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A new evaluation method of modal fracture
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An evaluation method of modal fracture energy was newly proposed for fiber-reinforced
ceramic matrix composites which essentially showed multi-modal fracture behavior. The
total work done during fracture was separated into the tensile fracture work and the shear
fracture work in consideration of the tensile fracture surface area and the shear fracture
surface area. This modal separation resulted in the tensile fracture energy and the shear
fracture energy per unit crack extension. Modal fracture energies of carbon fiber-reinforced
pitch-derived carbon composites heat-treated at 1000 ◦C and 1200 ◦C were evaluated by
this method. The tensile fracture energies of the composites heat-treated at 1000 ◦C and
1200 ◦C were 0.92 kJ/m2 and 1.4 kJ/m2, the shear fracture energies of the composites
heat-treated at 1000 ◦C and 1200 ◦C were 0.020 kJ/m2 and 0.030 kJ/m2, respectively. The
experimental result successfully demonstrated the adequate modal fracture energies of the
composites. C© 1999 Kluwer Academic Publishers

1. Introduction
Fiber-reinforced ceramic matrix composites have been
investigated to develop toughened ceramics for high
temperature structural applications [1–9]. In the previ-
ous studies [3, 10], fracture behavior of the compos-
ites was characterized by the work of fracture. Since a
projection area of a notch-ligament of a specimen was
assumed to be a nominal fracture surface area, the work
of fracture is valid if tensile fracture only takes place.
However, the composites usually shows multi-modal
fracture behavior (e.g., tensile fracture, shear fracture,
compressive fracture) [11, 12], so that the work of frac-
ture has less physical meaning. Therefore, it is neces-
sary to evaluate each modal fracture energy separately.

The aim of the present study is to newly develop a
method for evaluating modal fracture energy of fiber-
reinforced ceramic matrix composites. At first, the fun-
damental concept of modal separation of fracture en-
ergy was proposed. Next, the single edge-notched beam
tests were conducted on two types of carbon fiber-
reinforced pitch-derived carbon composites (hereafter,
C/C composites) heat-treated at 1000◦C and 1200◦C.
Finally, the effectiveness of the new method was dis-
cussed with the experimental data.

2. Modal separation of fracture energy
Assume that a single edge-notched beam test was con-
ducted on a rectangular cross-sectioned specimen as
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shown in Fig. 1. For simplicity, the specimen is as-
sumed to be a unidirectional fiber-reinforced composite
of which reinforcement aligned along the longitudinal
direction of the specimen. During the test, it is supposed
that tensile mode fracture and shear mode fracture si-
multaneously take place. Firstly, dissipated energies per
unit crack extension during tensile fracture and shear
fracture are defined as the tensile fracture energyγtensile
and the shear fracture energyγshear. And the total frac-
ture surface areaStotal is defined as a sum of the tensile
fracture surface areaStensile and the shear fracture sur-
face areaSshearas follows,

Stotal = Stensile+ Sshear (1)

The total work done during fracture,UWOF, can be sep-
arated into the tensile fracture work 2γtensileStensile, the
shear fracture work 2γshearSshearand the interaction en-
ergyUinteractionas follows,

UWOF = 2γtensileStensile+ 2γshearSshear

+Uinteraction(Stensile, Sshear) (2)

Dividing Equation 2 by 2Stotal leads the following fun-
damental equation,

UWOF

2Stotal
= γtensile

Stensile

Stotal
+ γshear

Sshear

Stotal

+ Uinteraction(Stensile, Sshear)

2Stotal
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Figure 1 Multi-modal fracture behavior of fiber-reinforced ceramic ma-
trix composite during a single edge-notched beam test.

Figure 2 The relationship betweenUWOF/2Stotal andStensile/Stotal.

