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Abstract

Various strengths of carbon–carbon composites (C/Cs) are comprehensively reviewed. The topics reviewed include tensile, shear,
compressive, and fatigue strength as well as fiber/matrix interfacial strength of C/Cs. When data are available, high temperature
properties, including creep behavior, are presented. Since C/Cs have extremely low fiber/matrix interfacial strength sd, the interfacial
fracture plays important roles in all of the fracture processes dealt in this review. The low sd was found to divide tensile fracture units
into small bundles, to seriously degrade both shear and compressive strength, and to improve fatigue performance. In spite of the
importance of the interfacial strength of C/Cs, techniques for its evaluation and analysis are still in a primitive stage.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Carbon fiber-reinforced carbon matrix composites
(C/Cs) exhibit superior thermo-mechanical properties
even at elevated temperatures above 2000 K. In light
of this advantage, C/Cs are expected to be applicable
for use in high-temperature structures [1–4]. However,
the mechanical behavior of C/Cs has not been fully elu-
cidated to the extent that their mechanical properties
can be tailored to certain purposes as in the cases with
fiber-reinforced plastics and ceramics. Thus, C/C struc-
tures have been designed on a trial-and-error basis,
and therefore lack sufficient reliability for use in primary
load-bearing structures. As a result, the applications of
C/Cs have been restricted to structures in which high
strength is not required, but rather in which only high-
temperature capabilities are necessary. Recently, the
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doi:10.1016/j.compscitech.2005.07.012

* Corresponding author. Tel +81 42 759 8293; fax +81 42 759 8461.
E-mail addresses: hatta@isas.jaxa.jp, hatta@pub.isas.ac.jp

(H. Hatta).
present authors and their colleagues have expended a
significant amount of effort toward the clarification of
the mechanical behavior of C/Cs especially from the
viewpoint of fracture mechanisms [5–10]; thus far, most
of fracture processes of C/Cs have been found to pro-
foundly affected by their fiber/matrix interfacial proper-
ties. The present review deals with such recent progress
regarding the strengths of C/Cs, including studies of
their tensile, shear, compressive, and fatigue strength
as well as fiber/matrix interfacial strength. Based on re-
cent findings, special attention is paid to the relationship
between these fracture mechanisms and the roles played
by fiber/matrix interfacial strength.
2. Fiber/matrix interface of C/Cs

2.1. Interfacial shear strength at room temperature

Several attempts have been made to measure the fi-
ber/matrix interfacial shear strength of C/Cs using
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Fig. 2. Tensile fracture strain, eu, interfacial debonding stress, sd, and
interfacial sliding stress, ss, of a cross-ply-laminated C/C reinforced
with PAN-based fiber IM600 as a function of bulk density, qs densified
by the repeating resin char method (RC) and the hot isostatic
pressuring method (HIP) [9].
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methods often adopted for other composites, i.e., poly-
mer matrix and ceramic matrix composites [11–17],
including fiber push-in, push-out, and pull-out tests
[18–22]. However, to date, the interfacial shear strength
of C/Cs has been successfully determined only by fiber
push-out tests [9,21,22]. The difficulties associated with
the determination of the interfacial strength of C/Cs
are twofold. First, the carbon fiber is prone to com-
pressive failure upon compressive axial loading. This
tendency is especially noticeable in the case of pitch-
derived fibers. Accordingly, a specimen must be pre-
pared such that interfacial debonding readily occurs at
a sufficiently low load. This means that the specimen
should be extremely thin and less than approximately
100 lm. However, in such a case, the fiber/matrix inter-
face is often damaged during specimen preparation. The
second difficulty in this context is the thickness of the
carbon fibers, which are around 5–10 lm in diameter.
Hence, the application of load precisely at the center
of fiber cross-sections and confirmation of damage at
such an interface remain rather difficult [21]. Thus, the
utilization of the single fiber push-out test was limited
to polyacrylonitrile (PAN)-based carbon fibers, and to
specimens with weak interfaces.

In order to avoid such difficulties, we attempted a fi-
ber bundle push-out test. The procedure of this test is
illustrated in Fig. 1. In this test, an indenter with
50 lm in diameter was successfully employed [9,23].
Thus, the diameter of pushed-out bundle is large and
the thickness of specimen can be set about 100–
300 lm. Observation of pushed-out bundles ensured
that fiber/matrix interfacial fracture dominated fracture
surface. This result guaranteed reliability of this test
method. However, the single and bundle push-out tests
resulted in different interfacial strengths [21]. Accord-
ingly, the present methods are useful in comparative
Fig. 1. Schematic drawings of the fiber bundle push-out test. Test fixt
purpose, but insufficient for measurements of quantita-
tive physical values.

