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Abstract

Microindentation tests (spherical indentation) have
been used to evaluate local mechanical properties of
Hi-Nicalon fibre reinforced silicon nitride ceramic
matrix composite. This technique gave a satisfactory
estimate of in-situ longitudinal Young’s modulus of
both the matrix and the fibres which correlates quite
well with 3-points bend tests. By means of the same
technique, but with a different indenter (pyramidal),
the interfacial behaviour has been studied. When
varying the maximum applied load, F,,,., and con-
sidering a constant interfacial shear stress, the pres-
ence of Poisson’s effect has been detected. Based on
Coulomb’s law of friction, a model has been pro-
posed to extract frictional stress values adjusted for
Poisson’s effect. The advantages of this model are the
explicit integration of all contributions to the clamping
stress at the fibre-matrix interface as well as the use of
measured topography properties of Hi-Nicalon fibres.
© 1998 Elsevier Science Limited. All rights reserved
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1 Introduction

Ceramic matrix composites (CMCs) are still
considered promising candidates for use at high
temperatures, in oxidising atmospheres, mainly in
the aerospace industry. However, despite some
promising results obtained on well-established
materials, CMC properties are not sufficient yet to
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be competitive.! This is mainly due to the sensitiv-
ity to oxidation of the available SiC-based fibres
(owing to their high free oxygen and/or carbon
content), as well as the ineffective protection
against corrosion of the fibre-matrix interface.
Recently, Nippon Carbon has processed a new
ceramic fibre: Hi-Nicalon with less than 0-4%
oxygen content. The achievement of this fibre can
boost CMCs development.? In addition to proces-
sing problems, mechanical properties of CMCs
must be evaluated on a large scale. Among
mechanical tests which must be carried out, are
those related to the evaluation of the effects of the
processing route on (i) the mechanical properties of
the matrix and the fibres and (ii) on the shear stress
transfer at the fibre-matrix interface.

For the former, it was proven that the mechan-
ical properties of the fibre and the matrix (in this
system) are somewhat affected by processing para-
meters.> One of the most effective way to evaluate
this problem is the use of continuous micro-
indentation test records, which allow a local esti-
mate of the longitudinal Young’s modulus (see for
example, Ref. 3), as well as the hardness of the
fibres and the matrix. As a matter of fact, more
comprehensive view of the performance of a com-
posite, which is under development, can be gath-
ered. This was achieved by comparing such results
with the one’s derived from as-received fibres and
the monolithic matrix; and by coupling the same
data base with the evolution of the microstructure
of the composite. In this way, processing route
conditions can be tailored and better CMCs per-
formance can be achieved.

For the latter, it is well known that the thermo-
mechanical performance of a CMC is strongly
related to the thermomechanical behaviour of the
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fibre-matrix interface,* which is the key of the
stress transfer from the matrix onto the fibres. To
get an insight into the micromechanics of the
interfacial behaviour, a variety of microindenta-
tion, pushing and pulling techniques including sin-
gle and multiple fibres have been proposed. The
goal is to understand how the load is transferred at
the fibre-matrix interface, what are the main para-
meters governing this mechanism and to propose
some tools for their direct estimate.>'® During
microindentation tests, most of the analysis pro-
posed to account for the interfacial behaviour
assumed shear lag models with different levels of
approximation. Mainly, all these analysis can be
separated in two classes. The first one assumes a
constant frictional stress, t, at the fibre - matrix
interface, reflected by a proportional relation
between t and the sliding length, L.>~7 Whereas,
the second class views the sliding stress at the fibre-
matrix interface obeying to Coulomb’s law of fric-
tion. This means that the frictional stress is directly
proportional to the radial clamping stress at the
fibre-matrix interface and that the coefficient of
proportionality, w, is a constant. However, the
assumption of a constant frictional stress is
neglecting the expansion of the fibre due to the so-
called Poisson’s effect. On the reverse, Coulomb’s
law of friction is taking into account this effect
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which adds to or subtracts from the radial clamp-
ing stress depending whether one is pushing (Fig. 1)
or pulling the fibre. When Poisson’s effect is of a
high magnitude, its estimate becomes a key point
when using microindentation test results for the
purpose of modelling the crack opening micro-
mechanism during fatigue tests.

