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Abstract 

Fracture toughness of ceramic-matrix composites 
cannot be provided by an intrinsic fracture parame- 
ter. The presence of a fracture process zone induces 
stress redistribution mechanisms that partially shield 
the crack tip area from the applied stress$eld. The 
shape and size of the process zone depends upon 
extrinsic factors such as specimen shape and thick- 
ness, load distribution on the propagation zone, etc. 
The present work deals with the determination of the 
crack growth resistance curve (R-curve) of carbon/ 
carbon (C/C) composites using the standard compact 
tension geometry. Two d@erent material thicknesses 
were used and both monotonic and loading/unloading 
test patterns were applied. The determination of the 
R-curve in all cases was based on a compliance cali- 
bration technique. The results show that the mono- 
tonic loading leads to higher plateau values for the 
R-curve of the C/C material compared to that cal- 
culated from cyclic loading and referred to the same 
material thickness. Furthermore, the thicker speci- 
mens appear to have slightly higher plateau values. A 
precise examination of damage initiation and propa- 
gation was attempted to explain the monitored dif- 
ferences. 0 1997 Elsevier Science Limited. 

1 Introduction 

Carbon/carbon composites are among the ideal 
candidate materials for high temperature structural 
applications due to their excellent specific mechan- 
ical performance up to 25OO”C, good resistance to 
thermal shock and less brittle fracture behaviour 
compared to that of monolithic carbon.’ Despite 
their sensitivity to oxidation, which could be over- 
come using oxidation protective top layer coatings,* 

*To whom correspondence should be addressed. 
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C/C composites have no competitor in 
perature-high strength applications. 

C/C composites can be considered 

high tem- 

as tough 
materials made of brittle constituents; high 
mechanical performance fibers are organized in a 
compliant preform and stabilized together with a 
poor mechanical performance carbon matrix.3 This 
kind of structure, in the presence of a strain con- 
centration site, permits the development of a 
damage process zone where stress redistribution 
occurs by extensive matrix cracking, fibre-matrix 
debonding and sliding, accompanied by stochastic 
fibre fracture435 offering, in such a way, partial 
shielding of the crack tip region from the applied 
load. 

According to recent literature,“* C/C materials, 
in the presence of a structural discontinuity under 
mode I remote loading, display shear type damage, 
which provides the formation of shear bands nor- 
mal to the initial notch plane. 

Many attempts have been made at fracture 
behaviour characterization of C/C composites. It is 
generally accepted that the fracture behaviour of a 
ceramic-matrix and the C/C composites can be 
better illustrated by the crack growth resistance 
curve (R-curve) of the material, rather than 
through the determination of an intrinsic material 
parameter, which seems to be hopeless.“” Due to 
the lack of testing standards in the case of ceramic- 
matrix composites, different specimen geometries 
and different theoretical approaches, assuming 
either linear or non-linear, elastic or non-elastic 
material behaviour, have been used in order to 
analyse the resistance to damage propagation of C/ 
C composites. As a result, a large amount of 
experimental data have been produced, often con- 
flicting. l*-l 5 

Within the scope of the present work, interest was 
centered on the compact tension (CT) test, which 
used for mode I fracture toughness characterization 
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of C/C material normal to the plane of the rein- 
forcements. It is the authors’ opinion that the CT 
test offers the advantages of being less likely to 
promote compressive yielding compared to the 
bend specimen, and reserves a zone where stable 
crack propagation of the initial crack occurs. 

The aim of the present work is (i) to compare the 
R-curve behaviour of C/C composites resulting 
under monotonic and cyclic loading, (ii) to investi- 
gate the effect of the thickness of the specimens on 
their fracture behaviour and (iii) to identify the 
fracture modes and the mechanisms which take 
place during the loading process. 

To this end, in the case of monotonic tensile 
loading, the approach of effective crack length, 
which is provided via the compliance calibration 
procedure, was adopted, together with the 
assumption of the validity of linear elastic fracture 
mechanics (LEFM). In the case of cyclic loading 
the behaviour of C/C material was modeled as a 
sum of two contributions; a linear elastic one that 
fails according to the principles of LEFM, and an 
independent damage mechanism which absorbs 
energy but does not alter the ultimate fracture 
load. The energy absorbing mechanism is respon- 
sible for the irreversible deformation of the mate- 
rial. 

