.17 2 3  

Fig. 1. Principle of J-based testing technique. showing (a) schematic stress distribution around the crack tip, and (b)J-integral contour for a material 
where the crack tip singularity coexists. 
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A 

+ 
Fig. 3. Pair of specimens forl-based technique. 

decreases with increasing 6,. The linearly rising portion can be 
interpreted as elastic deformation between the measuring 
points, and therefore should not be regarded as part of the u-6 
relation." In addition, the measured value of 6,  contains elastic 
deformation due to the crack tip toughness, Ju,  as well, where J ,  
is the critical J,,, for advancing the crack against the modified 
matrix toughness. After J, , ,  reaches the Jo value, the fracture 
process zone starts to grow and the stress, a, can be calculated 
using Eq. (3). In principle, the determination of Jo can be 
obtained from the initial value of the R-curve. Furthermore, 
when the fiber volume fraction is low, the crack tip toughness 
may be assumed to be equal to the matrix toughness. The defor- 
mation stage at J,, can then be readily found in the plot of J - 6 ,  
as shown in Fig. 2(e). Based on this discussion, the above- 
mentioned deformations are subtracted from the measured 6, 
value to extract the true 0-6 curve. Figure 2(g) shows the cor- 
rected a-6 curve. 

It should be mentioned here that a pre-peak part exists in the 
u-6 relationship of fiber-reinforced composites, as schemati- 
cally illustrated in Fig. 1. The rising part of the u-6 curve is 
mainly associated with the debonding process of the fiber/ 
matrix interfa~e.~." In this study, however, it was not possible to 
distinguish the pre-peak part from the elastic deformation due 
to the effect of the gage length for measuring 6, and to the crack 
tip toughness. It must be emphasized therefore that the a-6 
curve to be determined by the present J-based technique is 
restricted to the post-peak (tension-softening) part of the rela- 
tionship. This is true for materials with composite tensile 
strength higher than the maximum bridging stress provided by 
the fibers. A treatment of the pre-peak part in the present 
method will be discussed later. 

111. Experimental Procedure 

The materials used for the present investigation were foam 
glass composites reinforced with Sic (Nicalon, Nippon Carbon 
Co., Ltd., Chuo-ku, Tokyo, Japan) and stainless steel fibers 
(Tufmic fiber, Tokyo Rope Mfg. Co., Ltd., Chuo-ku, Tokyo, 
Japan). While the foam glass has many potential applications 
because of its salient features such as light weight, good thermal 
insulation properties, and machinability, there is a strong 

demand for improving the brittle fracture property of the foam 
glass for reliable structural applications. The dimensions and 
mechanical properties if the fibers used for reinforcement are 
given in Table I. A commercial glass powder (soda-lime glass, 
Central Glass Co., Ltd., Chiyoda-ku. Tokyo, Japan) with an 
average particle size of 16.5 pm was used as the matrix 
material. CaCO, was selected as a foaming agent, and the glass 
powder was dry-mixed with 0.15% by weight of CaCO, using a 
laboratory blender. The fibers and the above glass powder mix- 
tures were mixed using a water-based slurry method, forming a 
slurry. For S i c  fibers, before mixing with the glass powder mix- 
tures, the fibers were first dispersed in an NaOH solution with a 
magnetic stirrer. This process was necessary to achieve better 
uniform dispersion of the SIC fibers. The slurry was ultrasoni- 
cally mixed, and then oven-dried at 110°C for 8 h. The dried 
mixture was placed in a furnace, heat-treated at a rate of 
1O0C/min to 800°C. and held at 800°C for 10 min. The tempera- 
ture was then lowered to 550°C for 60 min, and then furnace 
cooled to room temperature. The heat treatment at 550°C for 60 
min was used to eliminate the residual stresses induced during 
the foaming process. Composites were produced at fiber vol- 
ume fractions of 0.1 %, 0.2%, 0.8%. and 1 .O% for S i c  fibers and 
1.6%, 3.3%, and 5.2% for stainless steel fibers. Plain foam glass 
was also prepared to determine the fracture toughness of the 
matrix. The density of the foam glass was 0.71 Mg/mZ. For the 
S i c  fibers, the effect of fiber length on the tension-softening 
behavior was also examined. More detailed procedures for pre- 
paring the foam glass composites can be found elsewhere.'n 