The first part of this article will be devoted to the
analysis of local mechanical properties of the
matrix and the fibers, using spherical indentation.
The second part will concern the modelling of the
interfacial behaviour with the help of micro-
indentation tests, performed using a pyramidal
microindenter.

2 Materials and experiments

The investigated material is made up with Hi-
Nicalon fibres, boron nitride coated. Details per-
taining to the process route are given elsewhere.?
Relevant physical data of the composite are listed
in Table 1.2 The topography of both virgin and
coated Hi-Nicalon fibres were investigated using
Atomic Force Microscope (AFM).2 Multiple
indentation tests were carried out using a spherical
indenter (diamond ball) mounted on a completely
automated force-driven static measuring ultra
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Fig. 1. Illustration of the unit cell consisting on a fibre surrounded by the matrix. The topography of the fibre is characterised by a

roughness amplitude, 4. When the microindentor pushes the fibre, the true displacement of the fibre, /. is obtained by subtracting

the microindentor penetration, 4, from the total displacement, /, according to the analysis of Marshall and Oliver (1987).® The

fibre debonding initiates at a load, Fp, and continues up to the maximum load under the combined effects of the elastic contraction
of the fibre and the sliding. The debonded length dictates the sliding length, L.'!
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Table 1. Few physical data of the fibre, matrix and composite?

Fibre a(x107%/°C) Poisson ratio E; (GPa) or(MPa)
Hi-Nicalon (Nippon carbon) 3-5 (0-550°) 0-15 250 1940
Matrix o (x1076/°C) Poisson ratio E,, (GPa) om (MPa)
o—SizNy 2-86 (0-550°) 0-28 193 538
The composite Vin (%) Ve (%) Sintering temperature Porosity (%)
Hi-Nicalon/BN/SizNy 49 48 155°C 29

microindentation instrument (UMIS 2000).%'2 For
this part of the study, UMIS 2000 was equipped
with a spherical indenter. The spherical indenter is
a diamond cone (included angle of 60 or 90°), ter-
minated with a radius in the range 2 to 50 um.
Tests were conducted on fine polished surfaces of
specimens, previously embedded in resin. The fibre-
matrix interfacial characterisation was performed
on a Shimadzu DUH-50 testing machine with
0-5N maximum load and a diamond cone angle
indenter of 115°. Tests were force controlled and
conducted at a loading speed of 1-3mN s~ 1.

3 Results and discussion

3.1 In-situ mechanical characterisation of the
matrix and the fibres

3.1.1 Theory

Microindentation tests were performed on the
fibres and the matrix (both on monolithic Si;Ny
and on matrix rich-regions in the composite) with
the scope to evaluate the local Young’s modulus
(LYM) of the matrix and the fibres. For such pur-
pose, the multiple partial unloading procedure has
been used.? Such tests are particularly suitable for
a spherical indentation and give reliable measures
of the LYM as a function of the depth of elastic/
plastic penetration for materials whose properties
vary with distance from the surface.? Before going
to the presentation of the results, let us resume
briefly the theory of spherical indentation, which
will be applied in this work. Following Fig. 2, if a
diamond ball (diameter D) is pushed into an elastic
body, an initially elastic displacement (d) is recor-
ded, and was expressed by Ref. 13 starting from
Hertz’s!> solution of the Boussinesq problem:

d=(9/8)"Px(1/En)*«(1/D)'*+«F?**  (1a)

where the longitudinal Young’s modulus of the
material (Ey) is given by:

1VE = (1 =v))/E+ (1 —v,)/Em (1b)

The longitudinal Young’s modulus and the Poisson
ratio of the diamond indenter are v; and E; and the

Poisson ratio of the material is v,,. In our case, the
spherical indenter is diamond made, hence the
ratio (1 —v})/E ~ 1072, The mean pressure
value, exerted on the material is given by the fol-
lowing relation:

