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ARTICLE INFO ABSTRACT

Keywords: Flexible graphite (FG) with p = 1 g/cm? density is a type of highly porous and anisotropic graphite, mainly
Flexible graphite used for gaskets and sealing applications, but also suitable for energy absorption, such as in the beam dumping
FIB-SEM

devices of the Large Hadron Collider (see Heredia 2021 [1]). Knowledge of its microstructure and mechanical
properties needs to be developed for the selection of an adequate material model able accurately predict stresses
and failure in FG components. Here, the FG microstructure properties available in literature are reviewed,
followed by Focused Ion Beam - Scanning Electron Microscopy investigation and compression tests. Specifically,
a single 100 pm x 150 um cross section was obtained, and the 2D pore sizes and shapes were quantified using
image segmentation. Monotonic and cyclic out-of-plane compression tests were performed in single and stacked
configuration. Stress-strain curves showed three domains: the initial toe, the transition and the densification
domain. The cyclic tangent modulus was also calculated from the cyclic tests. Many observations suggested that
FG behaves similarly to crushable foams, crumpled materials and compacted powders, and that both crystalline
microstructure and crumpled mesostructure play a predominant role in the deformation mechanism.

Uniaxial compression

[1]. The latter is considered as the world’s largest and most powerful
particle accelerator [14] and is located in Geneva (Switzerland) at the
facilities of the European Organization for Nuclear Research (CERN). Its
purpose is to reveal the physics beyond the Standard Model with col-
lisions of proton beams reaching up to 14 TeV centre of mass energy
[15]. The TDE block is part of the LHC Beam Dump System, a critical

1. Introduction

Flexible graphite (FG) is obtained by uniaxial or rolling compression
of expanded graphite particles without any additive binder [2], unlike
polycrystalline and pyrolytic graphite. Due to its high porosity and par-
ticular microstructure, FG shows good conformability, resilience and

viscous properties that make it particularly suitable for sealing and gas-
ket applications [3], often in sandwiched structures with stainless steel
foils [4] or in the shape of tapes and impregnated yarns [5]. Other appli-
cations that exploit the remarkable thermal conductivity and chemical
resistance are heat exchange devices for microelectronics [6,7], thermal
interfaces [8], electromagnetic field shielding [9], resistive heating ele-
ments [10], fuel cell proton exchange membranes [11], electrochemical
electrodes for batteries [12] and stress sensing devices [13]. In addition
to this diversified list, a further implementation of FG is the Target
Dump External (TDE) block (Fig. 1) responsible for the energy absorp-
tion of the proton beam extracted from the Large Hadron Collider (LHC)
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section for the safety of LHC operations [16], and consists in a 318LN
stainless steel cylindrical vessel (length = 8500 mm, external diame-
ter = 712 mm, thickness = 12 mm) containing a series of graphitic
materials that includes: 6 isostatic polycrystalline graphite blocks (SGL
Sigrafine® 7300 [5]), 700 mm long and with a density p = 1.73 g/cm?;
a low-density section with 1650 FG sheets (SGL Sigraflex® 1.20012C
[5]), 2 mm thick and p = 1.2 g/cm?, stacked together and supported
at the ends by two SGL Sigraﬁne® HLM [5] plates (80 mm thick and
p = 1.72 g/cm?); two titanium-alloy windows that enclose the whole
vessel. The apparatus is filled with nitrogen gas and the beam is swept
in a pseudo-elliptical spiral path that optimizes the energy deposition
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Fig. 1. Schematic illustration of the Target Dump External (TDE) block.

over the material volume [16]. The choice of graphite-based materi-
als is dictated by their high performances in terms of beam absorption,
as they show a good combination of thermophysical properties, espe-
cially low density and low specific heat, to minimise the temperature
increase during beam impact [17]. Among the different materials, the
Sigraflex® section is designed to be the most exposed with tempera-
tures up to 1500 °C and 2300 °C under nominal and worst-case scenario
conditions, respectively [1]. Besides the thermal load, the sudden ex-
pansion of the heated volume results in a multi-axial dynamic stress
state that requires coupled thermal and mechanical analysis to be re-
liably predicted; the accuracy of such predictions, usually obtained by
finite element simulations [18], is based on accurate constitutive mod-
els of the materials involved. However, only a very few proposals of
FG modeling were presented in previous investigations [4,19,20] and
the information is not sufficient to select or formulate a constitutive
model suitable for Sigraflex® or FG with similar density. This work
therefore represents a basic step in developing such a model, starting
from a deep microstructure investigation and from the observation of
the out-of-plane compression response at room temperature.

Relevant information on microstructure and mechanical properties
available in the literature is first reported, followed by a Focused Ion
Beam - Scanning Electron Microscope (FIB-SEM) investigation and out-
of-plane compression tests. FIB-SEM has already been applied to dif-
ferent types of graphite and carbon-based materials [21] and proved
effective for the reconstruction of microstructures with complex pore
space [22]. Advanced image-segmentation techniques are usually em-
ployed to transform the images into an image-based model [23] used
either for quantification of characteristic pore size and distribution
[24] or to predict mechanical properties [25]. However, to the au-
thors’ knowledge, FIB-SEM has never been applied to FG, and although
SEM images of fractured sections have been obtained in previous works
[6,26,27], extraction of quantitative properties from images has never
been attempted. Here, the morphology of pores and carbon microsheets
is shown, and the characteristic 2D pore sizes are extracted by a seg-
mentation algorithm optimized on a single FIB-milled section. The goal
includes the assessment of FIB-SEM and image segmentation capabili-
ties on capturing FG microstructure for future extension to 3D tomog-
raphy, microstructure reconstruction and micromechanical modeling.
The latter aims not only to the prediction of FG structural response, but
also to the analysis of pore-fluids interaction, fundamental in most of
FG applications such as electrodes and plates for batteries [13].

The out-of-plane compression test has been already used in previous
works to calibrate a hyper-elastic Blatz-Ko foam constitutive law for
spiral-wound FG gaskets simulation [4,20]. Loading-unloading stress-
strain curves have also been obtained in other works [26,28], but with-
out any related analytical or numerical modeling proposal. In this work,
the main mechanical properties, such as the yield strength and the
tangent modulus, are discussed, as well as the similarities of the stress-
strain curves with other known materials such as crumpled materials.
The latter are obtained by crumpling of thin sheets usually made of pa-
per [29], aluminum [30,31] and graphene [32,33]. Although crumpled
materials show several similarities with foams and entangled fibrous

materials [29], they are easier and cheaper to produce [34], and their
properties originate from the structure rather than the composition of
the material [35]. The pores indeed are not inclusions of a continuous
matrix but reside in between irreversible folds that interact by contact
forces and constitute what is referred to here as mesostructure. Regard-
less of such a complex porous structure, their mechanical properties are
well-reproducible and can be exploited in engineering applications such
as alternative to standard polymer foams [29], for energy absorption in
core of sandwich panels [36] or for creating meta-biomaterials to treat
segmental bone defects [37]. Interest on crumpled materials has also in-
creased in recent years due to the design of new materials with unique
and adjustable properties not normally found in nature [35,38]. Simi-
larities on the compression behavior of FG and crumpled materials are
highlighted in the following.