= (γtensile− γshear)
Stensile

Stotal

+ γshear+ Uinteraction(Stensile, Sshear)

2Stotal
(3)

By plotting the experimental data onUWOF/2Stotal ver-
sus Stensile/Stotal diagram, we may obtain one of the
curves as shown in Fig. 2. If there is no interac-
tion between two fracture modes, the relation between
UWOF/2Stotal andStensile/Stotal should be a straight line
with a slope of (γtensile−γshear) andy-intercept ofγshear.
If there is an interaction between two fracture modes,
the line should be changed into convex or concave one.
The tensile fracture energyγtensilecan be estimated from
the value ofUWOF/2Stotal at Stensile/Stotal being equal
to 1. Similarly, the shear fracture energyγshearcan be
estimated from the value ofUWOF/2Stotal atStensile/Stotal
being equal to 0. Needless to say, the number of frac-
ture modes is not limited within two. This evaluation
method can easily be expanded for multiple modes of
fracture more than two.

3. Experimental
Uni-directional reinforced C/C composites heat-treated
at 1000◦C and 1200◦C were used as the specimens,
which were made by filament winding technique. PAN-
based carbon fiber (TRAYCA T-300) and coal tar pitch
(melting point: 85◦C, fixed carbon: 54%) were used

TABLE I Characteristics of the used C/C composites

Bulk Apparent Young’s Flexural
Density density density modulus strength

Specimen (gcm−3) (gcm−3) (gcm−3) (GPa) (MPa)

HT10 1.79 1.38 1.59 100 180
HT12 1.81 1.41 1.59 120 190

as a reinforcement and a matrix precursor, respectively.
Volume fraction of fiber in these composites were about
60%. Hereafter, the composites heat-treated at 1000◦C
and 1200◦C are called HT10 and HT12, respectively.

Table I shows characteristics of the C/C composites.
The bulk densities of the HT10 and the HT12 were
1.38 g/cm3 and 1.41 g/cm3, respectively. The apparent
densities of the both composites were 1.59 g/cm3. The
densities of them were 1.79 g/cm3 and 1.81 g/cm3, re-
spectively. Namely, the bulk density, the apparent den-
sity and the density were almost the same between
two composites. The Young’s modulus of the HT10
and the HT12 were 100 GPa and 120 GPa, respec-
tively. The flexural strength of them were 180 MPa
and 190 MPa, respectively. Namely, the Young’s mod-
ulus and the flexural strength slightly increased with
an increase in the heat-treatment temperature. It is con-
sidered that growth of graphite layers of matrix car-
bon resulted in the increase in the Young’s modulus
of the composites. We [13] have already reported the
same tendency for the Young’s modulus and the flexural
strength of pitch-derived C/C composites. Therefore,
the C/C composites prepared in this study have typi-
cal mechanical properties, and may be suitable sam-
ples for the research on modal separation of fracture
energy.

As shown in Fig. 3, three types of specimens (type
A:4× 3× 40 mm, type B:4× 3× 70 mm, type C:4× 6
× 40 mm) were used for the single edge-notched beam
tests to change contribution of fracture modes. A
straight through notch was introduced into each spec-
imen. The tip of a notch was finished with diamond
slurry and a sharp blade to obtain a notch radius less
than 20µm. The relative notch length (hereaftera/W,
where,a is the length of notch,W is the width of the
specimen) was also changed from 1/4, 2/4 to 3/4 for
all types of specimens. The single edge-notched beam
tests were carried out with a Shimazu Autograph DCS-
R-10TS under the cross-head speed of 0.5 mm/min un-
til a specimen fractured completely. The span lengths
were selected 30 mm for type A and type C, and 60 mm
for type B.

4. Results and discussion
4.1. Fracture behavior of the C/C

composites
Fig. 4 shows the typical load/displacement curves of
the HT10 and the HT12 specimens in case of type
A with an a/W of 2/4. Both curves depart from lin-
earity before the load reaches to the maximum. After
reaching the maximum, the load decreases gradually.
Namely, both curves of the HT10 and the HT12 speci-
mens exhibit the pseudo-ductile fracture behavior. The
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Figure 3 Dimensions of specimens for modal fracture energy measure-
ment: (a) type A; (b) type B, and (c) type C.

Figure 4 The load/displacement curves of type A with ana/W of 2/4.

typical appearances of both fractured specimens are
shown in Fig. 5. Fracture behavior of the HT10 speci-
men is mostly tensile fracture, whereas that of the HT12
specimen is mixed with tensile fracture and shear frac-
ture.

