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2D-carbon-carbon/ceramic composites, made from a 2D-carbon-carbon (2D-C-C) porous 
preform infiltrated with BN, SiC, TiC or B4C, are mechanically characterized under com- 
pression loading in directions parallel or orthogonal to the carbon fabric layers. Three types of 
behaviour are observed: non-linear and time dependent behaviour, a quasi-linear domain and 
a "pseudo-plastic" behaviour related to damaging mechanisms. Under p-compression, the 
variations of the Young modulus as a function of compacity obey a parabolic or linear law 
depending on whether the material is weakly or highly densified. Under o-compression, an 
exponential law is observed whatever the densification degree. The variations of failure 
strength compacity follow similar laws. Phenomenological models are given which depict 
quite well the mechanical behaviours of the composites. Under o-compression, failure occurs 
as the result of damaging mechanisms taking place within the intra-layer ceramic bridges 
binding the fabric layers together. Under p-compression, a transition is observed, from inter- 
layer delamination to intralayer failure, for a critical compacity of about 0.85 provided the 
infiltrated ceramic is strong enough (i.e. for SiC and TIC). Such a transition is assumed to also 
occur for 2D-C-C/B~C composites. On the contrary, for weak ceramic matrices (e.g. BN), 
failure in p-compression always occurs by delamination. The results suggest that the com- 
posite toughness could be increased by an optimization of the composite microstructure. 

1. Introduction 
Carbon-carbon composite materials, obtained accord- 
ing to either liquid impregnation or chemical vapour 
infiltration (CVI), or eventually by combining both 
processes, have demonstrated their usefulness in dif- 
ferent applications such as re-entry heat shields, rocket 
nozzles, disc brakes or prosthetic devices. In order to 
improve their mechanical properties and oxidation 
resistance, the carbon matrix has been partially or 
even totally replaced by other refractory materials. As 
an example, 2D-carbon-carbon (2D-C-C) porous 
preforms made of a stack of carbon fabrics con- 
solidated by a small amount of pyrocarbon have been 
successfully densified according to the CVI technique 
by SiC, SiC + C, TiC, B4C or BN [1-8]. The main 
properties of this new family of so-called ceramic- 
ceramic composite materials, deriving formally from 
the carbon-carbon and characterized by a hybrid 
carbon-ceramic matrix, have been reported in detail 
elsewhere [9-19]. 

The aim of the present contribution is to compare 
the mechanical behaviours in compression loading of 
the 2D-C-C/ceramic composite materials pointing 
out the peculiarities of each material (related to the 

intrinsic properties of each ceramic) as well as empha- 
sizing the common features (mostly due to the occur- 
rence of the same 2D carbon skeleton). This work 
is limited to compression testing that requires only 
small samples and a simple experimental procedure, 
since its aim is a comparative understanding of the 
mechanical behaviour rather than an evaluation of the 
characteristics used in structure design. 

2. Materials and experimental 
procedure 

The materials were obtained according to a two step 
CVI procedure. In the first step, a stack of carbon 
fabrics (ex-PAN fibres) was consolidated by a small 
amount of pyrocarbon resulting from the pyrolysis of 
C H  4. At this stage, the 2D-C-C material, which will 
be referred to as 2D-C-C preform, exhibits a high 
open porosity Vpo (of the order of 0.30 to 0.60). It is 
strong enough to be machined into any given shape 
(e.g. into cylinders, q~ = 8mm; h = 16mm for 
compression testing). Due to the 2D-character of the 
material, the samples are machined with their axis 
parallel or perpendicular to the carbon fabric layers, 
as schematically shown in Fig. 1. 

3 2 4 0  0022-2461/87 $03.00 + .12 © 1987 Chapman and Hall Ltd. 



p-directi0n {//) 

I[llll II I V '  ) ,. [ . '  

U k"'-- corbon fibi!- / 
U o-direction (l) 

Figure 1 Orientation of  the carbon fabric layers within the samples 
used in the mechanical tests. 

In the second step, the porous 2D-C-C preform is 
progressively densified by a refractory carbide (alone 
or mixed with pyrocarbon in a few cases) or nitride 
according to a CVI-technique in a modified LP-CVD 
apparatus described in detail elsewhere [6-8]. The 
gaseous precursor is respectively: CH3SiC13-H2 for 
_SIC; CH3SiC13-Ar for SiC + C; TiCla-CH4-Hz for 
TiC; BC13-CH4-H 2 for B4C; BF3-NH3 for BN and 
CH4 for carbon. As already known for carbon, the 
CVI-densification of a 2D-C-C preform by a ceramic 
matrix, in an isotemperature/pressure apparatus, is a 
rather slow process. The full densification of a 
preform with Vp0 = 0.30 to 0.60 usually requires a 
CVI-duration greater than one hundred hours. No 
attempt was made to shorten the CVI-duration by 
temperature/pressure gradient apparatus [18]. 

In order to study, for a given material, the evolution 
of the strength and stiffness as a function of corn- 

pacity, compression testing was performed on series of 
samples issued from the same preform and charac- 
terized by increasing ceramic volume fraction V~ and 
thus decreasing residual porosity Vp (or increasing 
compacity 1 - W) since 

Vp = W o -  V, (1) 

and 

1 -  Vp = 1 - Vp0+ V~ (2) 

No further machining of the samples was performed 
after the second CVI-step regarding the hardness and 
brittleness of the ceramics considered here with respect 
to the carbon of the 2D-C-C preforms. 