The outcomes are believed to constitute a first step toward the de-
velopment of a constitutive model for FG: this is not only necessary for
the TDE modeling, but can substantially improve the mechanical perfor-
mances of other FG applications such as sealing, gaskets and electrodes.
However, the analysis is limited to the only mechanical out-of-plane re-
sponse, and does not take into account multiaxial stress states as well
as the coupling of behaviors in different directions is not attempted.

2. FG microstructure and mechanical properties

A summary of a general FG production process is given in Fig. 2.
The raw material used is natural graphite, i.e. a purely crystalline ore
material having the form of flakes and plates whose thickness and diam-
eter are in the order of magnitude of 10" um and 10? pm, respectively
[39]. Sulfuric and nitric acids are chosen to penetrate among the basal
planes during the intercalation phase, and rapid heating is applied to
obtain the exfoliated powder. The smaller the thickness-to-diameter ra-
tio of the flakes, the larger the resulting expanded volume [40]. The
expanded particles are commonly referred to as worms due to their
accordion-like shape and, thanks to their jagged profile, can be com-
pressed together to create compacts or sheets with tailored density and
thickness. Typically, materials denser than 0.7 - 0.8 g/cm? and up to 1.8
- 1.9 g/cm? are referred to as FG whereas materials with lower density
are simply called graphite compacts or compressed expanded graphite.
It is basically impossible to obtain density higher than 1.8 — 1.9 g/cm?
due to the difficulty on applying further irreversible work of compres-
sion [6,26]. For the sake of clarity, the following nomenclature will be
adopted throughout the text (see Fig. 2):

+ Natural graphite flakes: raw material made of purely crystalline
graphite flakes,

* Worms or exfoliated graphite: flakes after expansion. They have
large pores, also called cells, and their

 microsheets: stacks of tens of carbon basal planes. The skeletal
structure of each single worm is a stack of corrugated microsheets.
Cell walls and microsheets refer essentially to the same entities,
except that the first term is more appropriate when referring to
exfoliated graphite.
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Fig. 2. Top: production process of FG. The compaction stage is usually made by rolling compression up to p = 0.7 - 1.9 g/cm’. Bottom: expected deformation mode

of worm cells under compression.

« Particles: worms intended as entities inside the compacted materi-
als. They are mainly flattened along the bedding plane,

+ Out-of-plane and in-plane directions: perpendicular and parallel to
the bedding plane, respectively,

» Compaction: the compression stage of the production process.

Thus, in general, a bottom-up hierarchical system can be identified at
different length scales of FG microstructure: the carbon basal planes
(nm) inside the microsheets (um), the microsheets inside the particles
(10 - 100 um) and the interlocked particles as structural units of the
bulk material (mm).

The uncompressed worms have densities around 0.004 - 0.015
g/cm? (porosity P > 99%) [41,42] and their morphology depends on
the size of initial flakes [43,44], as well as on production process pa-
rameters such as expansion temperature [40] and intercalating species
[45]. Their final length can reach up to 100 - 300 times the initial
thickness, whereas the width corresponds to the original width of the
particles, on the order of 100 pum.

Irregular honeycomb-shaped cells are randomly dispersed along the
body of the worms as a result of the expansion of the intercallants [41].
The characteristic size of the single cell (wall-to-wall) was measured
by SEM imaging in worms of three different densities, namely 0.006
g/cm?, 0.009-0.011 g/cm?® and 0.004 g/cm?: these were found to have
ellipsoidal shapes with major axis between 21 to 32 um and the mi-
nor axis between 10 to 16 um [42]. Pore sizes as large as 100 — 200
um were also reported in the plotted distribution. The average aspect
ratio was about 0.5. The Johnson, Koplik and Schwartz (JKS) describe
reasonably well the pores by assuming cylindrical shapes with equal
lengths and diameters [41], and was used to infer that the pore sizes
decrease from 1.36 pm to 0.078 um as the densities compacts increase
from 0.0236 g/cm? to 0.35 g/cm> [46]. The anisotropy and tortuosity
of the pore network increases with the density, which can be related to
the permeability and formation factor by simple power laws [47].

Cell wall thickness, as calculated by nitrogen adsorption and spe-
cific surface area, was found to be equivalent to 48 — 68 basal planes, or

equivalently 16 — 22 nm [41,48]. A higher estimate for the wall thick-
ness, corresponding to 30 — 60 nm, was provided in a previous SEM
imaging analysis [26].

During the compaction, the cell walls are severely crumpled and
tend to be aligned, together with their inner carbon basal planes, along
the in-plane direction. Their average orientation with respect to this di-
rection at p = 1 g/cm?® was found to be between 9° and 15° [6]. In
low-density compacts, it was observed that the relative displacement
of adjacent basal planes within the cell wall is relatively small, and
the main contribution to the large deformation is given by the relative
displacement between adjacent walls [43,46,48]. The overall deforma-
tion of a worm is governed by its bending and thickness reduction [49]
while jagged boundaries are responsible for creating interlocking forces
between neighboring worms as they become flat particles. Although
strongly agglomerated, the single particles, or clusters of particles, seem
to retain their identity inside the final sheet. Indeed, in presence of ten-
sile forces along the in-plane direction, the fracture propagates mainly
along the particle boundaries [27], whereas, in presence of out-of-plane
forces, the deformation field evolves homogeneously within rod- and
sheet-shaped volumes with average maximum diameters between 100
and 150 um, referred to as deformation units [50].

The number of links between particles increases in proportion to
density, and their effectiveness is ascribed to the initial relative mis-
alignment between adjacent microsheets [26]. In general, larger is the
initial flake size, larger the exfoliated volume and better the mutual
folding between the microsheets. The effectiveness of particles cohesion
governs the in-plane tensile strength [44,51] while the elastic modu-
lus results from unwrinkling of microsheets [26]. The presence of two
types of microstructural region was suggested by SEM imaging and X-
ray diffraction: the first type has well-aligned basal planes and slightly
misaligned microsheetswhile the second is stiffer and has highly wrin-
kled microsheets. The elastic response in out-of-plane compression was
attributed mainly to the deformation of aligned regions while the mis-
aligned regions were responsible for the unrecovered deformation [26].



E. Solfiti, D. Wan, A. Celotto et al.

l ;= 0.03 - 0.04 MPa'

E=3-4GPa’

—
—- — E = 1335 - 2290° MPa
3 Out-of- l ! o;=4 - 5 MPa*
plane
E=10-50 MPa’
1 o¢=50 - 150 MPa®
In-plane 2
In-plane

Fig. 3. Visual summary of elastic moduli and yield strengths for 1 g/cm? FG. In-
plane isotropy is assumed. !Data from [27], ?Data from [53], *Data from [13],
4Data from [56], Data from [28], °Data from [26].

