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In a previous work [1] we elucidated the in situ evolution of the porosity of out-of-plane com-
pressed flexible graphite under uniaxial pressure up to 1000 bar using small-angle neutron
scattering (SANS) technique. In order to understand the influence of shear effect on the
properties of flexible graphite we study, in the present paper, the in situ behaviour of
in-plane compressed flexible graphite under a uniaxial pressure. The sample had a pleated
layered structure in which anisotropic SANS patterns revealed a distribution of differently
oriented ellipsoid pores. Uniaxial compression generates important shear effects in this
kind of sample.

We have determined the evolution of the system fractal dimension, pore size distribu-
tion and apparent specific surface area with applied pressure which together allow us to
describe the meso and macro pore structure evolution. Under pressure, the irreversible col-
lapse and splitting of larger pores into smaller size ones which is characteristic of out-of-
plane uniaxial compression [1], is accompanied, in the presence of shear stress compo-
nents, by an in-plane slipping mechanism giving rise to cracks and consequently to inter-
face formation.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction [2-5] due to properties such as resilience, high compressibility

and elastic recovery, as well as chemical resistance and good

Compressed expanded graphite, known as flexible graphite, is
obtained by compressing exfoliated graphite flakes without a
binder. The resulting flexible graphite is an anisotropic sys-
tem with high porosity (around 60%). It is used as sealing gas-
ket, heating element, adsorbent, lubricant or electrochemical
support in a wide range of applications in industries as di-
verse as nuclear power, petrochemicals or pharmaceuticals
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thermal and electrical conduction in the in-plane direction.
These properties are affected by the introduction of meso
and macro porosity in the material through exfoliation and
densification processes.

In a large range of industrial uses (sealing, damping or
absorption in pressurized media), flexible graphite is used
under varied conditions of static and dynamic pressure or
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stress. Understanding the influence of meso and macro pore
structure on macroscopic behaviour under working condi-
tions is therefore essential to improve function and surpass
the current application limits.

The link between porosity and macroscopic features such
as permeability, mechanical or electrochemical properties
has been investigated for several porous materials [6-8]. In
particular, the influence of manufacturing stresses on the
density and mechanical properties of flexible graphite has
been studied [9-11]. In a recent work [1], we have elucidated
the evolution of the meso and macro pore structure as a func-
tion of the working stress conditions up to 1000 bar for out-of-
plane compressed flexible graphite through an in situ small an-
gle neutron scattering (SANS) experiment. The compressive
force was applied perpendicular to the flexible graphite
sheets and parallel to the average c-axis of the graphite crys-
tallites. The meso and macro pore evolution under uniaxial
pressure was studied using fractal dimension and specific
area as key parameters. We observed that larger pores irre-
versibly collapsed and split into smaller size ones under uni-
axial pressure.

For many applications such as sealing and vibration
damping, flexible graphite is manufactured using an in-plane
compression (parallel to the flexible sheet longitudinal direc-
tion). The resulting flexible graphite has a quite complex tex-
ture (described later in the manuscript) that improves the
elastic recovery and vibration absorption. The present paper
aims to investigate, by an in situ small angle neutron scatter-
ing method, the porosity evolution of in-plane compressed
flexible graphite. From the pressure dependence of the differ-
ent extractable parameters (fractal dimension, porosity and
apparent specific surface area), we intend to understand
how the evolution of porosity with pressure determines the
mechanical behaviour of compressed flexible graphite under
working conditions.

2. Experimental

2.1.  Sample description

We studied a Die-formed Flexible Graphite (DFG) sample
(Fig. 1) which is normally used as sealing gasket and was pro-
vided by Technetics Group (Saint Etienne, France). DFG is
manufactured from parallel flexible graphite ribbons pressed
in a mould. The manufacturing pressure (Py;) was applied par-
allel to the sheet longitudinal direction (in-plane compression)
(Fig. 1a). This yields to the pleating of the flexible graphite
sheets as shown in Fig. 1c. In the DFG sample, the dominant
orientation of the c-axis of the crystallites is still perpendicu-
lar to the direction of Py.

