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ABSTRACT

The mechanical characterisation of the carbon/carbon composite in the transverse direc
tion is essential for the design of braking discs. This paper presents a technique based
on spherical indentation to identify the mechanical behaviour of such materials in the
transverse direction.

After the presentation of the material properties as determined from static and fatigue
compression tests, the indentation technique is described in detail. The characterisation
technique used takes into consideration the transverse isotropy of these materials. The
method used allows to identify the material behaviour in elastic and inelastic fields. Char
acterisation of elastic parameters is carried out after identification of the Hertz law in the
unloading indentation cycles. The hardening parameters and the elastic limit are identified
by expressing the law of Hertz in strain/stress form.

The identified parameters are used in a simulation of an indentation test by finite element

method. A good agreement is found between numerical and experimental results.

1. Introduction

Carbon/Carbon (C/C) composites have been under develop

ment since the 1960s as thermo structural materials for high
temperature applications such as in the case of aeronautical
braking, motor sports, nozzles, etc. Their moderate density
(less than 2), thermal properties such as a low coefficient of
thermal expansion, and a large heat capacity at high temper

ature (2.5 times higher than that of steel) as well as good
mechanical properties up to 2000 °C, make them indeed good
materials for hot working structural elements.

This work is a part of a study on C/C composites for brake
discs against steel discs in a lubricated environment for
aerospace applications. Its aim is the characterisation of C/C
composites in the transverse direction to the plane of friction
using the indentation technique. In a braking configuration,
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the brake discs are highly stressed in the transverse direction.
With a very low coefficient of friction and particularly in a
lubricated environment, the friction force is provided by
increasing the load in the normal direction to the plane of
friction. For sizing the C/C discs to support these load levels,
accurate mechanical characterisation in the transverse direc
tion is required.

In the literature, studies of C/C composites for brake appli
cations are typically oriented towards the study of the friction
behaviour of these materials. Few studies have addressed the
characterisation of these composites in transverse compres
sion. For example, one can cite the works of Davies and
Rawlings [1] and Douarche et al. [2] on the characterisation
of these materials in compression. The behaviour of these
materials in compression depends heavily on the specimen’s
geometry and particularly its thickness [1]. To remedy the



problems with respect to the influence of thickness in com
pression tests, the specimen shall have a thickness equal to
that of the disc. However, the brake discs are thin; typically
Smm as thickness in our study. Realisation of the compres
sion test on thin specimens with a local measurement of
strain is more complicated.

To characterise these materials in the transverse direction,
many authors have used nanoindentation techniques [3 8].
However, this technique only allows the material behaviour
of components to be characterised, and not the composite it
self. For the indentation technique used in this study, the
dimensions of the indenters and the load levels allow a wider
contact area to be tested. Subsequently this study estimates
the mechanical characteristics of the composite and not the
components of the composite. In contrast to a standard com
pression tests, the experimental method developed here can
be utilised to perform non destructive compression tests
which allow the discs to be tested before their use.

2. Material and experimental tests

2.1. Material structure

The material used consists of a stack frame of fibres oriented
in three directions: 0°,60°and 60°, as shown schematically in
Fig. 1. The fibres used are of the PAN (polyacrylonitrile) kind.
To increase the delamination resistance of the frames, trans
verse fibres are needled to form a 2.5D structure. The density,
the length and the frequency of needling are part of the man
ufacturing process and are not revealed by the manufacturer.

Pyrolytic carbon matrix is formed by Chemical Vapour
Infiltration (CVI). The matrix grows concentrically with
respect to the fibres and seems to form a sheath around the
fibres. Its radial growth is steady around the fibres, or rather
the fibre’s bundles, that form the frames.

Fig. 2 shows an image of the disc surface observed by an
optical microscope. The fibres thus appear as cylinders with
a constant diameter, very smooth, mostly grouped in braids,
and waving macroscopically. A comparison with a cable can
be used to describe the structure of the fibre bundles as
shown in Fig. 3(b) and (c). The mean diameter of the fibres
is 9um and the bundle thickness is between 150 and
250 um. The C/C composites are characterised by their poros
ity induced by the forming process of the matrix. A porosity of
an order of 8 % is observed on the samples used. Cracks are
also observed on these materials as shown in Fig. 3(a) This

Fig. 1 - Representative diagram of the stack frames, the
fibres direction and the needling.