Porosity at the end of compaction results from inter- and intra-
particle contributions: the bulk density and the particle density have
been linearly correlated so that, for example, when the bulk density
reaches 1 g/cm?, each particle is compressed from 0.015 g/cm? up to
1.2 - 1.8 g/ecm? [41]. Visual access is made difficult by the ease of
delamination of the material [6], so non-destructive techniques such
as mercury porosimetry and nitrogen adsorption-desorption are usu-
ally needed for porosity characterization. These revealed the presence
of three different size categories at p = 1 g/cm?: macro-pores (> 40
nm), meso-pores (< 40 nm, characteristic size between 1.5 and 6 nm)
and micro-pores (inter-crystalline cavities) [40,52]. The pore shape can
probably be approximated by disks oriented mainly along the in-plane
direction [53], with a resulting permeability in this direction about 2-3
times higher than in the out-of-plane direction.

The amount of open or closed porosity at 1 g/cm? is still to be clari-
fied: a percentage of 30% closed porosity was found at p = 0.14 g/cm?
[41], while only 8% was deduced from the rule of mixture of homo-
geneously distributed closed and open pores in FG with 1 g/cm? [49].
Further observations implies that: if the total volume occupied by both
meso- and macro-pores in 1 g/cm? FG specimens was 0.51 - 0.59 cm?3/g
[40], as well as the porosity was 0.51 — 0.59 for 1 g/cm? samples, and if
the theoretical porosity is calculated as P = 1 - p,/p, = 0.56, where p,
= 1 g/cm? and p, = 2.26 g/cm? is the density of crystalline graphite
[54], then the uncertainty of the measurements precludes a good esti-
mation of the open porosity, which cannot exceed 9% in any case.

From a macroscopical point of view, a FG foil with p = 0.7 - 1.9
g/cm? appears as a relatively soft, flexible and inelastic material. It can
be easily delaminated by low bending forces applied in the in-plane di-
rection, and obvious slip planes can be distinguished in the deformed
regions. Transversal isotropy is usually assumed in the in-plane direc-
tions, but large difference can be found in strength and elastic modulus
between the in-plane and out-of-plane directions. A visual summary
of FG material properties is shown in Fig. 3 obtained from previously
reviewed literature [39,55]. The low-loads stress-strain response (max-
imum load = 1 MPa and maximum engineering strain less than 6%)
of FG at different densities i.e., 0.55, 1.05, 1.54, 1.7 g/cm?, showed
full elastic recovery with non-linear behavior and little hysteresis [28].
While the curves at higher loads were similar to crushable foams or
granular powders [20], the low-loads behavior reported appears incon-
sistent for these materials and needs to be further investigated.

3. Method
3.1. FIB-SEM investigation

This analysis was carried out on 1 g/cm?® Sigraflex® with 2 mm
thickness and 2% ash content [5]. A transversal cross-section of a spec-
imen free from any processing marks was cut by employing a Ga*
FIB-SEM microscope (FEI Helios G4-UX). The sample surface was first
prepared by platinum deposition along the top edge of the desired sec-
tion. This was meant to be sacrificial for the cross-sectioning while
limiting the tail and curtaining effects by leveling the superficial asperi-
ties. Then, the cross-section was milled by ion sputtering (30 kV, 65 nA)
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Table 1
Number of tests per each loading case.

Monotonic  Cyclic

Single specimens 8 17
Six-unit specimens 4

along parallel stripes, at increasing depth, from the surface down to ap-
proximately 100 um. An ion current of 2.8 nA was adopted in the last
milling step to finely smooth the surface. The final section was rect-
angular with sides of 100 um x 150 pm, perpendicular to the slicing
direction as in Fig. 4.

The SEM images were acquired in secondary electron mode and
adjusted to a perpendicular view. The segmentation procedure was
carried out in MATLAB® using Image processing Toolbox”™ and was
based on marker-controlled watershed transform and two-dimensional
Fourier transform filtering (further details can be found in Appendix A).
Four parameters were chosen to describe the pore morphology i.e., the
equivalent radius R,, = /Area/, the radius of the maximum inscribed
circles R;,; taken as the maximum of the distance transform per each
pore, the maximum radius R,,,, taken as half of the maximum Feret
diameter, and the aspect ratio AR = R;,;/R,,,,- Their probability dis-
tribution were fitted by a log-normal distribution function, as shown in
Appendix B, and the numerical values of the u, 6 and the expected value
were reported. The expected value of R, is commonly considered as the
characteristic pore size. The porosity and the pore areas were calculated
as the sum of pore pixels, converted to pm by pixel proportion. Since
pores with area lower than 10 pixels were not included in the analy-
sis, the pores under investigation are the only macro-pores, defined in
a previous work [40], with characteristic size larger than 40 nm.

Finally, some particles were pulled apart from the specimen surface
by the simple “scotch tape” technique (often used for graphitic materials
to induce exfoliation [57]). The results did not add particular informa-
tion to the study and, for completeness, are given in Appendix C.

3.2. Out-of-plane compression

Static and cyclic uniaxial compression tests were carried out using
the same material described in section 3.1. The foils were hole punched
in circular specimens with a nominal diameter of 26 mm, and tested
by an Instron Electropuls® E10000 machine (maximum load + 10 kN,
load cell resolution + 0.5 N) equipped with compression plates (Fig. 5a,
top). In total, 25 tests were performed on single unit specimens and 5
tests on six-units stacked configuration (Fig. 5a, bottom). The number
of specimen per each testing case is reported in Table 1. Recommenda-
tions from ASTM D695 [58] and ISO 13314 [59] were followed when
possible. All the monotonic and cyclic displacements were applied at
0.1 mm/min rate by means of single or repeated triangular waveforms
where, in some cases, a 30 seconds holding time was applied at the max-
ima and minima displacement peaks. One test was run at 0.01 mm/min
and one in load control at 20 kPa/s (approximately equivalent to 0.1
mm/min displacement rate). In all tests, a preload of ~ 0.03 MPa (~
15 N) was imposed to ensure contact between the plates and the speci-
men. In 7 cyclic tests, cyclic loading up to 1 MPa with a loading rate of
30-40 kPa/s was imposed for 6-10 cycles prior the actual test until sat-
isfactory repeatability was observed in the load-unload curves. All the
curves were plotted using the definition of true strain for compression:

hy

o, 1
e=In— (€9)

where hy, = 2 mm is the initial (nominal) thickness and £ is the current
thickness. The engineering and true stresses ¢ were considered equal
because of the small variation in the resistant area.