A compact tension (CT) specimen, illustrated in Fig. 4, was 
used to determine tension-softening curves by means of the 
J-based technique. Side grooves were cut into the specimens 
using a diamond wheel saw to ensure that the crack growth 
remained in the median plane. Their width and depth were 4.0 
and 5.0 mm. respectively. An artificial notch with a root radius 
of 75 p n  was introduced into each specimen. Preliminary tests 
were conducted to check the effect of notch root acuity on the 
fracture toughness using the plain foam glass, where two differ- 
ent notch radii of 75 and 120 pm were tested. N o  significant 
change in the measured fracture toughness was observed within 
the range of notch root radius tested. Based on these results, a 
root radius of 75 pm was used in all specimens to simulate the 
sharp crack in this study. 

Table 1. Dimensions and Mechanical Properties of 
Fibers Used 

Diameter D e n d y  Young'\ modulus Tenwlc. wength 
Fiherlype (pm) (Mg/m') (GPa) tGPa) 

Sic  14 2.6 190 3.8 
sus43o so 8.1 200 0.52 

A 
I P  

7- 
Specimen dimensions: 

W=40 mm, a0=17.2-25.0 mm, B=20 mm 

Bn=IO mm, Ws 4.0 mm 

Fig. 4. Compact tension specimen used. 
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The CT specimens were loaded to failure using a screw- 
driven testing machine. The displacement rate at the notch tip 
was typically 0.1 p d s .  Load, P ,  load-line displacement, 6,., 
and crack tip opening displacement, 6,, were recorded continu- 
ously up to complete fracture during the tests. The 6, and 6, 
were measured by double-cantilever clip-in displacement gages 
(clip gages) which were prepared in accordance with the ASTM 
Standard Test Method for Plane-Strain Fracture Toughness of 
Metallic Materials (E399). The resolution of the clip gages used 
was approximately 1 pm,  which was typically less than 2% of 
the displacement range encountered in the tests. To measure the 
6,. a pair of L-shaped knife edges were glued on side surfaces of 
the groove at the prenotch tip," as illustrated in Fig. 5. The rela- 
tive displacement between the two knife edges was measured 
on both specimen sides using the clip gages, and the two dis- 
placement values were averaged. The gage length for measur- 
ing the 6, was 4.0 mm, and the distance between the two knife 
edges was 2.6 mm. The number of specimens tested in this 
study is shown in Table 11. Four specimens of plain foam glass 
were used to determine the matrix toughness. 

In the calculation of the J-integral value the specimen thick- 
ness, B ,  in Eq. (4) was replaced by the net thickness, B , .  As 
described later, to evaluate the crack tip toughness it is neces- 
sary to determine Young's modulus of the composites as well 
as the matrix. For this purpose, a simple compliance method" 
was employed for convenience without carrying out uniaxial 
tensile tests. It has been shown that the effective Young's mod- 
ulus ( = E l (  I - u'))  can be determined from the initial elastic 
slope of the load-displacement record for a fracture toughness 
specimen with the dimensionless specimen compliance derived 
from the elasticity theory. Prior to fracture testing the specimen 
was cyclically loaded within the linear elastic regime. and the 

Fig. 5. Schematic of crack tip displacement measuring method. 

Table 11. Testing Matrix and Summary of 
J-Based Test Results 

Deduced tensile 
No. of E strength J.  K,. 

Fiber 
L . (mm)  \.',(%) leach (GPa) IMPa) ( N h )  (MPam' ') 

SIC liher composite\ 

3 1.0 6(2*) 7.6 I .4 61.6 0.70 
6 1.0 6 ( 2 )  8.0 I .9 147.5 1 . 1 1  

13 0.1 6(3)  7.7 I .7 3.5 0.17 
13 0.2 6 ( 2 )  7.7 1.7 14.8 0.35 
13 0.8 4(2)  8.0 I .9 210.0 1.32 
13 1.0 6 ( 2 )  8.2 2 .0 241.8 1.44 