Py =F/(7"d?) (1c)

where a is the circle of contact at the ball-material
interface, and is related to the displacement (d) and
the radius R of the ball by the relation proposed by
Ref. 16:

d=a’/R (1d)

It should be noted that during loading, the mean
pressure over the elastic mark will increase up to a
stress value corresponding to the onset of local
irreversible deformation. Starting from this stress
level, any increase of load leads to a deformation
value, which maintains the mean pressure equiva-
lent to the yielding stress. One of the assumption is
that the transition from the local elasto-plastic
behaviour to the plastic behaviour is reached when
the mean pressure equals the hardness (H) of the
material. Setting P,, = H, combining eqns (1c¢) and
and (1d) and using eqn (1a), the force correspond-
ing to the transition from elasto-plastic to plastic
behaviour is given by:

F, = (wHRC)*x(1/mEn)*(1/D) (le)

where C is a constant. At F;, the radius of the
contact circle is:

ay =/ (F/7H) (1f)

and the elastic displacement at the transition load
is derived by analogy to eqn (1d):

d=a;/R (1g)

At this step level, one important thing to note is
that sphere-loading a material, up to the transition
force (Fy), followed by unloading results in com-
plete elastic response. Thus, the knowledge of two
points along the unloading curve is enough to esti-
mate s,. When increasing the load further than Fi,
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Fig. 2. Tllustration of the spherical indentation test and the corresponding parameters.'#

the indenter mark is widened following a local
plastic deformation. Consequently, this small var-
iation can lead to a variation in the onset of irre-
versible deformation. Therefore, the diameter of
the indentation (M) is a function of Meyer’s index
(m), C and F:
M=2xa=CxF'/m (1h)
Note that Meyer’s index has been taken to be x + 2
by Tabor,!”, where x is the strain index of the
material. Typically, x varies between 0 (for likely
plastic solids) to 0-6 (for elasto-plastic materials).
The parameter M, (corresponding to the diameter
of the indentation, at the transition load) is there-
fore useful to calculate the contact circle radius (')
for a load value (F’) higher than F;, as:
d =0-5x My x (F'JF)"™ (1i)
The depth of penetration below the circle of con-
tact (/) at loads higher than F; is given from sim-
ple geometrical considerations as:

R— /(R —d?) (13)

The residual penetration (&) which is not taken
into account by the elastic deflection as well as the
radius of the depression are given by:

hy, =

he = hy — d)2 (1K)

and
R = (a* + h})/2h, (11)

Note that /. is assumed to be the depth of recov-
ered surface depression. The elastic displacement
(d) is therefore needed to estimate further dis-
placement following next loading increment. This
procedure is repeated and in this way, the depth of
penetration at each load increment is calculated
until the maximum load is reached. The total depth
measured at each increment is given by the follow-
ing relation:

hy=h+d (Im)
Starting from the method described above, which
has also been applied to the characterisation of
thin solid films by Refs14,18, the load/unload
procedure for the extraction of the LYM is here-
after briefly described. In the multiple partial
unloading (20 in our case), a single indentation is
partially unloaded in one increment at each step by
an amount of 50% of the total step. Each force
step provides two pieces of information: the total
depth of elastic/plastic penetration and a measure
of the recovery from that load. The analysis of the
partial unload data (see above) provides for the
extraction of the LYM at each step?, using eqn
(1b). Two points must however permanently kept
in mind. The first one is to devoid any shock when
contacting the material. This can be achieved by
carefully selecting the low contact load speed of the
indenter. The second point is the suitable selection
of the maximum applied load. Indeed, care must be
given to devoid maximum load values which can
introduce microcracking into the material. In such
cases, the results are depending on the amount of
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damage introduced, as pointed out by Cook and
Pharr.!? Still related to instrumented indentation,
one might also point out the work of Loubet ef
al?® on MgO monocrystals. These authors illu-
strated all the parameters which are intervening in
the analysis of load-displacement relationships.
Their analysis, based on the assumption that the
unloading part is not linear,?! requires fitting a
tangent to the upper portion of the unloading
curve, using the elastic punch theory,?? to estimate
the penetration depth.

