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Abstract

Nanoindentation corrected for thermal drift has been performed on binderless flexible graphite with a Berkovich tip, and the numerical modelling of the results
has been carried out. The nanoindentation load-displacement curves of the samples were obtained under different peak loads ranging from 100 uN to 1 mN.
Finite Element Method was applied for analysing the loading and unloading parts of these curves, using an elasto-plastic model and assuming flexible graphite as
a continuous medium. The difficulties in determining the mechanical properties of binderless flexible graphite from the nanoindentation load-displacement curves
were discussed. Numerical results were compared to experimental nanoindentation curves, and some mechanical parameters of this material were determined for the

first time.

Introduction

Binderless flexible graphite is a commercial carbon material
made by compression - rolling of exfoliated graphite particles which,
through their mechanical interlocking, lead to a flexible foil of pure
graphite. Such material presents a number of favourable features for
being used under moderate to high pressures and temperatures, such
as: insensitivity to thermal shocks, absence of shrinkage, hardening
or hot creep, and outstanding chemical resistance. Additionally, it is
easy to cut and to shape, is flexible and homogeneous, and possesses
thermal conductivity, elastic recovery, compressibility, low creep rate
and friction coefficient'. Because of such excellent properties, flexible
graphite is widely used as an asbestos substitute for sealing applications
in chemical and petrochemical industries, in refineries, and in energy,
engineering and automotive sectors. However, it is also commercialised
for thermal applications, being used as heating element, thermal screen,
or heat dissipation material in the glass industry, or for metal casting
and silicon ingot production for example’.

From an academic point of view, flexible graphite has been
extensively used as a substrate for investigating phase transitions in
adsorbed films [1], due to its exceptional surface homogeneity. Its
structure [2-7] and its main physical properties [8-13] as well as its main
structure — properties relationships [14-19] have also been thoroughly
investigated, and many additional applications than those listed above
have been suggested. Among them, electromagnetic interference
shielding [20], heating [21], vibration damping [22], electronic [23]
and electrochemical devices [24-28], thermal management [29] and
even others [30] have been proposed.

Despite so many and major actual or potential applications,
binderless flexible graphite has never been investigated by
nanoindentation as far as the authors know. Only one recent work

lPapyeXE Flexible Graphite, Datasheet from Mersen: http://www.mersen.com/uploads/
tx_mersen/12-PAPYEX-flexible-graphite-Mersen_04.pdf
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[31] reported nanoindentation of exfoliated graphite compacts whose
porosity (from 62 to 96%) was far higher than that of the material
considered here (50%, see below). Yet, ultra-low load indentation has
emerged as an important method for investigating the mechanical
response to applied loadings of small material volumes or thin films
[32-38]. Local properties of bigger samples can also be determined,
which is especially important in composites or in porous materials.
One major advantage of such method is the possibility of exploring
the first stages of deformation and therefore understanding the role
of large plastic deformation [33]. Indentation hardness tests are thus
interesting in nearly all areas of materials science and engineering [34].
As far as carbon materials are concerned, micro- or nano-indentation
of glasslike carbon [39-43], fullerite films and diamond-like carbon [44-
47], graphite [47-50] and other miscellaneous carbon forms [40,51] has
been already investigated. Flexible graphite, having a typical porosity
of 50%, is expected to have an intermediate behaviour between that
of bulk graphite itself and that of highly porous materials made from
poorly compressed exfoliated graphite, hence the interest of the present
study further supported by its many industrial applications. Moreover,
no finite-element analysis has ever been carried out so far.

In a typical nanoindentation test, the load-displacement curves
of the indenter into the material are simultaneously registered
throughout loading and unloading cycles. The corresponding
experimental data can be used to determine the mechanical properties
of the indented material as reported elsewhere [52,53]. At small scale,
the material’s response is complex and depends on the penetration
depth of the indenter. The technique allows evaluating a broad range of
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materials mechanical behaviour, including work of elastic and plastic
deformation, elasto-viscoplastic behaviour, time-dependent behaviour,
and creep behaviour. Methods are even currently being developed to
enable the determination of stress-strain curves as well. In the present
paper, experimental nanoindentation data were used as input to the
commercial ABAQUS software using a macroscopic elasto-plastic
model. Simulating the mechanical behaviour of nanoindentation tests
is much more challenging than FE modelling of classical indentation
tests (see for instance [54]). The main objectives for the present
work were to characterise binderless flexible graphite response by
nanoindentation simulations through comparisons with experimental
data, and to show that a numerical procedure can be developed for
characterising a porous material based on nanoindentation tests.