In most cases, compression load was applied on the 
sample at a strain rate of 0.1 mm rain t with a standard 
equipment. 

3. Compression behaviour of 
2 D - C - C / c e r a m i c  composi te  
materials 

3.1. Stress-strain relat ionship 
When loaded in compression, the stress-strain rela- 
tionship of all the 2D-composite materials considered 
here can be discussed on the basis of four strain 
domains, as illustrated in Fig. 2 for the initial 2D-C-C 
preforms and summarized as follows: 

(a) In domain I (i.e. for 0 < e < ~A), a progressive 
rigidification of the material corresponding to a delayed 
elastic behaviour takes place and leads to a non-linear 
relationship which is particularly apparent for the 
most porous composite materials. 
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Figure 2 Typical stress strain curves of  2D-C C/ceramic composite materials (drawn here for the initial 2D-C C preforms, i.e. for V, = 0), 
when loaded in compression: (a) in p-direction, (b) in o-direction. 
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T A B L E  I Young modulus E, stress and strain at failure (a R, 8R), stress and strain corresponding to the beginning of damaging 
(a D, s D) for various 2D-C-C/ceramic composite materials densified by CVI up to the same compacity 1 - Vp = 0.85 

Composite 2D-C C E(GPa) aR(MPa) 10 3 e R aD(MPa) 10 3 s D 
materials preform 

Fp ° II ± ]1 ± II ± II ± II 

2D-C-C/BN 0.50-0.60 2[ 2.5 55 140 7 160 50 40 5 25 
2D-C C 22 100 8 
2D-C C/SiC + C 0.35 23 110 90 7 
2D-C-C/TiC 0.40 0.45 30 8 150 190 7 80 140 60 6 20 
2D-C C/SiC 0.30 32 180 8 110 6 
2D-C-C/B4C 0.40 37 11 190 220 8.5 80 180 150 7 50 

(b) In domain II (i.e. for eA < e < eD), the material 
is mainly linear elastic. However, it comes out that it 
is not easy to define accurately ~A and to derive the 
compression moduli E!l and E± from the stress-strain 
curves even after several loading cycles. 

(c) In domain III (i.e. for e D < e < sR), the material 
is progressively damaged due to matrix microcrack- 
ing. This important domain is particularly extended in 
o-compression. On the contrary, it can be sometimes 
almost non-existent in p-compression. 

(d) In domain IV (i.e. for s > eR), the material 
collapses mechanically by complete disintegration in 
o-compression and either by fabric layer buckling or 
by transverse shearing in p-compression. 

Thus, it appears that non linear stress-strain rela- 
tionship is a significant feature of 2D-C-C/ceramic 
composite materials whatever the nature of the ceramic 
matrix. 

As shown in Table I and Fig. 3, 2D-C-C/ceramic 
composite materials densified up to the same level (i.e. 
Vp = 0.15 or 1 - Vp = 0.85) can be ranked on the 
basis of both increasing strength and stiffness, despite 
the fact that the initial preforms did not have exactly 
the same Vp0. This classification follows, at least 
roughly the increase in rigidity and brittleness known 
to occur in the corresponding monolithic ceramics 
from BN to B4C. 

3.2. Evo lu t ion  of the mechanica l  behav iour  
as a f unc t i on  of compac i t y  

3.2. 1. In f luence o f  compac i ty  1 - Vp on 
stiffness 

The variations of the material rigidities as a function 
of the compacity 1 - Vp achieved after increasing 
CVI-durations (performed on preforms having roughly 
the same open porosity Vp0 ) are shown in Fig. 4. As 
said above, the highest stiffness is obtained with BeC 

and the most compliant material corresponds to BN. 

In p-direction 
-for weakly densified materials (i.e. 1 - W < 0.80), 
the Ell = f(1 -- Vp) relationship is non linear, para- 
bolic curves fitting quite well the experimental data; 
-for highly densified materials (i.e. 1 - Vp > 0.80), 
E n increases linearly with 1 - Vp according to laws 
which are formally similar to the so-called mixture 
law. Thus, the efficiency of the infiltrated ceramic 
phase on, the material rigidity can be characterized by 
the slope r/ of the El! = f(1 - Vp) straight line for 
1 - Vp > 0.80 (see Table II). 

In o-direction 
-the evolution of E± as a function of 1 - Vp remains 
non-linear in the whole range of compacity. J. Y. 
Rossignol et al. have already reported such a feature 
and shown that an exponential law fits quite well 
the experimental data for 2D-C-C/TiC composite 
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Figure 3 Classification of  2D-C C/ceramic com- 
posites (having the same residual porosity 
Vp = 0.15) on the basis of their Young modulus 
and rupture strength. 