The tangent slope of the monotonic curve was estimated by the
central difference method to define the transition between different do-
mains, while the initial cyclic tangent modulus H of the cyclic response
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Fig. 4. (a) Schematic illustration of the section obtained by FIB-SEM and (b) top view of the actual section.
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Fig. 5. (a) Geometry and test setup for single-sheet and stacked FG specimens, (b) initial cyclic tangent slope H and final inelastic strain definition.

was calculated to monitor the change in stiffness under increasing com-
pressive loads. The calculation of the last quantity slightly differs from
that of the elastic gradient used to characterize foams of various nature
[59,601, but it is considered here as more meaningful because of the
different FG production process. Due to the irregular shape of the hys-
teresis loops, the modulus was calculated per each cycle as the slope of
the initial part of the loading path after the toe (Fig. 5b) and the cy-
cles not reaching at least a peak stress of 0.5 MPa were not included
in the calculation. The tangent line was extended downwards until it
intersected the strain axis at €, which was considered to be the inelas-
tic component of the total strain and used to define the final relative
density pj as

= 20 g 2
Ps

where p, = 1 g/cm?, p,= 2.26 g/cm’, and no lateral deformation is
assumed. This last hypothesis will be better argued a posteriori in sec-
tion 4.2. Finally, the diameters and thicknesses of the specimens were
measured with a digital calliper (+ 0.01 mm resolution), at 5 random
positions along the lateral and base surfaces before and after each test
(at least 30 minutes later), so that the residual strains could be assessed
in these directions.

4. Results
4.1. FIB-SEM investigation

Despite the curtain effect due to the high porosity, the microstruc-
ture obtained by FIB-SEM is considerably more obvious than in tension-
fractured specimens images, such as those ones reported in literature
[6] or on the right side of Fig. 6. Two types of regions can be iden-
tified visually, separating darker and brighter spots. The former have
stripe-like shapes with tiny pores and run perpendicular to the com-
paction direction; the latter have larger pores with very misaligned

walls and shiny features. This distinction becomes more apparent at
higher magnification (Fig. 7a). The darker regions are composed of sev-
eral compacted layers, attributed to bundles of microsheets (Fig. 7b),
well-aligned with each other and separated by thin and elongated
pores. They eventually become contact lines when the pores are fully
compacted (Fig. 7c - d) and are evidence of the intrinsic discontinu-
ity of the microstructure. The thickness of the microsheets did not
show large dimensional variations: they ranged from 40 to 120 nm
and correspond to 120 to 360 carbon basal planes, at least twice the
values predicted by nitrogen adsorption and specific surface area esti-
mation [41,48].

In the transition between the two regions (Fig. 7c), the microsheets
deviate from the aligned state and branch with continuity until they be-
come pore walls. The relative interlocking between adjacent worms is so
effective that any discontinuity due to particle boundaries was not de-
tected. The extreme flexibility of the sheets allows the particles to with-
stand large deformations without failure, so that during compaction
they can fold into themselves and collapse producing very irregular
pore contours. This confirms observations made in earlier work [26]
about the presence of two types of regions, one with slightly oriented
microsheets and one with highly wrinkled microsheets, each associated
with a different deformation response to uniaxial compressive loading.
In the following, the oriented and wrinkled regions will be referred to
as aligned and misaligned regions, respectively.

The pores detected in the imaged domain are highlighted and su-
perimposed on the original image in Fig. 8a. The good detection of
the largest pore area in the misaligned regions was sometimes affected
by ambiguous features, visible in the inner surfaces, and shine-through
effects. Conversely, the smaller pores area in the aligned regions was
detected more accurately, although special care was required to discard
the noisy, dark shades often mistaken for pores. In total, 2681 pores
were identified within an area of 27.62 x 41.47 = 1145.5 pum?, resulting
in a porosity of 0.15 + 0.05. The big discrepancy with the porosity of
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Fig. 6. Left: FIB-SEM section under investigation. Right: tension fractured specimen together with the actual dimension of the FIB-SEM section.
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Fig. 7. Microstructure of Sigraflex® : magnified views.

the bulk material (P = 0.51 — 0.55) can be explained either by the local,
two-dimensional nature of the investigation or by the density gradient
along the thickness of the specimen, predicted in previous work [61],
which implies a denser layer on the sheet surface.

The fraction of the aligned phase area to the total area (Fig. 8b) was
between 0.42 and 0.55, with an average value of 0.49 corresponding to
a porosity of 0.051, an order of magnitude lower than the porosity of the
misaligned phase, which was about 0.24. The number of pores was sim-
ilarly distributed between the two phases i.e., 1459 for the misaligned
phase and 1222 for the aligned phase, although the former contributed
85% of the total porosity. The frequency counts corresponding to the
pore properties studied are shown in Fig. 9 for both all pores and main-
taining the separation between the aligned and misaligned regions. The
corresponding numerical values are instead reported in Table 2. The
characteristic pore size for all pores is 0.129 pum, in agreement with

the characteristic pore size of macro-pores reported in a previous work
[40], i.e. 0.08 um. For the only misaligned regions this resulted 0.1451,
two times larger than 0.0693 for the aligned regions.

The distribution in Fig. 9a shows pores that range from 0.0482 to
1.014 pm, corresponding to areas from 0.0073 um? to 3.23 um?. Al-
though the expected values of R,,, and R,,,, for the two phases are
remarkably different, the expected value of AR and its distribution
are almost identical for both phases. AR ranges around 0.38 for all
pores, consistent with the expectation of flat, disk-shaped pores in a
wide range of FG density [53]. This also implies that the difference be-
tween the two phases concerns only the pore size and that, assuming
that misaligned regions turn into aligned regions at later stages of com-
paction, the mechanism of pore closure remains the same in all stages
of compaction.
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Fig. 8. Pores detected by image analysis: (a) pores highlighted and superposed to the original image, (b) aligned and misaligned phases with their respective pores.
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Fig. 9. (a) Maximum inscribed circle radii R,,, distribution, (b) half of maximum Feret diameter R, distribution, (c) aspect ratio AR distribution, defined as
fraction of the previous two quantities and (d) pore equivalent radii distribution.

Table 2
Mean values of pore parameters fitted by a log-normal probability distribution function. See Appendix B for definition of
parameters.
Regions All Aligned Misaligned
Parameters " G Expected value " G Expected value " G Expected value
R, [um] -2.216 0.5776 0.129 -2.8219 0.5528 0.0693 -2.198 0.7319 0.1451
R, [um] -2.68 0.522 0.0786 -2.9727 0.3272 0.054 -2.495 0.5374 0.0953
R, [um] -1.616 0.7234 0.2581 -1.923 0.577 0.1727 -1.422 0.74 0.3171
AR [-] -1.064 0.4815 0.3875 -1.05 0.496 0.396 -1.073 0.4721 0.3824
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Fig. 10. (a) Uniaxial compression curves of Sigraflex® , together with top and side views of specimens obtained before compression and after recovery, (b) average
curve and corresponding tangent slope, (c) monotonic loading up to 7 MPa and subsequent cyclic reloading after full recovery, (d) comparison of the curves obtained
by shifting the strain axis and those obtained by assuming zero true stress at the virtual preload of 0.3 MPa.