Experimental details

Material

A foil of Papyex®, the commercial name of binderless graphite
sheet produced by the company Mersen (formerly Le Carbone
Lorraine, France), has been used in the present work. It was in the form
of a black, shiny and smooth, 1 mm-thick sheet, whose main features
are given in table 1.

Nanoindenter and measurement principles

The measurements were performed with an ultra-nanoindenter
(Anton Paar, formerly CSM Instruments, Switzerland). The specificity
of this apparatus is the continuous, active, correction of the thermal
drift through the use of a reference head already in contact with the
sample. The indenter displacement is thus measured differentially to
this reference. In other words, the motion of the indentation tip is
always relative to any movement of the sample or thermal drift of the
body, which, with a classical static system, would cause error due to
elasticity of the sample or compliance of the supporting framework, or
to temperature fluctuations. With the present system, the thermal drift
was about 0.5 nm min“, all the tests lasting much less than 5 min. The
values of load noise floor and depth noise floor were as low as 0.13 uN
and 0.03 nm, respectively.

The measurement method of the instrumented indentation
test is given in detail by ISO 14577-1 standard, Part 1% During the
nanoindentation test, the sample was moved at 3000 nm min™’ by
the vertical table in order to touch the reference. The servo loop of
the reference was then activated with a contact load of 10 uN. The
indenter approach was performed by a piezo actuator, and the contact
was detected with the indenter load sensor. The indentation cycle was
run using the piezo actuator in servo loop mode to generate the load,
and using both the depth sensor and the load sensor to measure the
penetration depth and the normal load.

A diamond Berkovich-type indenter, ie., pyramidal with
triangular base, was used, whose geometry is shown in figure la. The
Berkovich tip has an equilateral triangle as the base and an angle of
65.03° between the axis of the pyramid and the three faces. The elastic
recovery of flexible graphite prevented the direct observation by optical
microscopy of the residual indent after application of a 100 uN load, as
the indent had a size lower than 1 pm. Applying 500 uN led to an easily
observed indent, and the latter was even more easily seen after loading

2ISO (2002) 14577-1, -2, -3, Metallic Materials — Instrumented Indentation Test for
Hardness and Materials Parameters — Part 1: Test Method, Part 2: Verification and
Calibration of Testing Machines, Part 3: Calibration of Reference Blocks. ISO, Geneva,
Switzerland.
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at 1 mN. Figure 1b shows the residual indent after application of the
Berkovich indenter at 1 mN.

The validity of nanoindentation for characterising a porous
material such as binderless flexible graphite might be questioned.
However, based on the detailed woks reviewed elsewhere [16,55] and
on the values given in table 1, it is known that such pores are not only
extremely narrow, and therefore are negligibly small with respect to
the indentation depth and width, but are flat, highly oriented and
homogeneously distributed all over the bedding plane of the individual
graphite microdiscs of which the material is made. As a result, no
effect of the indenter location was expected, nor was experimentally
observed. Additionally, the surface of flexible graphite is very smooth at
the macroscopic scale, explaining its highly shiny, almost mirror-like,
aspect. At the nanoscale, the typical roughness determined by AFM is of
the order of 100 nm [56], i.e., is 8 to 30 times lower than the indentation
depths used in this work (see below). Therefore, the surface roughness
was not expected to influence significantly the results. In our tests,
20 different zones of the surface were indented, and only 2 had to be
discarded as the corresponding results exceeded the average behaviour
by more than 10%, either due to a different crystallite orientation or
to any other kind of defect, further supporting the homogeneity of the
material and the applicability of nanoindentation.

Determination of elastic modulus

The deformation process occurring during nanoindentation is
schematically illustrated in figure 2a. As the indenter is driven into the
material, both elastic and plastic deformation occurs, which results in
the formation of a typical hardness imprint conforming to the shape
of the indenter to some contact depth, hc. During indenter withdrawal,
only the elastic portion of the displacement is recovered, which
facilitates the use of elastic solutions in modelling the contact process.

