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Experimental determination of the mechanical
behavior of Compacted exfoliated vermiculite

Soufiane Belhouideg , Manuel Lagache

nanocomposites require the understanding of the fundamental
Abstract— A series of compacted exfoliated vermiculite (CEV)elastic properties and hardness of the filling clay minerals [7].
samples were prepared and their mechanical behavior waie purpose of this paper is to study the mechanical behavior
experimentally studied. The vermiculite was first exfoliated and aftgff CEV and the effect of some parameters as type of CEV. The
compacted in order to obtain a material with good thermal afgsi part of this series is devoted to a general presentation of
mechanical properties. The as-prepared samples have been tegiadnatarials which have been used and the elaboration of the

under compressive loading. Some parameters effect was studied . . .
the porosity and the type of the CEV. The samples of this poro samples. The microstructure of the CEV was identified

media display two steps for the stress—strain behavior under uniai USINg scanning electron microscopy (SEM). A reminder of
compressive loading, i.e., initial nonlinear deformation, straithe  poromechanical behavior is exposed. Finally, the
hardening ‘pseudo-platform’ stage procedure of compression test is presented. Results of

systematic measurements of mechanical properties are

Keywords—porous media, compression test, clay, mechanic@athered in second section.
behavior

[l. EXPERIMENTAL PROCEDURES
I. INTRODUCTION

I N recent vyears, argillaceous material have spurred
considerable interest in the sealing industry [1-3]. Partijhe vermiculite used in this study is exfoliated vermiculite

because of their potential for large range of temperature agganutech E from China (Yuli), distributed by the Comptoir
pressures uses compared to standard sealing structuresd@gsMinéraux et de Matieres Premieres de R@MP) The
elastomers. Vermiculite represents an interesting alternative@an size of these vermiculite particles is in the range of 0.7 to
asbestos and to exfoliated graphite for high temperatufemm. In order to reduce the size of these particles, different
sealing applications. Indeed, because of its chemical afi§atments were tested [8]. The ultrasonic irradiation 40.H
thermal stability, many applications, as high temperatures afftydrogen peroxide) leads to reduce the particle size. So, for
high pressures sealing, are possible. The vermiculite mateffgatment of acceptable time (5h), the measured average
is a hydrated magnesium aluminum silicate. This media has Rarticle size is about 20m [8]. It is important to underline
clay structure made by the stacking of two types of flake1at the particle size of vermiculite, used in this study, is very
Moreover, the vermiculite could be subjected to thermal élifferent from the size of the vermiculite particles commonly
chemical exfoliation to obtain expanded material. From tHencountered.
compaction of exfoliated vermiculite, it could result a porou$0 manufacture samples of compacted exfoliated vesitec
material with very low permeability, good mechanicap metal mold with cylindrical shape was used. Several types of
properties, chemical and thermal stability. samples were prepared by pressing the powder of vermiculite
The elastic constants (e.g., Young's modulus, simeaiulus) at room temperature (20 °C) and 200 °C (up to 4 °C/min).
are among the basic mechanical properties of a material th&ree kinds of samples were elaborated:
control the essential small strain behaviour, a material's - Vermiculite powder exchanged with potassiuni)(K8].
response to force at the elastic regime. The compaction temperature is T =200°C. The
Recently clays or other layered hydrous aluminosilicates have  reference used is VK200.
been used to make clay—polymer nanocomposites and clay-- Vermiculite powder exchanged with potassiuni)(K8].
based nanostructured multilayers [4-6]. Modeling and The compaction temperature is T=20°C. The
understanding the behavior of manufactured clay-based  reference used is VK20.

- Vermiculite powder exchanged with lithium {)i[8].