Microindentation results recorded for the
monolithic matrix and the matrix rich-regions in
the composite, are depicted in Fig. 3(a). As
noticed, both local LYM values, plotted as a func-
tion of the depth below penetration, show a similar
constant value of 193 GPa, attained after a pene-
tration of about 100nm (matrix Poisson’s ratio
(vm) being 0-28). Despite the small scatter, this
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Fig. 3. (a) Mean evolution of the longitudinal Young’s mod-
ulus values as a function of the penetration below contact
when indenting the monolithic silicon nitride (Es;;n,m)) and
the matrix rich regions in the Hi-Nicalon/BN/silicon nitride
composite (Ecomp). The maximum applied force is 250 mN; (b)
evolution of the longitudinal Young’s modulus as a function
of the penetration below contact of the BN-coated Hi-Nicalon
fibres using microindentation tests. Ale maximum applied
force is 250 mN.!2

value is in good agreement with flexure test
results.?

The averaged variation of the LYM as a func-
tion of penetration depth, as derived from inden-
tation tests performed on Hi-Nicalon fibres in the
composite (up to Fipax = 250 mN) are plotted in
Fig. 3(b). A constant value of 106 GPa of the LYM
is reached after a penetration of about 180 mn. In
both cases, we should keep in mind that during the
first load/unload cycles (Fig. 4), the local plastic
behaviour under the indenter is not yet achieved.
Hence, the slope of the unloading part is very
sharp and the value of the LYM is overestimated.
When the applied load exceeds the transition force
(F}), the local plastic behaviour takes place and the
elastic response upon unloading leads to the right
estimate of the LYM, reflected by a plateau value.

According to mechanical test results and Atomic
Force Microscope observations, this low value of
Er has been attributed to the effects of both the
fibre’s BN-coating and the hot-pressing stages.>!?
For the former, it was shown from a deep com-
parison between virgin and BN-coated fibres that
the coating by boron nitride did affect the external
surface of Hi-Nicalon. Such effects arise in general
when the atmosphere of the coating stage is not
rigorously controlled and a small amount of oxy-
gen remains. However, provided that the surface
alteration is not enough to lower drastically the
LYM of the composite, the effects of hot press-
ing stage (the latter) have been proposed as an
additional source of troubles.

3.2 Modelling of the shear stress transfer at the
fibre-matrix interface

3.2.1 Theory

We will consider the unit cell composed by a cera-
mic matrix surrounding an axially loaded fibre,
with a radius R (Fig. 1). The interfacial bonding
between the fibre and the matrix is considered
weak enough so that debonding is initiated in a
stable way. Under such conditions, when the load
carried by the fibre is sufficiently high, fibre-matrix
debonding initiates at a stress level op:

op = Fp/mR? (2)

Based on an energy analysis which takes into
account residual stresses, Marshall et al.® have
shown that the debond stress is related to the
debond energy, Gp, and the axial residual stress in
the fibre, o7®:

op — o =/ (4E;Gp/R) (3)
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Fig. 4. Illustration of the load—displacement relationship in instrumented microindentation tests, in conjunction with the develop-
ment of the elasto-plastic area around the indentation mark. (a) When loading a polished surface of the material up to a maximum
force (A4), well below the transition force, Fi, an elasto-plastic area grows up. At this stage, when partly unloading the specimen, the
longitudinal Young’s Modulus (LYM) is overestimated. (b) When the elasto-plastic zone is fully developed (above F}), the partial
unloading cycle leads to an elastic response of the material from which the true estimate of the LYM can be gathered.

This relation is given in the case where the inter-
facial crack length is at least greater than three
times the fibre radius. The residual stress within the
fibre, of*® can be evaluated by load cycling the fibre
and analysing quantitatively the amount of recov-
ery when the load is relaxed (% is the displacement

of the fibre; Fig. 1):

op" = (Fmax/27TR2) X [1 = (hres/ (Mmax — hees)] (4)

Available models of the interfacial sliding start
from the assumption of either (i) a constant fric-
tional stress (for both debonded and weakly bon-
ded interface) or (ii)) Coulomb’s law of friction. The
trends derived from these two assumptions are
summarised below as well as the theoretical basis
of our model of the shear stress transfer at the
fibre-matrix interface.