Figure 2b shows a typical set of load-displacement data, with which
useful experimental quantities involved in the measurement can be
defined. These quantities are the peak load, P, , the displacement
at peak load, k. the depth of the permanent deformation of the
test piece, i, and the intercept of the tangent line to the unloading
curve at the maximum test force with the indention depth axis, hy.
The unloading stiffness § :(chZ, )

the indentation load P at the maximum depth of penetration h = h
(Figure 2b).

is calculated by differentiating

X

From the load-displacement data shown in figure 2b, the projected
contact area of the hardness imprint, A, is estimated by evaluating an
empirically determined indenter shape function at the contact depth
h,thatis A = A(h ). For a geometrically perfect Berkovich indenter, the
shape function A(h) relating the cross-sectional area of the indenter to
the distance h from its tip reads [57]:

A=A(h)=24.5h? (1)

Pharr et al. [58] have shown that mechanical response depends on
the geometry of the indenter, leading to the following equation for the
effective elastic modulus E, :

1 2BJAM) 1-V° +1—V,-2

E, ~zs§ E E,

where 3 = 1.034 for Berkovich indenter, E and v are Young’s
modulus and Poisson’s ratio of the sample, and E, and v, are the same
quantities for the Berkovich indenter (for diamond: E, = 1141 GPa and
v =0.07).

2
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(a)

65.03°

Figure 1. (a) Geometry of Berkovich indenter; (b) Optical micrograph of the indent in flexible graphite after loading at 1 mN with a Berkovich tip

(b)
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Figure 2. (a) Deformation process in a nanoindentation test (after [34]); (b) Typical indentation force-penetration curve during nanoindentation test

Table 1. Main characteristics and properties of Papyex® sheet at room temperature!

Property
Carbon content (wt. %) >98
Ash content (wt. %) <2
Sulphur content (ppm) 700
Bulk density (g cm™) 1.1

Porosity (%) =50
Peak pore size (nm) 8-9

In plane Through thickness
Permeability (cm? s! atm™) - 10°
Thermal expansion (10° K!) =0 25-28
Electrical resistivity (Q cm) 0.001 0.05
Compressibility (%) - 45-52
Elastic recovery (%) - 10-15
Tensile strength (MPa) 4.5 -
Thermal conductivity (W m™! K) 160 4

Finite element modelling

The great progresses of continuum mechanics are related to the
corresponding predictive models, based on a relatively low number
of measurable parameters. From the latter, an excellent description
of the mechanical behaviour of materials at different length scales can
be achieved, thereby enabling the construction of buildings, bridges,
planes, and automobiles. Many mechanical properties of materials are
structure- and/or size-dependent. For instance, Young’s modulus is
not size-dependent, as the measured values at the macroscopic scale
agree with those predicted from quantum mechanics calculations. In
contrast, other properties such as yield stress of polycrystalline solids
are size-dependent, as they may take different values, depending on the
grain size® [59,60].

‘Huang Y. A user-material subroutine incorporating single crystal plasticity in the Abaqus
finite element program, Internal Report. Harvard University:

http://www.columbia.edu/~jk2079/fem/umat_documentation.pdf
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In the present work, we present a simple macroscopic model for
describing the elasto-plastic behaviour of binderless flexible graphite.
The model allows detailed analysis of nanoindentation tests, thus
providing information that might have been obscured if more complex
mechanical models had to be used. It should be stressed here that it is
not the first time that a porous material is considered homogeneous for
the numerical simulation of its properties in the context of continuum
mechanics [61,62]. Moreover, as shown in table 1, the characteristic
pore size is close to 10 nm, i.e., typically two orders of magnitude lower
than both indentation depths and indent size, at which the properties
of flexible graphite were determined as explained below.

Theoretical aspects

The isotropic elasto-plastic constitutive equations were developed
using the classical thermodynamics of irreversible processes with state
variables [61-66]. The choice of a macroscopic computational model
for simulating nanoindentation tests might seem surprising for being
applying to flexible graphite. However, such approach was already
shown to be quite efficient for modelling the mechanical behaviour of
materials submitted to nanoindentation tests [54].

Four couples of internal state variables were used for this isothermal
case: (g°,o) for the plastic flow and (r, R) for the isotropic hardening,
related to each other according to the constitutive, following, equations.