This work is supported by the French research national agency (ANR) The compaction temperature is T=20°C. The
through the Célajoas project (ComposEs LAmellaires pour les JOints en reference used is VL20.
Applications Séveres). The vermiculite powder was put into a cylindrical mold. The
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A. Preparation process
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holding pressure time. Different compaction pressures andB. Micro-structure analysis
different temperatures (20 °C and 200 °C) of implementatiofyperimental techniques, most commonly used to characterize
were used to study the influence of these parameters on §1@orous media, are: mercury porosimetry, scanning electron
mechanical properties of CEV. microscopy and micro-tomography...
Each of these techniques contributes to the knowledge of a
precise part of the micro geometry: porosity volume fraction,
. specific surface, pore size distribution... Among these
techniques, mercury porosimetry is the technique most used to
characterize a porous material. This experimental measure
provides the porosity volume ratio, the pore size
distribution...of connected porosities [9]. This technique is
based on measuring of the quantity of mercury at different
pressures (mercury intrusion).
On the other hand, scanning electron microscopy (SEM) has a
destructive character due to the problem of sample
preparation. The sample needs to be dried, polished and
metalized or cut into thin sections. Despite these
! disadvantages, this experimental technique provides easily
(a) (b) information on the micro scale. The SEM gives an idea about
Fig. 1 Preparation process of the CEV samples: (a) schematic of thee microstructure of porous media, but it does not generally
implementation tool (b) picture of the implementation tool provide direct three-dimensional information.
Also, the micro-tomography allows to obtain a 3D image of a
- Protocol at room temperature scanned sample. This technique is based on the multi-
To obtain cylindrical samples with a diameter of 8 or 13 mndirectional analysis of the interaction between a X-rays beam
and a height about 4 mnfi¢. 2, a quantity of exfoliated and the material [10]. Structural properties such as the
vermiculite powder was compacted at desired pressure andpatosity, specific surface area, pore-size distribution and local
room temperature during 30 min. The quantity of vermiculitgeometry distribution of the sample are directly extracted from
required depends on the kind of powder and the size of tthe tomographic data. However, the need for high resolution
mold, as shown in Table 1. (due to the small pores size) raises important difficulties for
the studied material. Reliable discrimination of pore and solid

Metallic mold.

Vermiculite powder

Mold diameter: 8 mmJ] Mold diameter: 13 mm| Phases was expected to be limited by the X-ray tube’s focal
Sample height: Sample height: spot size. The voxel size was generally greater thanu®.8
3.85+0.18 mn 3.85+0.18 mn (obtained using nano-focus CT) [11] and therefore the

VK 390 mg 1000 mg geometries of sizes of the studied media cannot be
VL 490 mg 1260 mg characterized with this experimental technique

In order to study the microstructure (layout of vermiculite
flakes, porosity ...) of the CEV samples, a scanning electronic
- Protocol at 200°C microscope LEO 440 Stereoscan with a tungsten filament was

The protocol of implementation was identical to the previou4sed. The observations were made on the lateral side of
with a temperature of 200 °C and a compaction time of 3 fylindrical samples and on samples with a flat surface, cut with
After stabilizing the pressure for 15 minutes at 80 MPa, ttie Microtome Leica RM2165, as shown Fig. 3 Six

mold is heated (up to 4 °C / min) to reach the temperature Ri#rallelepiped samples (4mmx 5Smmx4mm) were analyzed.
200 °C during 45 min. After 2 h at 200 °C with a pressure dfhe large size of sample allows to do several observations in
80 MPa, the pressure was released and the mold was coolediffgrent areas in order to obtain representative average

ambient air during 1 h. information on CEV Kig. 3).
Pores appear as dark areas allowing to distinguish and quantify

them by image analysis. The pores were identified by
thresholding of the pore brightness to produce a binary image
[12]. The dark area fraction was evaluated and the pore
volume ratio was determined. Moreover, the image analysis
allows to estimate the angular distribution of porosities.

Table 1 Quantity of powder required to elaborate samples

Fig. 2 CEV sample
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is the axis 3 (compaction axigjig. 4), the independent elastic
parameters are: two Young modulus éd E), two Poisson’s
coefficients (v1, andvis) and shear modulus (;6.