E# 
(GPa) 

60 

40 

20 

l 
t 

Vpo= 
0.40 

(GPo) 

15 

10 

I I I I 

0.5 0.7 0.9 ( 1- Vp ) 0.5 

(o) (b) 

0.4 BN 

0.7 0.9 (1-vp) 

Figure 4 Variations of the Young modulus of 2D-C C/ceramic composites vs compacity 1 - Vp under: (a) p-compression loading, (b) under 
o-compression loading. 

materials [14, 15]. Such a finding appears to be a 
common feature for all the related materials, as shown 
in Fig. 5. Thus, in o-compression, the CVI efficiency 
parameter can be taken as the slope 5 of the 
LnE± = f(1 - Vp) straight line (see Table II). 

3.2.2. Influence of  compacity 1 - I/o on 
strength 

In p-direction 
-the main features of the evolution of the rupture 
strength a~ as a function of 1 - W are very similar to 
those reported above for rigidity, as shown in Fig. 6. 
Again, the strength efficiency of the infiltrated ceramic 
can be characterized by an efficiency parameter 
taken as the slope of the cr~ = f(1 - Vp) straight line 
for 1 - Vp > 0.80-0.85. 

In o-compression 
the compression strength has to be described with 

two characteristics: the rupture strength air and the 
strength o-~ at which microcracking begins to take 
place in the material, o-, R which is formally equivalent 
to the yield strength for a metal, is far lower than o-~ 
when the composite material is only weakly densified 
(see Fig. 2b and 6b). 

As already mentioned for stiffness, the variations of 

T A B L E I I Rigidity efficiency parameters r/ (p-compression for 
I - Vp > 0.80) and ~3 (o-compression) of the CVI infiltrated 
ceramic for various 2D-C C/ceramic composite materials (Vp0 is the 
initial open porosity of the 2D-C-C preform) 

Infiltrated BN C SiC TiC SiC B4C 
phase 

Vp0 0.50 0.35 0.40 0.30 0.40 

q(GPa) 90 110 110 140 150 250 
8 8 13 18 

In a~ and In aid as a function of 1 - Vp are represented 
by straight lines whose slopes 7 and fl can be used to 
characterize the strengthening efficiency of the infil- 
trated ceramic (Fig. 7 and Table III). It is noteworthy 
that highly densified 2D-C-C/B4C composite materials 
are characterized by a relatively low 7 value regarding 
the high compression strength of B4C itself (i.e. about 
2800 MPa) (Table IV). 

Thus, it appears that B4C results in the best rein- 
forcing effect, on a stiffness and strength point of view, 
in both p- and o- directions. However, one has now to 
study whether the reinforcing effect of B4C is associ- 
ated or not with an unwished decrease in failure strain 
e R, i.e. with an increase in brittleness (as it could be 
expected from the somewhat low value of VB-q-4-4c related 
to highly densified composites). 

3.2.3. Variations of ~1 and sf as a function of 
1 -  Vp 

As shown in Fig. 8, the variations of the strains at 
yielding e~ and at rupture e~ as a function of 1 - Vp 
of materials loaded in p-direction, appear quite dif- 
ferent depending on the stiffness and brittleness of the 
infiltrated ceramic phase. 

T A B L E  I I I  Strength efficiency parameters ~ (p-compression 
for 1 -  V > 0.80-0.85), 7 and fl (o-compression) of the 
CVI-infiltrated ceramic for various 2D-C-C/ceramic composite 
materials (W0 is the initial open porosity of the 2D-C C preform) 

Infiltrated BN SiC + C TiC SiC B4C 
phase 

Vp0 0.50 0.35 0.40 0.30 0.40 

~(MPa) 200 1200 1300 1400 1500 
7 1,9 3.8 3.4 
fl 7 8 9 
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Figure 5 Variations of the Young modulus E L as a function of 
compacity 1 - Vp of 2D-C-C/ceramic composites loaded in 
o-compression, represented in a semi-logarithmic scale. 

A slight monotonous decrease of both e~ and e~ is 
observed for 2D-C-C/BN composites. On the other 
hand, a sharp discontinuity appears in the e~ = 
f(1 - Vp) and e~ = f(1 - Vp) curves for both TiC 
and B4C based composites. This evolution, corre- 
sponding first to an increase in ~ or e~ followed by a 
sharp decrease and to a further increase in strain, is 

T A B L E  IV Mechanical properties in compression loading of 
several CVI ceramics 

Ceramic BN TiC flSiC B4--~ 
a(MPa) 300 750 1035 2860 
E(GPa) 88 410 470 490 

typical of 2D-C-C/TiC composite materials and has 
been correlated to a failure mode transition [14, 15]. 

For 2D-C-C/B4C materials, it is noteworthy that e~ 
and e~ reach high values for partially infiltrated 
materials (i.e. 1 - V p  ~ 0.8). Unfortunately, the 
sharp decrease in strain that occurs for 1 - Vp ~ 0.8 is 
apparently not compensated by a further increase in e~ 
or e~ for very high values of compacity (however, fully 
densified materials have not been studied yet). Thus, 
2D-C C/B4C composites could be more brittle than 
the related 2D-C-C/TiC or 2D-C-C/SiC materials, 
unless specific fibre surface treatment is applied (such 
treatments were not applied to any material in present 
study). 