4.2. Out-of-plane compression

Monotonic curves

Three examples of monotonic o-¢ curves are shown in Fig. 10a.
Three domains were defined based on the behavior of the tangent slope
in Fig. 10b. The first domain shows an initial non-linear toe, character-
ized by a fast increase in the absolute value of the tangent slope up to 30
MPa; while the true strain at this point showed a wide scatter of values
around 6 - 6.2%, ranging between 1.5% and 16%, the corresponding
stress values were tight within the range 0.3 - 0.4 MPa. Although this
response is coherent to the low-load curves reported in a previous work
(see Fig. 4 in the reference [28]), it was not excluded to be an effect
of unexpected geometric imperfections of the specimens. To exclude it,
a single sheet was monotonically loaded up to 7 MPa to obtain a per-
fectly flat specimen, allowed to recover for 2 hours, and finally loaded
again, cyclically, up to 7 MPa (Fig. 10c). The toe was still visible, but
the strain recovered was much lower than the one observed in the first
loading-unloading path. The same behavior was also well visible in the
piled-up specimens and was considered as part of the material response
in a recent investigation of similar FG stacked disks loaded up to 1
MPa [28]. However, since it contributes to a large part of the total true
strain, its was quantified by applying a virtual preload of 0.3 MPa to
all the tests, and taking the corresponding displacement as a new zero
for the definition (1). The curves obtained in this way tend to overlap
nicely (Fig. 10d), conversely to the curves obtained by a simple back-
ward shift along the strain axis, meaning that the specimen thickness
starts to be effective only at the end of the toe. The reasons behind this
phenomenon will be addressed in section 5 while here it is simply re-

ported that the data analysis shown in the next section was based on
the only curves with virtual preload applied.

The second domain is considered as a transition domain between the
toe and the densification regime. Here the tangent slope decreases more
slowly than in the first domain and reaches its local minimum at around
12 MPa in correspondence of € ~ 24%. The minimun occurs shortly after
the knee of the o-¢ curves that corresponds to the hump visible in the
transition range of the tangent slope curve. The stress corresponding
to the slope minimum was ¢ ~ 5.1 MPa, again quite similar for all the
tests.

In the third region, the tangent slope increased up to the maximum
load while the concavity of the ¢-¢ curve turns upward. This trend was
attributed to the densification regime due to the pore closures where
the pore walls are predominantly touching with each other and there is
probably a predominance of aligned regions.

Lastly, no sign of failure was observed within the range of stress
tested, i.e. 0 < 14 MPa.

Cyclic curves

An example of cyclic curve is shown in Fig. 11a. Those tests that
were cyclically preloaded did not show any remarkable difference with
the other ones and their curves were also used for the calculation of
the cyclic tangent modulus. The cyclic paths stabilized after 2 - 6 cycles
(Fig. 11b) while the toe was always visible in the low-load domain along
with a constant area within cycles. In general, three main phenomena
were visible in the cyclic curves: (i) memory of subsequent cycles c-¢
extreme points, (ii) nearly-zero yield strength and (iii) large hysteresis
in the unloading-reloading path.
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Fig. 11. Cyclic curves: (a) example of cyclic curve, including a magnification view of the first cycles at low loads. Two cycles at the same peak strain were done only
up to e = 5%; (b) Stabilization at 1 MPa peak stress and cyclic loading at higher peak strains. The material has almost perfect memory of ¢-¢ extremals from the

second cycle on.

The first one refers to the tests where two or more cycles were done
at the same peak strain (Fig. 11a or inset in Fig. 11b). Inelastic de-
formation is induced in the material only during the first few loading
cycles that are followed by a stable regime where the strain is fully re-
covered at each cycle. Hysteresis is always visible, but the o-¢ reversal
points are held fixed and become memory points. The memory can be
established again by exceeding the current peak stress and loading at
higher strains. The second aspect involves the incapacity of finding a
clear value of transition between the elastic and inelastic regimes. As
shown in the inset of Fig. 11a, the cyclic path usually starts from a posi-
tive preload, around 0.03 — 0.04 MPa, reaches the cycle peak stress and
finally recovers the total strain imposed. This is repeated until the peak
stress does not overcome 0.5 MPa, where the inelastic strain at zero
load appears. However, for any peak stress, also lower than 0.5 MPa,
the stress values at zero strain tend to decrease as if the preload value
was already exceeding the yield strength. Although this phenomenon
was already observed in different types of graphite, it may also be due
to the viscoelastic nature, and thus waiting a longer recovery time at
zero load may allow for full elastic recovery (see section 5 for further
discussion). It is noted that not marked differences were observed in
the behavior of the slowest test at 0.01 mm/min. The hysteresis is evi-
denced by the large difference between the loading and unloading path;
during each loading the curve shows the initial toe, followed by a nearly
linear path that is somewhat analogous to the transition region of the
monotonic curves. The unloading path is instead highly nonlinear, and
the toe tends to gradually become shorter at increasing loads, until al-
most disappearing completely when ¢ > 7 MPa.

Initial cyclic tangent modulus

The uniaxial compression test can be considered as a sort of con-
tinuation of the production process, and each unloading as the final
stage for obtaining a new sheet with higher density. Part of the new
irreversible deformation is due to further folding and interlocking of
microsheets which affect the shape and size of the pores and, conse-
quently, the elastic response for which the initial tangent modulus H is
representative. While in metals, polymers and cement foams, the secant
elastic gradient usually vary according to the elastic, plastic and densifi-
cation domains [60], the initial tangent modulus of Sigraﬂex® increases
only monotonically in the whole stress domain (Fig. 12a). The material
hence undergoes stiffening from the beginning of compaction, with an
initial value of the modulus around 30.35 MPa at p’; = 0.43 that in-
creases up to 62.3 MPa at p* = 0.6, continuing the crumpling process
from where it was left after production.

To describe the evolution of the elastic modulus of expanded
graphite compacts over a wide range of densities up to 1 g/cm?, an
exponential law was proposed in a previous work [53]. Not only, but

also the relation between the compaction stress o, and the final density
pp of FG sheets can be described by an exponential law of the type [28]:

6, =035¢>%7% 3)

0,=035e>% )

or, by setting p, = p; Dy

In light of these observations, the cyclic tangent moduli were plotted in
semilogarithmic coordinates (Fig. 12b) along with different data avail-
able in literature, and both fitted by non-linear least square regression
with exponential functions of the type

H=H,e", @

where H,, is H at p = p,, and n is the exponential coefficient. The fit-
ting captures the evolution of the moduli rather well, and the similarity
between the exponential coefficients obtained for the initial cyclic tan-
gent modulus (3.4) and the elastic moduli derived from literature data
(3.89) supports the idea that the application of additional out-of-plane
compression can be interpreted as a continuation of the production pro-
cess. Even if the data compared were obtained on specimens tested
under different conditions (closed die or rolling) and measured with
techniques (ultrasound speed or stress-strain tangent slope), it is clear
that the stress and tangent modulus of FG follows exponential scaling
laws of the type (3) and (4), at least when the relative density is in the
range 0.1 - 0.2 g/cm’ < p? < 0.7 - 0.8 g/cm’.