Conjugate stress-like variables
g=Ae" =A(g—-£") ©)
R=0xr 4)
with:
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G, Cp G 0 0
C, Cp Cyy O 0 0
C C C 0 0 0
A=|CB 3 O 5)
=70 0 0 Cy 0 0
0 0 Cy 0
(0 0 0 0 0 Cg
_ 1-vy305, _ 1-v;305 _ 1-v,,0,
"UAEE, T ®  AEE, 7 AEE,
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1- V5V 7 U505 — U305, — 2021U32013
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A:

e

and where O is the tensor of Cauchy stress; ¢° is the tensor of elastic
strain; & is the tensor of total strain; g is the tensor of plastic strain.
A is the fourth order symmetric elastic properties tensor, and is a
function of the Young’s moduli E,in the direction i, of shear moduli
G, and of Poisson’s ratios v, in the plane (i-j). Finally, R is the isotropic
hardening stress, r is the isotropic hardening rate, and Q is the isotropic
hardening modulus.

Flux variables
. H:
gr=1= g = Plastic strain rate tensor  (6)
2lall
i =—A(1-br) Isotropic hardening rate  (7)
with:

o]l ={ete ®

G+H -H -G 0 0 0
-H H+F -F 0 0 0

H= -G -F F+G 0 0 0 ©9)
= 2N 0 0
2M 0
2L

and where ] is the plastic multiplier, H is the fourth order operator
reflecting Hill anisotropy, » is the normal to the loading surface f (see
below), and b is the non-linear isotropic hardening coeflicient. The Hill
criterion fis given as follows, which is a function of six parameters, F,
G,H,L, Mand N [61,62]:

S =lgl-R=0, <0 (10)

where o

vield 1S the limit yield stress.

These equations give the classical elasto-plastic constitutive
equations and were implemented into the ABAQUS/Explicit FE
software®.

“ABAQUS, Theory manual, version 6.2. Hibbit, Karson & Sorensen, Inc.; 2000.
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Numerical aspects

The tensor of plastic strains ¢ | was obtained using the 8-method,
—n+

and the isotropic hardening variable r,, was obtained with the
asymptotic method, i.e.:

E£ry =&, +AAn,, (11)
Y
r., =re™ +7( 2 ) (12)

The plastic criterion f, , which should satisfy the consistency
condition at time ¢, reads:

fn+1 = Hgnﬂ H - Rn+1 - ayield = 0 (13)

The final system of equations to be solved then becomes:

fra(AR) =1, (Az)+af"gT(§MaAz =0 (14)

This non-linear algebraic system can be solved by using the iterative
Newton-Raphson procedure in order to determine the unknown A) .
The approach of Simo and Hughes [67] consists in decomposing the
problem in two steps: an elastic prediction step, where the problem
is supposed to be purely elastic, and a plastic correction in which the
plasticity criterion is satisfied.

Elastic prediction: Given a total strain increment Ag at time ¢,
assuming the response to be initially elastic, the trial stress at time ¢
was obtained as:

1

*

0,.=0,+AAs (15)

—n+l

which was then substituted in the expression of the failure criteria,
leading to:

Jon = Hgm -R, -0, (16)
with: HQ:M =\lgz+15§igz+1 (17)

If £, <0, the obtained response is elastic, and the tensorial
quantities at time ¢ were obtained as :

0,,=0,,and R, =R, (18)

n

Plastic correction: Otherwise, if f,,, >0, then it became necessary to
apply a correction to the trial stresses ., to obtain 0,,;and R,,, such
that:

Soa 3o ll-R =0 S 0 (19)

with: ngl = g;ﬂ - é : §f:+1 (20)

Ag,., =Ag, +Adn,,, 1)
1 _ bhAd

R, =0 [ne"’“ Az ) 2 / (22)

The principle of virtual power written on the current deformed
configuration with the volume (Q2) and boundary (I') was discretised
thanks to the velocity-based FE method and led, after the assembly
operation, to the following global nonlinear algebraic system®:

(M, {U,}+{R,} =0 (23)

where [M ] is the mass matrix, and {Rn } the residual vector.
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The explicit algorithm consisted in obtaining solutions at the time
t ., =t + Atbased on solutions obtained at the previous times:

U, =IM,T"R,} (24)
. . At At .

{Un+1/2} = {Un-l/z} +%{Un} (25)

{Un+l } = {Un} + Ath {Ul1+l/2} (26)

where {U .} is the acceleration vector at time ¢, {U,,,} is the velocity

vector at half step, and {U, , } is the displacement vector at final time ¢ __.