Fig. 2 - Optical microscope image of the transverse surface
showing the architecture of the material.

cracking is attributed to the internal stresses induced by the
cooling after the heat treatment is applied to the materials.

2.2.  Mechanical behaviour of the material

To determine the overall behaviour of the material, a series of
compression tests were performed. This series of tests in
cludes seven compression tests on prismatic specimens of
dimensions with the following mean values: 14.93 x 15.1x
24.29 (mm®). The first five tests were aimed at identifying
the mechanical characteristics of the C/C in a compression
test. The characteristic values obtained in this test will serve
as a reference for the indentation test results.

The last two specimens were used to carry out fatigue
tests in compression with imposed stresses. For both fatigue
tests, asymmetric loading was imposed between 0 and
120MPa. Two other compression tests with loading and
unloading up to failure on two prismatic specimens of
dimensions 22.31 x 22.31x 22.0 mm® were also achieved.
Each loading cycle was incremented by a loading of 20 MPa
relative to the previous cycle. All tests were conducted on
an MTS 810 fatigue machine with a capacity of 100 kN. The
compression test was done in the direction perpendicular
to the plies (z direction in Fig. 1). The supplier has not pro
vided the dimensions of the plies. With an optical micro
scope one can deduce an average of 48 plies through the
thickness of specimens. The strain of the specimens in static
and fatigue compression tests was measured by an exten
someter (MTS 634.31F 24) with an elongation of 10 mm and
an accuracy class of 0.5.

The objective of the compression test with loading and
unloading as well as the fatigue test is to bring out the nonlin
ear behaviour of the material of interest. Indeed, all studies of
the mechanical behaviour of C/C composites show that these
materials have nonlinear behaviour, either in the elastic or
inelastic fields [9 11].

Fig. 4 shows the representative curve of the first series of
tests of simple compression up to the failure of the specimen.
The material behaviour can be considered as elastic up to a
stress of 110 MPa. From this value to the failure of the mate
rial at a stress of 220 MPa, the material is inelastic. In a first
approximation, the material behaviour can be considered lin
ear for both elastic and inelastic fields. An elasticity modulus
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Fig. 3 - Image architecture obtained by SEM: (a) Matrix cracking, (b) Sheath shape of the matrix around fibres, c) Each sheath is

composed by a layers arrounding the fibre.
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Fig. 4 - Characteristic curve obtained in compression test.
(A colour version of this figure can be viewed online.)

of E; 11.7 GPa and a hardening modulus H;; 2.22GPa can
be deduced from these tests as shown in Fig. 5.
Fig. 6(a) shows the trend of fatigue cycles between the 50th
and the 10,000th cycles with increments of 100 cycles. The
110 MPa initial elastic limit observed on the compression
test is exceeded from the very first cycle. All fatigue cycles
are in the elastic range after the hardening of the initial elas

tic limit. Each cycle exhibits a non linear hysteresis loop with

Iexplerimlenta.i test ——
o= 1170

B
o
T

3¢

=45 -4 =35 -3 =25 -2 -15 -1 0.5 O
Strain (0.1%)

(a)

different loading and unloading phases. This hysteresis of
loops is attributed to the friction that accompanies sliding
at different scales of the material [12]. At the nanoscale, the
sliding corresponds to the slip of the graphitic layer planes
at crystal scale [4,7] for either the fibres or the matrix.

Sliding at the mesoscopic scale [13] is attributed to the slip
between the pyrocarbone concentric layers around fibres
(Fig. 3(c)). At a higher scale, which could be considered as
micro macroscopic, slips are attributed to sliding between
the fibre and the matrix and the sliding at the crack level ob
served in the material in a virgin state (Fig. 3(a)) or induced by
the fatigue loading. With the development of fatigue cycles,
the cracks at the microscopic scale become saturated, which
corresponds to the shakedown of fatigue cycles and the satu
ration of total strain observed in Fig. 6(a) and (b).