In Section 2 complete descriptions of the mate- 
rial used and the experimental procedure followed 
are given, whilst in Sections 3 and 4 the analysis of 
the experiments conducted under monotonic, and 
cyclic, loading is presented respectively. Section 5 
contains the results for the crack growth resistance 
curves of the materials under investigation, under 
both loading patterns together with a systematic 
comparison and discussion of the failure modes 
detected using SEM microscopy. Finally, Section 6 
summarises some basic conclusive results and 
argues some aspects of the analytical modeling of 
the fracture behaviour of C/C composites based on 
the bridging stress approach. 

2 Experimental Procedure 

2.1 Description of the material 
Commercially available 2-D carbon/carbon lami- 
nates produced by Schunk Kohlnenstofftechnik 
GmbH were tested. The laminates were reinforced 
by orthogonally woven &harness satin weave fab- 
ric, stacked together in a symmetric (0”/90”) way. 
The fabric contained high tensile modulus fibers 
and the base matrix material was phenolic resin. 
The production of the material consisted of a series 
of carbonisation (SOOOC) and re-impregnation with 
phenolic resin cycles plus a final graphitisation 
post-treatment cycle (2100°C). The final fiber 

volume fraction of the C/C plates was 60% and the 
total porosity of the material was less than 10%. 
The bulk density of the material was 1.49g cme3. 
Two different plate thickness were tested, one of 
2.7mm and one of 10mm. 

The tensile properties of the material are given in 
Table 1 and they are identical both for plate thick- 
ness and in both plate directions, as expected. 

The tensile tests were performed using dog-bone 
shape specimens, 210 mm long and 10 mm wide (at 
the ligament region). The cross head velocity of the 
hydraulic testing machine used for the tensile tests 
was O-1 mm min-‘. The material exhibited a slight 
non-linear behaviour approaching the end of its 
life. A typical stress-strain curve is given in Fig. 1. 
The thickness of the tested specimen reported in 
Fig. 1 was 2.7 mm. 

2.2 Testing procedure 
As previously stated, two different plate thicknesses 
were tested under monotonic and cyclic loading, in 
order to obtain the R-curve behaviour of the 2-D 
C/C composites. In all cases the CT test was 
adopted and a schematic representation of test 
coupons, the dimensions of which are according to 
the European Structural and Integrity Society test 
protocol, is given in Fig. 2. The dimension W has 
been chosen to be 40mm. 

Mechanical loading was applied through a pin- 
and-shackle system to prevent the specimen from 
bending. The cross head velocity of the testing 
machine was 0.1 mm min-‘. The crack geometry 
was of V-shape. The notches were prepared using a 
diamond saw for the initial cut, a razor blade being 

Table 1. Tensile properties of the 2-D woven C/C composite 

Tensile strength (MPa) 173 
Modulus of elasticity (GPa) 60 
Poisson’s ratio 0.07 

Strain 12 (%) 

Fig. 1. Representative stress-strain curve of the 2D C/C 
material (B= 2.7 mm). 
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Fig. 2. Schematical representation of the compact tension test 
specimen. 

used for the final cut at the crack tip. A special jig 
was applied to ensure that each razor cut was uni- 
form and at the right angle with respect to speci- 
men direction. The edge radius of the razor blade 
was 0.003 mm. 

The calibration curve allows the determination of 
an effective macrocrack length from the compli- 
ance measurements. In the present work, compli- 
ance calibration curves were determined using 
crack mouth opening measured by a crack opening 
displacement (COD) transducer. 

3.2 Application of the LEFM approach 
In both cases, of thin and thick 2-D C/C compo- 
sites, the LEFM was applied for the calculation of 
the strain energy release rate according to the well 
known relation: 

where PC is the fracture load at each crack incre- 
ment, B the specimen thickness and $$ the slope of 
the compliance calibration curve at that point 
which is described by the calculated crack length. 
In addition the material fracture toughness &c is 
calculated using the following equation: 

3 Monotonic Tensile Loading of the CT Specimen 
where: 

Thin and thick specimens were used for the deter- 
mination of the R-curve behaviour of 2-D C/C 
composites using LEFM analysis, adopting the 
compliance calibration technique. This approach is 
valid whenever small scale energy absorbing 
mechanisms are present. 

