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Abstract 1 Introduction 

The damage characterization ~?/'a O'pe ~?/'2D S iC-SiC 
eomposile material made ~[ Niealon SiC fibres, a 
pyroearhon intetTgmse and a [~-SiC matrix is conduc- 
ted using tmiaxial tensile tests. Damage is et~aluated 
h v the rariations ~['the Young's mmhdus and the total 
mtmher ~?/" cracks (either in the total volume ~1" the 
,v~eeimen or only between the.[ibres inside the bundles) 
as/imetions ~?/ the applied strain,./i'om the end ~/ the 
linear hehaviour to /~dlure. It is shown that the 
A t,eston, Cooper & Kelly model commonly used.for 
the intesj~eial shear stress estimation is not applieable 
to this material. 

Die Besehiidigunj~ yon einer S i ~ S i C  2D Verbund- 
werksmff~'orte, die aus SiC Niealon Fasern, einer 
Kohlensmff-wischengrenze und einer [4-SiC Matrix 
hesteht, wurde unter einachigem Zug untersueht. 
Die Jt"nderun~en des Elastizit6tsmo~hd, der gesamten 
Anzahl l'on MikrotL~sen (sowohl im Volumen der 
Probe als in den Faserhiimteh7 ) .s'hld als Funktion der 
Vetjbrmung, yore Ende des linearen Bereiehs his zum 
Brueh, L~orgetragen. Es stellt sieh heraus, da/3 die 
Metho~#k ron Aveston, Cooper & Kel O' es niehl 
erh~uht, ~#e Seherspannung an der Zwisehengrenze zu 
hestimmen. 

L'en~hmunagement d'une nuance de mat~riaux com- 
posites S iC-S iC 2D constituOs de fibres SiC Nicalon, 
d'une interphase de carbone et d'une matriee fi-SiC 
est ~tudiO 5 l'aide d'essais de traction uniaxiale. Les 
variations ~ht mmhde d'~lasticitO, du hombre total de 
J~'ssures er~k;es (aussi bien dans le volume total de 
l't;prouvette que seulement dans les torons de fibres ) 
s o n t  pr~;sentOes en./onetion de la d~l'brmation, depuis 
la /in du eomportement lim;aire ¢;lastique jusqu'gt la 
rupture, ll s'avOre que la m~;thode de Aveston, Cooper 
& Kelly ne permet pas l'estimation d'une eontrainte de 
eisaillement intet~lbeial dans ce O'pe de matOriau. 
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Great attention is now focused on the development 
of high-temperature engineering ceramics with high 
levels of reliability, the most efficient of which are 
designed for heat engine components (ramjet and 
rocket engines chambers, hot gas valves, tubes, 
turbine wheels, etc.) and aerospace parts (Hermes 
space plane leading edges, body protection panels, 
nose, etc.). In these advanced materials continuous 
ceramic fibres (C, SiC) are used to confer damage 
tolerance capability on a ceramic matrix (C, SiC, 
Si3N~I. It has been shown that these high toughness 
ceramic matrix composites (CMC) with extended R- 
curve behaviour at room temperature are obtained 
when the fibre/matrix interface gained from the 
matrix process or introduced before the matrix 
deposit is sufficiently weak. This requirement is 
hardly encountered when chemical bonds are 
present between the fibre and the matrix during 
processing: weak interfaces are associated with 
mechanical interactions due to the difference be- 
tween the coefficients of thermal expansion (CTE) of 
the fibre and the matrix, and to the irregularities on 
the surface of the fibre. 

Nowadays the key point in the processing of 
tough ceramic fibre-reinforced ceramic matrix 
composites is the control of the fibre/matrix bonding 
by means of a thin layer of a compliant material 
(the interphase). 1-~ The function of this layer is 
mainly to prevent the failure of the fibres in mode I 
by direct propagation of a crack initiated in the 
brittle matrix: such a crack must be deflected along 
the fibre, creating fibre/matrix debonding, post- 
debonding friction and extensive fibre pull-out. As 
these materials are aimed to be used for parts 
operating under high temperatures and different 
gaseous environments, 5'6 it is essential to afford a 
reliable testing apparatus (grips, alignment system) 
for the evaluation of damage in relation with the 
applied strain. 
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In this paper a damage investigation in terms of  
the variation of the Young's modulus as a function 
of the deformation of the specimen is presented. It is 
also analysed in terms of the variation of  the total 
number of cracks in the volume of the specimen or 
only in the fibre bundles (to check the applicability of 
the Aveston, Cooper & Kelly (ACK) model for 
interfacial shear stress evaluation 7,s) lying parallel to 
the stress direction, as a function of the strain. 