The following relationships must be satisfied:

I =
G, = Aiev,) (2

v 14
13 — Y31
£ E @
The compliance matrix can be written as follows (formula (4))
(Voigt's notation):

(<) (d)

Fig. 3 Sample used for observation by SEM: (a) cylindrical sample i Vi, TV, 0 0 0
(b) cutting plane (c) parallelepiped sample (d) CEV sample B E
_V12 i _V13 0 0 0
C. Poro-elastic behavior E E E
The study of the mechanical behavior of the porous media was Vs Vs 1 0 0 0
formalized in the 1930’s with the works of Terzaghi [13]. g- E E E,
Then some developments were proposed by Biot [14] with the 0 0 0 2(1"‘ Vlz) 0 0
first general formulation of the reversible behavior of the E, 4)
porous media. The Biot's theory supposes that the medium 1
consists of two phases: a solid phase (matrix) and a porous 0 0 0 0 G. 0
phase saturated by a fluid. The behavior of porous media B 1
depends on the behavior of each phase, the pressure cf the 0 0 0 0 0o —
interstitial fluid and the exchanges or non-exchanges of fluid Gis
with outside. There are two cases:
a- The drained configuration (fluid exchange with outside), tr 3(2)
pressure remains constant inside the porous media.
b- The no drained configuration. There are no fluid exchang
with outside. S—
The linear poroelastic law has the following form: 0 =
PN 40
m . .
=C e~MB— (nalrainedonfiguraton) (1) =N '\_:%j
= = po ermiculite rlakes ———» T @ 2 (Y)
=C &-Bp. (drainedonfiguraton) —
=0 = = @ : d-_———l
g : Stress tensorC : No drained rigidity tensorC,: /
Drained rigidity tensor£: Strain tensor, M : Biot coefficient, 1(X)
B: Biot tensor, m: fluid mass supply per unit of initial Fig. 4 Definition of the coordinate system

volume, p: interstitial pressure anp)é: Fluid density at

initial configuration.

Vermiculite, matrix of studied porous media, is anisotropic D. Procedure of compression test

and it could to be considered as transverse isotropic [15, 1Bkcause of the brittle behavior of such materials, the samples
Indeed, the matrix issues from the compression of sheeisre tested in compression. The uni-axial compressive stress—
vermiculite clusters. Due to the preferred orientation of thesgrain behaviors were performed by using an EPLEXOR® 500
sheets perpendicular to the compaction axis (SElsting machine at room temperature (20 ¥. (). The tests
observation), the assumption of transverse isotropy seemsre conducted under strain control, with a strain speed of
justified. The vermiculite flakes are predominantly0.6 %/min. Five cycles were carried out for each sample, and
perpendicularly to the axis of compaction. For a transversige elastic modulus were the average (average values of five
isotropic material, only five independent elastic constants aggcles) of the loaded and unloaded elastic modulus. Moreover,
needed to describe the elastic behavior. If the axis of isotropyme tests were filmed with a camera PULNIX TM-4200 GE
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(ability to capture 15 images per second). These images enakége confirmed by the SEM images analysis using image
to track the strain evolution of the sample. Therocessing software (Imaged [17]). The mean value from Hg
synchronization between the measures (force, displacemenpojosimetry is about 37% [8] (The value from image analysis
and saving images allows to provide an image for differeig about 33%). It is important to underline that all porosities
loading states. About thirty samples were tested (10 of ea@wonnected and no connected porosities) have an effect on the
series). mechanical behaviour of the studied porous media. It can be
noticed that these porosities have an ellipsoid shape with
average dimensions; Ix |, x h =70@175 nmx700t175
nmx70+£28 nm. The analyses of each SEM picture give some
information on the orientation distribution of porosities. A
simple measure of the orientation of each porosity shows that
the orientation of these oblate porosities was mainly
perpendicular to the axis of compaction. Measurement of the
orientation of each porosity shows a Gaussian distribution
around 0 ° compared to the compaction axis Esges), with a

o Dy toad full width at half maximum of 26 °. This value is less than that
@ . obtained by Balima [18](40 °) using small angle neutron

Fig. 5 EPLEXOR® 500 machine: scheme (a) and picture of scattering.
EPLEXOR (b)

ot

Static load

Force transducer

- Sample

<——7Displacement transducer

The capacity of the EPLEXOR® 500 machine is limited t
500 N, and to achieve the highest possible stress (higher to parosiy
MPa), it was necessary to reduce the surface of the loac
area. The cutting of these samples was carried out frc
cylindrical samples using a Leica RM2165 microtorrig.(6).