3.2.1.1. Constant frictional stress. In the case of
debonded interfaces, the fibre is subjected to the
axial stress, o, which is resisted by a constant shear

stress, 7, acting only on the external surface of the
fibre. If the shear stress exceeds 7, then fibre-matrix
sliding occurs. Hence, the mechanical equilibrium
of the fibre, for distances less than the sliding
length, requires that:

do/dz = —2t/R (5)

The fibre slides relatively to the matrix at a con-
stant shear stress, 7, along a distance L, derived
from the integration of expression (5) with regards
to boundary conditions (i.e. ¢ = F/mR> at z =0
and o = 0 beyond the sliding distance, L):

L =F/2nRt (6)

and the strain at any section of the fibre along z
axis is given by:

e, = (F/nR*E;) x (1 —z/L) (7)

Generally, where the interface is weakly bonded,
the sliding length is dictated by the debond crack
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length. Then, the displacement of the fibre can be
obtained from the integration of eqn (5) between 0
and the debond length. Marshall>® has proposed
the following expression relating the real displace-
ment of the fibre, /., to the applied force, F, and
the debond energy, I'(Gp=2TI"):

h. = (F*/4m R}t Ef)—(2I'/7) (8)

3.2.1.2. Coulomb’s law of friction. Let us con-
sider a ceramic fibre, subjected to an axial com-
pressive stress. In this case, a radial compressive
stress is generated at the interface due to Poisson’s
effect, which in turn, modifies the resulting inter-
facial radial stress. Therefore, Marshall’s analysis
becomes inappropriate for modelling the shear
stress transfer. To account for Poisson’s effect, a
more rigorous analysis would assume the frictional
stress obeying Coulomb’s law of friction and
would take into account all the contributions
due to the clamping stress at the fibre-matrix
interface. For this purpose, the micromechanisms
at the origin of the frictional stress must be
analysed.

When ignoring fibre roughness effects, the sliding
stress had been expressed by Ref. 9:

T=T9) — MOR (9)

where t is the sliding resistance, u the coefficient of
friction, og the compressive stress normal to the
interface due to thermal and processing induced
residual stresses and 7 the constant sliding stress.

Matrix

Mean roughness amplitude «—:
of the fibre, A

F

Matrix

Fig. 5. Illustration of the initial state of the fibre-matrix inter-

face, characterised by a correlation between asperities. When

the fibre is pushed down, the asperities debond and this leads

to the stress, oR”, which adds to the clamping stress at the
fibre-matrix interface.

In a given CMC, the original position of the
interface is in fact characterised by a geometrical
correlation between the asperities of the fibre and
the matrix (Fig. 5). Once removed from their initial
position, the asperities of the fibre decorrelate and
generate, in the case of indentation tests, an
additional compressive stress, which must be added
to the thermal radial residual stress. Thus, the radial
pressure induced by the roughness determines
mechanistically 7y such that t [eqn (9)] becomes
entirely Coulombian:*3

T = pog (10)

where of is the total clamping stress at the fibre
matrix interface. In the general case considered
herein, this clamping stress, o, originates from
three contributions: the roughness induced com-
pressive stress, oRA, residual stresses, oR> and the
stress oRE which arises from the expansion of the
fibre under the applied stress, o, following Pois-

son’s effect:
T _ _RA TRS PE
OrR =OR +OR "~ +OR (11)

When the case of a single filament is considered
(V¢ = 0) and under some assumptions, Kerans and
Parthasaraty?* expressed the contributions of ther-
mal residual stress (ofR%) and roughness amplitude