This is mainly the case for thin specimens, where 
it was evident that the presence of limited residual 
displacements, after several loading/unloading 
cycles applied on a CT specimen, were attributed 
to a limited amount of low scale debris effect. 
Thus, the assumption of the absence of indepen- 
dent damage mechanisms validates the considera- 
tion of the test coupons as damageable linear 
elastic materials. 

The experimental procedure consisted of the fol- 
lowing steps: 

3.1 Generation of the compliance calibration curve 
It is well known that a macrocrack can be defined, 
in the case of ceramic composites, as a material 
region for which the level of damage is so extensive 
that its rigidity is negligible. Therefore, the devel- 
opment of a damage zone affects the specimen 
compliance in the same way as crack propagation. 
This approach justifies the use of a compliance 
calibration curve C(U), which correlates the propa- 
gation of the damage zone to the notch lengths of 
specimens, cut with a thin diamond saw (0.3mm 
thickness) in order to retain the same compliance. 

Y(i) = (2 + (E)) (1 - (;))-3’2 

{ 
0.886 +4.64(F) - 13.32(+)2 (3J 

+ ,4.72($)3-56(+)4} 

This expression is accurate within 0.5% in the 
range of 0.2 < a/ IV< 1. Finally, within the bounds 
of LEFM, the existing relation between GR and 
KIc is given by the expression: 

K2 GR=s 
E’ 

where E’ = E under plane stress and 
E = E/(1 - v2) under plane strain conditions. 

3.3 Plot of the energy release rate against the 
effective crack length 
The change of crack length during the monotonic 
loading was computed from the change in compli- 
ance. This method provides a safe way to obtain 
the elastic strain energy release rate assuming the 
material is a damageable elastic one. The R-curve 
is provided by plotting the strain energy release 
rate versus the apparent crack increment A.a. 
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As already stated, this kind of approach to frac- 
ture behaviour of 2-D C/C material involves 
remarkable uncertainties mainly in the case of 
thick specimens, where the presence of ‘irreversible 
damage mechanisms’ affects the resulting R-curve, 
thus overestimating the fracture resistance of the 
material. 

4 Cyclic Loading of CT Specimens 

In order to reveal the irreversible damage mechan- 
isms occurring in the vicinity of the crack tip dur- 
ing the monotonic loading, a loading/unloading 
procedure has been applied under displacement 
control of the testing frame. 

The test specimen was unloaded to about 50% of 
each previous load so that the slope of the unload- 
ing line (e.g. the inverse of compliance) could be 
determined. The specimen was then reloaded. It 
was possible to repeat this loading/unloading pat- 
tern five to six times until the final fracture of the 
test coupon. The loading rate was again 0.1 mm 
min-‘. 

Following the above described cyclic loading one 
could apply the technique proposed in Ref. 16 for 
the calculation of the J-integral which describes the 
energy release rate in the case of non-linear, elastic 
fracture mechanics approach. The present analysis, 
which was again applied on both thin and thick 
specimens, aims to determining the crack growth 
resistance R of the 2-D C/C material as the sum of 
two energy rate contributions: 

the non-linear strain energy release rate Gi, 
which can be directly correlated to Glc frac- 
ture parameter, calculated by LEFM; 
the plastic energy dissipation rate @jr, which is 
the energy consumed due to the process of the 
formation of the damage zone which sur- 
rounds the crack tip region. 

The crack growth resistance R, the nonlinear 
strain energy release rate G> and the plastic energy 
dissipation rate @jr were calculated using the load- 
ing/unloading procedure applied for the CT speci- 
men configuration. The establishment of this 
nonlinear semi-empirical approach, based on the 
form of the (P - 8) curve at each stage of crack 
increment, is a necessary requirement in order to 
understand the fracture behaviour of 2-D C/C 
composite materials, track down the inherent irre- 
versible mechanisms and calculate the consumed 
energy rates needed for the formation of the crack 
area. 

In Fig. 3, a representative curve of the linear 
elastic fracture behaviour is shown. At the instant a 
critical load is reached, a crack increment occurs. 

4 

P 

6 

Fig. 3. Typical (P - 6) curve-linear elastic behaviour. 