This microtome allows:

- To obtain flat surfaces sample.

- To control the parallelism of the parallelepiped surfaces. . . . @ culite flakes and b“’) o
- To control the sample dimensions. ig. 7 (a) micrographs of vermiculite flakes an (b) orientation
distribution of porosities

Angle [degree]

Leica RM2165
microtome

B. Compressive properties of compacted exfoliated
vermiculite

Fig. 9 shows a representative stress—strain curve of CEV
- samples. All curves exhibit a characteristic compressive
Fig. 6 Sample cut with Leica RM2165 microtome behavior of porous materials. This behavior has three steps:
the initiation of strain, the elastic stage, and a quasi-platform
The samples have a parallelepiped shape, as shokrig.in  stage that appears. With a close look at the initial elastic stage,
The loading/unloading were performed in the transversecan be noticed that CEV materials exhibit a nonlinear stress—
direction (along the 1 or 2 axis) and the longitudinal directiostrain behavior. The reason is that the strain consists of the
(according to the axis 3) of the samples. The axis 3 is tlekes elastic strain and the ‘structural strain’, and these two
direction of compaction of the sample. The mechanic#ypes of coupled strain lead to a nonlinear behavior. On the
properties measured are: the longitudinal Young modulus, thther hand, loading/unloading cycles indicates significant
transverse Young modulus, the Poisson coefficients and tieess—strain hysteresis, suggesting damping and energy
elastic recovery of the samples. absorption capacities.
The effects of vermiculite flakes, on the macroscopic behavior,
are complex. Indeed, these flakes are oriented in any direction
[ll.  EXPERIMENTAL RESULTS AND DISCUSSION but with a Gaussian distribution, perpendicular to the
compaction axis. So the flakes undergo compression, bending
A. Micro-structure of compacted exfoliated vermiculite  and torsion. It is obvious that the joints in this material play an
First the microscopy observations show a good homogeneifg§portant role in terms of the ‘structure effect. The
of the micro structure. The pictures show a lamellar structur@acroscopic behavior may result from the friction between the
The vermiculite flakes tend to aggregate into larger clusteftakes and/or from the irreversible flakes rearrangements.
Moreover, the analysis of the SEM images highlights that
porosity result from the lack of vermiculite flakes. Therefore
these porosities have the shape of flakes. A measurement of
the porosity using Mercury porosimetry allowed to evaluate
the size of the porosity and porosity ratio [8]. These measures

Sample
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18 In some studies [15, 16], measurements of mechanical
16 properties were performed on the raw vermiculite with a flake
14

sizes much larger than the studied CEV samples. Thus in [16],
the values of Young's moduli of vermiculite (flake diameter
between 4-8 mm) were measured:=19,9+4,03 MPa and

Contacting zone

f121 =

Stress [M

6 E+=110,26 MPa. In [15], the measures are:
4 E, =19,9+4,03 MPa and E1+0,26 MPa. For these two
2 : : o E
,__-—————'"’,’ i materials, the anisotropy is quite high, since the rafib is
0 2 12 t

Strain [%]

Fig. 8 Experimental curve of the load-unload test respectively about 20 and 30, while for studied CEV samples

the ratios are between 1.3 and 2.8. The measurements in this
study are performed on CEV whose size flakes is very small
(grinding of raw vermiculite [8]). This difference can be
explained by the very different flake size of vermiculite and
Young's modulus is measured during loading/unloading tesflated disorder in the stack. Grinding the sheets facilitates the
(seeFig. 8). Young's modulus is estimated from the slope dfensification and handling of samples. It is likely that
the loading or unloading curves. For a perfectly elastigsompaction leads to a stiffening of the exfoliated vermiculite
material, it has the same slope as in loading and unloadifgd a Young's modulus relatively high. It should be underline
configurations. The CEV materials have significantly differenihat the material used in this study is significantly different
elastic modulus during loading and unloading. The slope of th@m the raw vermiculite. Indeed, the operations suffered by
linear part of the loading and unloading curve is taken as tfige vermiculite are numerous, chemical exfoliation, grinding,
loaded and unloaded elastic moduli, as shown orFifie8  compaction ... This explains the large difference between the