SUS hber composite\ 

2 1.6 4 ( 2 )  8.4 I .2 5.7 0.22 
2 3.3 4 ( 2 )  8.6 2.0 98.9 0.94 
2 5.2 4 ( 2 )  8.6 2. I 108.6 0.99 

load-displacement curve was recorded. The inverse slope of the 
load-displacement curve (initial specimen compliance) was 
used to determine the effective Young's modulus. Assuming 
the effect of the fiber addition on Poisson's ratio is negligibly 
small, Young's modulus values of the composites were then 
computed from the effective Young's modulus data. Poisson's 
ratio was taken to be 0.2 in the calculations."' The dimen- 
sionless specimen compliance for the CT specimen was taken 
from Newman's boundary collocation analysis." Futhermore, 
the numerical analysis of Shih et a/." was used to account for 
the effect of the side groove on the specimen compliance. If B,,, 
is the effective specimen thickness, then 

B - ( B  - B")2 
( 5 )  B Bell = 

IV. Results and  Discussion 

Examples of load vs load-line displacement records ( P a , )  
are shown in Fig. 6. Experimental data obtained from identical 
notch length are selected for comparison. The plain foam glass 
used as the matrix exhibited brittle fracture behavior. allowing 
the fracture toughness to be determined using the linear elastic 
fracture mechanics approach. The matrix fracture toughness 
was computed from the maximum load and notch length using 
the formula of the stress intensity factor.3' Likewise in the 
determination of Young's modulus the effective specimen 
thickness was used. The average value of the matrix toughness 
is 0.95 MPam'". As evident in Fig. 6, the incorporation of a rel- 
atively low volume fraction of the fibers provides improved 
fracture properties of the foam glass. 

The newly derived extended J-based technique is applied to 
the load-displacement data of the fiber-reinforced foam glass 
composites. The critical J value, J , , ,  may be calculated from 
the critical stress intensity factor to determine the crack tip 
opening displacement, 61' (see Fig. 2(e)). Following Marshall 
('r a/ . .X since the stress intensity factor scales directly with 
stress, the crack tip toughness can be calculated by 

Em, and K,,, are the matrix Young's modulus and fracture tough- 
ness, respectively. The compliance method showed that the 
average value of E,,, is 8.1 GPa, and the composite Young's 

8 

7 . E 6  
5 
. ; 5  

B 4  .- 
5 
B 3  

d 2  
-0 

a 
1 

0 

- - - x -  Matrix 
+ Sic, Lf=3mm. Vf=l% 
+ Sic, Lf=6mm, Vf=l% 
+ Sic, Lf=13mm, Vf=l% 

Rapid fracture -+-- - \ . d  
0 50 100 150 

Load-line displacement, p m 

Fig. 6. 
and stainless steel fiber composites. 

Load vs load-line displacement curves for matrix. SIC fiber. 
*Number of specimen\ used for K-curve meahurements. 
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modulus differs by less than 5% from that of the matrix within 
the fiber volume fractions used in this study. Based on these 
results. the matrix elastic moduli were taken to compute J,,, 
using the equation J , ,  = Ki(  1 - uX)/E,. Typical P-6, curves 
for different notch lengths are shown in Fig. 7 for a Sic fiber 
composite. It is seen that the P - 8 ,  curve for the long notch 
length joins with that for the short notch length approximately 
at the load-line displacement of 500 p n ,  indicating that the 
traction free crack starts to grow at the deformation level. Using 
the date analysis procedure shown in Fig. 2, tension-softening 
curves are deduced from sets of P-8, .  and 6,-6,, curves. Exam- 
ples of tension-softening curves obtained are shown in Fig. 8 
for S i c  fiber and stainless steel fiber composites. The a-8 curve 
in the figure gives the averaged tension-softening relation. The 
derivation of individual raw data from the best fit was typically 
less than 15%. 

In the following, we examine the validity of the deduced ten- 
sion-softening curves. Fracture surfaces were examined using a 
scanning electron microscope. and representative examples are 
shown in Figs. 9 and 10 for a S i c  and stainless steel fiber com- 
posite, respectively. As shown in Fig. 9(a), some fibers are seen 
bridging across crack faces in the S i c  fiber composites. Fibers 
were observed protruding above the fracture surface (Fig. 9(b)). 
However, in all cases the extent of fiber pullout was limited to a 
length less than approximately 10% to 30% of the original fiber 
length. This observation suggests that the lengths of S i c  fibers 
used are much greater than the critical fiber length, indicating 
that fibers with long embedded length have ruptured. In con- 
trast, for stainless steel fibers no fiber pullout was observed. It 
appears that the predominant contribution to toughness is plas- 

I 

0 100 200 3 0 0  400 500 600 700 
Load-line displacement, pm 

Fig. 7. Examples of load vs  load-line displacement curves for differ- 
ent prenotch lengths. showing results of sic fiber composite ( L ,  = 3 
mm. \ ' ,  = 1%). 