Typical results obtained by the fiber bundle push-out
tests are shown in Figs. 2 [9] and 3 [24,25] for C/Cs rein-
forced with PAN-based fiber IM-600 and pitch-based
fibers K321 and K633, respectively. In Fig. 2, 2D-RC-
2573K and 2D-HIP-2573K represent IM-600-C/Cs with
cross-ply lamination (2D) densified by the resin char
method (RC) or the hot isostatic pressing method
(HIP) and heat-treated at 2573 K. The fiber volume
fraction (Vf) in the precursor (carbon fiber-reinforced
phenolic resin) of these C/Cs was 60%. As this figure
shows, the interfacial sliding stress ss and the debonding
stress sd were enhanced with increase in density q, and
the ultimate tensile fracture strain eb was degraded with
ure (a), specimen arrangement for 2D-C/C (b) and 3D-C/C (c).



Fig. 3. Tensile fracture strain, eu, and interfacial debonding stress of
cross-ply-laminated C/Cs reinforced with pitch-based fiber K321 and
K633 as a function of heat treatment temperature, HTT, densified by 5
cycles of hot isostatic pressuring (HIP) [23,24].
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q. By the densification, interfacial debonding is gradu-
ally eliminated, as it is clear from a comparison of the
photos in Figs. 4(a) and (b). This reduction of debonded
interfaces with increasing q is the most influential factor
for enhancing interfacial strength of this material.

In Fig. 3, the sds of K321-C/C and K633-C/C are
shown as a function of the heat treatment temperature
(HTT). The sds of these C/Cs clearly decrease with in-
creases in HTT. The decrease in the sds was partly due
to the extension of fiber/matrix-interfacial debonding
with increasing HTT, as shown in Fig. 4(c) and (d). This
development of debonding was facilitated primarily by
the development of graphitization in the matrix [25].
The other source of the reduction in sd in this case
was found to be a reduction in the bonding strength
of truly bonded interfaces due to graphitization, by
Fig. 4. Cross-sections of IM600 C/Cs (a) and (b) with different
densities, qs, and K633-C/Cs (c) and (d) heat-treated at different
temperatures [9,25].
which the crystalline units increased in size and the
(002) surfaces were aligned in a more parallel manner
with the interfaces [26]. The lowest values of the sds
shown in Figs. 2 and 3 are nearly the same as those of
CFCCs with weak interface and high tensile elongation.

2.2. Interfacial shear strength at elevated temperatures

In order to examine the interfacial debonding stress
at elevated temperatures, a specially arranged fiber bun-
dle push-out test was conducted using the specimen
shown in Fig. 5 [22]. Note that in this figure, the speci-
men was assumed to be an orthogonally reinforced
(3D)-C/C. The push-out test specimen had a rectangular
cross-section with a circumferential notch around the
loading fiber bundle located at the center of the cross-
section. The notch was introduced perpendicular to
the loading (z-) bundle up to a depth of 0.05–0.15 mm
in the loading bundle; the notch was created by a dia-
mond wheel saw with a thickness of 0.8 mm. A compres-
sive load was applied directly at the top end of the
specimen; the z-bundle was extruded in a hole machined
at the bottom of the specimen. This type of specimen did
not require a supporting test fixture. Thus, high temper-
ature testing can be performed without considering the
effect of thermal mismatch stress between the specimen
and the test fixture. The fiber bundle interfacial debond-
ing stress sd was determined based on the maximum
load divided by the debonded area.

Fig. 6 [22] summarizes the temperature dependence of
the fiber bundle interfacial debonding stress sd of 3D-C/
C as a function of the test temperature, T. As it is clearly
seen in this figure, sd monotonically increases with
increasing T. Observations of cross-sections of as-tested
specimens revealed that push-out fractures occurred pri-
marily within the carbon matrices that created bonds be-
tween adjacent fiber bundles. The matrix in C/Cs
Fig. 5. Shape and dimensions of fiber bundle push-out specimen for
determination of interfacial shear strength at elevated temperatures.
The material of this test is assumed to be three-dimensionally
reinforced C/Cs [22].