Both the loaded elastic modulus and unloaded elastic modubgstic modulus obtained in some studies [15, 16] and those
would decrease as the porosity increases. The unloaded elag§@ined here.

modulus is noticeably greater than the loaded elastic modulus.
Table 2resumes the Young's modulus values in loading amhisson coefficients Determination

unloading in the longitudinal (axis of compaction: direction 36(” transversely isotropic material, there are two Poisson

and_trar_lsverse dlrecfuon (along the direction 1 and 2). T Stios to determine. The transverse and longitudinal strains
longitudinal modulus is greater than the transverse one. It %

3re evaluated from images analysis (synchronized with the
been verified that the mechanical behavior is the same for 9 Y (Sy

direction in the t i | So. th gerimental measurements). The strain was evaluated with
Irection in the transverse compaction plane. <0, the Sampig; ge analysis software (ImageJ [17]). A first step allows to
are transversely isotropic. Indeed, the flakes of vermiculite alsi

. . . date this method by comparing the strain measure issues
stacked on each others preferentially in the dlrec'uofrljO y parnng
perpendicular axis to the compaction axis. This can
explained, first, by the transverse isotropic nature

Young modulus determination

m the strain sensor and the strain measured using image
eﬁalysis. The two types of measure provide similar values. The
easure of the deformation with image analysis is thus

vermiculite flakes, as shpwn in some StUd.ieS.[.lgl' It was foun lidated. Each image corresponds to a given state of charge in
that the terrl1perature of implementation S|g|j|f|c§1ntly |mpr0vlet§]e longitudinal direction or in the transverse direction, as
the Young's modulus of the VK. Longitudinal Young's

modulus in the loading test is 250 MPa for VK20 and 48§hown nFig. 9
MPa for VK200. For a temperature of implementation of 20
°C, the VL samples have a higher Young's modulus than the
VK samples. Longitudinal Young’s modulus in the loading is
450 MPa for VL20. Lithium exchange seems to improve the

mechanical rigidity of CEV. Sample holder

Table 2 Transverse and longitudinal Young modulus

ISSN: 1998-4448

Longitudinal transverse
Young'’s Young'’s
modulus [MPa]| modulus [MPa] Sample
VK200 in loading 485170 200+60
VK200 in unloadin 1160+14( 410+10(
VL20 in loading 45045k 320+5¢ Fig. 9 Compression image of the vermiculite sample
VL20 in unloadini 1500+28! 1060+15!
VK20 in loadinc 250+4( 230+2( The axis 3 is the isotropy axis, the two Poisson's ratios to be
VK20 in unloadihn 735+8( 570+4( evaluated arez;3 andv4,. To determine these coefficients, two

compression tests were performed:
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- Compression in the longitudinal direction (3) anc

measuring of the transverse strain to evaluate the
coefficientvs. 121
- Compression in the transverse direction (1 or 2) ar 10
measuring of the straigy, to evaluate the coefficient | 7
Vi 2 ®
Poisson's ratios measurements were made for VK200 sampl| &
Table 3summarizes the mean values of Poisson's ratios. @ N
Poisson rati vy, Poisson rativ3 23 ™~
0.1140.01 0.31:0.02 i e e
Table 3 Poisson ratio values 375 38 3.85 39 3.95

Thickness [mm]

In the .Ilterature, few Poisson's rat|0,s measuremer)ts 1kf’—'ig. 10 Various quantities of a load/unload cycle to calculate elastic
vermiculite are presented. As the Young’'s modulus, Poisson’s recovery
ratios depend on the type of vermiculite, the flakes size...