Residual deformation

In Fig. 13a, the measurements of the thickness and radius at the end
of each test divided by the initial values are shown against the maxi-
mum true strain. The resolution of the calliper was enough to exclude
the influence of a systematic error, but not to resolute the size varia-
tions of specimens loaded below a true strain of 0.08. The axial residual
strain along the thickness was also compared with the corresponding
machine log data recorded at the end of the unloading paths. This was
done to assess any difference between the thickness at the end of the test
and after long-time relaxation (detected by the calliper). The latter was
more effective at strain higher than 0.5 where larger gaps are visible
between the calliper and machine data. The radial residual strains rose
above the calliper resolution around a true strain of 0.1 (corresponding
to 3 MPa) and increased almost linearly with the applied deformation.

It was also observed (inset of Fig. 13a) that the surfaces between the
individual disks of piled-up specimens developed a rippled texture as a
result of the highly effective friction forces acting between them. The
ratio between the residual strains in the radial and axial directions re-
ported in Fig. 13b can be considered as a first estimation of the plastic
Poisson’s ratio of the material. The value found here (0.083) is constant
up to € ~ 0.6, and compares quite well with typical values of foams and
cellular materials, (~ 0.04 [64]), and with the elastic Poisson’s ratio of
a single FG particle (0.04) subjected to compressive deformation [49].
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Fig. 12. (a) Initial cyclic tangent modulus of the loading cycles, (b) literature data for elastic compression moduli vs relative density including data from literature:
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Fig. 13. (a) Radial and axial residual strains, and (b) radial/axial residual strain ratio. The measures of the sample thickness were taken by a digital calliper at least
30 minutes after each test and compared with the machine displacement in (b). The latter represents the values of the thickness as soon as the test was ended, while
the dashes lines represent the waiting time before each measurement (> 30 minutes).

The low volumetric change shown, regardless of the large strain, justi-
fies the assumption made in Eq. (2) and allows the volumetric strain to
be approximated by the axial strain for both single and stacked speci-
mens.

5. Discussion
5.1. FG as a crumpled material

Thanks to FIB-SEM imaging, it is clear that FG has a complex pore
space originated by irreversible crumpling of microsheets essentially
constituted of hundreds of carbon basal planes. Considering that the
elastic modulus perpendicular to the basal plane of a graphite single
crystal (usually denoted by c-axis) is C3; = 36.5 GPa [65], and that the
out-of-plane elastic modulus of a less perfect material such as polycrys-
talline or pyrolytic graphite ranges from 10.88 GPa to 29.35 GPa [66,671],
a simple rule of mixture would estimate the out-of-plane modulus E, of
FG in the range 1 — 10 GPa, that is at least a hundred times larger than
the actual FG tangent modulus. A good explanation to this discrepancy
can be given by regarding FG as having a crumpled mesostructure, in
which the bending mechanism of the microsheets plays the major role
under compression loads. Indeed, if the agglomerated compact of exfoli-
ated graphite at low relative densities is approximated as a honeycomb
cell structure and the deformations are taken as elastic, the ratio be-
tween the elastic modulus of the bulk compact E* and the solid part
E, scales with a power law of the type E*/E, ~ (h/L)’, where h and
L are the thickness and length of a cell wall [64]. For a microsheet

with A~ 04 —0.12 ym and L ~ 10 — 32 pm, such ratio is estimated
in the order of 10~8 — 10=°. Assuming further that E, corresponds to
the graphite single crystal in-plane modulus C;; = 1060 GPa because of
dominant bending, [65] then E* ~ 10~2 — 1 MPa provides a much bet-
ter estimate for the elastic modulus of compressed expanded graphite
at low relative density reported in Fig. 12b. At relative density higher
than 0.1 — 0.2 however, the ratio E*/E, changes behavior and scales
exponentially with the relative density, and hence with the ratio h/L
(for honeycomb cells, the last two quantities are proportional [64]. This
change may be explained by the folding mechanisms observed in crum-
pled materials that differs substantially from deformation mechanisms
of cellular materials. Therefore, FG can be modeled as a crumpled ma-
terial in which many microsheets (and not just a single thin sheet) are
crumpled at the same time. These undergo severe distortion made possi-
ble by the very low shear forces needed to delaminate the microsheets,
and by the ability of the carbon planes to form sharp curves without
breaking [68]. The analogy with crumpled materials may also explain:

 the random formation of aligned and misaligned regions. The
nonuniform distribution of mass and voids is random as when a
paper ball is crumpled under compressive forces [69],

+ the huge volumetric strain undergone by the pores during the com-
paction. These, in the uncompacted worms, have wall-to-wall size
of the order of ~ 10 um, whereas the average size of a Sigraflex®
pore ranges around 0.1 pm. This leads to a large volumetric strain
that implies a substantial change in pore space with continuous
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folding of the microsheets and creation of new pores among the

folds,
+ the impossibility of compacting a FG sheet to p > 1.9 g/cm’. The
crumpling process is indeed governed by a material property called
fractal dimension D (2 < D <3 [70]) that quantifies the packing
efficiency of a specific thin material (D =3 for effective packing).
For single layer graphene, it was found D =2.36 [71] that implies
a weak efficiency in the crumpling process potentially reflected in
the behavior of microsheets,
the excellent reproducibility of the stress-strain curves (once the
contribution of the toe is eliminated). Although the apparent ran-
dom formation indeed, the statistical properties of crumpled mate-
rials exhibit excellent reproducibility [72].

5.2. Compression curve of FG and crumpled materials

The initial nonlinear toe observed in Fig. 10b is a feature reported
in previous investigations about crumpled and entangled materials
[31,73-75,29]. This regime was described as apparent, resulting from
two deformation contributions, one from the material and the other
from dry sliding between sheets, i.e. the mesostructure. In analogy, this
allows to think of FG initial toe as a combination of material and struc-
tural contributions: the first is localized near the creases and involves
basal dislocations inside the microsheets, while the second can be as-
sociated to local rigid motions of undeformed microsheets that result
on large macroscopical deformation. It is therefore suggested that the
toe strain is due to the relaxation of the material after the production
process governed by meso-structural mechanisms such as microsheets
sliding and unfolding.

The transition domain (Fig. 10b) can be interpreted as a hardening
region, as opposed to the typical flat plateau visible in foams com-
pression due to the buckling of cell walls. Hardening and the absence
of a flat plateau were also observed in crumpled aluminum [30] and
were motivated by noticing that the stress increases with the number
of contact points according to a power-law-like dependence [31]. Here
however, the FG transition domain shows downward concavity and it
is suggested that this may originate from the aligned regions, where the
probability of new contacts is reduced, and the deformation mechanism
is closer to that of crystalline graphite.