Fig. 6. Temperature dependence of the fiber/matrix interfacial deb-
onding stress, sd, of the 3D-C/C [22], reinforced with PAN-based
carbon fiber, T-300, heat-treated at 2773 K, and a total fiber volume
fraction of 48% (16% in each direction).
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shrinks to a great extent during the processing, at the
carbonization stage, due to the conversion of resin into
carbon, and the cooling stage from the heat treatment
temperature to room temperature by reversed thermal
expansion. Hence, significant tensile thermal stresses
accumulate in the matrix of C/Cs [27] in the directions
parallel to and perpendicular to the fiber/matrix inter-
face. These tensile stresses reduce the sd. Thus, the dom-
inant mechanism leading to increases in sd at elevated
temperatures is thought to be the relief of thermal stres-
ses in carbon matrices at the fiber bundle interfaces.
3. Tensile strength

3.1. Parameters determinative of tensile fracture

The tensile strength of C/Cs is typically much weaker
than that expected from a rule of mixtures [8,23]. In or-
der to identify the mechanisms producing such low
strength, the effects of various potential factors includ-
ing the heat treatment temperature [28,29], the fiber/ma-
trix interfacial strength [30,31], and defects in the C/Cs
[32–35] have been investigated. Continuous fiber-rein-
forced ceramic matrix composites (CFCCs) are also
known to elongate to a much lesser degree than do rein-
forcing fibers [36,37]. Statistical models have been pro-
posed [38–41] to account for the tensile strength of
CFCCs, in which the fiber/matrix interfacial sliding
stress ss has been assumed to support a portion of the
tensile load. Recently, a model proposed by Curtin
et al. [38,39] has attracted attention for its successful
prediction of the tensile fracture stress of CFCCs, which
is higher than the strength of dry fiber bundle and
slightly enhanced with increase in ss. C/Cs usually exhi-
bit the opposite tendency [9,23,26,30,31]; the tensile
strength of C/Cs was lower than that of the dry bundle
and was found to improve with decrease in interfacial
bonding, sd. Thus, a new model is required in order to
simulate the tensile fracture of C/Cs.

Hatta et al. recently examined the effects of density on
the tensile strength of various C/Cs, and they recon-
firmed that the tensile strength of the C/Cs decreased
with the enhancement of matrix/fiber interfacial
strength, sd, [9] as shown in Fig. 2. The 2D-HIP-
2573K samples shown in this figure degraded more rap-
idly than did 2D-RC-2573K specimens. This was found
to be due to fiber degradation, which occurred only in
the case of 2D-HIP-2573K samples by simultaneous
and repeated applications of a high pressure and high
temperature, HIP treatment [9]. In this figure, the tensile
fracture strain was diminished with density, q. This re-
sult is superficially not in agreement with findings re-
ported in other studies of the densification effect; the
tensile strength of C/Cs has been often reported to in-
crease with q when C/C density is rather low [42]. How-
ever, if one considers the data of 2D-RC-2573K in
Fig. 2, in which the tensile fracture stress is plotted in-
stead of strain, then revised data demonstrates that the
fracture stress increases with q [9]. This behavior can
be explained in terms of Young�s modulus E; much low-
er Young�s moduli than the predictions by a rule of mix-
tures are obtained when low density C/Cs are used in
ordinary tensile test set up. Since low density C/Cs have
extremely low interfacial strengths. In such circum-
stances, the load from the tensile test fixture of a tensile
loading machine to the surfaces of a specimen was not
transferred to the core (center region) of specimen.
Thus, low density C/C tends to be loaded only in near
surface regions [9]. This non-uniform stress across a
cross-section of a tensile specimen led to low Young�s
moduli and low strength, though maintaining high ten-
sile fracture strain near surface region.

Fig. 3 shows the tensile fracture strain eus and inter-
facial shear strength sds of pitch-fiber reinforced C/Cs
as a function of heat treatment temperature, HTT [24].
In this figure, the relationship between the eus and sds
appears rather complicated; although the sds monoton-
ically decrease with HTT, the eus show more complex
behaviors. This behavior of the eus was explained in
terms of fiber degradation [24]. The strengths of K633
and K321 fibers were found to suddenly decrease from
2300 and 1800 K (speculated to be HTTs of the fibers),
respectively. Thus, Figs. 2 and 3 suggest that the tensile
fracture strains of C/Cs can be determined on the basis
of fiber strength and interfacial strength, provided that
statistical distributions of both are included [26].