The DFG sample had a thickness t=5mm, length
/=23 mm and height h=15mm (Fig. 1b). The total porosity
of the DFG sample evaluated from the measured apparent
density of 1.54gcm ™2 is around 31%, deduced from the
graphite skeletal density of 2.23 gcm >, As the X-ray diffrac-
tion signature of our sample is similar to that of bulk graphite,
this assumption is valid (Supplementary Fig. S1). To perform
SANS high pressure experiments the DFG sample was placed
in an in-house designed pressure cell [1,12]. The pressure was

applied along the direction of e, to simulate the working con-
ditions of a sealing gasket.

2.2.  Small angle neutron scattering

The SANS experiments were performed on two different
beamlines: (a) the D11 beamline at ILL (Institut Laue Langevin)
neutron source (Grenoble, France) using a 4.51 A wavelength,
5 mm diameter beam size and a *He detector and (b) the PAXE
beamline at LLB (Laboratoire Léon Brillouin) neutron source
(Saclay, France) using a 6 A wavelength, 7 mm diameter beam
size and a BF; detector. On the D11 instrument, we used three
sample-detector distances of 1.8, 8 and 39 m to cover a q-
range of 2.5*10 3-0.5A ! while two sample-detector dis-
tances were used on the PAXE beamline to cover a g-range
of 6.5*107>-0.35 A~%.

The raw scattering intensities were corrected to account
for empty cell scattering, sample transmission as well as
sample thickness following classical SANS data analysis
procedures [13]. Differential cross sections per unit sample
volume (cm ™! units) were obtained using precalibrated sec-
ondary standards (water at D11 and plexiglass at PAXE) and
direct determination of incident neutron beam flux.

The t=5mm sample was maintained by two 4 mm thick
single crystal sapphire windows to avoid any extrusion. These
transparent windows allow an irradiation surface area with
the neutron beam of 78 mm?.

The pressure was increased stepwise up to the maximum
pressure of 1000 bar and decreased stepwise back to ambient
pressure. The SANS spectra were collected in situ at each
200 bar step.

Integrated data were obtained from the raw data using
ILL's standard SANS software [14] and the LLB in-house soft-
ware PASINET [15]. As the obtained patterns were elliptic,
the intensity was integrated along the two axis directions of
these elliptic patterns in a 30° width circular sector around
each axis (shaded sectors in Fig. 2), following a common
method for data analysis [1,16,17]. These two axes were paral-
lel and perpendicular to the working pressure Py, direction
(Fig. 2).

Specific fitting scripts were written to extract the fractal
dimension and the correlation length from each of the two
30° integrated sections. To calculate the apparent specific sur-
face area from the apparent Porod’s constant using the Hurd
formula [18] we integrated the 30° circular sectors in steps
of 30° to complete the 360° around the beam centre.

3. Results and discussion

All the collected SANS patterns were elliptic (Fig. 2) suggesting
the non-spherical shape of the scatterers. Henceforth, I,(q)
and I,(q) are the scattered intensities in the direction
parallel and perpendicular to the applied uniaxial pressure
respectively.

In the previously studied out-of-plane compressed flexible
graphite [1], the oblate spheroidal pores had their equatorial
plane perpendicular to the applied pressure direction. In the
current DFG sample, the equatorial plane of this pore model
volume is distorted under the in-plane manufacturing
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Fig. 1 - (a) Schematic view of the die-formed flexible graphite (DFG) manufacturing process. The manufacturing compressive
force, following the direction of e,, was parallel to the average flexible graphite sheet longitudinal direction, perpendicular to
the average c-axis of the graphite crystallites. (b) DFG sample photograph with dimensions. (c) Magnified longitudinal view of
a slice of DFG sample where we can observe: (1) crooked, (2) out-of-plane and (3) in-plane compressed flexible graphite sheets.
The slice was cut from the sample as indicated by the dashed lines on panel (b). The intersheet spaces were formed during
the cutting process. (A colour version of this figure can be viewed online.)
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Fig. 2 - Scheme of our high pressure SANS experimental setup. The scattered beam was collected on the *He detector of D11.
The elliptical pattern was averaged following directions parallel and perpendicular to the applied pressure (i.e. the working
pressure) indicated by the orange arrows. Shaded sectors on the pattern indicate the 30° angular sectors used to obtain the
integrated intensities 1,(q) and I, (q). The corresponding averaged intensities are shown on the right. (A colour version of this

figure can be viewed online.)

compression (Fig. 3a). To investigate the resulting distorted
pore shape, we collected patterns from an individual flexible
graphite sheet cleaved from the DFG sample, the incoming
beam being normal to the sheet. The pattern thus obtained
was elliptical. By contrast, such an experimental configura-
tion gave an isotropic pattern for the out-of-plane compressed
flexible graphite studied in Ref. [1]. As there was no indication
of any symmetry axis, the average pore shape model was as-
sumed to be an ellipsoid with three distinct axes: the e, long
axis and both e, and e, short axes (e, # e,) (Fig. 3b).