As a result the curve exhibits a non-linear form. 
Successive unloading, (Fig. 3), at different stages of 
crack propagation, shows that no plastic phenom- 
ena are present. In this case, the characteristic 
parameters are the load P, the crack opening dis- 
placement 6 and the compliance from the origin, 
C = $. Therefore, the effective crack length may be 
easily calculated. Additionally, it is obvious that 
the non linearity of the (P - S) curve is only attri- 
butable to the irreversible loss of energy consumed 
to create a new crack surface. 

Figure 4 shows a schematic representation of the 
behaviour of a linear, non-elastic material. The 
crack propagates when a critical load is exceeded. 
In this case, successive unloading at different crack 
increments leads to plastic deformation as a result 
of the development of various additional fracture 
mechanisms such as fibre bridging and pull-out, 
fiber-matrix debonding, debris effects, and exten- 
sive matrix microcracking. The consumed total 

Fig. 4. Representative curve of linear non-elastic behaviour. 
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energy now consists of the part necessary for the 
formation of new crack surface and the energy, 
and that necessary for supplying all the ‘irreversi- 
ble’ damage mechanisms which appeared. 

The characteristic parameters are the load P, the 
COD 8, the remaining displacement at each 
unloading step 6i, as well as the modified compli- 
anceC,C* =y. 

When the loops of the loading cycles are not lin- 
ear, a non-linear, non-elastic behaviour is assigned. 
Using the medians to the loops one may apply the 
same calculation procedure which is presented in 
the following. The main reason for using the load- 
ing/unloading procedure is that the irreversible 
mechanisms are traced via the registration of the 
residual displacements ai,. The variation of com- 
pliance C* between two successive cycles, n - 1 and 
IZ, permits estimation of the crack increment using 
an experimentally well established formula: 13, I7 

b-1 C; - C;_, 
c& = a!,-1 + - 

2 c; (5) 

where: 
o! n, %-I =crack length at the two successive 

cycles n, n - 1, respectively; 
C;, q-1 = the corresponding modified compli- 

ance during the cycles y1 and IZ - 1; 
b, = W- CX~ = untracked ligament of the specimen 

after n-cycles. 

Thus at each unloading stage one may assign an 
effective crack length CX,E, as shown in Fig. 5. In 
general the total energy consumed for crack pro- 
pagation from cx to cx + Aa consists of two contri- 
butions: 

l the energy to create a new crack surface AA, r; 
l the energy dissipated to the irreversible 

mechanisms due to material structure, Ui,. 

The energy contribution Ui, may highly exceed 
the necessary energy for the creation of the crack 
surface, I. Thus, its magnitude belongs among the 
important parameters which must be determined 
for the characterization of the fracture behaviour 
of a macroscopically non-elastic material. In Fig. 6, 
which is a (P - 8) curve of such a material, the 
definition of all the energy parameters involved in 
the procedure of fracture characterization are 
given. The assumption made is that the crack pro- 
pagates in a slow and stable way due to the exter- 
nal energy supply and the kinetic energy of the 
system is negligible. 

The total mechanical energy, IV, given to the 
system for crack growth has the following form: 

where: 

w=u,+u,+r (6) 

W = the total work given to the system exter- 
nally; 

U, = the elastic energy; 
Uir = the energy loss due to irreversible phe- 

nomena; 
r = the energy for the formation of a new 

crack surface. 

For a quasi-static increment of crack surface 
6A = B&x, Gi is the elastic energy release rate, 
given by the rate of change of the area O’AE 
(Fig. 6). As a result G>, is the rate of change of 
crack advance energy I. For the elastic deforma- 
tion, the strain energy component is given by: 

u, = $6 - &) = ;p2 
( > 

- +c (7) I3 p”i’ 

The elastic energy release rate is therefore: 

P 

Fig. 5. Calculation of the effective crack length using the 
change of the modified compliance. 

Fig. 6. Determination of the energy values in a (P - 6) curve 
for a linear non-elastic material behaviour. 
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due dP P2dC* 
-=PCz+yda 
da! (8) 

According to Ref. 17 and Fig. 6, a fraction h(%) of 
the total mechanical energy input W corresponds 
to the irreversible mechanisms energy Uir at each 
crack growth stage, and it is given as the ratio of 
the areas, OAO’ (Uir) and OAEO (IV’): 

Ai = ; I aqjj 

Differentiating eqn (4) and taking into account eqn 
(7) the modified potential energy release rate Gf, is 
given by: 

G* = (1 -QPds P@dP P2dC* ~------- 
R B da B da 2B da (10) 

It should be noted that the component 2 cannot 
be neglected since irreversible mechanisms are pre- 
sented, thus this quantity should be calculated for 
each loading/unloading cycle. Furthermore 
neglecting the quantity g and assuming that h 
ratio tends to zero LEFM approach is obtained as 
a special case of eqn (10). 