The tensile fracture surfaces of K633-C/Cs heat-trea-
ted at various temperatures are shown in Fig. 7. As this
figure shows, the tensile fracture of C/Cs occurred by
intermittent fractures by fiber bundle units; the thick-
nesses of the fractured fiber bundles consistently de-
creased with decrease in sd. This tendency was also
observed in the cases of the K321-C/Cs and IM600-C/
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Cs (the 2D-HIP-2573K and 2D-RC-2573K in Fig. 2). In
spite of low interfacial strength, the brittle (bundle unit)
tensile-fractures were derived for C/Cs. It is due to low
toughness of carbon fibers [26]. When a matrix crack ar-
rives at fiber/matrix interface, the direction of crack
extension can be evaluated, for example, by the follow-
ing equation given by Kendall [43]:

Gic

Gfc

6
hmEm þ hfEf

hfEf

� �
1

4pð1� m2Þ

� �
; ð1Þ

where Gc, h, and m are critical energy release rate, thick-
ness (two-dimensional model), and Poisson ratio. The
subscripts f and m represent fiber and matrix. When this
inequality is satisfied, crack at the interface reflects to
the interface, respectively. Representative Gfcs of PAN-
based carbon fiber and SiC fiber are 7.5 and 54.5 J/m2

[44,45], respectively. Substitution of typical values of
C/C and SiC/SiC into Eq. (1) revealed that a matrix
crack tends to penetrate into fiber for C/Cs, but to de-
flect to the interface for example SiC/SiC [26].

Above result suggests the following sequence as a
possible tensile fracture process of C/Cs [26].

(1) A crack initiated from single fiber fracture pene-
trates through fibers until the crack tip meets inter-
faces possessing an extremely low sd. At such
location, the crack front is deflected toward inter-
face. Thus, the fracture bundle is determined by
the probability of encountering an extremely weak
interface. As shown in Fig. 2, interfacial debond-
ing stress was scattered very widely. This result
indicates that when the average sd is high, then
the fracture bundles are thick.

(2) The type of bundle-unit-fractures described above
intermittently continues to proceed.
Fig. 7. Comparison of tensile fracture surfaces of K633 C/Cs heat-
treated at the designated temperatures with different interfacial shear
debonding stresses, sd [26].
(3) The load, which was sustained by broken bundles,
is nearly uniformly transferred to surviving fibers,
because the sd is extremely low in the C/Cs.

(4) When the remaining fibers cannot sustain the load,
then the ultimate fracture occurs. Thus, the ulti-
mate fracture occurs earlier when fracture bundle
is thicker, because the transferred load per frac-
tured bundle is higher.

Thus, the tensile fracture stress of C/Cs can be pre-
dicted if we can determine the fracture fiber bundle by
a simulation of fracture process of each fiber bundle
using, for example, a Monte Carlo method. For a spe-
cially arranged mini-bundle C/C, fracture bundle could
be easily determined and a Monte Carlo simulation re-
sulted in excellent agreement with experimentally ob-
tained C/C strength [46].

3.2. Tensile properties at high temperatures

Only a small number of reports have been published
concerning high-temperature behavior [3,4,8,47–49],
and the results have been contradictory, even with re-
spect to the temperature dependence of tensile and
flexural strength. Fig. 8 shows the typical tensile
stress–strain, r–e curves of a cross-ply laminate C/C
(CP) loaded in the 0� (fiber axis) direction at room tem-
perature and 2273 K, and obtained at a crosshead speed
of 0.1 or 5.0 mm/min [8]. As shown in this figure, the r–e
curve of the C/C at room temperature was linear up to
the point of total fracture, and the same line was traced
during the repetition of loading–unloading. In contrast,
a nonlinear deformation and permanent strain were ob-
served at 2273 K at a test speed of 0.1 mm/min. How-
ever, the r–e curve at a test speed of 5.0 mm/min
resulted in a nearly straight line up to the total fracture,
Fig. 8. Stress–strain curves of a cross-ply-laminated C/C at room
temperature and at 2273 K, with different crosshead speeds of 0.1 and
5.0 mm/min [8].
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with a slight decrease in Young�s modulus, compared
with the results obtained at room temperature shown
as a broken line in Fig. 8. These findings indicate that,
at elevated temperatures, the r–e curves of C/Cs are sim-
ilar to those at room temperature, and apparent nonlin-
ear behavior appears due to a strain rate-dependent
factor, i.e., creep deformation.