The stress-relative density relation in the densification regime fol-
lows an exponential law of the type (4). This may originate from the
ability of the microsheets to fold more severely than other materials
and hence to form more and more hard-to-bend ridges that motivate
the stiffness and strength increase [68].

Finally, differences between FG and crumpled materials under com-
pression can be related to the nature of the base material, that is, for
example in crumpled aluminum the yield point is obvious and the hys-
teresis area is very limited, where FG has unclear yield stress and large
hysteresis loops areas. Indeed, the nearly-zero yield strength is well-
known to occur naturally in polycrystalline graphite under uniaxial
compression loads [76] while the viscous character of FG [48] may be
inherited by the layered crystal structure of graphite. This allows basal
dislocations and incipient kink bands to propagate and exhibit recover-
able hysteresis loops [77] as well as memory of the extremal points of
the loops more typical of soil and rocks [78].

6. 1D analytical model

Intuitively, the aligned regions tend to arrange themselves in an
orderly manner at increasing compression forces; their local response
is expected to be increasingly stiff, predominantly due to the disloca-
tion mechanisms of the crystalline structure and responsible for the
reversible energy stored in the material (also suggested in a previous
work [26]). In contrast, misaligned regions contribute mainly to the
inelastic deformation through their mesostructure, which creates new
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folds and interlocking constraints. Once sufficiently crumpled, these re-
gions can be considered as aligned, and begin to contribute to the elastic
response, resulting in an overall stiffening and shifting of the dominant
deformation mechanism from the mesostructure to the microstructure.
In this section, a simple analytical model is proposed in an attempt
to decouple the deformation mechanisms of the graphitic component,
associated with the aligned regions, and the crumpled component, as-
sociated with the misaligned regions.

The aligned regions are here associated to a stress-strain response
similar to polycrystalline graphite under compression. This was found
to obey a power law of the type [79]:

()

where A [MPa~'] and B [MPa~2] are defined as elastic and plastic com-
pliances. The model originated from the intuition of inhomogeneous
plastic deformations that gradually participate to the overall deforma-
tion and can be visualized as a continuous involvement of additional
spring in series. Despite the equation was found to give a good fit only
up to a half of the graphite sample strength, this is easy to manipulate
and resembles the commonly used Ramberg-Osgood equation when the
stress exponent is set to 2. This can be expressed in terms of stiffnesses
instead of compliances as:

£=A6+BO'2,

o O'2

E, K’ ©®

e=¢g,+e,= —
Here E, is the elastic modulus of the aligned regions at zero strain and
K is a material parameter that accounts for both the volume fraction
and stiffness of the aligned regions involved in the plastic deformation.
This relation can also be inverted, assuming positive strain € > 0, as

follows:
2\ 172
K K 4E0
=——+—[1+2 7
’ 2E0+2E0<+KE )

On the other side, the misaligned regions are associated to a different
function of the compressive stress and the current relative density p*.
This differs from s, defined in Eq. (2) since it is related directly to ¢ by:
p* = @eg.
Ps
To formulate the final relationship, it is now assumed that Eq. (4) is
valid not only for P but also for p*. This is supported by the fact
that, by analogy, plotting the experimental ¢ - p* curves (Fig. 14a) in
semi-logarithmic coordinates, a straight line could be fit in the whole
densification regime. The ¢ - p, curves were also plotted for compar-
ison in the same figure. As expected, the exponential coefficient is in
a good agreement with that reported in Eq. (3), i.e., 5.88, and the dif-
ference is ascribed to the uncertainty about the real relative density of
tested specimens in this work. Therefore, the contribution of the mis-
aligned regions to the overall compressive modulus can be related to p*
by Eq. (4) just by replacing p; with p*:

®

H=Hye"" . 9)
Relation (9) cam be easily expressed in terms of ¢ by use of (8):

120 08
H=Hje (10)

The contributions from (7) and (10) are assumed to work in parallel
as shown in the equivalent rheological model of Fig. 14b, and the total
stress ¢ versus true strain ¢ relationship reads:

2\ 1/2
<1+4ﬂ£> + H en";_oeae
K 0 ’

Eq. (11) was used to fit the average experimental monotonic curves in
the range 0< ¢ <0.6, corresponding to 0< p,<0.6,as shown in Fig. 14b.
The statistics of the fitting parameters is reported in Table 3 together

K K

e 11
2E, | 2E, (1)

c=
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Fig. 14. (a) True stress vs relative density curves. Both p* and p, are used as independent variable. (b) Example of experimental curve fitting by means of Eq. (11),

including a schematic view of the proposed rheological model.

Table 3
Statistics of fitting parameters obtained by the
mechanical model of Eq. (11).

Median 95% confidence interval
E, [MPa] 39.41 (fixed)
H, [MPa] 0.04262  (0.0392, 0.04604)
K [MPa?] 135 (133.2, 136.7)
n[-] 7.091 (6.995, 7.187)

with the corresponding confidence interval. The parameter E, was ob-
tained a priori from a high order polynomial fitting of the average
curve, whose slope was evaluated at e = 0, and it was kept fixed during
the fitting. Whereas the exponential trend in the densification regime is
matched perfectly, much room for improvement is visible in the transi-
tion region: this indeed depends on the exponent 1/2 in Eq. (7) which
is already known to partially match the graphite behavior. The fric-
tion blocks in the rheological model of Fig. 14b were inserted only to
represent the accumulated inelastic strain and to underline that both
the graphitic and crumpled natures give separate contributions to the
overall inelastic deformation. The ones backing the series of springs
associated to the fitting parameter K represent the non-recovered defor-
mation derived from dislocations internal to the micro-sheets. Although
in the original model for polycrystalline graphite, each spring of the
spring series was associated to the elastic stiffness of the plasticizing
regions [79], here these components were not decoupled, and all the
equivalent contribution is gathered in the single fitting parameter K.
On the other side, the friction block backing the spring H represents
the contact forces at microsheets interlocks and hence all the meso-
structural contributions.

Despite a 1D model is not comprehensive and direct applications
for material modeling are limited to the reproduction of the 1D stress-
strain response (for example for the input in the material models of
finite element software), it confirms that the assumptions made about
the decoupling of deformation contributions are realistic.

7. Conclusion

The problem of FG constitutive modeling is relevant for the predic-
tion of performances of current and future applications, including the
TDE. This is a complex task that needs to be broken down and addressed
in stages, for which this research represents a fundamental one. Here,
the microstructure of Sigraflex® (p = 1 g/cm?) is investigated, with a
particular focus on quantitative properties of pore space, as well as its
uniaxial compression properties in the out-of-plane direction. The key
findings for Sigraflex® are listed below and can be considered valid for
FG with similar density and production parameters:
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1. FIB-SEM technique has proven effective for microstructure charac-
terization of FG and is considered extremely valuable for future 3D
microstructure reconstruction by, for example, FIB-SEM tomogra-
phy.