3.2.4. Variation of the anisotropy in 
compression properties as a property 
ofl-v  

The ratio Eli/Em, which can be taken to assess the 
material stiffness anisotropy is quite significant (i.e. 
>10)  for the initial 2D-C-C preforms (with 
1 - Vp ,,~ 0.6) as shown in Fig. 9. On the other hand, 

R R all /0"± is much smaller (i.e. ~ 0.2 for 1 - Vp ~ 0.6), 
compared to one (isotropy). In both cases, increasing 
1 - Vp by CVI of a ceramic matrix gives rise to a 
strong decrease in the compression behaviour ani- 
sotropy. The evolution towards isotropy is more 
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Figure 6 Variations of the strength of 2D-C C/ceramic composites as a function of compacity 1 - Vp: (a) rupture strength a~ under 
p-compression loading, (b) rupture strength a, ~ and damaging strength a~ under o-compression loading. (- -) aiR, ( - - )  aiD. 
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Figure 7 Variations of rupture strength er R and damaging strength 
cr~ as a function of  compacity 1 - V n for 2D-C-C/ceramic com- 
posites loaded in o-compression (a~ and ~ are given in a logarithmic 
scale). 

drastic as the mechanical strength and rigidity of the 
infiltrated ceramic matrix are higher. 

The variations ofa~/a R as a function of 1 - Vp, for 
the TiC and B4C based materials, are very similar 
although the mechanical properties in compression of 
B2C and TiC are different (Table IV). This feature has 
to be related to the anomaly already mentioned for the 
7 values and to the evolution o f ~  (or s~) as a function 
of 1 - Vp. These differences among the infiltrated 
ceramics are so important that isotropy in rupture 
strength is already achieved for uncompletely den- 
sifted 2D-C-C/B4C composites while it is not reached 
for 2D-C C / B N  composites almost fully densified. 

All the data which have been presented in this sec- 
tion support a given hierarchy, on a mechanical point 
of view, among the 2D-C-C/ceramic composite 
materials, which corresponds quite well to that 
already known for the related unreinforced ceramics. 
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Figure 9 Variations of  the anisotropy in the Young modulus and 
rupture strength of 2D-C C/ceramic composites loaded in com- 
pression as a function of  compacity 1 - Vp. 

However, a higher rupture strength could be expected 
for 2D-C-C/B4C composites from the high com- 
pression strength of B4C. 

4. Discussion 
4.1. Non linear elasticity and inelasticity 

(domain I) 
Most 2D-C-C/ceramic composite materials exhibit, 
in domain I of the stress-strain compression curve, a 
non-linear behaviour which is significant only for the 
most porous materials (Fig. 2). This apparent non- 
linearity can be due to (i) a non-linearity in the testing 
machine deformation, (ii) geometrical imperfection of 
the samples or (iii) a non-linear elastic (or eventually 
inelastic) behaviour of the materials which could lead, 
for example, to some damping effect. 

Since it is difficult to glue strain gauges on the most 
porous composites without modifying locally the 
material response, differential methods were used to 
assess the origin of this non-linear feature as follows: 

(a) Experiments were performed in domain I (as 
well as in the beginning of domain II) on rather large 
samples of 2D-C-C preforms (25 x 25 x 50mm; 
Vp0 -- 0.50) under o- and p-compression loading. The 
true testing machine deformation was removed from 
the experimental curves with a computer (from the 
record of the compression deformation of a thin steel 
sheet 25 x 25 x 5mm3). The resulting corrected 
stress-strain curves clearly show evidence of non- 
linearity which is not related to the testing machine 
(Fig. 10). 

(b) p-compression load cycles were successively 
applied to a 2D-C-C/TiC composite material at 
increasing stress levels, as illustrated in Fig. 11. The 
different contributions to  the total deformation s~ for 
each cycle are: 

~ the elastic strain e~ = e~ + e~ due to both testing 
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Figure 10 Load-deformation curves of a 2D-C-C  preform before (1) or after (2) substraction of the testing machine deformation (3), under 
(a) p-compression, (b) o-compression. 

machine and sample, el and e~ being respectively 
the linear and non-linear contributions 

a[ the residual strain due to sample damaging or 
delayed elastic strain corresponding to both test- 
ing machine and sample, 

with 
t 1 r 

e i  = Si - '~ /3n -~- Gi (3) 

The evolution of the different strains, as the com- 
pression load cycles are performed at increasing stress 
levels, is shown in Fig. 12. The non-monotonous curve 
corresponding to e~ points out the contribution of the 
sample in the non-linear elastic strain. This non-linear 
contribution is indeed significantly reduced when e[ 
increases, i.e. when the sample begins to be damaged 
(for all > a~). 

Therefore, the non-elastic stress-strain relationship 

found in domain I has, at least partly, to be related to 
the sample. For example, slightly densified 2D- 
composite materials could be represented, in a mech- 
anical point of view, by numerous elementary beams 
finding new fulcrums as load is applied. This represen- 
tation of the material behaviour at the beginning of 
compression loading is in agreement with the time 
dependence of the stress-strain curve since friction 
can be associated with the relative displacements of all 
the elementary beams constituting the composite 
microstructure. This feature of the 2D-composite 
materials, which is illustrated by the relaxation curve 
shown in Fig. 13, leads to a non-linear evolution of ~ 
(Fig. 12). One has to mention that imperfection in the 
sample geometry could lead to similar behaviour par- 
ticularly when the loading surfaces are not perfectly 
parallel (no surface machining was performed after 
the second CVI-step as said above). 
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Figure I1 Compression load cycling 
applied in p-direction to 2D-C-C/TiC 
composites (Vpo = 0.35; Vp = 0,20; 
Vii c = 0.15) at increasing stress levels. 
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Figure 12 Variations of the strains against stress level for 2D-C- 
C/TiC composites loaded in p-compression. (e) e e, (o) e ~, ('k') eL, 
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(c) Therefore an optical device was used to point out 
the non-linearity of the stress-strain curve. Actually, 
the experiments which were performed on large sam- 
ples did exhibit in domain I a non-linearity which has 
to be attributed to the material. 