Fig. 4 shows the evolution of selected scattered intensity
versus q along the directions parallel and perpendicular to
Py axis.

For the in situ high pressure SANS acquisitions the sample
thickness was t = 5 mm imposed by the compression chamber
geometry. For this t = 5 mm sample, the low neutron transmis-
sion value (in the range of 0.28-0.35 from ambient pressure to
1000 bar) indicates the possible presence of multiple scatter-
ing (MS). The effect of MS is characterized by a broadening
of the scattering profile. By varying the sample thickness or
the incoming beam wavelength, scattering distortions charac-
teristic of MS might be detected. To investigate the MS occur-
rence the procedure detailed in Ref. [1] was used. Fig. 5 shows

data collected on PAXE at ambient conditions with a
t=2.4mm sample obtained by cutting the t=5mm pristine
sample. Additional data collected using two different wave-
lengths (Supplementary Fig. S2) show that MS affects our data
in the region below 3 x 1072 A~ where the scattered intensity
of the thicker t = 5 mm sample (Fig. 5) decreases. However, MS
effects do not modify the slope of the linear domain from
where the value of the fractal dimension is obtained [19-21].

The linear domain extension range depends on the scat-
tering direction. Using the 4.5 A wavelength beam at D11 we
obtained 1.3 and 1 order of magnitude for I,/(q) and for I,(q)
respectively. For a thinner sample, the MS is reduced, so the
linear domain extends for a higher q domain. The fractal nat-
ure of our DFG sample is then confirmed.

To extract information on the average pore shape in the
sample at ambient conditions, we used the low g-domain of
the 2.4 mm thick sample which is less affected by MS. For a
random two-phase system, the Debye model allows extract-
ing the correlation length ¢ in the low q range. Obviously,
our system is not random. However, we could use this model
by introducing different correlation lengths along each of the
two axes of the elliptic pattern [22], corresponding to the
e, and e, axes of the pore ellipsoid (Fig. 3). The scattered
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Fig. 3 - Pore morphology in the compressed flexible graphite. The spheroidal pore shape (a) observed for the out-of-plane
compressed flexible graphite [1] was transformed to an ellipsoidal shape (b) by the manufacture pressure (Py). Py as well as
working pressure (Py) were applied following the direction of e,. The incoming neutron beam in our high pressure
experiments is parallel to the e, direction. (A colour version of this figure can be viewed online.)

- “ﬂﬂsxx I I 3 “Eiﬁsx, I I
T
3L “e, 4
10°F 10 K
~ 1 o) 1
S0k S0} 1
—_— —_
-1 XEEH;
107 ¢ ambient pressure 1 0'1 L ambient pressure ]
= 1000 bar 1000 bar
E© ambient pressure (after decompression) . [ ambient pressure (after decompression)
1 1 1 1
10° 10"

107 q (A»l) 10°

q (A%

Fig. 4 - SANS scattered intensity versus q along axes parallel and perpendicular to the applied pressure for DFG sample at
different pressure conditions. Patterns were taken on the D11 instrument at ILL with a 4.5 A wavelength neutron beam. (A
colour version of this figure can be viewed online.)
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Fig. 5 - SANS intensity versus q plot at ambient pressure for two different DFG sample thicknesses collected at 6 A
wavelength (LLB) parallel (left) and perpendicular (right) to the applied uniaxial pressure. Spectra were rescaled to
superimpose the linear domains. (A colour version of this figure can be viewed online.)

From the linear slope of I(q) "2 versus g2 plot (Supplemen-

tary Fig. S3), the correlation length was estimated to be

intensities 1,(q) and I, (q) were fitted by the equation I(q) = I/
(1 + q262)2.
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70+5A and 105+ 7 A for I;(q) and I,(q) respectively. These
values support an ellipsoidal pore model.