2 Experimental Procedure 

2.1 Materials 
The materials under test are SiC-SiC ceramic 
composites made of equilibrated woven tissue of SiC 
Nicalon fibres (NLM 202 type) stacked and covered 
with a thin layer (0"05-0-1 pm) of pyrocarbon. 9'1° 
The physical properties of  these orthotropic 
materials include a Young's modulus E c = 230 GPa, 
an ultimate tensile stress ar = 180 MPa, a density of  
2"5-2"6 g cm-3  and a strain to rupture E r -~ 0.20% (as 
given by the manufacturer,  SEP, Bordeaux). In these 
materials the matrix is much stiffer than the fibres 
(Em = 390 GPa, Ef = 200GPa) and remains in ten- 
sion at room temperature as a consequence of  the 
difference in the thermal expansion coefficients 
( 2 r = 3 ×  10 -6 and ~m=4"6×  10-6°C -1) of the 
constituents of  the materials. 11.12 

2.2 Experimental tests 
The tensile specimens are dogbone-shaped speci- 
mens with the principal axis parallel to a direction of  
reinforcement, cut from an unprotected plate. The 
fracture around the grips was hindered by the 
selection of appropriate geometry and dimensions of 
the test piece. The gauge length is 4 0 m m  with a 
cross-sectional area of 8 × 3 mm 2, the total length of 
the specimen is 120 ram. 

The specimen alignment to prevent bending and 
torsion moments  introduced by the tensile load train 
was assured using new mechanical grips specifically 
designed by the Schenck Company (Darmstadt,  
Germany) for these types of  materials (Fig. 1). These 
compact and very light grips have been given a 
triaxial rotation capability with the centres of  
rotation located at the loading points on the central 
line of  the testing machine. The pre-strained 
clamping cylinders with a special surface treatment 
should be used for alternating loading and fatigue 
tests up to 1700°C. 

The tensile strain was measured directly on the 
gauge section of  the specimen using an axial strain 
transducer DSA of  gauge length 25 mm and 2"5 mm 
of  nominal displacement, while the tests were run at 
a cross-head speed of 50 pm min-~ on a Schenck 
RMC-type machine equipped with a 100KN load 
cell. 

(a) 

(b) 

Fig. 1. (a) General and (b) schematic view of the mechanical 
grips used for static tension, compression and for fatigue tests 

with alternating loading. 

A typical stress-strain curve up to rupture o fa  2D 
SiC-SiC tensile specimen is shown in Fig. 2. Using 
this curve, identical specimens were loaded at 
different strain values, e. The damage induced in the 
specimens is then estimated by the number of cracks 
in the matrix revealed when using Murakami 's  
reactant. The total number  of  cracks in the gauge 
length was documented by in-situ scanning electron 
microscope observations only in the fibre bundles 
lying parallel to the applied stress direction (Section 
3.3) or in the total calibrated volume of  the specimen 
(Section 3.2). The mean distance between two 
successive cracks ( l )  and the distance ( d )  obtained 
by dividing the gauge length by the total number of 
cracks was also analysed. 
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Fig. 2. Typical stress strain curve of a 2D SiC SiC specimen 
( ) showing at which locations the specimens Were strained 

for damage evaluation (C)). 

3 Results and Discussion 

3.1 General observations 
The loading curve in Fig. 2 can be described as 
follows: 

ti) First, a linear behaviour of  the specimen is 
observed, which extends from the origin O to 
the point I (g = 0"035%, a~ = 80MPa).  The 
measured Young's modulus E o = 220 GPa  is 
the same as the one estimated using the rule 
of  mixtures with the fibres parallel to the 
stress direction (an effective volume fraction 
of  fibres V I. = Vr/2 = 20% was assumed). But 
the first cracks in the matrix appear at a low 
strain level (~=0-029% , a ~ = 7 3 M P a )  
before the end of  the linear behaviour. 

(iij The second zone (from I to J) is characterized 
by a progressive increase in the number of  
microcracks in all the calibrated volume of 
the specimen. 

(iiij In the third zone where the fibres break 
progressively, the tangent modulus is some- 
what constant (E~ = 36 GPa). When assuming 
this value to be the stiffness of  the remaining 
fibres, the application of  the rule of  mixture 
gives a value V~=18% : that means 10% of  
the initial effective volume fraction of  fibres 
have failed. This zone extends from ~ = 
0'13% to the ultimate strain g. 

Scanning electron microscopy observations reveal 
that the cracks initiate preferably from the sharp 
angles of  the macroporosit ies resulting from the 
woven structure of  the material. Thereafter the 
cracks propagate  in mode I in the matrix through 
the total thickness of  the specimen. 

3.2 Damage evaluation in the volume as function 
of the applied strain 
For different values of  the strain, the total number  of  
transverse cracks N v in the specimen and their 
position along the gauge length are depicted in Fig. 

3(a) (f). The cracks are equally distributed in the 
gauge length and it appears (Fig. 4(a) and (b)) that 
both parameters N v and (el) (or </)) reach a 
saturation level (71 and 570/~m respectively) for 
strains above e,~=0"13%, that is, an applied stress 
level of  149 MPa. 