The reported results regarding the temperature
dependence of tensile and flexural strength have been
contradictory; while some researchers have reported a
weak dependence on temperature [3,4,47], others have
shown a significant enhancement of strength
[4,8,48,49]. To elucidate the mechanisms governing the
enhancement of the strength of C/Cs at high tempera-
tures, tensile tests of a 2D-laminate C/C parallel to the
fiber axis were conducted at various temperatures up
to 2773 K [8]. The tensile strength of the C/C was mono-
tonically enhanced with increase in temperature, as
shown in Fig. 9. This enhancement became rapid from
1773 K. One of the mechanisms responsible for this
enhancement in strength was the de-gassing of absorbed
water [8], which exerted a dominant influence on the
enhancement in tensile strength observed at tempera-
tures up to 1773 K [8]. The strength degradation by ab-
sorbed water has already been observed under shear and
bending loads [49–52]. It was speculated that absorbed
water weakens chemical carbon bonding. Thus, at ele-
vated temperatures under vacuum, absorbed gas evapo-
rated and original higher strength was recovered. The
second mechanism was the enhancement of the strengths
of the fibers and matrix due to stretching graphitization
that took place during creep deformation [8]. This phe-
nomenon was especially notable at temperatures exceed-
Fig. 9. Temperature dependence of tensile strength in a cross-ply-
laminated C/C (reinforced with high modulus carbon-fiber M40
Toray) obtained under a vacuum at temperatures of up to 2273 K
and an Ar atmosphere at temperatures above 2273 K. The difference
between C/C strengths with and without de-gassing treatment repre-
sents the effect of absorbed water. The de-gassing treatment was
carried out at 1473 K under a vacuum. The strength improvement at
temperatures of up to 1773 K was due to the evaporation of absorbed
gas, whereas the improvement at temperatures above 1773 K was
caused by creep deformation [8].
ing 1773 K, and it produced much greater levels of
enhancement than did de-gassing.

3.3. Creep behavior

Creep deformation in the C/C has been reported at
temperatures exceeding 1773 K [8,53,54], as shown in
Fig. 10 in the case of a 2D laminate C/C reinforced with
M40 carbon fiber (M40-C/C). In this experiment, the
tensile creep behavior was observed until a creep strain
of 10%, but no creep rupture was observed. More rapid
creep behavior was observed for a C/C reinforced with
high-strength type carbon fiber T300, Toray [8,54]. Gen-
erally, creep rates have been compared in terms of stea-
dy-state creep, where the creep rate is constant. As
regards steady-state creep rate de/dt, the Dorn equation
[55], given by Eq. (2), has frequently been adopted. The
Dorn equation is characterized by the stress exponent, n,
and the activation energy, Q, as follows:

de=dt ¼ Arn expð�Q=RT Þ; ð2Þ
where A is a constant, R is the gas constant, and T is the
test temperature. From Fig. 10, n and Q were deter-
mined to be 2.0 and 1100 kJ/mol, respectively, and those
of a C/C reinforced with T300 were 6.0 and 730 kJ/mol,
respectively; here, the Q value of these two C/Cs appears
similar, but n is different. A similar Q value has been re-
ported for other C/Cs [53] and glassy carbons [56], i.e.,
from 1000 to 1200 kJ/mol. As regards the value of n in
the case of carbon materials, 6.0 [54] and 8.0 [53,56] have
been reported. These values indicate that different fiber
results in different value of n, but in similar Q values.
However, the underlying mechanisms for these results
have not been elucidated.
Fig. 10. Creep curves of cross-ply-laminated C/Cs reinforced with
high-modulus fiber M40 [8].
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4. Shear strength

4.1. Stress–strain curve

Although C/Cs exhibit high strength and a linear r–e
curve in terms of tension parallel to a fiber axis (Fig. 8),
a significant non-linearity in the stress–strain curve fol-
lowed by extremely low strength appears in cases involv-
ing shear loading [57,58]. This characteristic has been
reported to be most salient feature of C/Cs in compari-
son with CFCCs [37]. In particular, three-dimensionally
reinforced (3D) C/Cs have been shown to possess
remarkably low shear strength and yet high strain capa-
bility [5]. For example, a tensile strength of 250 MPa
and a shear strength of 20 MPa was reported for an
orthogonal 3D-C/C [5]. As a result, these poor proper-
ties are often critical parameters in the context of design-
ing C/C structures.

The evaluation of shear behavior at elevated temper-
atures remains a difficult task. Thermal expansion mis-
match between a specimen and test fixtures prevents
the utilization of test fixtures often employed for
room-temperature shear tests, e.g., the Iosipescu shear-
test configuration [59]. Aoki et al. [22] used an off-axis
compressive tests method in which fibers were oriented
at ±45� to the loading direction. This method enabled
the use of self-standing specimens, and thus the use of
a supporting fixture at elevated temperatures can be
avoided. Aoki et al. used dog bone specimens possessing
a cross-section of 10 mm · 10 mm in the gauge section,
as shown in Fig. 11. The shear stress s and the shear
strain c were calculated according to the following equa-
tions [60]:

s ¼ 0:5� P=A; c ¼ 2� eL; ð3Þ
where P, A, and eL denote the applied load, the cross-
sectional area of the gauge section, and the strain in
Fig. 11. Specimen geometry of the off-axis compressive test, and
typical shear damage observed in the 3D-C/Cs after a shear strain c of
10% [22].
the longitudinal direction of specimen, respectively.
The problem associated with this test method is that
not only pure shear stress but also normal stress are ap-
plied to the fracture surface. Accordingly fracture shear
stress might be affected by the normal stress.