The energy rate @ir coming from the non-elastic 
energy part, which is associated with the irreversi- 
ble mechanisms due to development of the damage 
zone in the vicinity of the crack tip, is given by the 
relation: 

Pds 
Q’ir = h- 

Bda (11) 

According to the previous analysis, the experimen- 
tal evaluation of the energy release rate values Gi 
and 

0 

ai, is based on the following steps: 
_. 

Monitoring of the (P - 6) curve during load- 
ing/unloading cycles; 
Calculation of 6, ai,, P and @ for each cycle; 
Evaluation of effective crack increment using 
Fig. 3 for the nth loading/unloading cycles; 
Determination of the functions P(a,ff) and 

~(~leff); 
Numerical integration for the evaluation of 
the external work offering to the system, IV, 
and the non-elastic energy Uir for the calcula- 
tion of energy ratio h. 

5 Results and Discussion 

5.1 Monotonic loading-LEFM analysis 
The compliance calibration curves for the thin and 
thick specimens are presented in Fig. 7(a) and (b), 
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D 

Fig. 7. Compliance calibration curves (a) B=2.7; (b) 
B = 10 mm and (c) invariant compliances. 

respectively. Figure 7(c) illustrates the normalized 
compliance, with respect to the specimen thickness, 
for both thin and thick specimens. As shown, the 
two normalized compliance curves are very close 
as was expected, since the normalized compliance 
referred to the same specimen geometry and could 
be considered as a kind of material constant. Fig- 
ure 8 presents a typical normalized load-displa- 
cement curve for both thin and thick specimens. 
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Fig. 8. Typical normalized load versus crack opening displace- 
ment for both specimen thicknesses. 

It is obvious that the results are slightly affected by 
the specimen thickness. Although the maximum 
normalized load values (P/B) are about the same, 
in thick specimens the slight non-linear behaviour 
appeared earlier or, in other words, it appeared to 
be more compliant for loads over 60% of the frac- 
ture load. 

The application of the compliance calibration 
procedure to calculation of the strain energy 
release rate Glc leads to the results illustrated in 
Fig. 9 for thick and thin specimens. In both cases, 
an initial notch size of CX, = 17 mm was used. 

The plateau value of the strain energy release 
rate for the thick specimen is 8 kJ m-*, which is 
slightly increased compared to the relative value 
given by the thin specimen which is close to 7 kJ m-*. 
This difference is explained based on the following 
arguments. Since the thick specimen is more com- 
pliant for loads close to the failure load, this leads 
to higher effective crack length values. Conversely, 

LEFM Analysis 

0 0 0 

./. 
8-2.7 mm 

i- 
3 6 9 

Crack Extension Aa (mm) 

. l .a 

0 000~ 

Fig. 9. Strain energy release rates, GIG using linear elastic 
fracture mechanics. 

taking into account that the slope of the compli- 
ance is an increase function of the effective crack 
length, as shown in Fig. 7, higher effective crack 
values lead to higher values of the derivative 

and as a result to higher plateau values of the 
strain energy release rate. 

The monitored plateau region in both cases of 
thin and thick specimen is of the same size, about 
11 mm long and after that a high increase rate of 
the energy release rate appears due to the com- 
pressive stress field which is developed due to the 
bending of the rear side of the CT specimen. The 
size of the plateau is in agreement with the calcu- 
lations which have been made in Ref. 18 and show 
that the compressive field begins after a normalized 
length of X = ($-+) = 0.6. 

