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Resumen. Los materiales compuestos de matriz cerámica reforzados. con fibras largas presentan un 
conjunto de. propiedades termo-mecánicas especialmente adecuadas para su uso como partes 
estructurales en aplicaciones aerospaciales: baja densidad, buena resistencia mecánica a elevadas 
temperaturas, resistencia a la corrosión y alta tenacidad en comparación con las cerámicas monolíticas. 
Sin embargo, estas propiedades mecánicas dependen críticamente del comportamiento de la intercara. 
Este trabajo presenta una caracterización del comportamiento mecánico de la región interfacial para un 
material compuesto de matriz vítrea de calcio-aluminosilicato (CAS) reforzado con fibras largas de 
Nicalon® y laminado con arquitectura 'cross-ply'. Las propiedades mecánicas se han medido mediante 
técnicas de nanoindentación, a partir de las curvas fuerza frente a desplazamiento obtenidas cargando 
sobre la superficie libre de las fibras. Con estos datos, y aplicando los modelos adecuados, se ha 
calculado la resistencia al deslizamiento (•) y la energía de descohesión entre la fibra y la matriz (2r). 

Abstract. Ceramic matrix composites reinforced with long fibres have several thermo-mechanical 
properties appropriate for structural applications in aerospace engines: low density, good strength at 
high temperatures, corrosion resistance and high toughness compared to monolithic ceramics. The 
mechanical properties depend strongly on the properties of the fibre-matrix interface. This paper 
presents a characterisation of the mechanical behaviour of the interface for a cross-ply composite of 
Calcium Alumino-Silicate (CAS) glass ceramic matrix reinforced with Nicalon® fibres. The mechanical 
properties have been measured using .a .. nanoindentation system to push-down individual fibres within 
the matrix whilst continually recording the indenter applied load and tip displacement. With this data, 
and applying the suitable models, the interfacial shear resistance to sliding (1:) and the debonding 
fracture surface energy of the interface (2r) ha ve been calculated. 

1. INTRODUCTION two mechanisms of stress redistribution: matrix 
cracking and fibre pullout. But these phenomena are 
observed only when the fibre-matrix interface is 
sufficiently weak, allowing debonding and sliding to 
occur. For example, sorne CMCs exhíbit brittle 
behaviour at high temperatures above the matrix 
cracking stress. In these cases, oxidation reactions 
bond the fibre to the matrix ( considerably 
strengthening. the interface), and the stress 
redistribution mechanisms disappear [2]. 

Ceramic matrix composites (CMCs) reinforced with 
long fibres are characterised by their strength and 
toughness at high temperatures, as well as by their low 
density. Dueto these properties, CMCs are particularly 
interesting for applications in engines and as thermal 
structural protections, increasing the performance of 
components. 

Toughness of CMCs is higher than that of monolithic 
ceramics because of their ability to redistribute stresses 
around the stress concentration zones [ 1]. There are 

Because of the strong dependence of CMC nrrmPrtÍ>•c 

on the mechanical properties of the 
.......... ," techniques are required to evaluate these 



ANALES DE MECANICA DE LA FRACTURA Vol. 12 (1995) 309 

properties. The fibre push-down test is used in this 
work to measure the interfacial properties of a cross
ply CAS/SiC composite [3J. 

The experiments were performed using the high 
precision Nanolndenter® II (Nano Instruments, Inc. 
Knoxville, Tennessee). Indenter load-displacement 
curves have been recorded and subsequently fitted to 
theoretical models [ 4,5] in order to calculate the 
interfacial shear resistance to sliding (•). the 
debonding fracture surface energy of the interface ([}, 
and the residual stresses in the fibre (FR). 

2.EXPE~ENTALPROCEDURE 

2. l. Instrumentation 

The Nanoindenter® II is a computer-controlled 
indentation system [ 6] capable of sensing both load and 
displacement continuously as an indentation is made in 
a specimen. The instrument consists of three major 
components: the indenter, an optical microscope to 
image the specimen, and a precision table to move the 
specimen between the microscope and tite indenter. 

·8.5 

DISPI.ACEMEN'T VOL TAGE 

Fig.l. Schematic drawing of ilie indenter head .showing 
ilie iliree plates displacement sensing capacitor and the 
force coi! and magnet at ilie top of the indenter shaft. 
Note that only the left half of the capacitor is shown [ 6]. 

The critical components of ilie indenter include a smaU 
metal rod that passes through the centre of a iliree-plate 
capacitor and is attached to the middle plate. A iliree
sided pyramidal diamond (Berkovich geometry) is 
brazed to ilie bottom of ilie rod, and a small force coil 
and magnet are ¡}ositioned at the top. The rod is 
supported by flexible leaf springs as shown in figure l. 
Load is determined by the current in ilie force coil, and 

ilie voltage changes associated with the movement of 
the middle plate of the capacitor allow the displacement 
of the indenter to be assessed. 