(oR™) to the clamping stress, of, as:

xS = Cx (am —ap) x T (12)
and
R = C x (—A/R) (13)

where o, and o are the coefficients of thermal
expansion of the matrix and the fibre, respectively,
A is the roughness amplitude of the fibre (Fig. 1),
AT is the difference between room temperature
and the temperature corresponding to a residual
stress free state and C is a function of the elastic
constants of the fibre and the matrix. In the general
case considered in this work, C is given by the fol-
lowing expression:

C = EnEe/[E;(1 4 vy) + En(1 — vr)] (14)

During push-down tests, fibre’s expansion due to
Poisson’s effect arises from the difference between
the longitudinal strain on the fibre (¢f;*) and on the
matrix (¢/F), added to the fact that Poisson’s ratio
of the fibre (vr) is different from that of the matrix
(vm). This mismatch leads to the following radial
stress which adds to the radial clamping stress in
the case of push-in tests:
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or = Cx (e —er) (15)

When the fibre is pushed in, the longitudinal stress
in the matrix is negligible and the expansion of the
fibre, e, is a function of the compressive stress
within the fibre («), the longitudinal Young’s
modulus (Ef), and the Poisson ratio of the fibre
(v¢). It follows therefore that:

e = —vo/Ey (16)

By substituting eqn (15) into eqn (14), the con-
tribution ok can be expressed as a function of the
compressive stress within the fibre and the elastic

constants of the fibre and the matrix:
op” = —vCo/Ey (17)

The compressive stress within the fibre, o, can be
calculated when supposing it to be entirely
balanced by the frictional stress. Then, the equili-
brium conditions in any section of the fibre (along
the z axis) impose that the variation of the axial
compressive stress is completely accommodated by
the frictional stress t(t = pog):

—7R? % (do/dz) = 27R* o (18)

Combining eqns (11),(17),(18), and integrating, we
obtain the following expression for the axial
applied stress in the fibre, o:

o=1/C" x [( S 4 ojA + C X o)
( TRS+GI§A)]

(19)
x exp(—2uC'z/R) —

where o, is the uniform applied pressure on the
top of the fibre and C’ is the quantity —v¢ C/E;. By
integrating the applied strain in the loading
direction (according to the way of integration
of Ref.9, the displacement of the top of the
fibre, hc(hC =h—hy; Fig. 1) under the applied
force, F, can be simulated using the following
relation:

he = [(1 — 2% C) /2MCRnEf} ¥ F
— [Rx (1=25C) x (0F™S + oR*) /21 C2Er |
Ln |1+ C x F/R}(0F™ + of*)|

(20)

Therefore, when the values of R and F, are known,
the coefficient of friction, u, can be varied to fit the
loading part of load—displacement relationships.
Hereafter, we will use these trends to analyse the
shear stress transfer.
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Fig. 6. A typical load—displacement relationship obtained by
loading up to an applied force, Fi,x = 150 mN, a fibre with a
radius R = 7-5 um.!!

3.2.2 Load—displacement relationships (F—h.)

A typical F — h; curve is presented in Fig. 6. The
loading part is slightly curved as for most of F-h
curves, and this prohibits a blind transposition of
Marshall’s model to our results. A low debonding
stress is calculated [340 MPa using eqn (2)]. Using
eqn (4) and assuming the conditions of Ref. 6, the
axial residual stress, is of* = —35MPa. The fibres
in this composite are under a low magnitude resi-
dual compressive stress. The unloading part shows
a recovery, hes = 0-75 um, whereas the maximum
displacement is /iy, = 1-434 um. This leads to a
ratio, fyes/hmax = 0-523. Based on the analysis of
Ref. 6, residual stresses lead to a relative amount of
recovery higher than 0-5 for tensile stresses and
smaller than 0-5 for compressive residual stresses
within the fibres. Hence, the ratio of 0-523 deduced
corresponds well with the low compressive residual
stress value of —35MPa calculated in Hi-Nicalon
fibre composite. The debonding energy Gp 0-03J
m~—2, is much lower than in the case of unidirec-
tional SiC-SiC composite (2J m~2, Ref.25) but is
similar to the case of SiC—LAS composite (0-37]J
m~2, with turbostratic carbon interphase®®). The
difference between these values highlights the effect
of the sign and the magnitude of residual stresses.