Although the influence of the strain rate has not 
been investigated, the delayed elasticity and energy 
dissipation (hysteresis loop) in domain I show some 
similitude with visco-elasticity. On the other hand, the 
significance of the non-linearity and the time- 
dependency corresponding to domain I decrease 
strongly as 2D-C-C/ceramic composite materials are 
approaching full densification. Nevertheless, the 
above analysis gives some arguments leading to con- 
sider the damping effect has not to be totally excluded 
of the 2D-composite mechanical behaviour. 

4 . 2 .  Elastic behaviour (domain II) 
As already said, the limit between domains I and II is 
difficult to assess due to the time dependence of strain. 
Thus, Young moduli derived from the first loading 
stress-strain curve are underestimated and must be 
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Figure 13 Stress relaxation curve for 2D-C-C/'FiC composites 
loaded in p-compression. 
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Figure 14 Schematic representation of the layer structure of weakly 
densified 2D-C-C/ceramic composite materials: (a) association of 
elementary microstructural beams, (b) cross-section of an elemen- 
tary beam with a ceramic phase. 

considered as comparative values. Even more, a 
detailed analysis of the linear part of the stress-strain 
curves shows a sigmoidal shape with an inflexion 
point, i.e. a slight deviation from a true linear elastic 
behaviour. Some microcracking could be one of the 
sources of non-linearity (it is quite evident for the 
materials only slightly infiltrated with a very brittle 
phase (e.g. TiC or B4C) and loaded in p-direction). 

4.2. 1. Representation of the 2D-C-C/ceramic 
composite behaviour under 
p- compression 

When incoml~letely densified (i.e. for Vp > 0.20), 
2D-C-C/ceramic composite materials can be regarded 
as a structure made of numerous elementary beams 
which are bending when the material is loaded in 
p-compression, leading to a quasi-linear stress-strain 
relationship (domain II) as soon as it is stabilized (i.e. 
for el! > e)) (Fig. 2a and 14a). The elastic strain is 
indeed mainly controlled by the contraction of the 
fabric layers. The only role of the interlayer matrix is 
to prevent fabric layer buckling, as schematically 
represented in Fig. 15a. 

Thus, the compliance of each elementary beam, 
with respect to bending, can be represented, in a first 
approximation, by the following equation 

C ~ L3/EBIB (4) 

where L, EL and IB are respectively the free length, the 
longitudinal Young modulus and section inertia with 
respect to bending, of an elementary beam with 

EBIB = Ec lc  + E I I ,  (5) 

red 2 
I c -  34 (6) 

and 

19 4 _ d 4 
I~ = rc 3 ~  (7) 

where the subscripts C and I refer respectively to the 
carbon preform and to the ceramics, d and D being 
defined schematically in Fig. 14b. 

Equations 6 and 7 lead to consider I c and I r as 
respectively proportional to V~ and VII (VII + 2Vc) 
where V c and VII are the volume fractions of carbon 
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Figure 15 Model for a 2D-C C/ceramic composite based on a 
coupling between two phases: (a) in parallel under p-compression, 
(b) in series under o-compression. 

(fabrics + pyrocarbon) and infiltrated ceramics. 
Thus, if one assumes that the composite deformation 
is due to the bending of all the elementary beams, the 
Young modulus of the composite is given, in a first 
approximation, by the following equation: 

Ell ~ Ec Vc 2 + E[ V~ 2 + 2El VI Vc (8) 

The above model (i.e. Equation 7) has been com- 
pared to experimental data by plotting dEll/d VI as a 
function of  1 - Vp (V~ + Vc = 1 - Vp and dV~ = 

dE// 

d l-Vpl 
(MPa) 

200 

100 

/ s  ~ j  

BN 

0 I I I 
0.6 0.8 (1-Vp) 

Figure 16 Variations of dEll/d(1 - Vp) as a function of compacity 
I - Vp for 2D-~C/eeramic composites loaded in p-compression 
(data taken from Fig. 4). 

d(1 - Vp) since Vc = constant for materials deriving 
from the same 2D-C-C preform), as shown in Fig. 16. 
The linearity of the ascent part of  the curves (for 
1 - Vp < 0.8) observed for either BaC, TiC or BN 
infiltrated ceramics supports the validity of  the model, 
at least for 2D-C-C/ceramic composites incompletely 
densified. In fact, the model leads to an equation 
which is no more than an other representation of  the 
rule of  mixture. 