4.2. Evaluation of modal fracture energy for
the C/C composites

The work done during fracture,UWOF, is calculated
from an area under the load/displacement curve. The
tensile fracture surface areaStensileis given by multiply-
ing the nominal ligament length (W−a) and the breadth
of the specimen. The shear fracture surface areaSshear
is given by multiplying the observed length of shear
cracks and the breadth of the specimen.

Fig. 6 shows the plots ofUWOF/2Stotal against
Stensile/Stotal for the HT10 and the HT12 specimens.
Fig. 7 is an expanded view of Fig. 6 ranging from 0.0 to
0.2 of Stensile/Stotal. Although the type of the specimen

Figure 5 The appearance of type A after single edge-notched beam
test: (a) specimen heat-treated at 1000◦C, (b) specimen heat-treated
at 1200◦C.

Figure 6 The relationship betweenUWOF/2Stotal and Stensile/Stotal: h:
HT10 type A;M: HT10 type B;¤: HT10 type C; x: HT12 type A;N:
HT12 type B;¥: HT12 type C.

Figure 7 The expanded view of Fig. 6:h: HT10 type A;M: HT10 type
B; ¤: HT10 type C; x: HT12 type A;N: HT12 type B;¥: HT12 type C.

and notch length are different, the relation between
UWOF/2Stotal andStensile/Stotal is almost on a linear line
for each HT10 and HT12 specimen. Therefore, we con-
clude that modal separation of fracture energy is suc-
cessfully demonstrated by the experimental result and
there is no interaction between tensile fracture and shear
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fracture for each the HT10 and the HT12 specimen. The
regression lines for the HT10 and the HT12 specimens
are also given in Fig. 6, respectively. The tensile fracture
energyγtensile and the shear fracture energyγshearare
estimated from the extrapolative value ofUWOF/2Stotal
at Stensile/Stotal being equal to 1 and the extrapolative
value ofUWOF/2Stotal atStensile/Stotal being equal to 0 in
Fig. 6. Consequently, the tensile fracture energiesγtensile
of the HT10 and the HT12 specimens are obtained to be
0.92 kJ/m2 and 1.4 kJ/m2, respectively, and the tensile
fracture energyγtensileof the HT12 specimens is larger
than that of the HT10 specimens. Since the work of
fracture of C/C composites were around several kJ/m2

when the tensile fracture mainly occurred, it is consid-
ered that the tensile fracture energyγtensile obtained in
this study coincided well with the previous data [14].
The increase in tensile fracture energyγtensilewith heat-
treatment temperature also corresponds to the same ten-
dency of fracture toughness reported for polycrystalline
graphite [15, 16]. On the other hand, the shear fracture
energiesγshearof the HT10 and the HT12 specimens
are obtained to be 0.020 kJ/m2 and 0.030 kJ/m2, re-
spectively, and the shear fracture energyγsheardoes not
almost depend on the heat-treatment temperature. It can
be explained by the weak Van der Waals force between
the graphite layers in the pitch-derived C/C compos-
ites even if the heat-treatment temperature is as low
as around 1000◦C. The above experimental data coin-
cided with the tendencies in the previous studies. Thus,
the experimental result shows the effectiveness for the
evaluation method of modal fracture energy newly pro-
posed here.

5. Conclusions
The following conclusions can be obtained in this study.

(1) An evaluation method of modal fracture energy
was newly proposed for fiber-reinforced ceramic matrix
composites which usually showed multi-modal frac-
ture behavior. The total work done during fracture was
separated into the tensile fracture work and the shear
fracture work in consideration of the tensile fracture
surface area and the shear fracture surface area. This
modal separation resulted in the tensile fracture energy
and the shear fracture energy per unit crack extension.

(2) Both modal fracture energies of C/C composites
were evaluated by the new method. The tensile fracture
energies of the composites heat-treated at 1000◦C and

1200◦C were 0.92 kJ/m2 and 1.4 kJ/m2, the shear frac-
ture energies of the composites heat-treated at 1000◦C
and 1200◦C were 0.020 kJ/m2 and 0.030 kJ/m2, respec-
tively. The experimental result successfully demon-
strated the effectiveness of the new evaluation method
of modal fracture energy.
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