3.2.3 Effects of varying F .
The sliding stress is often calculated assuming that
the interfacial shear stress is uniform.>® This
assumption fits well with a low magnitude coef-
ficient of friction composites. For several cases, the
expansion of the fibre due to Poisson’s effect
increases the radial clamping stress and leads to the
variation of the frictional stress along the sliding
length. When making a parallel, Marshall’s analysis
can be viewed as a particular case of Coulomb’s
law of friction.

During indentation tests, when increasing Fpax
the contact area between the fibre and the matrix
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increases. In the event Poisson’s effect exists, an
increase in the frictional stress is expected. To check
whether the frictional stress in Hi-Nicalon fibre
reinforced silicon nitride composites is affected by
Poisson’s effect, microindentation tests were per-
formed at different applied force: 150, 200 and
250 mN and the mean values of 7, calculated using
the model of Ref. 6 are plotted in Fig. 7 as a func-
tion of the fibre radius. It should be noted that for
every fibre radius, seven tests were done and the
averaged values are considered in Fig. 7. As shown,
7 values are close as long as the fibre radius is
higher than 10um. For smaller fibre radius, t
values calculated from tests performed with
Fiax = 150 mN are smaller than that evaluated for
higher F,x. The difference range is small (typically
1-3MPa), which is a typical manifestation of
Poisson’s effect. A micromechanical analysis is
proposed hereafter to separate the contribution of
the expansion of the fibre from the frictional
stress.!!

The compressive stress due to the roughness
amplitude (4) of the fibres, ok”, can be estimated
when the roughness amplitude of the fibres is
known. Using an Atomic Force Microscope
(AFM), A4 has been estimated as 15mn.!! Follow-
ing, the quantities oR* and ofRS are calculated
using eqns (12-14). Thereafter, using eqn (20) as
well as the values of oR” and ofRS, the loading
parts of F — h. curves will be fitted by varying the
coefficient of friction, w. With the appropriate
value of u deduced from the fitting procedure, t
will be calculated using expressions (10) and (11),
by setting at first okE = 0. This first assumption
will let us have an idea about the magnitude of the
frictional stress when ignoring the expansion of the
fibre. As a second step, the maximum contribution
of Poisson’s effect will be considered in order to get
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Fig. 7. Frictional stress calculated using the model of Ref. 6

for three different F,.x = 150, 200 and 250 mN and plotted as

a function of the fibre radius. As shown, t values increase with
increasing Fiax.'!

the extremal range of variation of the frictional
stress when including this effect.

3.2.4 Evaluation of the coefficient of fiction, n
With the help of the mean value of A, the
parameters of Table 1, the longitudinal Young’s
modulus of fibres in the composites (we will use the
true value: Epf = 106 GPa!? since it reflects the
actual state of the fibres inside the composite) and
using eqns (12) and (13), the roughness amplitude
contribution to the clamping stress is calculated as
a function of the fibre radius. With
R=7-5um, of* is —136-5MPa. Using eqns (11)
and (13), the residual stress contribution to the
clamping stress (ofR%) is 24 MPa. The fitting pro-
cedure of F — h, relationships [using eqn (19)] is
illustrated in Figs 8 and 9. for two fibres with the
same radius (7-5um) up to Fpa =150 and
200 mN. The derived u values of 0-03 and 0-047
provide close fitting to experimental results for
Fiax = 150 and 200 mN, respectively.

Therefore, the frictional stress can be derived by
way of Coulomb’s law of friction, and restricting
the clamping stress to the roughness of the fibre
and thermal residual stresses contributions. There-
after, the contribution of Poisson’s effect will be
calculated using eqn (16) with the stress of the fibre
being equal to the maximum value attained at F,x.