2.5 
m g 2.0 
6 
3 1.5 
2 

c 1.0 
z 

0.5 

- Ili 
M 

M 
.- 

0.0 

I I I I I I I I I 
. . . . . . . . . . L, =3 mm 
- Lf=6mm 

L, =I3 mm 
- 

- - _ - -  Uniaxial tension 
(L, =6 mm) 

- 

- 

0 100 200 300 400 500 600 700 800 
Crack opening displacement 6, pm 

(a) 

tic work expended in the ductile rupture of the fibers stretched 
between the crack surfaces, as exemplified in Fig. 10. From the 
observation of fracture surfaces, the fiber pullout is considered 
to be a primary source of bridging force acting across the matrix 
crack in the S i c  fiber composites. Then, the critical crack open- 
ing displacement, &,, at which the fiber bridging force becomes 
zero, is expected to coincide with the maximum length of fiber 
pullout. The histograms of Fig. 1 1  give the distribution of fiber 
pullout lengths measured under a scanning electron micro- 
scope. The critical crack opening displacements obtained from 
the J-based technique are indicated by arrows. It is observed 
that the 6, values are close to the longest pullout length. The 
correspondence between the results deduced from the J-based 
technique and microscopic fracture process provides confi- 
dence in our testing procedure. 

Next, the fracture data obtained from the tension-softening 
curves are compared with those from the fracture energy 
method and crack propagation resistance curve (R-curve) 
approach. The critical total J-value, J , ,  can be obtained as the 
sum of the bridging toughness,./,, and the matrix toughness. J ( , .  
The J ,  can be evaluated from the area under the tension-soften- 
ing curve. Another conventional method for measuring fracture 
toughness in quasi-brittle materials may be thc RILEM-recom- 
mended fracture energy method." The evaluation procedure in 
the fracture energy method is based on the same planar process 
zone model as in the J-based technique, and determines the 
fracture energy G ,  by measuring load-load-line displacement 
curves. In principle, C, is thus equivalent to J , .  G, is defined as 

( 7 )  

where A is the total area under the load-load-line displacement 
curve and u,, is the prenotch length. The J ,  values arc plotted 
against G, values obtained using Eq. (7) in Fig.12, where the 
values of G ,  are obtained from a pair of specimens used for the 
J-based testing. There is correspondence between the results 
from the two testing methods. To look at the crack extension 
behavior in the composites, the unloading compliance measure- 
ments were concurrently carried out in some J-based tests, and 
K-resistance curves were constructed. Taking into account 
observed significant nonlinear deformation during unloading- 
reloading cycles, the test data were analyzed following the non- 
linearity correction procedure which was originally proposed 
by Baker" and then adopted in the ISRM-suggested methods 
for determining the fracture toughness of rocks.'' The K-resis- 
tance curve is corrected for the nonlinear defomation behavior 
using the following equation: 

2.5 

r2 2.0 
6 

p! 

v1 1.5 

z 1.0 

v1 

Y 

e 
M 
.- 
P g 0.5 

0.0 

I I I I ... . . .... . V, =1.6 % ' I  
- v, =3.3 % 

v, =5.2 % 

- - - - -  Uniaxial tension 
(V, =3.3 %) 

- v, =3.3 % 

v, =5.2 % 

- - - - -  Uniaxial tension 
(V, =3.3 %) 

---, 
0 40 80 120 160 200 

Crack opening displacement 6, pm 

(b) 
Fig. 8. Deduced tension-softening curves for (a) SIC fiber composites. and (b) stainless steel fiber composites. 
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Matrix crack 

Fig. 9. SEM micrographs of fracture process for a Sic fiber composite, showing (a) tiber-matrix interactions, and (b) fiber pullout. 

100 
a z 

0 
c, 

10 

1 I , . . . .... I , , , , .. 
1 10 100 lo00 

GF, Nlm 

Fig. 12. Comparison betweenJ, and GF. 