2. The microsheets were clearly visible and estimated to be made of
120 - 360 carbon basal planes. Regions of aligned and misaligned
microsheets constitute the FG microstructure: the first ones are
composed of bundles of well-oriented microsheets surrounded by
thin and elongated pores. The second ones have bigger pores and
mainly contributed to 85% of the overall porosity. All the pores
were found to have low aspect ratio (0.384), consistently with pre-
vious works [53] that suggested flat, disk-shaped pores, and had
characteristic pore size of 0.129 pm.

3. Three stages of deformation were found in the monotonic stress-
strain curves: the initial toe, the transition and densification
regime. The deformation mechanism behind the initial toe was
attributed to a structural component of the strain due to the re-
laxation of microsheets after the compaction. The transition region
was similar to a hardening regime with downward concavity at-
tributed to the predominance of graphite-like dislocation mecha-
nism. The exponential behavior developed under densification was
attributed to the formation of folds that become increasingly hard
to bend under compaction.

4. During the cyclic loading, FG showed memory of the extreme
points of the cycles, similar to rock and soils, nearly zero yield
strength typical of graphitic material, and large loop hysteresis.
The initial cyclic tangent slope was related to the residual relative
density by an exponential law.

5. An approximation of the plastic Poisson’s ratio was found to be
0.083.

6. Many aspects of FG mechanical response were in common with
crushable foams and especially crumpled materials. The crumpled
nature can explain the initial toe visible in the monotonic curves,
the random formation of aligned and misaligned regions, the large
volumetric strain undergone by the pores during the compaction,
the impossibility of compacting a FG sheet to p > 1.9 g/cm?, and
the excellent reproducibility of the experimental curves.

7. the 1D phenomenological model was proposed, and the matching
with the average stress-strain curve was quite satisfactory. This
supports the assumptions that the aligned regions behave like crys-
talline graphite and the crumpling of misaligned regions contribute
to the overall stiffening during compaction. The analytical curve
can be used to model FG out-of-plane response, e.g. in finite ele-
ment software, and perhaps extrapolate the trend at relative den-
sity higher than 0.6.
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Fig. 15. Left: image binarized before watershed segmentation. Right: image binarized after edge detection and watershed segmentation.
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Appendix A
Segmentation procedure

The SEM image segmentation was performed in MATLAB® using
Image processing Toolbox”™ . For detailed information, the reader is
referred to the online support of such toolbox.! It was observed that
the thin and tiny pores were easy to capture by simple global thresh-
olding and binarization, while large pores were badly detected due to
visible internal features. To improve the detection of large pores, a
marker-controlled watershed transform was employed. The procedure
is as follows:

1. import grayscale image and apply anisotropic diffusion filter. This
preserves the pore edges while reducing the noise,

2. apply morphological operations such as erosion, dilation, opening
and closing, to regularize the pore contours,

3. detect pore edges,

4. apply binarization to the image obtained in step 2 using a global
threshold computed with Otsu’s method. Doing like this, at least
one marker per each pore is obtained,

5. combine markers and edges in one image and apply watershed seg-
mentation.

Tiling of the images was also done in order to optimize locally the ac-
curacy of binarization. An example of image tile is shown in Fig. 15
before and after the procedure above. Morphological operations im-
proved the analysis and manual intervention was sporadically needed
to discard poorly detected pores, sometimes confused with dark arti-
facts in the denser material domains. Pores smaller than 10 pixels were

1 https://se.mathworks.com/help/images/.
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also discarded. All the quantities calculated were converted to the met-
ric system by pixel proportion.

The second stage of image analysis involves separating the aligned
phase from the misaligned phase and attributing the pores to one or
the other. This relies on the 2D Fourier transform and hence on the
assumption that the two phases show different frequencies of darker
and brighter spots. The stage consists on the following steps:

1. compute 2D Fourier transform of grayscale image. The amplitude
(logarithmic scale) is shown in Fig. 16a,

2. apply passband filter to the transform, as in Fig. 16b,

3. reconstruct the image and binarize using a global threshold com-
puted with Otsu’s method (Fig. 16¢ and d).

Several optimal frequency bands are chosen by visually overlaying the
original and binarized images. For each band, the set of pores obtained
in the initial phase is checked whether it belongs to one or the other
phase. If more than 50% of the pore area (in pixels) overlaps with a
phase, then the pore belongs to that phase. The parameters reported in
Table 2 and the total porosity are finally obtained as the average of the
characteristic pore parameters over all the frequency bands.

Appendix B

In Fig. 17, the fitted probability distribution functions of the parame-
ters considered in Table 3 are reported. The definition of the log-normal
probability distribution function used for each of the statistic parame-
ters is as follows:

1 _ (o)~ u)z
e 252

f(xp,6)=

2r |
where x > 0 is the random variable, y is the mean of the logarithm of
x, and & is the standard deviation of the logarithm of x. The expected
1
value E[x] is obtained by E[x] = 37
Appendix C
Observation of detached particles

This analysis was performed with the aim of investigate the simi-
larities between FG and the class of materials of compacted powders.
Indeed, FG is nothing else than an exfoliated graphite powder compact
with soft particles that aggregate thanks to their mesostructure abil-
ity to fold and interlock. The role of cohesive forces is probably not
observable under compression loads, while it may constitute the key
contribution to model the mechanical response under tensile or simple
shear loading. Density-dependent properties such as the elastic modulus
are also common in compacted powders.

The particles detached from the specimen surface by scotch taping
looked like the one in Fig. 18. It is not be possible to indicate with
certainty whether the whole particle or part of it could be detached,
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Fig. 16. Example of phase detection: (a) amplitude of 2D Fourier transform plotted along the 2D spatial frequencies fx and fy; (b) filtering of the transform;
(c) images reconstructed after filtering; (d) overlaying of binary image corresponding to the aligned regions with the original image. The misaligned phase is taken
as the complementary part of the aligned phase.
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Fig. 18. FIB-SEM investigation of a particle detached from the specimen top surface. The magnification views show aligned and misaligned regions in the inner

microstructure.

but the thickness size thereof is coherent with those expected for com-
pressed particles. Many microsheets were torn apart and fractured in
the out-of-plane direction, which corresponded with the pulling direc-
tion of the tape. A small part of the particle detached appear as still
being attached to the bottom surface and constitutes as an example of
how the particle interlocks among each other. However, once they are
compacted together, it is nearly impossible to distinguish them since the
inner and outer (in between the particles) porosity show the same level
of inhomogeneity. Both aligned and misaligned regions are clearly visi-
ble in the inner particle structure and especially in the inset B of Fig. 18,
the microsheets configuration appears as the result of mesostructure
kinking due to in-plane compression stress. In this case, the misaligned
regions are originated in between two kinking microsheets bundles.
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