Fig. 7(a) shows the results of the compression test with
loading and unloading. This curve confirms the nonlinearity
of the elasticity observed in the fatigue tests. The hardening
zone of the curve corresponds broadly to the shape of the lin
ear hardening in the compression test shown in Fig. 4. Avar
iation in the slope of loading in the elastic range is observed
among the different cycles. This variation is due to the dam
age induced by the cracking of the matrix and the debonding
between fibres and matrix. The material damage is also ob
served on the fatigue cycles. Fig. 7(b) shows the 50th and
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Fig. 5 - Mechanical characteristics obtained in compression test: (a) Elasticity modulus (MPa), (b) Hardening modulus (Mpa).
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Fig. 6 - Fatigue test results: (a) Evolution of hysteresis loops under fatigue loading (number of cycles ranging from 5 to 10,000)
(b) Total strain amplitude evolution. (A colour version of this figure can be viewed online.)
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Fig. 7 - Characterisation of C/C damage by evolution of elasticity: (a) Damage in compression test with loading and unloading,
(b) Damage in fatigue test. (A colour version of this figure can be viewed online.)

the 10,000th cycles merged at the beginning of the first cycle.
We observe in this figure that the slope of the 10%th cycle is
lower than the slope of the 50th cycle. This slope decrease
corresponds to the loss of stiffness caused by the damage of
the material in the elastic range. A complete characterisation
of compression of the C/C composite must take into account
the nonlinearity of the elastic field and damage in the elastic
and inelastic domain.

2.3.  Presentation of the indentation test equipment

The indentation equipment used is a device that allows a con
ventional fatigue machine to be adapted in order to be used as
a tribometer [14]. This device (DEMAFtrib: DEvice using MA
chine Fatigue as TRIBometer) adds a second axis to an usual
fatigue machine in the form of an add on accessory. The
apparatus can also be used as a fretting wear machine or a
fretting fatigue machine.

Fig. 8 shows a schematic diagram of the device. This device
is supported by the crosspiece (11) which is attached to the two
columns (12) of a standard fatigue machine. The pins (2 3) al
low the specimen (1) to be pressed with a perfect symmetry
in the form of a pinching motion. The system is composed of
lifting beams (8 9), connecting rods (4 5) and the actuator
(10). The lifting beams (8 9) transform the opening movement

of the ram into a pinching movement of the pins on the spec
imen. The displacement of the two pins is free according to
their axes. The movement of one pin is independent of the
movement of the second pin. This freedom of movement with
the symmetry of the pedals (8 9) and rods (4 5) allows the sys
tem be self centred by the specimen.

Normal load is measured by two transducers (6 7). The po
sition of these two sensors close to the contact surfaces allows
direct measurement of normal load. Effects such as parasitic
friction forces in the joints of the system have no effect on
the measurement of the normal force. For the tribological con
figuration of the device, the specimen (1) is driven by an alter
native movement of the fatigue machine actuator.

In the case of an indentation test, the specimen (1) is
motionless. The device allows a double indentation of the
specimen to be realised. The average depth of indentation va
lue h corresponds to half of the measurement given by the
extensometer (13).

3. Mechanical characterisation by indentation
test

Fig. 9(a) represents a typical P h cycle in an indentation test.
The relationship between indentation load P and the penetra
tion h can be defined by Oliver and Pharr [15]:



3 1 2
(b)

Fig. 8 - Schematic of the DEMAFtrib: (a): Device in open position, (b) Measurement of indentation depth by extensometer.
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In the case of weak loads, since no point on the surface of
the test specimen exceeds the limit of elasticity, the two
curves of loading and unloading are merged. If the contact
is of sphere plane type, the indentation cycle can be modelled
by the Hertz equation

P 4§M(h heiVR 2)

with M the indentation modulus, h; the residual depth of the
indent, and R the radius of indentation. In the case of an
indentation cycle with inelastic behaviour, Eq. (2) is only valid
in the unloading curve. The indentation radius is defined by
1 1 1