The validity of the fractal model in this type of sample was
discussed in detail in Ref. [1]. In the high q region, the scat-
tered intensity I(q) follows a power law 1(q)q ... x q9* ~ ¢, where
d is the fractal dimension of the system. This fractal dimen-
sion is obtained in a limited q domain corresponding to pore
sizes 4 A <1 <250 A, calculated from r = 2.5/q, as used for sur-
face fractal systems [23]. For a perfectly smooth surface d = 2,
while d = 3 for a rough surface sufficiently convoluted to fill a
3D volume.

Fig. 6 shows the evolution of fractal dimension along the
two directions parallel (d/,) and perpendicular (d,) to the ap-
plied pressure direction during compression up to 1000 bar
and decompression. We observe an important fractal anisot-
ropy which is preserved under pressure: d, the fractal dimen-
sion extracted from I//(q), has lower values than d, the fractal
dimension extracted from I,(q).

The fractal dimension increases continuously during com-
pression up to a maximum value depending on direction.
During the decompression steps the fractal dimension de-
creases and the recovery is partial. Fundamentally, the higher
the surface fractal dimension the rougher the interface be-
tween the pore and graphite matrix [24,25]. In our experi-
ment, the densification of the samples is probably
associated with space vanishing and increasing pore-matrix
interface roughness.

The evolution of total porosity under pressure (Fig. 7) was
obtained from the sample volume variation (calculated from
the piston displacement) under compression and decompres-
sion. The loss of total porosity is about 32% at 1000 bar and
25% after decompression. This pressure-dependence of
porosity is almost not observed in the pore size distribution
(PSD) evolution extracted from SANS data. To extract the
PSD (also known as pore number density) in the high linear
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Fig. 6 — Evolution of the fractal dimension as a function of
the applied uniaxial pressure for the DFG sample. For each
compression and decompression step, the fractal
dimension was calculated from the scattered intensity
curves along the two directions parallel (d;) and
perpendicular (d,) to the applied pressure direction. Filled
symbols stand for the compression and empty symbols for
the decompression. Lines are visual guides. (A colour
version of this figure can be viewed online.)
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Fig. 7 - Total porosity evolution calculated from the sample
volume variation with applied pressure (initial porosity:
31%). Filled symbols stand for compression and empty
symbols for decompression.

q region (q > 0.0125 A~ of I,, unaffected by the MS, we used
the polydisperse sphere model in PRINSAS software [26]. We
observed that PSD does not vary within the error bars after
applying on the sample a pressure of 1000 bar and after
decompression. This indicates that the small size pore frac-
tion along the direction perpendicular to Py (axis e, in
Fig. 3) is not pressure sensitive and that the decrease of total
porosity under compression observed in Fig. 7 is due to the
pore size range larger than ~250 A.

Let us consider the evolution of the specific surface area
under pressure which is proportional to the asymptotic value
of I(q)q® ~ @ [18]. The specific surface area A of a surface frac-
tal, scaled with a length scale rq is given by:

A=5r2

where d is the fractal dimension of the system. S is calculated
from the intensity curve in the high q region:

limI(q)q®?

_ae

 n(Ap)’nE(d)

where Ap is the scattering length density contrast, 5 is the
sample density and F(d) is a function of the fractal dimension
given by [27]:

H®:F6—®§T%—®Wﬂ

The specific surface area had an anisotropic distribution.
We thus calculated the apparent specific surface area in dif-
ferent directions using the scattered intensity curves and a
7o = 2.58 A length scale corresponding to the radius of krypton
atom [18]. The calculated apparent specific area along the
directions parallel and perpendicular to the direction of Py,
are called AS,, and AS,. Fig. 8 shows the evolution of AS,
and AS, with the working pressure.AS,, slightly increases un-
der compression while AS, decreases. Under decompression,
both AS, and AS,, increase with respect to the high pressure
values. The apparent specific surface area increase is related
to a pore-matrix interface formation. Surprisingly, during
decompression, a new pore-matrix interface is generated
mostly along the uniaxial pressure direction as AS;, increases.
The apparent specific area evolution is different from what
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Fig. 8 - Evolution of the apparent specific surface area of the DFG sample at ambient pressure, 1000 bar, and after

decompression. Symbols correspond to the calculated values of the apparent specific area at each 30° sector around the beam
centre deduced from scattering curves (Fig. 4) by using the asymptotic value of I(q)q®~?. Spline lines are guides for eyes. AS;,
and AS, correspond to the apparent specific area along the parallel and perpendicular directions relative to the Py;. (A colour

version of this figure can be viewed online.)