Contact force computation and Coulomb friction model

In nanoindentation tests, contact and friction play a central role
at the interfaces between the Berkovich indenter and the sample.
Coulomb friction model is used for most contact problems with
friction, and reads:

|y ||= | Fy | 27)

where y is the friction coefficient, and ﬁr is the tangential force to
the normal force F; at any point of the contact interface [68,69].

In ABAQUS software, the contact interface conditions were taken
into account using the penalty method based on the master/slave
surfaces approach. The friction constitutive equation was modelled by
the well-known Coulomb model characterised by the single friction
parameter g such that 0< £ <0.5.

Results and Discussion

Nanoindentation tests

Twenty identical nanoindentation tests were carried out
perpendicularly to the surface of the sheet of flexible graphite. The
maximum indentation displacement was 3000 nm. For each zone
of the surface, nanoindentation was carried out at different loads, P,
ranging from 0.1 to 1 mN. All tests, with the exception of only two
indented zones that were discarded, led to nearly identical load-
displacement curves, i.e., differing by less than 10%. Representative
examples of such curves are presented in figure 3. The loading part
of the nanoindentation curves involves nonlinearity induced by
the nonlinear material behaviour and by the increasing contact area
(geometrical nonlinearity). The unloading part of the nanoindentation
curves is purely elastic. As the contact area decreases with the decrease
of the indentation depth, geometrical effects lead to a nonlinear
unloading curve.

FE method modelling

This section deals with the simulation of the nanoindentation
process with the main objective of determining the elasto-plastic
properties of binderless flexible graphite. Since the nanoindentation
results have been obtained with the Berkovich indenter, we have
simulated the process using an axisymmetric model which allows mesh
definition with a restricted number of degrees of freedom [70-72].

Axisymmetric model: Figure 4 schematically illustrates the FE model
and boundary conditions, where roller boundary conditions were
applied both along the axis of symmetry and along the axis of the
sample base. The specimen of flexible graphite was represented by a
mesh consisting of 3600 elements type CAX4R available in ABAQUS/
Explicit (4-node axisymmetric reduced integration elements)’. The
specimen was 40 um wide and 40 pm long. The Berkovich tip was
modelled as a conical indenter using 24 elements type RAX2 available

Adv Mater Sci, 2018 doi: 10.15761/AMS.1000142

1,2
1,0 H —o0— Test 1 P=0.1mN 2
4 —o—Test 2 P=0.25mN v/
08 —A—Test 3 P=0.5mN v/
i —v—Test 4 P=1mN

Load P[mN]

0 500

1000 1500 2000
Indentation depth h [nm]

2500 3000

Figure 3. Experimental load-displacement curves at different loads indicated in the inset,
leading to four different indentation depths

]

n>‘;gL<— Conical indenter

Flexible graphite

specimen

|,

Figure 4. FE model and boundary conditions

in ABAQUS/Explicit (2-node linear axisymmetric rigid elements)?,
as shown in figure 4. Such a movable, rigid, conical indenter having
a 70.3° half-angle, is indeed known to be an excellent approximation
of the pyramidal Berkovich tip [70,72], as it provides the same
indentation depth to projected area ratio. Additionally, the use of a 2D,
axisymmetric, conical-shaped model indenter allows saving significant
computational resources [73] and references therein. The simulations
were carried out using a displacement rate of 1 mm min" and by
considering a density of 1.1 g cm™.

The contact between the rigid Berkovich indenter and the sample
was simulated using classical isotropic Coulomb friction model with a
friction coefficient y = 0. The nanoindentation process was simulated
both during loading and unloading steps. In the loading process, the
simulation was performed to a depth of 3000 nm, corresponding to a
load of 1 mN in the vertical direction. During the process of unloading,
the indenter tip returned to its original position. The controlled
displacement method was applied in the simulations.

Model parameters identification: The material parameters, elasticity
and plasticity, were determined as explained below by using a
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combination of numerical simulations and experimental data obtained
from nanoindentation tests. The corresponding values have been
reported in table 2.