Frictional stress values, ignoring Poisson’s Effect
(z(PE = 0), data 1), the Maximal Contribution of
Poisson’s Effect (MPEC, data 2) and the summa-
tion of the two sets of values (Tau (PE=0) +
MPEC, data 3) are depicted in Fig. 10 as functions
of the fibre radius. The results summarised in this
figure are those obtained when pushing the fibres
until Fax = 150 mN. It can be seen that data 1
values range between 8-8 and 4-3 MPa for R = 5 to
12 um. In the same range of fibre sizes, data 2 varies
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Fig. 8. Load — fibre displacement relationships (Exp) for a

fibre radius R = 7-5 um loaded until a maximum force value

of 150mN, plotted along with the simulated one using
expression (19) with a friction coefficient 1 = 0-03.!!
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Fig. 9. F— h. (Exp) for a fibre radius R = 7-5 um loaded until
Fiax = 200 mN, plotted along with the simulated one using
expression (19) with a friction coefficient u = 0-047.!!

20 1 T(MPa)
4 Tau (PE=0)
161 e
. & MPEC
_ ®
12 1 ® . ® Tau (PE=0)+MPEC
; ®
gf 4 e,
@ AAA ...
A ® ¢
44 Co., fhaaaale
E @@@@@.@@@@
0 ey

4 5 6 7 8 9 10 11 12 13
Fibre radius (um)

Fig. 10. Frictional stress values, 7, calculated using eqns (9)

and (10) when ignoring Poisson’s effect [t(PE = 0)], the max-

imum Poisson’s effect contribution (MPEC) and t taking into

account all contributions to the radial compressive stress
[z(PE = 0) + MPEC].!!

between 7 and 1-2MPa. The analysis of these
results leads to two main points:

e For smaller fibre radius (R=15 to 7-5um),
data 2 values (MPEC) are as high as the fric-
tional stress due to both the roughness ampli-
tude and thermal residual stresses.

e The MPEC decreases quickly within the range
of fibre radius from 5 to 10 um and slows
down further at a low value, close to 1-2 MPa.

In this composite, most of the fibres have radius
under 10 um, as derived from numerous optical
observations. Therefore, it comes that Poisson’s
effect must be taken into account when mod-
elling the shear stress transfer in this compo-
site.  This special point emphasises the
importance of determining the statistical fibre
radius distribution.

4 Conclusions

Microindentation tests have been used to evaluate
the mechanical properties of the matrix and the
fibres inside the composite as well as to get an
insight into the interfacial behaviour of Hi-Nica-
lon fibre reinforced silicon nitride ceramic matrix
composite.

Spherical indentation tests results show that the
fibres suffered from the processing stage. This
technique as well as the analysis proposed shows
that spherical microindentation tests are very sui-
table to estimate the in-situ mechanical properties
of the fibre and the matrix. The method is promis-
ing, especially on a laboratory scale (during the
development stage of the material), where only
small size specimens are available and quick results
are needed.

The interfacial behaviour of this composite
has also been probed by way of a pyramidal
microindentor. When assuming a constant fric-
tional stress and performing microindentation
tests for a range of maximum applied force, the
existence of Poisson’s effect has been shown. To
adjust frictional stress values of Poisson’s effect,
a model, based on Coulomb’s law of friction,
has been proposed. The advantage of this
model is the explicit integration into the clamp-
ing stress of all contributions (thermal residual
stresses, roughness amplitude of the fibres and
Poisson’s effect). Starting from the equilibrium
conditions, the loading parts of F— h. curves
have been fitted by varying the coefficient of
friction. Results show that Poisson’s effect is of
a high magnitude for fibre radius less than
10 pum.

The model proposed herein assumes that the
load is a uniform pressure applied on the top
surface of the fibres. Hence, one of the possible
implication of this work would turn one’s atten-
tion to check the degree of veracity of this
assumption, as well as the effects of neighbour-
ing fibres. Recent work on the fibre bundle
push-out tests have clearly shown that the
proximity of fibres leads to an additional con-
straint which restricts interfacial sliding.?’.
Hsueh?® has partly taken into account the effects
of neighbouring fibres (by introducing the V¢ in
the calculation of the C parameter), but this
leads to dense calculations.
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