The instrument is designed as a load-control device, but 
either load control or displacement control experiments 
can be performed through the use of feedback 
techniques. The computer can be instructed to load or 
unload at a specified rate and to apply a fixed load and 
hold it for a specified period of time. 

The maximum load resolution is ± 75 nN and the 
displacement resolution of the system is approximately 
±0.04 nm. 

2.2. Experimental details 

The procedure used to measure the interfacial 
mechanical properties relies on a series of indentations, 
programmed to apply two loading cycles on each fibre 
that is pushed. The maximum load reacbed in both 
cycles must be high enough to cause sliding between 
the fibre and the matrix. Preliminary tests indicated 
300 mN to be an appropriate value for the maximum 
load for fibres wiili radius of approximately 8 fJ.m. 

In a fibre pushing experiment, the total displacement of 
the indenter ur, is ilie sum of ilie sliding distance, u, 
and the elastic-plastic penetration of the indenter into 
the fibre, up. To obtain u, the elastic-plastic response of 
the fibre must be measured prior to fibre pushing 
experiments. Subtraction of Up from ur for the 
corresponding applied load, then gives u. This 
procedure is described in section 3. 

2. 3. Modelling of indentation testing 

Once the load versus fibre sliding distance curves were 
obtained, ilie models proposed by Marshall and Oliver 
[4,5] were applied to calculate ilie interfacial properties 
of the composite, • and 2r. The assumptions of the 
models are: 

- Interfacial sliding is controlled only by a 
constant frictional sliding resistance •, so that 
sliding between matrix and fibres occurs 
wherever the shear stress parallel to the interface 
exceeds -o. 

- The axial strains in the fibre can be obtained 
from a shear lag model in which only axial 
stress crR exists in ilie fibre. 

- The sliding length, l, is sufficiently large 
compared wiili the fibre radius, R so that ilie 
indentation forces can be taken as uniforrnly 
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distributed across the end of the fibre and the 
elastic strains beyond the end of the slip length 
can be neglected. 

- The frictional stress 1: is not significantly altered 
by Poisson's expansion of the fibre resulting 
from axial stresses. 

These approximations may not be valid for composites 
with strongly bonded interfaces or a higher resistance 
to interfacial sliding. 

CAS glass ceramic has a greater coefficient of thermal 
expansion (a.cAs = 4.5xl0-6 K 1 ) than that of Nicalon 
fibre (a.s;c = 3.2xl0-6 K 1) andas such the fibres should 
be held in a state of residual axial compression, and the 
matrix in tension. The relations for compressive 
residual stress in the fibre have therefore been applied 
[ 5]. 

Assuming that F>2FR (F, applied load and FR the force 
corresponding to the residual axial stress), the 
magnitude of the interfacial sliding resistance, 1:, is 
evaluated from the force-displacemént measurements. 
For the majoríty of work reported here, FR is assumed 
to be zero, but the model that includes residual stresses 
is described below as a single attempt to apply thís 
model is made later. 

Interfacial shear . stress 1: is deterrnined most 
conveniently from absolute displacements during 
unloading and reloading, since they are not affected by 
the residual axial stresses. The magnitude of 1: is 
obtained directly from the slope of the reloadi.ng curve 
in a plot F2 versus u, where !1u = u - Ures being the 
residual displacement after unloading: 

(l) 

For a stable debonding, the sliding distance on loading 
is given by: 

where 

2 2r 
y =~F R --

1: 
(3) 

Evaluation of FR, and hence residual stress, crR, 
curve fitting to experimental data is facilitated by 
noting that the curves F2 versus u are approximately 

linear at high loads and that the slope of the initial 
loading curves at F = Fm, obtained by differentiating the 
previous equation [5] is: 

1 
(4) 

fJ(l + FRm) 

where 

(5) 

Finally, the magnitude of the fracture surface energy of 
the fibre-matrix interface, 2f, can be evaluated from 
the positive intercept of the force axis in the initial 
loading curves. 

3. RESULTS 

The interfacial micromechanical properties of interface 
fracture surface energy 2f and frictional shear stress 1: 

have been determined using the original model of 
Marshall and Oliver [4], (that is equivalent to the 
model described above with the condition of zero 
residual axial stress), for Nicalon reinforced CAS glass 
ceramic matríx materiaL 

To apply this model, a reference· indentation into a 
Nicalon fibre (that did not move) was required to obtain 
the elastic-plastic response of the material under 
indentation loads of the same magnitude as used in 
fibre pushing experiments. This was achieved by 
choosing a number of large diameter, transversely 
aligned fibres in the composite, and indenting them in 
the centre. A typical response is shown in figure 2. 

Sixth arder polynomial curves were fitted to each of 
the loading and unloading segments of the curve in 
figure 2. To determine 1: from the initial loading 
segment only, the corresponding sixth order 
polynomial was used to determine the actual fibre 
(\isplacement beneath the specimen surface by 
subtracting the displacement given by the polynomial 
fit, at every load point on the fibre push data, from the 
corresponding tip displacement of the fibre pus h. 