Fig. 12 shows shear stress–strain (s–c) curves of an
orthogonal 3D-C/C recorded at room temperature and
also at elevated temperatures using the off-axis compres-
sive method. The shear behavior represented by the s–c
curves was divided roughly into three regions: (i) initial
elastic, (ii) progressive non-linear, and (iii) nearly plateau
stress regions. The initial shear modulus obtained in re-
gion (i) was as low as 2 GPa and loading capability did
not degrade even at c > 10%. The onset stress of non-
linearity and maximum shear stress regions significantly
increased with an increase in the test temperature. To
investigate the underlying mechanisms yielding substan-
tial shear deformation and strength improvement at ele-
vated temperatures, the evolution of shear damage was
observed at different loading stages. At the transition
strain from region (i) to region (ii), debonding at fiber
bundle surfaces started to propagate; this lead to non-
linearity in the s–c curve. In region (ii), the debonding
of fiber bundles occurred progressively. When the deb-
onding was completed, a nearly constant shear stress
continued to be observed (region (iii)). In region (iii),
the 3D-C/C was deformed by the sliding at fiber bundle
interfaces. Fig. 11 shows the shear damage observed in a
specimendeformedup to region (iii) at room temperature.
This photograph clearly demonstrates that the shear dam-
age spreads almost all over the fiber bundle interfaces.
This finding indicates that the shear strength enhance-
ment at elevated temperatures is attributed to the increase
in the interfacial sliding stress of fiber bundles.

4.2. Shear fracture model

Based on above results, an analytical model was pro-
posed by Aoki et al. for simulating the shear damage
Fig. 12. Shear stress–strain curves of the orthogonal 3D-C/C at
temperatures ranging from room temperature to 1873 K [22]. The
dashed line represents predicted shear strength using Eq. (3).



Fig. 13. Schematic drawing of shear deformation mechanisms
observed in the 3D-C/C in the plateau shear-stress region [22].
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process of a 3D-C/C [22]. This model was derived as a
modification of Keith�s model, which was originally
developed for laminated composites [61]. In the present
model, the shear damage of the 3D-C/C was simplified,
as shown in Fig. 13. The applied load in the plateau
stress region is sustained by two frictional sliding stres-
ses, acting in the directions parallel and perpendicular
to (rotational) fiber bundles. The sliding stresses sss were
determined by the fiber bundle push-out tests. Thus, the
shear strength smax of the 3D-C/C can be expressed as
[22]:

smax ¼
p
2
ss þ 4

X p
2

ss
Lzd

2

Z Z
r2 dr d/

� �
; ð4Þ

where Lz and d denote the width of the z-bundles and
the size of unit cell used for the calculations, respec-
tively. The first and second terms represent the respec-
tive influences of axial bundle sliding and rotational
sliding. Eq. (4) predicts high shear strength for compos-
ites with strong interfaces. The calculated smaxs of the
3D-C/C are also indicated in Fig. 12 by the dashed lines.
As can be seen in Fig. 12, reasonable agreement was ob-
served between the calculated and the experimental
shear strengths.
5. Compressive strength

The difficulty of evaluating the compressive strength
of continuous fiber-reinforced composites is well known
[62,63]. Compressive tests of composite materials have
generally been carried out using a supporting jig in order
to prevent premature bending deformation. Because C/
Cs have extremely low shear modulus and strength
[5,64], prevention of such bending deformation during
compression tests is of primary concern. However, the
supporting jig approach is difficult to apply at elevated
temperatures, due to the difficulty of avoiding a thermal
expansion mismatch between the specimen and the test
fixtures.

The compressive fracture mechanisms of fiber-rein-
forced composites are classified into three categories,
i.e., compressive failure of the fiber, shear failure, and
kinking [62,63,65]. Among these, kinking is the most
frequently observed. This type of fracture tends to be
preceded by the micro-buckling of the fiber. The micro-
buckling stress rc has been discussed by a number of
groups [66–68]; the following (or a similar) criterion
has been given for the onset of fiber buckling;

rc ¼
Gm

1� V f

; ð5Þ

where Gm is the shear modulus of the matrix and Vf is a
volume fraction of load supporting fibers. This equation
is known to be quantitatively incorrect, but has been
nonetheless employed to predict qualitative tendencies
[68,69].