R R R ©)
with R; and Rg the radii, respectively, of the indenter and the
specimen surfaces. The parameter 1/R; is equal to zero for a
plane specimen. In the case of an indentation test with sev

eral cycles of loading and unloading and an inelastic behav

iour of the material, the contact surface of the specimen
takes a circular shape and 1/R; is not equal to zero. The con

tact radius R; is calculated in this case using the geometric
relationships deduced from Fig. 9(b):
K +a?

o @

Rs

The parameter a is the radius of the contact area defined

by
a (2Rhy hf,)m, with h, (h+he)/2 )

The indentation modulus M is defined by:
1 1 1

M T ©
The parameter M is the indentation modulus of the indenta
tor, given by

M — (7)

with E; and v; the Young’s modulus and Poisson’s ratio of the
indenter. The indentation modulus of the specimen depends
on the behaviour of the material. For an elastic behaviour, it
takes the form:

Loaded surface

ndenter

P
Loading
Unloading
S =4k
dh
h
h¢ 5 hp

~~_

(a)

(b)

Fig. 9 - (a) Typical P h indentation cycle, (b) Geometrical parameters in an indentation test. (A colour version of this figure can

be viewed online.)



Chi1  Cha Es
C1111 1 2

M, @)
with ¢y the coefficients of the stiffness matrix used in the
context of Hooke’s law oj;  Ciew
The heterogeneity of the material in the transverse direc

tion is weak and the material is considered to be continuous
through the thickness of specimens. The material used in this
study is considered as roughly transversely isotropic. In the
case of an isotropy in the (x, y) plane, the indentation modulus
is expressed by Delafargue and Ulm [16]:

2 &1 2\
M, 2\/ C113(a+7+C13) (9)

with y /c1ica3 and y > cis. Coefficients c¢; are defined in the
Hooke’s law of a transversely isotropic material:

O cn €2 ¢z 0 O 0 &xx

Gyy Cip Ci11 Ci3 0 0 0 eyy

G2z €3 C3 €3 0 O 0 €22 (10)

Gyz 0 0 O ce O 0 2¢y,

Oxz 0 0 0 0 Ca 0 pr-

o'xy 0 0 0 0 0 % (Cn C12) 2£xy

¢;j coefficients are determined from Young's modulusE, in the
plane of isotropy, Young’s modulus E; in the transverse direc
tion and Poisson’s ratios vz, vy, hence

(1 m3)E (1 mE)E, (v )E:
Cll T, 33 Ts C13 B (11)
with
E A 1 nd B 1 2m?
E’ + vy @ Vxy Vay

The cs coefficient is the shear modulus in the plane (x  z)
or the plane (y z). An approximated value of the coefficient
css can be defined by Nakamura and Gu [17]:

c (Ex+E;)/2
“ 21+ (ve +vm)/2)

The objective of the study is to identify the mechanical
properties in the transverse direction only. The mechanical
properties in the plane of isotropy are found in the literature.
Young’s modulus in the plane of isotropy Ex 37.61GPa is
identified in Fig. 10 from a tensile test realised by Douarche
et al. [2]. As far as the Poisson’s coefficients is concerned,
the two values v,y 0.25 and vz, 0.11 are taken from litera
ture [18,19].

The indentation modulus M is identified in the indentation
test from the Hertz equation using the method of Field [20].
Transverse Young’s modulus E, is obtained from Egs. (9) and
(11). The shear modulus is obtained by Eq. (12) after calculat
ing Young’s modulus E,.

To identify the mechanical characteristics in the inelastic
field, the law of Hertz (Eq. (2)) is expressed as [21,22]:

(12)

. P 4 h
with ¢ m and ¢ §E (13)
In the case of inelastic behaviour, the specimen indenta
tion modulus M. is defined as a function of the hardening
modulus H,, in the transverse direction and H,, in the plane

of isotropy

¢ Me,

120 I T T T T

100 | . L
o+

E 80 L " |
E, 60 +m**+¥+ |
2 40f e _

B . 0 =37610e
01 Exeprimental results + -
20 ' ' X =16765¢"

0 01 02 03 04 05 06
Strain (%)

Fig. 10 - Tensile strain/stress curve in the plan of isotropy
taken from Douarche et al. work [2]. (A colour version of this
figure can be viewed online.)
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with D Hz +He and F y/H,Hy. This equation is a modi
fied version of Eq. 9, as obtained by neglecting the elastic
deformations in the inelastic field.