A total of ten fibres were pushed and then studied in a 
Scanning Electron Microscope to accurately measure 
their radii. Figure 3 is a secondary electron image of a 
fibre after it had been pushed. Note that the fibre 
surface lies below that of the matrix, even after the 
indentor has been totally withdrawn. 
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Fig. 2. Applied load vs. tip displacement for an 
indentation into transversely oriented Nicalon fibre in 
CAS matrix. 

Fig. 3. Scanning Electron Microscope secondary 
electron image of a Nicalon fibre in CAS matrix after 
it has been pushed using nanoindentation. 

A typical set of load/displacement data is shown in 
figure 4. The load vs. tip displacement trace is shown 
in figure 4(a). With subtraction of the reference 
"elastic-plastic response" of Nicalon under the same 
indentation cycle, load vs. fibre displacement is 
obtained, see figure 4(b). The load required to initiate 
debond is clearly seen to be the intercept on the 
applied load axis. Fibre slip against the interface 
follows, until the maximum applied load of 300 mN is 
reached. On unloading, the fibre relaxes and moves 
upwards, resisted by the interfacial friction. Reloading 
of the fibre results in a lower load required to 
introduce onset of fibre slipping (as the interface has 
already been de-bonded) and unloading 
produces a loop caused by the work done 
against the frictional shear stress -r of the interface. 
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Fig. 4. a) Load vs. tip displacement for a typical 
Nicalon fibre push in a CAS matrix, b) Load vs. Fibre 
displacement obtained after subtraction of the Nicalon 
reference plot, ande) Load2 vs. Fibre displacement for 
the initial loading segment of the cycle, from which 2f 
and -r are determined from the intercept and gradient 
respectively. 

For the initialloading segrnent of the indentation cycle 
Marshall and Oliver [4] state that, on a plot of Load2 

vs. Fibre displacement, f can be calculated from the y
axis and -r from the gradient of the linear 
response during fibre slip; 

.... ..,.'o'_, .... = 4 n2 R3 2r 
gradient 4 n2 R3 Er -r 
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where R is the fibre radius and Er is the elastic 
modulus óf the fibre (Er = 190 GPa for Nicalon).This 
behaviour is observed in figure .f(c). where the linear 
relationship is followed. For this particular test. the 
determined .values were 2f = 8.7 Jm-2 ande= 26 MPa. 
(fibre radius was 8.05 ¡.un). 

Table l summarises the results of the ten experiments 
that were performed. Mean 2r and e were detemlined 
to be; 

2r = 8.4 ± 1.9 Jm-2 

1: = 26.8 ± 2.6 MPa 

These values are very similar to those for 
CAS/Nicalon reported in other work [7,8]. The small 
standard deviation in 1: (± 10%) is typical of the 
CAS/Nicalon material in its as-fabricated state. 

Table 1. Results of fibre push down tests to determine 
2r and 1:. 

Fibre number Radius R 2r e (MPa) 
( m) 
7.95 6.1 27.2 

2 8.23 7.9 31.2 
3 8.15 6.2 24.5 
4 8.05 8.7 26.0 
5 8.1 6.4 28.4 
6 . 7.9 8.7 24.4 
7 8.28 11.3 24.0 
8 8.55 10.4 30.7 
9 8.48 7.8 27.2 
lO 8.85 10.9 24.6 

To initially determine the effect that axial residual 
stress in the fibre may have on these values, the model 
development of Marshall and Oliver [5] (described in 
section 2.3) was applied to the example data set of 
figure 4(b). The following interfacial and residual 
stress properties were measured ; 

2r = 5.8 J.m-2 

1: = 23 MPa 

crR = -193 MPa 

where crR is the axial residual stress m the fibre 
(negative as fibre is in compression). 

4. CONCLUSIONS 

The Nanoindenter, an extremely sophisticated 
instrument capable of performing indentations at 
lower than nanometre scale, has been successfully used 
to measure the fibre-matrix interfacial 
micromechanics, via the fibre push down test, of a 
commercially available ceramic matrix composite. 

The origin~l model of Marshall and Oliver [4], that 
does not indude the effects of residual stresses on the 
fibres, has been applied and good agreement achieved. 
Results were consistent with those for the same 
material measured in other work. The relatively small 
standard deviation in -r is normal for CAS/Nicalon [8]. 

An initial application of the mode! incorporating 
residual axial fibre stresses to typical push-down data 
has been made. It indicates that the Nicalon fibres are 
compressed witllin the matrix by a stress of 
approximately 200 MPa. Tllis produces slightly lower 
1: and 2r values than for the case where this stress is 
neglected. 

Further investigations of CMC interface mechanical 
behaviour will be performed using the Nanoindenter. 
Verification and development of suitable models 
describing the push-down test wiU be made and the 
measured interfacial properties applied to macroscopic 
models describing CMC fracture. 
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