On the other hand, for highly densified composites 
(i.e. for 1 - Vp > 0.80), the linearity of the Eli = 
f(1 - Vp) curves (see Fig. 4) or the plateaus of the 
dE!l/dV I = f (1  - Vp) curves (see Fig. 16), lead to 
consider the materials as an association of three com- 
ponents (namely carbon, infiltrated ceramics and 
pores) which obeys the rule of  mixture under its classi- 
cal form 

E u = EcVc + E, VII (9) 

In such a case, the elementary beams cannot be con- 
sidered any longer as bending elements. The material 
is rather represented by a porous aggregate of  two 
phases loaded in compression. A similar evolution of 
~ as a function of 1 - Vp confirms the two above 
models (Fig. 6a). 

4.2.2. Representation of the 2D-C-C/ceramic 
composite behaviour under 
o-compression 

The above models are more difficult to apply to 
o-compression although bending can still be acting in 
the fabric layers. In fact, under p-compression, the 
composite stiffness could be also represented on the 
basis of the contributions of the fabric layer (1) and 
interlayer material (2) according to the equation 

E!l = VIE1, + V2E2, (10) 

E2, being particularly low when the composite 
materials are incompletely densified (weak interlayer 
bonding bridges), the composite stiffness under 
p-compression is roughly that of  the fabric layer, i.e. 
that discussed in the previous section (see Fig. 14a): 

E211 ~ 0 and Ell ~ VIEI, (11) 

On the other hand, under o-compression, the inter- 
layer matrix can contribute to the composite com- 
pliance, as suggested in Fig. 15. Furthermore, the 
coupling between the fabric layer and the interlayer 
matrix can be now represented by the sum of the 
compliances rather than by that of  the rigidities. Thus, 
the compliance of the composite can be given by 

l / E l  = V~/E± + Vz/E2± (12) 

Therefore, E± is not only depending on the fabric layer 
rigidity (as in p-direction) but appears to be mainly 
controlled by the interlayer rigidity. Since El± >> E2., 
the composite compliance in the o-direction is given, 
in a first approximation, by Vz/E2±. This discussion 
leads to assume that when V~ is increased by d V~ 
during densification, a part of the compliant layers 
Vzd VII is replaced by rigid layers so that 

d(1/E±) ~ V2dV~(1/E, l - l/E21) (13) 
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since E l i  >~ E2± and, therefore, E± ~ E2±/V2, equation 
(13) leads to 

d(1/E±) ~ - dVI/E± (14) 

or  

dE± 
dV~ (15) 

El 

Thus, the variations of E± as a function of V~ appear 
to be exponential, at least in a first approximation, in 
agreement with the experimental data (see Fig. 4a and 
5). It is noteworthy that the variations of a R as a 
function of VII (or 1 -- Vp since 1 - Vp = Vc + VII 
with Vc = constant) obey the same kind of exponen- 
tial law (see Fig. 6a and 7). 

Whatever the equations which are taken to describe 
the variations of Ell or E± as a function of V~, the 
models which have been proposed result in a suitable 
fitting of the experimental data. They show that under 
both o- and p-compression in domain II, the vari- 
ations of the stiffness of 2D-C-C/ceramic composites 
with Vl (or 1 -- W) follow either linear or non-linear 
laws which are all derived from rules of mixtures 
considering the materials as the association of bending 
elements or aggregates, or as that of compliant and 
rigid layers coupled in series or in parallel. 

4.3. Damaging and rupture mechanisms 
In domain III, 2D-C-C/ceramic composite materials 
exhibit a non-linear irreversible compression behaviour 
(Fig. 2). This domain is very wide under o-compression 
but rather limited under p-compression, particularly 
for highly densified materials. However, the damaging 
mechanisms which are involved must be considered 
with an equal attention for bothp- and o-compression 
inasmuch as they give rise to energy dissipation that 
could result in rupture work improvements. 

4.3. 1. Failure m e c h a n i s m s  u n d e r  
o - c o m p r e s s i o n  

Under o-compression, 2D-C-C/ceramic composites 
have been already schematically described as a stack- 
ing of rigid and strong fibrous layers bound together 
by brittle matrix bridges [14, 15]. These ceramic bridges 
are the microstructural elements which break first 
when, under compression loading, the stress in each 
bridging ligament reaches the compression strength of 
the infiltrated ceramics. As the binding bridges fail, 
only part of their volume continues to contribute to 
the compression resistance, the other part remaining 
between the fabric layers as unloaded fragments. 

If  the ceramic binding bridges are assumed to be 
cylindrical (with a section s and a height a), the volume 
change related to their failure can be written as follows: 

dv = ads + sda (16) 

If  one assumes that the volume of the degraded part 
of the ceramic binding bridges is proportional to the 
local deformation da, then 

dv = ks da (17) 

where k is a constant. 
Equations 16 and 17 lead to the following differential 

equation: 

ds/s = ( k -  1)da/a or ds/s = ( k -  1)e (18) 

where ~ is the compression strain. 
By integration, the relationship between the binding 

bridge cross section s and the compression strain e is 

s = So exp (k - 1)5 (19) 

where So is the initial binding bridge cross section. 
All along domain III, successive failures of the bind- 

ing bridges take place when the stress in each binding 
bridge reaches the compression rupture strength of the 
infiltrated ceramics, i.e. when 

ar~ = P/s (20) 

where P is the compression load applied to the bind- 
ing bridges, which is also that applied on the bulk 
composite. 

a± = P/S  (21) 

where S is the apparent cross section of the composite 
sample. 