Assuming linear elastic behaviour for the 2D-C/ 
C material and using eqn (2), the fracture tough- 
ness K1c is obtained to be about 15 MPaJm for 
both thin and thick specimens, which is very close 
to the value of the fracture toughness reported in 
Ref. 15 (&c = 16 MPa&$. However the assump- 
tion of the linear material behaviour gives rise to 
eqn (4), the application of which gives 
Krc = 25 MPafi for the thick specimen and 
& = 20.5 MPaJm for the thin one. Although the 
above described procedure for the characterization 
of the fracture behaviour of 2-D C/C material is 
remarkably easy to apply, the obtained results 
demonstrate all the uncertainties involved in the 
method. 

5.2 Cyclic tests-NLEFM analysis 
In this case, the material fracture behaviour is 
considered as a non-linear, non-elastic one. The 
crack growth resistance R is assumed to be the sum 
of the energy release rate for the crack advance, 
when the material under consideration responses in 
a non-linear elastic manner, (J-integral), and the 
plastic energy dissipated rate which is consumed 
for the formation of the irreversible phenomena 
and the damage process zone. 

For the determination of non-linear fracture 
mechanics energy parameters, the cyclic (P - S) 
curves should be analyzed according to the semi- 
empirical procedure described in Section 4. 

A typical loading-unloading (P - S) curve is 
presented in Fig. 10 for the thick specimens. Then 
a detailed analysis is conducted in order to calcu- 
late the load P, the crack opening displacement S, 
the irreversible remaining displacement 6i, at each 
unloading stage and the modified compliance C. 
Based on that, the effective crack length, (YAK, at the 
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Fig. 10. Typical loading-unloading curve for a thick specimen 
(B= IOmm). 

nth loading-unloading cycle is evaluated using the 
recurrence relation of eqn (5). Furthermore, based 
on (P - 6) curve, the plastic dissipated energy 
ratio h can be easily defined according to eqn (9). 
The obtained results from the above described 
analysis are given in Fig. 1 l(a)-(d). In all the 
cases, data have been kept only up to a normal- 
ized distance 
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After that the compressive field starts to act and 
the data are misleading. 

It is quite interesting to focus for a while on the 
h(c+rr) curve illustrated in Fig. 11(c). It is evident 
that in the early stages of crack propagation the 
ratio of irreversible plastic energy dissipated to the 
total mechanical energy input is very small, 
namely 10-l 5%, and this becomes clear from the 
form of (P - 8) curve together with the small value 
of the irreversible displacements &, for each load- 
ing-unloading loop. For the thin specimens the 
ratio of dissipated energy h is lower, of the order of 
610%. When stable crack propagation initiates, 
the ratio h rapidly increases and reaches a plateau 
value. This is due to the complete development of 
the fracture process zone which mainly consists of 
a cracked matrix, bridged by intact and/or failed 
fibers, which debond, slip and pull out. Crack 
bridging enhances material crack resistance by 
partially shielding the crack tip from the applied 
load. Further crack advance over a critical length 
leads to the interaction of the fracture process 
zone with the compressive field generated from the 
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Fig. 11. Parameters of the proposed analysis described in Section 4. (a) Modified compliance versus effective crack extension; (b) 
load versus effective crack extension; (c) energy dissipation rate A versus effective crack extension; (d) crack opening displacement 

versus effective crack extension. 
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0 3 6 9 12 15 

Crack Extension Aa (mm) 

Fig. 12. Elastic energy release rate, CR, versus effective crack 
extension, Acx~~, for thin (B= 2.7 mm) and thick (B= 10mm) 

specimens. 

bending of the rear surface of the CT sample. This 
interaction becomes dominant and a fast increase 
of the h ratio appears. Figure 12 shows the elastic 
energy release rate Gk, for both thin and thick 
specimens versus the effective crack extension 
Aa!,ff. 

Initially the energy increases as the crack propa- 
gates, for Aoeg- 2.5 mm. This value is nearly the 
same for both thick and thin specimens. Then, the 
energy remains almost constant appearing slightly 
different between the plateau values which corre- 
spond to the thin and thick specimens. This plateau 
value is, for the thin one, Gghin =3-3.5 kJ mA2, and 
for the thick one Gghick= 3-5-4.5 kJ rnm2. The length 
of the plateau region is about 1Omm and appears 
to be common to both cases. 

The associated stress intensity factor (SIF) (if 
one could permit this kind of interpretation to the 
definition of SIF) is & M 16 MPafi. This is in 
agreement with the value of SIF calculated earlier 
during the analysis of the monotonic tensile load- 
ing experiments when the LEFM was applied. 