K, is the linear elastic stress intensity factor calculated from 
load and corresponding crack length, p is the nonlinear correc- 
tion factor determined from the load-load-line displacement 
curve with unloading and reloading cycles. The K, and KR to be 
determined below are calculated based on the effective crack 
length obtained by the unloading compliance method. The 
unloading compliances after crack propagation are inevitably 

1 0  Cun - 
Fig. 10. SEM micrograph of stainless steel fiber showing the ductile 
rupture. 

(a) (b) 
Fig. 11. Histograms for distribution of fiber pullout length for (a) original tiber length L, = 3 mm and (b) L, = 13 mm. 
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reduced by the bridging stress closing up the crack. Thus the 
effective crack length determined by the unloading compliance 
method should be regarded as a lower bound estimate of the 
true value. Detailed procedures for determining p can be found 
in the ISRM-suggested methods." Figure 13 illustrates a 
K-resistance curve for a Sic-fiber-reinforced composite. For 
comparison. the curve based on the linear elastic analysis is also 
given. It is seen that the initiation toughness of the composite is 
close to the matrix toughness. The observation may support the 
use of R-curves to determine the crack tip toughness of compos- 
ites. The interpretation of the initiation toughness will be dis- 
cussed later. Crack propagation resistance initially increases 
because of fiber bridging, and then levels off for a longer crack 
propagation stage, indicating full development of the fiber 
bridging zone. At the saturated stage, the increase of crack 
propagation resistance over the matrix toughness should corre- 
spond to the total energy consumed by fiber bridging. The com- 
parison is made in Fig. 14. K, is the converted bridging 
toughness computed using the following equation: I s  

(9) 

Thus, K, is based on the total crack length, which is the sum of 
the traction free crack length and the fracture process zone size. 
AK' is the difference of the saturated toughness and the matrix 
toughness as shown in Fig. 13. Again, there is general corre- 
spondence between K, and AK', although this should be taken 
to be only a qualitative comparison due to the effect of the 
bridging stress on the measurement of the crack length based on 

K, = Jmb - K,, 

1.8 d-1 , , - Nonlinearity corrected 

1.5 

r 
-E 1.2 

2 
r: 0.9 

!Y- 
Y 

0.6 

0.3 

0 5 10 15 20 25 
Amount of crack extension, mm 

Fig. 13. Example of K-resistance curve. 

2 1  
5 
4 
p:' 
?L 
Q 0.5 

0 
0 0.5 1 1.5 

K,, MPa 

the unloading compliance method. I t  may be useful to examine 
the ratio of bridging toughness K, to crack tip toughness K,, in 
order to characterize the composites tested in this study. The 
calculated values of K,/K,, range between 0.7 and 22.2. This 
calculation indicates that the foam glass composites used 
indeed cover a material in which the crack tip toughness is com- 
parable to the bridging toughness in the fracture process zone. 

Table 111 illustrates the typical range of the K,IK,, ratio for 
fiber-reinforced ceramic composites. The ratios are calculated 
based on published data of matrix and composite fracture 
toughness which have been determined either by means of frac- 
ture toughness tests on precracked specimens or using indenta- 
tion te~hnique.~. '~ .~ '  The crack tip toughness is taken from the 
initiation toughness measured using an R-curve approach, for 
the lithium aluminosilicate (LAS) glass, and aluminum-fiber- 
reinforced AlzO, composites. For the other composites. the 
crack tip toughness has been estimated from the matrix tough- 
ness, and composite and matrix Young's moduli using Eq. (6). 
where the rule of mixture, i.e., E = E,,,( I - V,)  + E,V, with El 
as the fiber modulus, has been used to calculate the composite 
modulus. K, is estimated as the difference between the compos- 
ite toughness and the crack tip toughness K,,. I t  is noted that 
most of the data reported in the literature fall in the range of the 
foam glass composites tested in this investigation. The rule of 
mixture used to estimate the composite modulus is known to 
give the upper limit for random short-fiber-reinforced compos- 
ites. In addition, Miyajima and SakaiJX have reported an experi- 
mental study of crack tip fracture toughness. where fracture 
toughness tests were conducted on a carbonkarbon composite 
reinforced with uniaxially aligned fibers. I t  has been shown that 
the experimentally determined crack tip toughness value was 
lower than that predicted by Eq. (6). Hence, the K,IK,, ratios 
calculated using the estimated KO values may be considered to 
be a lower limit. Furthermore, it  is revealed that some mono- 
lithic ceramics such as coarse-grained alumina also exhibit 
R-curve behavior," which is consistent with the tension- 
softening model." Extensive microscopy observations have 
shown that the mechanism responsible for R-curve behavior is 
matrix grain bridging due to unbroken ligaments behind the 
advancing crack tip.""' The K,IK,, ratios obtained for selected 
monolithic ceramics are also included in Table I l l .  The K,, value 
is taken from the initial value of R-curves, and thus should be 
interpreted as crack initiation toughness. I t  is seen that mono- 
lithic ceramics may be classified in the same category as current 
short-fiber-reinforced ceramic composites based on this charac- 
terization. This observation suggests that the J-based testing 
procedure may be used to determine the tension-softening 
relationship of current monolithic ceramics as well as fiber- 
reinforced ceramic-matrix-based composites. 