Finally, by combining Equations 19, 20 and 21, 
a relationship between a± and ~ is derived: 

a i  = a ° e x p ( k -  1)e with a ° = So/Sa R (22) 

As shown in Fig. 17, the experimental data are in 
good agreement with the exponential relationship 
(Equation 22). The a ° and k constants are given in 
Table V for 2D-C-C/TiC composites. This good 
agreement does confirm that the behaviour of such 
composites in o-compression is mainly depending on 
the interlayer material. In both the elastic and damag- 
ing domains (II and III respectively), the experimental 
data verify the model according to which the material 
is described as a stacking of rigid and strong layers (i.e. 
the coated fabric layers) and relatively weak layers 
(the interlayer C/ceramic hybrid matrix). As Vl (or 
1 - Vp) increases, the empty space between the bind- 
ing bridges decreases, a feature which leads to invali- 
date the model in the upper part of domain III (see 
Fig. 2b). Thus, the exponential part of domain III is 
the more reduced as VII (or 1 - Vp) is high (Fig. 17). 
For highly densified materials, the extended upper 
part of domain III is thought to correspond to the 
progressive damaging by microcracking of the fabric 
layers themselves. 

When, finally, the interlayer matrix is almost totally 
reduced to a powder, the fibres break resulting in 
composite failure (domain IV) (Fig. 2b). 

4.3.2 .  Failure m e c h a n i s m s  u n d e r  
p - c o m p r e s s i o n  

The failure mechanisms of 2D-C-C/ceramic com- 
posites loaded in p-compression will be discussed on 

T A B L E  V Experimental values of the constants of Equation 
22 for 2D-C-C/TiC composite materials 

V~c G ° k 
(MPa) 

0 10 7.5 
0.11 20 8.0 
0.35 68 60 
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Figure 17 Stress-strain curves for 2D-C-C/ceramic composites 
loaded in o-compression (drawn in a semi-logarithmic scale). (o) ~R, 
a R, (e) ~D, ~D. 

the basis of (a) the rigidity of the infiltrated ceramic 
phase compared to that of  the initial preform and (b) 
the thickness of the ceramic deposit, i.e. the degree of 
densification (or compacity). 

4.3.2.1. Low degree o f  densification (1 - Vp < 0.75). 
In rather porous 2D-C-C/ceramic composites, micro- 
cracking occurs very early in the fibre ceramic coating 
(whose failure strain is quite small). The elastic energy 
released during this microcracking is not sufficient to 
break the fibres so that the fibrous layers are becoming 
more and more compliant as the load is increased. The 
weak interlayer bonding allows the fibrous layers to 
buckle up to a very significant value of strain. Then, 
the material fail by interlayer delamination. For  com- 
posites corresponding to ceramics (e.g. BN or SiC + C) 
whose rigidities are close to that of pyrocarbon, the 
rupture strain tends to decrease when V~ (or 1 - Vv) 
increases. Instability by buckling occurs indeed more 
and more readily (Fig. 18a). 

On the other hand, composites slightly densified 
with very stiff ceramics (e.g. TiC, SiC or B4C) show a 
rupture strain which raises with increasing V~. In such 
a case, the interlayer bonding strengthening due to the 
ceramics is sufficient enough to prevent an early buck- 
ling and allows fabric layer contraction under the 
applied p-compression load. 

4.3.2.2. Medium degree o f  densification (0.75 < 1 - 
Vp < 0.85). For 2D-C-C/ceramic composites corre- 
sponding to a ceramic of low rigidity (e.g. BN), the 
matrix is still not stiff, or strong, enough to prevent 
fabric layer buckling and interlayer delamination. 
Thus, increasing VII (or 1 - Vp) does not change the 
failure mechanism but only raises the composite 
brittleness due to an increase in stiffness (Fig. 18b). 

°,f 

d 

c// 

Figure 18 Main features of the stress-strain curves of 2D-C-C/ 
ceramic composites loaded in p-compression. 

A similar increase in brittleness is observed for the 
materials corresponding to rigid ceramics such as TiC, 
SiC or B4C. Increasing VII (or 1 - V~) raises the 
thickness of the brittle ceramic deposited on the fabric 
layers, giving rise to strong notch effects due to micro- 
cracks when, simultaneously, the elastic energy stored 
in the material and available for crack propagation is 
increased. As long as the interlayer bonding is not 
strong enough, the microcracks induce sudden fabric 
layer instabilities by buckling, leading to delamination 
prior to the failures of fibres and fabric layers 
(Fig. 18c). 

4.3.2.3. Materials almost fu l ly  densified (1 - Vp > 
0.85). No significant change in failure mechanism has 
been observed for the materials corresponding to 
weak matrices (e.g. BN) as full densification is 
approached. Rupture still occurs by delamination 
with an enhancement of the brittle character. 