Thus, in [15], Poisson's ratios measurements for rappie 4 summarizes the elastic recovery values in the
vermiculite, with a flake size larger than the studied case, Wgitudinal and transverse directions. The samples made with
made. The values found are:CEV have an excellent elastic recovery in the longitudinal
V12=0.03, v;3=0.06 etv3;=1.33. These values are Very gjrection (30% to 40%). The elastic recovery in the transverse
different from the measurements, but, as previously stated, Hifection is between 17% and 22%. In addition, it can be
samples studied are very different from raw vermiculite. noticed that the type of vermiculite and implementation
temperature does not affect the elastic recovery. The elastic
recovery was also anisotropic with a factor about 2 between

Shear modulus determination the longitudinal and transverse elastic recovery. Also, the
The shear modulus is determined by using the relationship eléstic recovery in the longitudinal direction was the highest,
Saint Venant (1863): which was interesting for the sealing application.
1 1 v 1 As comparison, the flexible graphite has an elastic recovery
o+ 4 T8 = (5) about 10%. The product "Thermiculite” [20-24] (Thermiculite
% E1 E1 (_‘-,.13 is a vermiculite based material marketed for sealing

. . . lications) has an elastic recovery of 4.6% [25].
As for the Poisson's ratio, the evaluation of the shear moduﬁpsp ) y 6 [25]

is _done for VK200 samples. The value obtained is: Longitudinal Transverse
G13=98+28 MPa. I o
directior directior
VK200 38,6% 17,8%
Elastic recovery VL20 36,7% 14%
VK20 40,8% 22,2%

For sealing application, the material must have a good elastic
recovery. To determine this property, the thickness evolution
during the compression test (loading/unloading) was
measuredFig. 10illustrates a loading/unloading test curve and
the specific parts used for the calculation of the elastic

Table 4 elastic recovery values

IV. CONCLUSION

recovery. This article presents a mechanical characterization of different
According to ASTME-36, the elastic recoveryis defined samples of VEC: Potassium exchanged or lithium exchanged,
with the following relation (6): exfoliated, grind and compacted with a pressure of 80 MPa at
room temperature or 200 ° C. For low compression level, the
ef _ec mechanical behaviour of this material has two stépsal
r=—"_=¢ (6) . ’ ) ) o
e —_e nonlinear deformation, strain-hardening ‘pseudo-platform’.
Q (o In addition, for the cycles of loading and unloading, hysteresis

N . . ) phenomenon appears. Micro structure, characterized by SEM
&: initial thickness of the sample,: ¢hickness under maximum o, |ains the transverse isotropic behaviour of this porous
stress., £ f|_nal thickness after release of the Ioao_l. aterial. Moreover, the properties of the studied samples are
Tc_)_mlnlmlzg the measurement errors of elastic recovery, t ﬁry different from those of raw vermiculite. This difference
initial an(_j final thicknesses were measured for a stress ofcgn be explained by the microstructures of each media (flake
MPa. This allows to start the measurement when the samg|§es’ orientation of flakes...).

surfaces are in contact with the sample holder and not with f%Qéspite significant porosity volume ratio, this kind of material

asperities (CfFig. 10. has interesting mechanical properties for applications such as
sealing. Thus the elastic recovery has relatively large values
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compared to other types of materials used for gaskets (carthédi J. R. Hoyes, A. W. Atkinson, S. P. Bond, A. M. West " Gaskets,"Patent
exfoliated and compacted). Finally, this article shows thﬁo 98/53022,1998.

. . . L 3] J. R. Hoyes, A. W. Atkinson, S. P. Bond, A. M. West," Gaskets,"Patent
implementation parameters impacts significantly on thgs g121360 A 2000

mechanical behaviour of this type of material. [24] J. R. Hoyes, S. Woolfenden," Gaskets,"Patent US 7204492 B2,2007.
[25] F. Wiener, M. Bram, H. P. Buchkremer, S. Sebold,” Chemical
ACKNOWLEDGMENT interaction between Crofer 22 APU and mica-based gaskets under simulated

SOFC conditions,"J. Mater. Sci.,vol.42,2007, pp.2643-2651.
The authors thank Mr Talonso T. and the Laboratoire Sols

Solides Structures Risques (L3S-R) for their helps and the
supply of the experimental device.
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