R-curve approaches have been frequently used by a number 
of investigators in order to characterize the toughening behavior 
of fiber-reinforced ceramic-matrix composites. In most tiber- 
reinforced ceramic composites the increased energy absorption 
is due to the growth of the process zone. The details of process 
zone growth is related to the shape of the a 4  curve. and also 
influenced by the stress field surrounding the process zone.'5 
This implies that with different loading configurations, and 
specimen geometries and dimensions, the details of the shape of 

Table 111. Bridging Toughness Ratio, K , / K ,  
E", K,, 

Matrix Fiber(C',) (GPd) (MPam'")  KJK,, Ref 
~ ~ 

Fiber-reinforced ceramic compovtm 

AlzO, SiC(30%) 400 3.5 0.8-1.3 6 
SIJ'J, SiC(20%) 320 4.6 0.5-1.1 36 
LAS glass SIC (22%) 5.5 3.4 37 
AIZO, Al(23%) 3.0 2.3 37 

Monolithic ceramics 

AlzO, 400 2.Ck3.3 0.9-2.0 3 9 4 3  
Graohite 9 0.8 0.6 44 Fig. 14. Comparison between K, and AKR. 
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the R-curve would also be different. Indeed, it  has been recently 
shown that the R-curve obtained by testing a small specimen 
depends on the specimen dimensions such as crack length and 
specimen width, and the apparent fracture resistance increases 
as the specimen size decreases.'h Based on this, Zok and HornJh 
have pointed out that the R-curve measured on a small speci- 
men overestimates the true behavior unless the bridging zone 
length is sufficiently small compared with the crack length or 
the specimen width, and then have indicated the importance of 
the analysis of the large-scale bridging. At developmental 
stages of new composite materials. i t  is quite common that only 
small specimens are available for mechanical testing and small- 
scale bridging conditions are hardly satisfied in some compos- 
ites. Thus it is extremely useful to have a small specimen 
method for evaluating the true toughening behavior for efficient 
material developments. In this regard, a method has been pro- 
posed for predicting the toughness enhancement under small- 
scale bridging conditions using R-curve measurements from 
subsized specimens.Jh The ./-integral approach used in the pres- 
ent testing technique requires no assumption of small-scale 
bridging conditions, and i t  is expected therefore that the speci- 
men size should not affect the measured a 4  relation and the 
fracture toughness J , .  Furthermore, once the u-6 relation is 
determined. i t  can be used to predict the R-curve behavior in a 
given structural component using, for example. a finite element 
scheme. Therefore, the .[-based method is expected to provide a 
basis for the analysis of large-scale bridging. 