On the other hand, a transition from interlayer 
failure to intralayer failure, as compacity increases, 
systematically takes place in 2D-C-C/SiC and 2D-C- 
C/TiC composites. As densification proceeds towards 
completion, the interlayer, becoming more and more 
strong, impedes the propagation of the microcracks 
which have been initiated at the beginning of domain 
III. This increasing difficulty for the microcracks to 
propagate between the fabric layers is illustrated by 
the variations of  the p-shear stress as a function of 
compacity (Fig. 19). Thus, in such highly densified 
composites, the microcracks propagate almost indif- 
ferently across or along fabric layers since the ceramic 
thickness which has to be fractured is nearly the same 
in any direction (2D-C-C/SiC or 2D-C C/TiC com- 
posites are almost isotropic when approaching full 
densification). Moreover, the notch effect due to 
microcracks becomes so significant that fibres offer a 
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Figure 19 Variations of thep-shear stress as a function ofcompacity 
1 - Vp for 2D-C-C/SiC and 2D-C-C/TiC composites. ~ = shear 
stress. 

poor resistance to crack propagation. As a result, the 
rupture surface is macroscopically orientated at about 
45 ° with respect to loading direction i.e. in the plane 
where the shear stress is maximum (Fig. 20b). The 
occurrence of a transition in the failure mode is of 
significant interest since it suggests that failure mech- 
anism could be controlled and rupture work increased 
by optimizing the material microstructure (i.e. the 
fibre-matrix interfaces or the matrix-matrix inter- 
faces in order to enhance their impeding effect on 
microcrack propagation). More generally speaking, 

the aim of such microstructure optimization should be 
to generate within the composite material numerous 
possible ways for microcrack propagation in order to 
increase the rupture surface giving rise to larger energy 
dissipation (Fig. 18d). It is noteworthy that the tran- 
sition in failure mode corresponds actually to an 
increase in rupture strain, as shown in Fig. 8 for 
2D-C-C/TiC composites. 

Such a transition has not been observed yet for the 
related 2D-C C/B4C composites due possibly to (i) a 
larger elastic energy release during microcracking of 
the B4C matrix resulting in a higher crack growth rate 
and/or (ii) an insufficient B4C volume fraction. This 
last consideration could result from an inhomogeneous 
densification that had lead to an overestimation of the 
actual compacity (1 - Vp values were derived from 
weight increase). This argument would explain the 
anomalies observed for 2D-C-C/B4C composites 
referred to as "fully densified" (see Fig. 5 (dashed line) 
and Table II (5 value)). Therefore, we consider that 
the damaging mechanism, corresponding to a 45 ° fail- 
ure mode, is also applicable to 2D-C-C/B44C com- 
posites actually completely densified. 

5. S u m m a r y  
2D-C-C/ceramic composite materials have been inves- 
tigated from the stand-point of their mechanical 
response to compression loading in directions parallel 
or perpendicular to the fabric layers. Three types of 
behaviour have been observed: (i) a non-linear and time 
dependent behaviour for weakly densified materials, (ii) 
a quasi-linear elastic domain which is quite extended 
under p-compression, (iii) a "pseudo-plastic" character 

Figure 20 Failure modes of 2D-C-C/ceramic composites loaded in p-compression (a) low densification state, (b) full densification state. 
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corresponding to various damaging mechanisms 
leading to energy dissipation. Although the time- 
dependency of the mechanical behaviour is apparently 
not very significant for fully densified materials, it is 
indicative of damping effects which suggest to pay 
attention to load cycling behaviours. 

Regarding the elastic moduli derived from the 
stress-strain curves, it comes out that the general 
addition (or mixture) laws depict quite well the 
mechanical behaviours of 2D-C-C/ceramic com- 
posites provided the following models are accepted: (i) 
under p-compression, poorly densified composites 
behave as the association in parallel of fabric layers 
whose contraction is due to the bending of numerous 
elementary microstructural beams. The composite 
rigidity is proportional to those of the elementary 
beams (i.e. Er, ~ Ec V 2 -t- El Vl 2 + 2E= VI Vc), (ii) under 
p-compression, fully densified composites can be 
represented by the coupling in parallel of compliances 
corresponding to carbon, the infiltrated ceramic (and 
pores). Thus, the composite rigidity is given by the 
usual rule of mixture (i.e. Ell ~ Ec Vc + El V0, (iii) 
under o-compression, the composites can be con- 
sidered as a stacking of alternating rigid fabric layers 
and compliant matrix interlayers. In such a coupling 
in series, the composite compliance is given again by 
a mixture law (i.e. l/E± ~ VilEr± + V2/E2±). 

On the basis of the above models, the variations of 
the composite rigidity as a function of compacity can 
be predicted. It is respectively parabolic or linear in 
the first and second models (p-compression) and 
exponential in the third (o-compression). It is note- 
worthy that very similar laws were found for com- 
pression rupture strength. 

Under o-compression, failure occurs as the result of 
damaging mechanisms which tend to degrade the 
ceramic bridges binding together the fabric layers. 
Under p-compression, a transition in failure mode 
takes place as compacity reaches a critical value of 
about 0.85 provided the infiltrated ceramic is strong 
enough. Delamination (the most common failure 
mode) is replaced by intralayer failure, giving rise to 
energy dissipation. The occurrence of such a transition 
in failure mode suggests several microstructural possi- 
bilities to improve the toughness of 2D-C-C/ceramic 
composite materials. 
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