In the case of  unidirectional composites, the 
saturation in the mean distance between the cracks 
in the volume of the specimen allows the calculation 
of  the interfacial shear stress ~, using the ACK 
model. But, for the materials with a 2D woven 
structure, the microcracking pattern in the volume 
of the specimen is not representative of  the stress 
transfer from the fibres to the matrix. Thus the 
saturation level shown in Fig. 4(b) may not be used 
for the evaluation of  ~. 

Meanwhile, the prediction of  the variation of  N V 
as function of  ~: is of  interest, especially when the 
material is used in an environment where the 
stripped fibres can be corroded. 

3.2.1 Kinetics o[" the increase in the total number 
ol cracks 
It has already been shown that the damage in the 
specimens can be expressed by the total number  of  
transverse cracks N v (Fig. 4(a)}. The increase in the 
number of  cracks as a function of  the strain suggests 
a similarity with a growth process governed by a 
chemical-like kinetic: 

dN dN de, 
- * = k ( N ~  - N )  (1) 

dt de dt 

which can be solved for 

N = N ,  E1 - e x p ( - r i O : -  q,))] (2) 

where q, is the strain at the end of  the linear 
behaviour of  the safe specimen. 

In Fig. 5 the results from eqn (2) fit the experi- 
mental values for fl = 27"9 and thus this expression is 
quite a good predictive law for damage evaluation as 
a function of  the applied strain. 

3.2.2 Residual elastic modulus as damage 
parameter 
Until now, damage in the specimens has been given 
in terms of  the total number  of  transverse cracks in 
the matrix. However,  the residual elastic modulus is 
the most easily and directly measurable parameter. 
The specimen strained to a level e is unloaded and 
then reloaded for the measurement of  the elastic 
modulus from the compliance obtained on the 
reloading loop (Fig. 6). These E values, plotted in Fig. 
7(a) as a function of  the applied strain, exhibit an 
exponential-type dependence: 

E = E o exp [ -- e(e -- e,o)] (3) 
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Fig. 3. Distribution of  the distance between successive cracks in the gauge length for different strain levels. 

20 

with ~ = 5-54 (Fig. 7(b)), e o is the strain at the end of 
linear behaviour of  the safe specimen. 

The representation of  these E values as a function 
of  the number  of  cracks N v shows a continuously 
decreasing relationship (Fig. 7(c)) useful for the 
prediction of microcracking when the specimen is 
constrained. 

The meaning of  the parameters ~ and fl is not 
yet clear, but they should be related to any micro- 
mechanical properties of  the basic constituents, the 
geometry of  the reinforcement and of  the 
fibre/matrix interface. 

3.3 Damage  evaluation in the fibre bundles 
For the specimens already discussed, the total 
number  of  cracks in the matrix inside the fibre 
bundles (Nb) has been moni tored (Fig. 8). N b 
increases continuously with the strain level up to 
rupture (Fig. 9). The total number  of  transverse 
cracks inside the individual bundles (Nb) is much 
higher than in the bulk of  the specimens (Nv) as a 
consequence of  the stress transfer mechanism from 
the fibres to the matrix through the interracial shear 
stress. 

Inside the bundles, the mean distance between 
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Fig. 7. (a) Evolution of  the Young's  modulus as a function of  
the applied strain: - - ,  E calculated; C), E measured. (b) In 
E/Eo as a function of  e for the determination of  the exponent ~. 
(c) Residual Young's  modulus E as a function of  the total 
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Fig. 9. Evolution of the total number of cracks in the bundles, 
N b, as a function of the applied strain. 

which should be related to the physical properties of 
the constituents and the geometry of the reinforce- 
ment of the material under study. 
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successive cracks 67 decreases rapidly for e < 0.10% 
(Fig. 10). However, d does not reach a saturation 
level, as assumed in the ACK model for the inter- 
facial shear stress evaluation. This results from 
any structural singularities of the materials: the 
low Weibull modulus of the Nicalon SiC fibres after 
the elaboration process of the composite (m = 3-4), 
the pores in the matrix and the irregularities at the 
fibre/matrix interfaces which hinder a good stress 
transfer from the fibres to the matrix. Thus the ACK 
model may not be used to work out an interfacial 
shear stress value for these composites. 

4 Conclusions 

Damage evaluation in a 2D SiC-SiC material has 
been performed using a specially designed tensile 
loading train suitable for ceramics. The damage level 
has been evaluated in terms of the evolution of the 
Young's modulus E and of the total number of 
cracks in the bulk of the specimens (Nv) and inside 
the bundles of fibres (Nb), as functions of the applied 
strain. The ACK model may not be applied to this 
2D SiC-SiC ceramic composite because no satur- 
ation level appears in the evolution of the mean 
crack interspacing as a function of the strain level. 
The variation of N v and E with the strain level are 
dependent on two parameters fl and ~ respectively 
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