Other parameters such as the Brinell hardness, the maxi
mal resistance and the damage of the material could be iden
tified. The realisation of an indentation test allows access to
the value of the Brinell hardness using the Brinell relationship

P
2g7R? (1 V1 G@ry)

with a the contact radius calculated by the geometric rela
tionship (5) and g the gravitational constant. The calculation
of the Brinell hardness provides the value of the transverse
maximal resistance using relation of the type:

Rm, cHs (16)

Hg

(15)

with ¢ a constant of the material.
3.1.  Methodology of the test

A brake disc having a thickness of 5mm is polished with suc
cessively finer media and cut into 20 x 20mm? samples. A
specimen consists of two glued samples on a metal substrate
as shown in Fig. 11. The metallic substrate is fixed to the
hydraulic grip of the fatigue machine. The material of the

Fig. 11 - Image of the specimen composed of 2 C/C
composite samples glued on a metallic substrate. (A colour
version of this figure can be viewed online.)



indenter is 100C6 steel and the diameter of the indenter
spheres is 12 mm.

The extensometer used for the indentation measurement
is attached to the ball carrier shown in Fig. 11. The control
of the test can be done either by indentation depth h or inden
tation load P using a feedback loop.

Four indentation tests were performed on four specimens.
Each test consisted of five load steps, 100N to SOON, with an
increment of 100N for each step. The loading is applied with
load rate of 1.5 Ns’and the unloading is controlled by inden
tation depth h with a speed of 0.1.10 > mm.s .

3.2. Indentation results

Fig. 12(a) shows a representative cycle obtained during the
indentation tests. One can see that for each cycle, the load
ing curve is different from that of the unloading proving that
the material becomes inelastic at small loads. Each indenta
tion cycle can be modelled by the theoretical cycle presented
in Fig. 12(b). The loading cycle can be decomposed into two
mechanisms The first mechanism represents the case where
the volume under the contact surface is not completely
inelastic. The second mechanism corresponds to the case
where the entire volume under the surface of contact sur
face is inelastic. Owing to the nonlinearity of the material,
curves corresponding to the first mechanisms are not
merged. However, a continuity of the second mechanisms
is observed on the loading curves. The final loading point
of each cycle, corresponding to the end of the second mech
anism for this cycle, represents the elasticity limit for the
next cycle. This is characteristic of the hardening phenome
non. Indeed all of the second mechanisms of indentation cy
cles can be fitted with one major curve representing the
material hardening. From a qualitative point of view, a sim
ilarity is observed between the loading unloading cycles in a
compression test (Fig. 7(a)) and in an indentation test
(Fig. 12).

The indentation radius is inferred from the indentation
depth using Eq. (5). The values of the radii of contact area
are, respectively from the first to the fifth cycle: 280, 390,
477, 542, 592 ym. From the second cycle, the contact area is

larger to the maximum thickness of a bundle of fibres as
discussed in Section 2.1. We supose that from the second cy
cle, the indented volume is representative of a homogeneous
volume of the composite. Hence, the characterisation of the
material is made for a load greater than 100N.

Fig. 13(a) shows five unloading curves of indentation cycle.
With each experimental curve, the fitted curve of the Hertz
law (Eq. (2)) is presented. Overall a good match between
experimental cycles and modelled cycles by the Hertz law is
observed. However, a small dispersion is observed at low
loads. This dispersion is due to the non linearity of the mate
rial in the elastic range. Fig. 13(b) shows the unloading cycles
obtained by Hertz law P $M(h)*VR without the residual in
dent depth hs. A continued decrease of the indentation mod
ulus is observed with the cycle order in this figure. The
decrease in the indentation modulus, and the related Young’s
modulus, is due to the material damage induced by the load
ing unloading cycles. Similar trends are observed in the curve
of Fig. 7(b) for the fatigue test.