Elastic properties: The elastic parameters of binderless flexible
graphite are unknown, and the actual elastic response is expected to be
orthotropic. Herein, the elastic properties were determined from the
unloading parts of the experimental nanoindentation curves only, as
it is well known that such unloading part is highly sensitive to elastic
parameters [37,74]. The data which were used in the simulations
are shown in figure 5. The comparison between numerical and
experimental results allowed the determination of the elastic properties
listed in table 2.

Figure 6 shows the changes of Young’s modulus, E, as a function of
indentation depth, calculated from the experimental nanoindentation
tests using Eqs. (1) and (2). E clearly decreased when the indentation
depth increased. Such behaviour may be explained by two facts:

o The combination of Eqs (1) and (2) shows that E decreases when the
penetration depth h increases;

o Flexible graphite was prepared by compression-rolling and, as
always observed in all boards made this way, the density profile
presents a shallow minimum at mid-thickness. Therefore, the
drop of density which is the most significant just beneath the
surface leads to a decrease of measured modulus. Such effect is not
compensated by the expected densification which is likely to occur
when compressing a porous material because this material is highly
elastic, hence its use for seals and gaskets.

The horizontal line at 190 MPa in figure 6 is the value of E used for
different indentation depths in the simulations. As such value is very
close to the average of the experimental results, it can be concluded that
the modelling works well.

Plastic properties: Plastic parameters were determined using the
nanoindentation curves obtained under different peak loads ranging
from 100 pN to 1 mN, as shown in figure 7. In the simulations, the yield
stress, 0 and the hardening parameters, Q and b, were assumed to be
identical for each different peak load. Due to the difficulty of obtaining
more optimised values, as no more refined optimisation protocol was
developed, the values of 0 i Q and b were chosen as those already
given in table 2. For clarity, only the set of numerical results obtained
from the FE model in the case of an applied load of 1 mN was shown
here and compared to the experimental nanoindentation data of figure
7. A good agreement between both sets of data was obtained.

Discussion of measured and calculated values: The values listed in
table 2 deserve the following comments. It should be first emphasised
that such data have never been reported elsewhere, as the only available
values correspond either to macroscopic measurements made on
flexible graphite sheets, or to micro- or nanoindentation measurements
carried out on exfoliated graphite compacts of much lower density, or
on other kinds of carbonaceous materials. In the former set of data,
a value of compressive modulus through thickness of 27 000 psi, i.e.,

Table 2. Material properties determined in the present work for binderless flexible graphite

Young’s modulus, £, = E = 190 MPa

Elasticity Poisson’s ratio, v, =v= 0.3
Yield stress, o, = 1.9 MPa
Plasticity Hill’s parameters, F=G=H=0.5,L=M=N=1.5

Isotropic hardening modulus, QO = 0.7 MPa
Non-linear isotropic hardening coefficient, b = 13

Adv Mater Sci, 2018 doi: 10.15761/AMS.1000142
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Figure 5. Unloading part of experimental nanoindentation curves obtained for the four
different indentation depths

280
|
T ] —o— From experimental data
% 240 —O— E used in model
L -
3
= 200 —
3 o
£ 4
2
& 160 —
L \
1 q
120 T I T I T I T I T
500 1000 1500 2000 2500 3000

Indentation depth h [nm]

Figure 6. Young’s modulus calculated from experimental results as a function of
indentation depths, and comparison with the simulated value
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Figure 7. Experimental nanoindentation curves for different indentation depths, and
comparison with the numerical simulation for an applied load of 1 mN
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of 186 MPa, has been provided for Grafoil™,’ a registered trademark
of Union Carbide corresponding to the American counterpart of the
European Papyex®. Such a value is in excellent agreement with the 190
MPa given in table 2 and used in our simulations. It is also consistent
with the equation given elsewhere [56] describing the through-
thickness compression modulus measured of compressed exfoliated
graphite: at a porosity of 50%, one gets 169 MPa. A Poisson’s ratio of
0.25 was given in [75], close to the value of 0.3 that we have taken, and
which was also successfully used by other authors [76,77].