3 6 9 12 15 

Crack Extension Aa (mm) 

Gg. 13. Plastic energy dissipated rate, @jr, versus effective 
:rack extension, Aae~, for thin (B= 2.7mm) and thick 

(B = 10 mm) specimens. 

This is also 
Ref. 15. 

In Fig. 13, 
air for both 

the value of the SIF reported in 

plots of the irreversible energy rate 
thin and thick specimens are given 

versus the effective crack extension AQ~R. It is 
shown that again there is a crack propagation 
region where the energy increases and its length has 
nearly the same value as in Fig. 12. However, in 
that case the plateau values for thin and thick spe- 
cimens appear more significantly different. This 
plateau value for the thin specimen was @iFin =0.5- 
1 kJ rnd2 and for the thick specimen configuration 
was @!Kck =1.5-2 kJ rnB2. Figure 14 shows the 
crack rgsistance R(= Gi + @i,.) versus the effective 
crack extension, Aa,,. The total plateau value for 
the thin specimen is about Rthin = 4 kJ m-* while 
for the thick one Rthick = 6 kJ mV2. 

Comparing these values to the ones calculated by 
the application of the monotonic tensile loading on 
CT samples and the compliance calibration techni- 
que, they are lower, and for the thick specimen 
there is a difference of 25%. This difference 
increases to 40% in the case of thin specimens. 

There is a general consensus, based on the above 
results, that the monotonic tensile loading overes- 
timates the fracture resistance of the material. Fig- 
ure 15(a) shows a SEM micrograph of the fracture 
surface in the case of thick specimen under cyclic 
loading. Extensive pull-out which results in long 
pull-out length of about 1*5mm, or even more, is 
easily recognized. In Fig. 15(b), a SEM micrograph 
of the lateral surface of pull-out fibers is presented, 
from which it is obvious that no matrix fragments 
remain on the fiber after pull-out. 

Both Fig. 15(a) and (b) support the concept of 
prevalent transverse damage which is indicative of 
class III material. As has been proven in Ref. 15, 
the presence of a shear band in a notched tensile 
specimen redistributes the stresses ahead of the 
crack tip and the development of the shear damage 

12 

0 1 I I I 
0 3 6 9 12 

Crack Extension Aa (mm) 

5 

Fig. 14. Energy resistance, R, versus effective crack extension, 
Acr,f, for thin (B= 2.7 mm) and thick (B= 10 mm) specimens. 
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(4 

(b) 

Fig. 15. SEM microphotographs, (a) fracture surface of thick 
specimen, pull-out length ~l.Smm; (b) fractured fiber bun- 

dles. 

reduces dramatically the stress within the range of 
X/& = 0.1. 

Comparing the size of the stress redistribution 
zone mentioned above, to the size of the region 
where the fracture energy increases until the full 
development of the damage zone, it is concluded 
that they are almost identical. Nevertheless, the 
cyclic loading pattern for the characterization of 
the fracture behaviour of C/C composites seems to 
be the most appropriate, since it reveals completely 
the class III character of the material under inves- 
tigation. 

6 Conclusions 

An effort has been made to evaluate the different 
testing techniques for the characterization of the 
fracture parameters of 2-D C/C composites 
through the evaluation of their R-curve behaviour. 
Based on the use of compact tension test geometry, 
monotonic tensile loading and cyclic loading have 
been applied to two different specimen thicknesses. 

In all the cases a stress redistribution mechanism 
around the crack tip was detected, which mainly 
consisted of the formation of shear bands of nar- 
row width which give rise to relatively large pull- 
out lengths. This is the typical class III material 
behaviour, as introduced in Ref. 15. 

Furthermore, it was found that the loading- 
unloading testing procedure leads to a more realistic 
and consistent calculations, where the contribution 
of the crack tip phenomena and the stress shielding 
mechanisms, which enhance the material crack 
resistance to the material fracture behaviour, are 
calculated separately. 

This approach appears to provide consistent 
prediction of the fracture resistance of the 2-D C/C 
composites. However, considerable additional data 
and, probably, a modification to CT geometry used 
(in order to secure a more extensive stable crack 
propagation zone) would be required for the 
assessment of the applied technique as a reliable 
methodology for the fracture characterization of 
the CMCs. 
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