The indentation modulus and hence the transverse
Young’s modulus E, is determined from the cycles found in
Fig. 13(a). An average indentation modulus M; 18.61 GPa is
determined from these results using Eq. (6) considering a
Young’s modulus E; 210 GPa and Poisson’s ratio w 0.3 for
the indenter. A transverse Young’s modulus of E; 10.33 GPa
is obtained after the numerical solution of Eq. (9) using
Maple soft. This value is very close to the value obtained from
the compression test shown in Fig. 5(a).

Yield stress and the hardening modulus in transverse
direction are determined from indentation stress/strain cy
cles given by Eq. (13) and presented in Fig. 14. The elasticity
limit is expressed as a function of the value gy corresponding
to the beginning of the second mechanism:

6o CR; (17)

with ¢ a material constant. Eq. (17) is similar to the equation
used in the literature to calculate the elasticity limit function
of the hardness of Mayer [23,24]. The beginning of the second
mechanism corresponds to a value of 300 MPa at ¢ 1% for
the second cycle. Taking a constant ¢ 3, one can deduce a
value of transverse yield limit R, 100 MPa. This value is
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Fig. 12 - Experimental indentation cycles: (a) Experimental cycle with loading-unloading, (b) Typical indentation cycle. (A

colour version of this figure can be viewed online.)
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Fig. 14 - Indentation cycles expressed in strain/stress form
(Eq. (13)). (A colour version of this figure can be viewed
online.)

not far from the value determined in the compression test
and presented in Fig. 4.

The inelastic indentation modulus is determined from the
second part of loading curves. It corresponds to the slope of
the second mechanism segment. A medium indentation
inelastic modulus of Ms 4.6 GPa is determined from the sec
ond mechanism of loading cycles. This allows the transverse
indentation modulus H,, 3.2 GPa to be calculated from Eq.
(14) taking into account the hardening modulus in the
isotropic plane H,, 16.7 GPa determined from the results
of Douarche et al. (Fig. 10).

4. Numerical validation

4.1.  Choice of behaviour model

The chosen model is based on the separation between the
elastic and inelastic strains [25]:

e &4¢ (18)

Elastic strains are related to the stresses by the generalised
Hooke’s law ¢¢ C ':o The field of elasticity is defined by
the yield surface function f(¢,X) with X the hardening

variables. To simulate the case _of loads and unloads, the field
of elasticity is defined also by f(s, X) in such a way that:

¢ elastic behaviour

f(6,X) <0 or (f(6,X) 0 and f(6,X)<0) —¢ &

Clio (19)
¢ inelastic behaviour
f(6,X) 0 and f(6,X) 0 —¢ Cl:o+4 (20)

The inelastic strains are defined by the rule of normality:

i of
d ds (21)

The parameter 1 is a positive scalar defined from the consis
tency condition f(s,X) 0.

As was presented in Section 2.1, the hardening of the C/C
material corresponds to the evolution of cracks at different
scales and the debonding of fibres with the matrix. The hard
ening depends then on the direction of loading and it is prin
cipally of a kinematic kind. The hardening, quasi linear,
shown in Figs. 4 and 5(b), as well as the envelope curve of
the inelastic field of the load unload compression test
(Fig. 7(a) allow a choice of Prager type hardening for plastic
materials:

X H:é (22)

The tensor H is a tensor of order four. Numerically this tensor

corresponds to a diagonal matrix whose diagonal elements

correspond to the six hardening coefficients of the material.
Hill’s criterion is used as a yield surface

f (3/2(5 X):N:(S X))} Ro (23)

with S the deviator of stresses defined by S; ¢; 3tr(sy) and
N the matrix of Hill criterion defined later in Eq. (26). The mul
tiplier parameter 1 can be deduced from the consistence con
dition f(s,X) 0, hence [25]:

A d:N:d (24)

Taking into account the load function (Eq. (23)), the flow rule
(21) takes the form



able 1 — The identified coefficients used in the numerical validation.