Finally, it  should be emphasized again that the 0-6 curves 
deduced by the extended J-based technique should bc interpre- 
ted as the post-peak branch of the complete relationship. It has 
been shown that intact fiber bridging, associated with the pre- 
peak part of the a-6 relationship, exists over only a very short 
distance behind the crack tip, typically on the order of several 
micrometers for fiber-reinforced cornpo~ites.'. '~ The fiber 
bridging zone length is sufficiently small compared with normal 
laboratory specimen size, and small-scale bridging conditions 
would therefore be satisfied in such a composite whose tough- 
ness is dominated by only the intact fiber bridging. In this case. 
the linear elastic fracture mechanics approach can be used to 
characterize the composite toughness, as adopted in the litera- 
ture.'.'.' The above discussion Suggests that for fiber-reinforced 
ceramic composites, the fracture energy dissipated upon the 
fiber debonding process could be lumped into an "effective" 
crack tip toughness K,,, and then the process zone could be 
approximated by only the tension-softening part of the a-6 
relationship. I t  has been shown that the fiber debonding process 
produces a much steeper rising R-curve within a very small 
amount of crack growth than the subsequent fiber pullout 
~ t a g e . ' ~ . ' ~  The crack resistance at the bend over point may be 
taken as an estimate of the effective K,, to incorporate the effect 
of fiber debonding: The correspondence between the matrix 
toughness and initiation toughness. observed for the foam glass 
composites, may be due to the low fiber volume fractions used 
in this study. The fracture behavior of the composite will thcn 
be well predicted by the effective K,, and the tension-softening 
relationship. Our recent preliminary tests conducted on a dog- 
bone type of uniaxial tensile specimens have also shown that 
the fracture energy of the foam glass composites is dominated 
by the post-peak behavior: A servo-controlled testing machine 
was used to perform stable uniaxial tensile tests and the dis- 
placement monitored by a linear variable differential transducer 
attached to the reduced cross section (gage length = 7 mm) was 
used as a feedback signal. A linear elastic deformation behavior 
was observed up to a peak, followed by a tension-softening 
branch. An example of the post-peak part obtained from the 
uniaxial tensile tests is compared with that determined by 
means of the J-based method in Fig. 8. The comparison may 
provide experimental justification of the shape of the a 4  curve 
derived by the J-based technique. It is well accepted that fiber 
pullout is one of the most effective mechanisms to significantly 
increase the toughness for fi ber-reinforced ceramic composites. 
An insight into the effect of fiber pullout has been provided by 

Zok et a/.,'7 who tested three-point bending specimens of LAS 
glass-ceramic composites reinforced with continuous S i c  
fibers, simulated numerically the crack growth in the specimens 
based on the micromechanical model."' and then correlated the 
experimental and theoretical results. Several heat treatments of 
the composite have been conducted to modify the matrixhber 
interface and to activate fiber sliding. It is concluded that the 
enhanced toughness of the LAS/SiC composites with a modi- 
fied interface is derived mainly from frictional dissipation upon 
the pullout of fibers that fracture in the crack wake remote from 
the crack plane. The same conclusion has been drawn for a Sic 
composite reinforced with continuous carbon fibers." It  may be 
possible, therefore. to apply the current method to the evalua- 
tion of those modem fiber-reinforced composites in which the 
toughness is primarily imparted by the fiber pullout mechanism. 
However, the pre-peak part of the a-6 relationship has been 
demonstrated to play an important role in governing the magni- 
tude of the first crack strength, and the presence or absence of 
multiple cracking behavior.'.'" Further development of experi- 
mental technique and data analysis procedure is required to 
evaluate the complete a-6 relation. Computer simulations are 
currently in progress in order to verify numerically the ./-based 
testing procedure proposed in this study. 

V. Concluding Remarks 

The ./-based fracture testing technique has been newly 
extended in order to cover advanced composites which have 
matrix toughness comparable to bridging toughness induced by 
fibers in the fracture process zone. On the basis of the./-integral 
analysis of the fracture process zone with crack tip singularity. a 
testing procedure has been dcvcloped to determine the bridging 
stress-crack opening displacement relation (0-6). This new 
technique has been applied to the experimental results of frac- 
ture tests conducted on foam glass composites reinforced with 
S i c  and stainless steel fibers. The primary fiber bridging mech- 
anism identified for the process zone development is fiber pull- 
out for S i c  fibers. and ductile stretching for stainless steel 
fibers. respectively. Therefore. the enhanced toughness of com- 
posites is mainly associated with tension-softening behavior, 
i.e., the post-peak part of the u-6 curve. The fracture properties 
deduced from the a-6 relationships have been compared with 
other conventional methods and good agreement has been 
obtained, supporting the validity of the new ./-based fracture 
testing method. 

One dcliciency of the ./-based testing procedure presented in 
this paper is the fact that it can only evaluate the post-peak part 
of the cr-6 relationship. The pre-peak part has been shown to 
play an important role. for example, in the design of the pseudo- 
strain hardening property induced by multiple cracking. Further 
study is needed to determine the pre-peak part of the a-6 
relationship. 
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