was observed for the out-of-plane compressed graphite [1]
where the apparent specific area had an irreversible increase
perpendicularly to the applied pressure direction and an al-
most irreversible decrease in the parallel direction. This
behaviour was attributed to interface creation induced by
the irreversible collapse and splitting of larger pores into
smaller ones [1]. As seen in Fig. 1c, in the DFG sample the flex-
ible graphite sheets have not a unique preferential orienta-
tion. Consequently, the induced pore orientation is also
complex and gives a mean pore shape shown in Fig. 3. As
seen in our prior work [1] and reminded in Section 2.1, the
average pore is oriented with its long axis perpendicular to
the c-axis of the graphite crystallites.

Combining our results, we tried to rationalize the pore evo-
lution of the DFG sample under a uniaxial load. First we have
to consider the different pore orientations in the pleated sam-
ple described in Fig. 1c. The dynamic mechanical behaviour of
flexible graphite has been recently studied by Chen and
Chung [11] in a non-confined environment. Compression
tests were made on three different specimens with flexible
graphite sheet configurations close to the ones observed in
our DFG sample and described in Fig. 1c: (1) crooked, (2) out-
of-plane and (3) in-plane compressed flexible graphite sheets.

Let us now analyse the evolution of each of these three re-
gions under uniaxial pressure and the consequences on the
SANS signal.

Region 1. Crooked. Under compression the crooked section
of flexible graphite is subjected to shear stresses. As it has
been already observed this brings to displacement of crystal-
lites [11] that eventually results in crack formation. It has
been shown that for high density flexible graphite sheets
the resistance to motion and friction between interlocked mi-
cro-disc-shaped graphite sheets can cause the fracture of
disks [28]. From a morphological point of view the pores flat-
ten [11] and their aspect ratio increases. This region in the
sample would then likely contribute to create under compres-
sion new interface in both directions parallel and perpendic-
ular to the direction of Py

Region 2. Out-of-plane. In the out-of-plane compression the
pressure axis e, is parallel to the c-axis of the graphite crystal-
lites (Fig. 1c). This corresponds to the same configuration ob-
served in our previous study of an out-of-plane flexible
graphite [1], in which the uniaxial pressure was applied per-
pendicular to the average spheroidal pore long axis. In the
DFG sample the pores were flattened during the manufactur-
ing process and have an average ellipsoidal shape as ex-
plained above (Fig. 3). Within the approximation that the in-
plane manufacturing compression did not change the flexible
graphite properties, we can apply, for this region of the DFG,
the same pore collapse model described in our previous work
[1]. Under compression, the pores undergo an irreversible col-
lapse and splitting into smaller size ones, concomitant to the
formation of a new pore interface along the direction perpen-
dicular to Py. This would correspond to an irreversible in-
crease of AS, after decompression [1].

Region 3. In-plane. Let us consider now the last and most
predominant case, where the flexible graphite sheets are par-
allel to the direction of the applied pressure: the in-plane com-
pression (Fig. 1c). In lamellar compounds submitted to shear
stress, the crystallite slipping mechanism has been the key
phenomenon [11,29,30] to understand their mechanical
behaviour. The defects in such materials facilitate a shear re-
sponse to compression, tension or flexion [30-32]. In our
highly disordered graphite, there is a considerable amount
of potential shear starting points. At the nanoscale, the crys-
tallite edges can be considered as defects. As for the crooked
region, the applied pressure would likely cause a relative mo-
tion of the crystallites along the direction of e, (which is the
applied pressure direction) and the overlapping of the edges.
During the experiment, after increasing the hydraulic pres-
sure in the cell pump system, we had to wait for a satisfactory
pressure stabilisation time to reach equilibrium. This pres-
sure relaxation time could be due to the in-plane slipping
mechanism of the crystallites.