Coefficient Ro Nxx Nz Nx Ny Hxx Hg, Hzx Hyy
Value 72 MPa 8.36 3.20 4.1 9.0 11.2 MPa 2.6 MPa 2.3MPa 5.6 MPa
4 Nil@ X (25) 4.2.  Model identification
llo Xlly
with [l Xy (3/2(5 X):N:(S x))g. The N matrix is a 'I?le identiﬁcaﬁor'l of the Parameters Ez R, and' Hy, ol?tained
diagonal matrix defined by: directly from the indentation test are presented in Section 3.2.
2 oh 0 0 o 0 o The reference of elasticity limit Ry is chosen equal to
e g+ . (Rz+Rx)/2. The elasticity limit in the isotropic plane
0 2¢+29 N 0 0 0 Rx Ry 35MPa is identified in Fig. 10 from Douarche’s work
0 0 e+29+2h 0 0 0 (26) [2] on the same material. Taking inspiration from the von
0 0 0 2.0 0 Mises criterion, the shear resistance in the isotropic plane is
0 0 0 0 2m 0 defined by Yonezu et al. [28] ,, R,/v3 and the shear resis
0 0 0 0 0 2n

Coefficients e, g, h,1,m and n are defined from the limits of
elasticity along the axes. For the material of this study, with a
transverse isotropy around the z axis

2 2
¢ 3pE) @]
2 |°\R, R,
1(Ro\?

ho 3(®)
2

()

Tyz

2
" ()

‘txy

with Ry a reference of the elasticity limit, Ry and R, are,
respectively, the limits of elasticity in the plane of isotropy
and in the transverse direction. The coefficients txy and 7y,
are the shear limits, respectively, in the isotropic plane and

in the transverse plane. The model used is part of the ZéBu
1oN finite element code [26,27].

(27)

VW

tance in a transverse plane is defined by 7 y,/f The

shear hardening modulus in the isotropic plane (x,y) and in
a transverse plane are calculated similarly to the shear mod
ulus calculation:

Hz
¥ o201+ Vp)

Hz; + He

H —m T
4(1+v,)

and H,
Neglecting the elastic strains in the inelastic field and in

order to respect the incompressibility of the material in the

inelastic domain, Poisson’s ratio v, is chosen equal to 0.5.

To put the parameter 2/3 in factor in the load function (23),
the hardening coefficients Hj are divided by 1.5. The set of
model parameters in the inelastic domain are presented in
Table 1.

4.3. Finite element model

The ball and the specimen are modelled using the Z&éBuloN
finite element code. The set is discretised by 3437 axisymmet
ric elements with linear interpolation and 8655 nodes hence a

-
L'

T

LT ?TII

-

Fig. 15 - Mesh and boundary conditions with a zoom on contact zone.
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Fig. 16 - Indentation cycles obtained by FEM. (A colour
version of this figure can be viewed online.)
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Fig. 17 - The fifth cycle obtained by experiment and by FEM.
(A colour version of this figure can be viewed online.)

17,310 degrees of freedom (DOF) for the problem. Fig. 15 pre
sents the mesh used with a zoom on the contact area. The
load is applied to the upper part of the ball in displacement
form. The bottom side of the specimen is blocked in the

vertical direction. The vertical axis is blocked in the radial
direction implicitly owing to the axisymmetry of the model
(see Fig. 15). The material model used is described in
Section 4.1.

Fig. 16 presents the indentation cycles obtained by finite
element method (FEM). From a qualitative point of view, a
similarity between these cycles and those obtained experi
mentally (see Fig. 12) is observed.

For a comparison in the quantitative point of view be
tween numerical and experimental results, Fig. 17 presents
the last cycle of testing (cycle 5) obtained by the two methods.
This curve shows, globally, a good match between numerical
and experimental cycles.

Fig. 18 shows the equivalent inelastic strain isovalues
eleq (3/ 2‘%‘ 19;,’
for the 5th cycle. Fig. 18(a) presents the e"eq isovalues at the
beginning of the cycle (at no load) and 18(b) the isovalues at
the maximal loading (P SOON). These evolutions show that
at the beginning of the indentation cycle, the indented area
is not completely inelastic. Unlike the case of indentation at
maximum load, the indented volume is completely inelastic.
This change in the indented volume explains the two mecha
nisms that can be seen in the loading cycles. Hence, identifi
cation of the hardening modulus must be carried out close to
maximum load.