As regards the compressive fracture behavior of C/
Cs, little data are available. In particular, very little is
known about high-temperature results. Fitzer [70] and
Monacha [71] first examined the compressive strength
of C/Cs, and more recently Gupta et al. [72–75] and
Kishi et al. [76,77] have reported more detailed results
obtained at room temperature. Gupta et al. examined
the compressive fracture behavior of laminated C/C
reinforced with eight harness satin weave cloths using
rectangular parallelepiped block specimens. They con-
cluded that the compressive failure of the C/C finally re-
sults in interlaminar shear fracture, but the initial failure
is a kink originating from an internal defect such as
interfacial debonding between the fiber and the matrix.
Kishi et al. also observed similar results in an initial re-
port [76], but when an inclined load against the fiber
direction was applied in a unidirectionally reinforced
C/C, they observed that in-plane shear fracture was
dominated [77]. This result was apparently caused by
the low shear strength of the C/Cs as noted above.

Hatta et al. [78] also investigated the compressive
strength of a laminated and 3D-reinforced [10] C/Cs.
As regards the laminated C/C, they observed interlami-
nar fracture under a compressive load, but the kink type
of fracture was observed in the case of the 3D-C/C.
Moreover, they examined the compressive strength of
3D-C/C at elevated temperatures up to 3000 K. The
3D-C/C had the tendency to induce kinks at the ends
of the specimen, due to stress concentrations and its ex-
tremely low shear strength. In order to avoid this type of
premature fracture and to conduct high-temperature



Fig. 14. The configuration of the compressive test, adopted for high-
temperature tests of 3D-C/C, in which AE/AG > 10 and AS/AG > 20 in
order to reduce stress concentration at the specimen ends and shear
deformation effect [10].
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tests, the specimen geometry and testing procedure were
considered in detail. The configuration illustrated in
Fig. 14 was found to be effective. This self-standing spec-
imen was adopted in order to avoid thermal mismatch
strain between the specimen and the test fixture at ele-
vated temperatures; a sufficient loading area, AE, and
a shear supporting area, AS, were arranged in order to
alleviate the stress concentrations at specimen ends
and to avoid shear deformation, respectively. Fig. 15
summarizes the results of high-temperature tensile and
compressive tests of the 3D-C/C heat-treated at about
2800 K. As this figure depicts, the compressive strength
of the 3D-C/C increased up to a temperature of 2273 K
and decreased at temperatures beyond 2273 K.

The experimentally observed kinks (i.e., fiber fracture
by bending) for the 3D-C/C were found to be the result
of micro-buckling. Thus, Eq. (5) can be used to account
for the compressive fracture. In the present cases, Vf in
Eq. (5) should include only those fiber bundles oriented
in the loading direction, and Gm should be taken as the
shear modulus of the composite, including the matrix
Fig. 15. Temperature dependence of compressive and tensile strengths
of 3D-C/C [10].
and fiber bundles oriented in directions other than in
the loading direction. In Eq. (5), only Gm depends on
temperature, and rough tendency of Gm can be obtained
from Fig. 12. As shown in Fig. 12, Gm monotonically in-
creased up to temperature of about 2000 K. Thus, the
improvement in rc with an increase in temperature up
to 2300 K can be explained in terms of Gm. Generally,
the elastic modulus of the carbon material degrades at
temperature higher than 2000 K [4]. This degradation
explains the temperature dependence of rc in the region
from 2000 to 2800 K. The rapid decreases in the com-
pressive strength at temperatures exceeding 2800 K
might be due to the degradation of the T300 fibers [9].
It should be noted here that 2800 K was heat treatment
temperature of the 3D-C/C.
6. Fatigue behavior

Fatigue behavior is one of the most important design
properties for primary load bearing structures intended
for long-term use. However, only a few studies on the fa-
tigue behavior of C/Cs have been reported [6,79–85].
Within authors� knowledge, fatigue data of C/Cs are
available only at room temperature.

6.1. Fatigue in tension

6.1.1. S–N curves

The fracture strain vs. the number of cycles to failure,
i.e., the S–N curves of unidirectionally reinforced (UD),
cross-ply laminated (CP), and quasi-isotropically lami-
nated (QI) C/Cs fatigue-tested at a frequency of
10 Hz, are shown in Fig. 16 [83]. The ultimate tensile
failure strains obtained by static tensile tests were plot-
ted as the data at a single fatigue cycle, N = 1. From
Fig. 16, it is clear that the S–N curves of all of the
C/Cs tested here were similar. The fracture strains
gradually diminished from the static fracture strains to
Fig. 16. Relationship between maximum strain and cycles to failure of
2D C/Cs subjected to fatigue loading [83].
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fatigue limit strains of approximately 0.2 ± 0.01%, and
those limit strains were 85–92% of the static fracture
strains. The fatigue limit cycle was ca. 104 cycles, and
no fatigue fracture was observed beyond this cycle. This
finding implies that the fatigue limits of the C/Cs were
not affected by the fracture strain or fatigue limit of
the matrix as is the case with carbon fiber-reinforced
plastics, CFRPs [84].