Local frictions may cause also wrinkles, buckling, splitting
or cleavage of the crystallites which are crack formation fac-
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Fig. 9 - Schematic side view of pores (with a magnified scale) in the DFG sample under compression and decompression. The
average crystallographic c-axis of crystallites is shown on the left bottom side. The ellipsoid pore is cut in the plane

containing e, and e, axes (see also Fig. 3). The pore long axis e, is perpendicular to the average crystallite c-axis. We propose a
model where cracks arise and propagate from largest pores within the graphite matrix as a shear response of crystallites to
the compression. Under decompression we observe a partial sample elastic recovery involving crack and pore elongation. (A

colour version of this figure can be viewed online.)

tors. It was stated previously that cracks should start from the
largest pores [29]. Crack occurrence presumes interface crea-
tion in agreement with the observed increase of the apparent
specific area, AS/, along the e, direction during the decom-
pression. Due to the elastic behaviour of DFG sample, the
pressure release enlarges the crack dimension along
the direction of e,. In Fig. 9, we propose a schematic view of
the pore evolution under compression and decompression
consistent with the observed parameters (fractal dimension
and apparent specific area) evolution. Under compression,
the slipping and fracture of the crystallites would create
pore-matrix interface. During decompression, the created
cracks would enlarge due to the released of accumulated en-
ergy from residual stress and likely induce an increase in the
apparent specific surface area, mostly along Py direction.
The fact that the sample was confined in the compression
chamber of the pressure cell means that only its height (in the
direction of e,) could change under compression. Confine-
ment stresses (in the ese, plane), due to the rigid walls of
the compression chamber, contribute to keep the crystallites
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Fig. 10 - Mercury intrusion porosimetry curves for the initial
DFG (black) and for the same sample decompressed from
1000 bar (red). (A colour version of this figure can be viewed
online.)

aligned along the direction of e, during the compression. The
decompression was followed by a significant recovery of the
sample volume due to the well-known elastic behaviour of
flexible graphite [29] and the enlargement of cracks along
the direction of e,. This is confirmed by AS,, increase after
decompression.

Porosity measurement by mercury intrusion was per-
formed on our DFG samples before and after the pressure cy-
cle (Fig. 10). Mercury intrusion, which assumes a cylindrical
pore morphology, allows probing the open porosity. It re-
vealed two populations of pores in both samples: mesopores
with a mean pore diameter of about 25 nm and macropores
larger than 50 pm. The main modification induced by the
pressure cycle is the increase in the open macropore volume.
This result is in agreement with the proposed scenario of
cracks formation due to the shear stress induced in the
graphite matrix by compression.

4, Conclusion

The evolution of porosity of die-formed flexible graphite was
investigated in situ under uniaxial pressure up to 1000 bar
using SANS. The initial sample had a pleated layer structure.
The anisotropy of the accessible parameters revealed an
anisotropic pore shape which was assumed to be ellipsoidal
to fit the SANS data. Analysis of the data yielded the fractal
dimension, average pore size distribution, total porosity and
apparent specific surface area, along the two directions paral-
lel and perpendicular to the compression direction Py

After a pressure cycle (up to 1000 bar and back to ambient
pressure), we observed: (a) an irreversible decrease in poros-
ity; (b) an irreversible increase in the apparent specific surface
area and fractal dimension along the compression direction,
Pw. This, we interpret, is related to the pore volume reduction
accompanied by crack formation and consequently to new
pore-matrix interface creation. The evolution of the SANS sig-
nal under pressure showed that the system response to the
mechanical load is strongly affected by the shear forces acting
along the direction of Py
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During decompression, we observed a partial elastic recov-
ery involving some crack elongation along the direction of
Py. The crack creation was confirmed by mercury intrusion
measurements on a sample after a cycle of compression-
decompression.

Simultaneously to this predominant shear effect, the pore
collapse and splitting mechanism described in Ref. [1] also
acts in the out-of-plane compressed region of the sample.

This study, in which the shear component is relevant, is in
contrast with our previous work on out-of-plane compressed
flexible graphite for which shear effects were negligible. To-
gether, our present work and Ref. [1] provide an accurate
understanding of the evolution of porosity and the pore-
matrix interface of flexible graphite when submitted to
mechanical compression.

This type of high pressure in situ study could be applied to
other porous lamellar systems to obtain a complete descrip-
tion of the evolution with mechanical constraints of these
systems, important both for natural and applied sciences.
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