Fig. 19 shows the permanent profile h¢(r) of the contact
surfaces at the end of each cycle. These profiles show that
the contact surface is no longer flat after each indentation cy
cle. The deformation of the contact surfaces in the calculation
of the contact radius (Eq. (4)) must be taken into account.

One considers in this study a sampled volume (SV) of spec
imen material by the presented indentation technique as the
deformed volume of this specimen. As a criterion of deforma
tion, the equivalent strain &,  (3/2¢; : &) is utilized to de
fine the limit of this volume. The Figs. 20 and 21 present the
evolution of &4 according to the radius and the depth of the
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Fig. 18 - Evolution of the ¢, (3/24: sgj)”2 equivalent train for the Sth cycle: (a) ¢, at the beginning of the cycle, (b) ¢, at the
maximum load of the cycle, (c) Scale values in (%) for the two simulations. (A colour version of this figure can be viewed

online.)
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Fig. 19 - Evolution of the residual depth h¢(r) for the five
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Fig. 20 - Evolution of the equivalent strain ceq  (3/2¢5 : &5)"/>
according to the radius of the sampled volume (SV). (A
colour version of this figure can be viewed online.)
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Fig. 21 - Evolution of the equivalent strain ceq  (3/2¢5 : &)
according to the ratio between depth of the sampled volume
(SV) and the disc thickness. (A colour version of this figure
can be viewed online.)

deformed volume. One can observe in Fig. 21 that from the
first cycle, the deformed depth of the SV is equal to 40% of
the disc thickness, which corresponds to a height of 2mm
and a SV of an average of five plies of the specimen. We can
also observe in Fig. 20 that, from the second cycle, the contact
radius approaches the value of Imm. Therefore, the smallest

SV obtained from the second indentation cycleis a cylinder of
dimensions (z x 2)mm? which could be considered as a repre
sentative volume of the material composite and not a compo
nent only.

5. Conclusion

In this paper, a double indentation technique with a spherical
indenter is used for the mechanical characterisation of C/C
composites. The characterisation of the material in the elastic
range is identified in the unloading cycle by fitting the Hertz
law. The elastic modulus of the indentation may also be iden
tified by the calculation of the stiffness at the start of unload
ing (see Fig. 9(a)):

dp
S @

In this study, both methods gave approximately the same
results, but only the results obtained by the first method are
presented. The anisotropy of the material is taken into ac
count in elastic and inelastic domains. The results obtained
confirm that the proposed technique can be used to identify
the mechanical characteristics in the elastic field tacking into
consideration the anisotropy of the material.

The preliminary study on the compression and fatigue of
C/C composites with the analysis of their miscrostructure al
lowed a material model with elastic and inelastic behaviour
to be chosen. The results showed that kinematic hardening
can be used to model the inelasticity of these materials. The
inelastic parameters with a transverse isotropy of the chosen
model are identified by the proposed indentation technique.

In parallel to the experimental study, a numerical study
simulating the indentation of the composite by the finite ele
ments method is conducted. The chosen model is based on
the elastoplasticity of the metallic materials. The Hill crite
rion is chosen as a loading surface with kinematic hardening.
The model parameters of the materialin the transverse direc
tion are identified from the indentation test. The parameters
in the plane of isotropy are recovered from the literature deal
ing with the same material. The results obtained show, over
all, a good correspondence between the simulation and the
experimental study.

In this study the material damage is not taken into consid
eration for sake of simplicity. Indeed, the damage can easily
be characterised by the developed technique after identifying
the loss of rigidity shown in Fig. 13(b) curve. Once the material
damage characterised, the model can be ameliorated by inte
grating the concept of the effective stress presented by M.
Cheikh in [29]. This study shows that a simple technique such
as spherical indentation can be used to characterise through
thickness properties of the C/C composite.

2M(h  he*VR (28)
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