The second set of data, obtained from indentation tests, corresponds
to Young’s moduli of HOPG, 10.5 GPa [47], of graphite flakes and
spherulites in cast iron, 50 GPa and 28 GPa, respectively [50], of
pyrolytic graphite, 7.5 GPa [40], of glassy carbon, 20.4 - 20.8 GPa [40],
of coke, 27.6 GPa [40], of carbon-carbon composite elements, around
15 to 30 GPa depending on the element (carbon matrix or carbon fibre,
and depending on the orientation of the latter with respect to applied
load) [78], and of glasslike carbon treated at different temperatures,
from around 31 GPa at 1000°C to around 21 GPa at 3000°C [41]. Elastic
moduli of many other carbons, mainly measured by nanoindentation
but also by other techniques, have been also compiled in [79]. All these
values are consistent with the elastic modulus widely accepted for
polycrystalline graphite in general, 7 - 11 GPa, and for graphite single
crystal along c-axis in particular, 36.5 GPa [77]. They are significantly
higher than the value of 190 MPa reported in the present work, and
the high porosity of flexible graphite is indeed expected to lead to
dramatically lower the elastic modulus. For instance, indentation of
porous cokes led to moduli of 10.5 and 5.3 GPa at 35 and 48% porosity,
respectively [40]. Models have indeed been developed, predicting the
significant, porosity-induced, drop of modulus and hardness measured
by nanoindentation [80,81]. In contrast, dramatically lower values of
modulus have been reported for exfoliated graphite compacts of much
higher porosity than in the present flexible graphite, ranging from 125
to 250 kPa [31]. In the latter paper, even the modulus measured by
nanoindentation of a commercial flexible graphite of density 0.86 g cm™?
(from Mineral Seal Corp., USA) did not exceed 1.7 MPa [31]. However,
those values were much more sensitive than ours to the applied load
and were obtained at much lower penetration depth, and therefore it is
difficult to conclude whether similar moduli would have been obtained
if the tests had been carried out in comparable conditions.

The yield stresses reported so far, 1.2 GPa for glassy carbon [40],
1.64 GPa for coke [40], and 0.3 - 0.4 GPa for graphite single crystal
[48], are also 2 — 3 orders of magnitude higher than the 1.9 MPa
found here for flexible graphite. The combined effects of porosity and
nanoscale, at which the size of the probed sample influences the result
[59,60], may explain this.

Whatever the carbon material, no value of the hardening
parameters, Q and b, with which our data might be compared, could
be found in the literature. They are indirectly related to the hardness,
H, which is very often estimated from nanoindentation measurements,
according to:

= Lo (28)
A(h)

where P and A(h) have the same meaning as in section 2.3.

However, as the equations for describing the indentation behaviour are

different, there is no possible comparison of Q and b with H. Application

of Eq. (28) to the data of figure 3 led to the following, average, hardness

values: 16.0, 10.9, 7.3 and 5.8 MPa for flexible graphite submitted to

° http://www.astrodyne.com/pdf/9604LF_Singles Thermal Pad.pdf
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loads of 0.1, 0.25, 0.5 and 1 mN, respectively. These values are typically
3 orders of magnitude lower than those reported for bulk carbons: 2
and 0.6 GPa for graphite flakes and spherulites in cast iron [50], 2.35
GPa for HOPG [47], 1.3 - 3.1 GPa for carbon-carbon composites,
depending on the component [78], and 2 - 3.3 GPa for glasslike carbon
derived from phenolic resin [82]. Again, such difference is due to the
high porosity of flexible graphite, making it highly deformable with
the elastic recovery which is very useful for applications as seals and
gaskets.

Finally, the indentation loading-unloading cycles shown in figure 3
presented small flat tops, neglected in the modelling such as that shown
in figure 7, whose lengths correspond to creep. This feature was not
observed for commercial flexible graphite of density 0.86 g cm™ [31] at
a maximum nanoindentation depth of 230 nm. Measurement of such
horizontal segments on experimental curves led to values of creep of 5
* 1%, on average. These values are a little higher than those reported for
Grafoil™, around 3% at room temperature®.

Von Mises equivalent stress distribution: The distribution of the Von
Mises stress at different displacements during the nanoindentation tests
under loading at P = 1 mN is shown in figure 8a. At a displacement of h
=50 nm, stress concentration zones appeared having the form of circles
in the contact region between the rigid indenter and the specimen.
These zones expanded as the rigid indenter further penetrated into
the sample. A significant change of the contour of the Von Mises
equivalent stress distribution was observed when the conical indenter
started to return to its original position in the unloading part of the
load-penetration curve during nanoindentation tests, see figure 8b. The
latter also indicates that tensile stress zones became larger and larger
when the indentation displacement increased, causing more significant
pile-ups.