6.1.2. Residual strength

The residual tensile fracture strains of the fatigue-
loaded but surviving specimens were larger than the fa-
tigue limit strains (�0.2%), as shown in Figs. 17 (a) and
(b). This finding accounts for the observation that no fa-
tigue fractures were observed at over 104 cycles. This
enhancement of the tensile strength was facilitated by in-
creases in the number of fatigue cycles. In contrast, the
C/Cs show slight increase in fracture strain with an in-
crease in the maximum applied fatigue loading strain.

In order to characterize the micro-fractures that oc-
curred during the fatigue loading in the principal load-
bearing (0�) plies, a comparison of samples with and
without clear strength enhancement caused by fatigue
loading was carried out; the number of interfacial frac-
tures and matrix cracks was compared between the sam-
ples [6]. Observation of cross-sections by SEM indicated
Fig. 17. Residual fracture strains after fatigue loading as functions of
applied maximum fatigue strain (a) and applied cycles (b) [83].
that the strength enhancement mechanism required to
recover or strengthen the C/Cs after fatigue was closely
related to increases in the number of cracks near the fi-
ber/matrix interfaces, i.e., the degradation of the fiber/
matrix interface in 0� plies.

The S–N curves and residual failure strain after fati-
gue loading indicated that two types of damage occur
during cyclic loading, namely degradation and enhance-
ment of fracture strains of the 0� plies of the C/Cs. The
first type of damage, i.e., the strength degradation mech-
anism, operated above the fatigue limit strain, and was
most likely caused by fiber damage induced by wear
due to sliding at interfaces, which is similar to the pro-
cess that occurs in CFCCs [86–90]. The mechanism
responsible for the other type of damage, i.e., enhance-
ment of fracture strains, appeared to be the evolution
of the fiber/matrix interface debonding, which had accu-
mulated in the C/Cs during fatigue loading. As men-
tioned in Section 3.1, C/Cs have been reported to be
strengthened by weakened fiber/matrix interface bond-
ing [9,31,91].

6.2. Fatigue in shear mode

Absorbed water was found to reduce the static
strength of C/Cs [8,49] and tensile fatigue behavior
was also shown to be affected by absorbed water [85].
Shear mode fatigue tests were conducted in air, oil, or
water using double-notched compression (DNC) speci-
mens by Tanabe et al. [85]. They demonstrated that
shear strength was reduced with fatigue loading under
all conditions tested and water accelerated this degrada-
tion of strength. Strength degradation was slightly
slower in oil than in air. These results suggest that fati-
gue degradation under shear loading occurred due to a
wedge effect similar to the mechanism in CFCCs, and
this effect was accelerated by stress corrosion cracking
with water.
7. Concluding remarks

C/Cs exhibit high elastic modulus and brittle fracture
under tensile loading, but low modulus and large
fracture strain under shear loading. Although brittle
fracture was observed under precisely controlled com-
pressive loading, a slight inclination in compressive
loading lead to large shear deformation. The present re-
view showed that these characteristics are especially
notable in 3D-C/Cs and are primarily derived from
low interfacial strength (sd). The notch sensitivity of
C/Cs, though not included in this review, is an impor-
tant property for designing load-bearing structures.
C/Cs are known to possess substantial toughness and
notch insensitivity [5,91–93]. In particular, high tough-
ness has been observed in 3D-C/Cs. Such high tough-
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ness behavior was principally the result of extremely low
sd values [5]. The combination of these characteristics is
unique to C/Cs and is not congruous with existing de-
sign methodology. Thus, new design criteria are re-
quired to establish so as to effectively use C/Cs.

The low sd of C/Cs also affects other phenomena. For
example, the low coefficient of the thermal expansion of
C/Cs was partly caused by debonded fiber interfaces
[27]. The fiber/matrix interface is thus an important re-
search issue for understanding of various properties.
However, investigations of the C/C interfaces remain
at a primitive stage. For example, the interfacial shear
strength shown in Figs. 2, 3, and 6 significantly varied
when the test geometry changed [94]. Hence, research ef-
fort should be more actively directed to explore param-
eters that truly characterize interfacial fractures of C/Cs
and their test methods.
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