The numerical load-displacement curves during the
nanoindentation test are shown in figure 8c with some calculated
deformed configurations of the flexible graphite specimen. This figure
clearly shows how different are the stress distributions during loading
and unloading, and how a permanent imprint is left at the surface of
the sample.

Other predictions from FE simulations: In this subsection, the effect
of mechanical parameters such as yield stress and friction coefficient,
known to have an influence during the nanoindentation tests, were also
investigated by FE simulations. It may be useful to recall here that the
coeflicients Q and b of table 2 have not been optimised independently,
as explained in subsection 4.2.2.2, so that other values may have also
worked. Herein, Q was indeed just chosen lower than the yield stress
and such that the ratio Q/b accounted correctly for the experimental
results. The impact of the values of Q and b was thus not considered
below.

Yield stress effect: Figure 9 shows the load-displacement curves for

an applied load P = 1 mN (loading part only) at different yield stresses.

With higher yield stresses o, higher loads were required to reach a
yiel

given, fixed, indentation depth. The best agreement between numerical

and experiment results was obtained with Opta = 1.9 MPa, hence this

value was reported in table 2.

Friction coefficient effect: The FE simulations carried out so far
focused on a frictionless contact between the Berkovich indenter and
the flexible graphite specimen, i.e., the value of the friction coefficient
u was set to zero. Such choice is supported by the only available data

‘http://www.sandiegoseal.com/pdf/sdsi_g2 flexible_ graphite.pdf
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Figure 8. Contour of the Von Mises stress at different indentation depths: (a) loading part only, with (i) 2 =50 nm; (ii) # = 1500 nm; (iii) # = 3000 nm; (b) unloading part only, with (i) /
=-50 nm; (ii) # = - 1500 nmy; (iii) /# = - 3000 nm; (c) Numerical load—displacement curves and corresponding, predicted, specimen shapes
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Figure 9. Experimental and calculated load—displacement curves for different yield stresses
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Figure 10. Experimental and calculated load—displacement curves for different friction
coefficients

reported so far, corresponding to the friction coefficient of Grafoil™
against steel, and which is indeed very low: 0.018, 0.052 and 0.157 at
0.03 MPa, 0.06 MPa and 0.157 MPa, respectively ¢. However, friction
does play a role at the contact surface and can change the surface
profile. For investigating this effect, Coulomb frictional contact was
introduced in the FE simulation of nanoindentation tests. Because the
value of ¢ was unknown, we used several values of coefficients between
0 and 0.5 in the simulations, attempting to find a coefficient that would
lead to the same surface profile as that experimentally measured. Figure
10 shows that the calculated curves of applied load versus indentation
depth were all very similar, irrespective to the values of y in the interval
0-0.5.

Conclusions

The objective of this work was to propose a simple numerical
methodology for determining the mechanical properties of binderless
flexible graphite from nanoindentation tests. We believe that such
numerical procedure can be extended to other porous materials
characterised by nanoindentation. The model took into account the
main mechanical phenomena involved, such as orthotropic elastic

Adv Mater Sci, 2018 doi: 10.15761/AMS.1000142

behaviour, anisotropic plastic with nonlinear isotropic hardening,
large plastic deformations occurring during nanoindentation tests, and
contact and friction between the rigid indenter and the comparatively
soft sample. This model, which was presented here from both
theoretical and numerical aspects, was implemented in ABAQUS/
Explicit software using the Vumat user’s subroutine.

The quality of the results obtained in terms of distribution of
mechanical stresses, as well as of prediction of the experimental
nanoindentation curves obtained under different peak loads ranging
from 100 puN to 1 mN, was very satisfactory. Therefore, several
mechanical parameters of flexible graphite could be determined for the
first time, such as:

o The elastic properties (E = 190 MPa and v = 0.3), determined using
the unloading part of the nanoindentation curves. The identification
of the elastic parameters was demonstrated to be sufficient;

o The plastic parameters (inezd =19 MPa, Q = 0.7 MPa and b = 13),
determined using the loading part of the nanoindentation curves.
Due to the difficulty to obtain better optimised values of 0, Q and
b, they were set as constants in the simulations.

ield’

Other conclusions arising from the present work are that:

o The penetration load P applied by Berkovich indenter increased

with the yield stress 0, 5

o The curves of penetration load P versus indentation depth were
independent from the friction coefficient p.
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