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ABSTRACT: High density polyethylene– and polypro-
pylene–clay nanocomposites are synthesized by melt
blending, in which polyethylene glycol and polypropylene
glycol are used as compatibilizers to increase the space of
galleries. The morphology properties of nanocomposites
are explored by X-ray diffraction and transition electron
microscopy. The thermal conductivity coefficient (K) of
nanocomposites is also measured along with the thermal
stability. A conventional model based on developed Max-
well-Garnett formula is also established to predict the
thermal conductivity of polymer/clay nanocomposites
with clay loading. Morphology results indicate that two
intercalated and exfoliated structures are formed. The
established model satisfactorily predicts the K values of

nanocomposites for low range of clay content. Thermogra-
vimetric analysis shows remarkable thermal stability of
nanocomposites with 10 wt % of clay content. The devia-
tion of our model from experimental result for 10 wt % of
clay can be attributed to the intercalated structure of lay-
ered silicates into the matrices. Although the K values do
not considerably increase in 5 wt % with respect to the
increase occurs for 10 wt % of clay, but it increases about
28 and 37% at 50�C for high density polyethylene– and
polypropylene–clay nanocomposites, respectively. VC 2010
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INTRODUCTION

Polymer/clay nanocomposites have been of para-
mount importance in recent years on account of
their remarkable thermal and mechanical proper-
ties.1–3 Synthesizing of these nanocomposites is gen-
erally based on the use of a low concentration of ex-
pandable smectite clays, such as montmorillonite
(MMT), into the matrix. The surface of layered sili-
cates is not undeniably compatible with a polymer
with nonpolar chains. The modification of this blend
can be achieved by treatment on layered silicates or
polymer chains as well as considering both of them
simultaneously. The addition of organically modified
layered silicates (OMLS) into a polymer matrix
results in different clay distributions that do not
always provide an improvement in performance,
since the modification of the layered silicate depends
on the properties of modifying groups, such as
length, head structures, and cation exchange
capacity.4 Among the different structures of layered
silicates into the polymer matrices are inter-

calated, partially intercalated-exfoliated, and fully
exfoliated.5

The thermal properties of composite materials have
been of considerable attention in literature, but the
thermal conductivity of these materials seems to hold
more increasable potential for research. The thermal
conductivity behaviors of some composite materials
such as carbon fiber/polymer composites6 and metal
powder/polymer composites7 have been established
in recent years. The thermal conductivity properties
of nanostructure materials are almost unknown
owing to their novel adventure in science arena. In
recent years, a few researchers have investigated the
thermal properties of nanostructure materials espe-
cially the thermal conductivity. The results of this
attempt consider the thermal conductivity of carbon
nanotube buchypapers and their composites.8,9 The
thermal conductivity of multiwall carbon nanotube/
silica-based nanocomposites,10 single wall carbon
nanotubes in alumina-based nanocomposites,11 nano-
fiber/epoxy resin nanocomposites,12 single wall car-
bon nanotube/polyethylene nanocomposites,13 epoxy/
carbon multiwalled nanotube nanocomposites,14

poly(L-lactide)/multiwalled carbon nanotube nano-
composites,15 CuO/SiO2 and NiO/SiO2 nanocompo-
sites,16 and ethylene vinyl acetate copolymer/nanofiller
composites17 have also been regarded recently.
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Polymer/clay nanocomposites belong to the novel
materials whose thermal conductivity has not been
investigated as considerable as other nanocompo-
sites. The thermal conductivity of N6/clay nanocom-
posites has been experimentally studied, and the
result shows that this characterization increases
markedly for intercalated structure while it de-
creases against the clay content for fully exfoliated
structure of layered silicates into the matrix.18 The
clay type used in the mentioned study was natural
MMT modified by octadecyl diethanolamine. The
experimental data for thermal conductivity of high
density polyethylene (HDPE)- and polypropylene
(PP)–clay nanocomposites with intercalated and
exfoliated structures reveal a conspicuous augmenta-
tion in value by the clay content.19 Our data pre-
sented the K values with different clay contents as
well as different temperatures. The results indicated
a remarkable increase in thermal conductivity coeffi-
cient for both HDPE and PP nanocomposites. We
satisfactorily applied polyethylene glycol (PEG) and
polypropylene glycol (PPG) as compatibilizer to
ameliorate the dispersion of clay layers into the
HDPE and PP matrices, respectively. What also pre-
sented was the numerical solution of a Partial Differ-
ential Equation (PDE) for samples, which their
dimensions were adapted to some particular appli-
cations of these two matrices. In fact, by the use of
experimental data for thermal conductivity coeffi-
cient of HDPE– and PP–clay nanocomposites, we
predicted the temperature distribution in synthe-
sized samples.

In this work, we do not aim to present the experi-
mental data for K values, but we establish a simple
model to understand the thermal behavior of
HDPE– and PP–clay nanocomposites based on a
conventional model. Other studies predicted this
behavior for carbon nanotube based composites.20

Finally, the validation of the presented model is
explored by the comparison of our experimental
data for K values with the predicted amounts
resulted from the model. This exploration can be
considered as the first model, which predicts the
thermal conductivity of polymer/clay nanocompo-
sites for low range of clay content.

EXPERIMENTAL

Materials

The main matrices of synthesized nanocomposites are
HDPE (5818, density 0.93 g/cm3, MFI 5 g/10 min)
and PP (10800, density 0.91 g/cm3, MFI 8.5 g/10 min)
purchased from Bandar Imam Petrochemical Co.
(Bandare Imam, Iran). PEG (density 0.91 g/cm3, MFI
1–1.5 g/10 min at 230�C, maleic anhydride 0.5–0.7 wt
%) and PPG (density 0.92 g/cm3, MFI 5 g/10 min at

230�C, maleic anhydride 0.5–0.7 wt %) are provided
from Kimia Javid Sepahan Co., Iran, as compatibilizer
incorporated into the matrices to enhance the dispersi-
bility of silicate layers into the matrices. MMT
with cation exchange capacity about 125 meq/100g
that was provided by Southern Clay Products (Gon-
zales, Texas, USA) is chosen as the nanoscale part of
polymer nanocomposites, which is organically modi-
fied by alkyammonium salt called quaternary ammo-
nium salt (2M2HT dimethyl, dihydrogenatedtallow,
quaternary ammonium where HT is hydrogenated
tallow (65% C18, 30% C16, 5% C14, anion: chloride),
Fig. 1).

Processing and compatibilizer incorporation

For synthesizing HDPE and PP nanocomposites,
which clay as a layered silicate is applied, the most
convenient method can be described as the melt
blending, by which the polymers are heated and
mechanically mixed while the layered silicate is
added into the polymer blends, which have formerly
been heated to the annihilation point. In this study,
HDPE and PEG are fed into the chamber by the vol-
ume of 50 cm3 in which a twin screw by the radial
speed of 70 rpm for 10 min holds the responsibility
of rendering the mixture homogenous. The tempera-
ture of the mixture is controlled to be fixed at 160�C.
First, PEG is added into the chamber to be blended
well with melted HDPE and then organically modi-
fied montmorillonite (OMMT) is gradually added
into the mixture to reduce the probability of having
layered silicates agglomerated. The clay percent into
the polymer blend is set to be 0, 5, and 10 wt %
while the PEG amount is fixed at 15 wt %. The syn-
thesized samples are melted and also molded again
to achieve 20 � 20 � 1 cm3 sheets to be adapted for
thermal conductivity measurement. The same pro-
cess is exactly employed for preparing PP/PPG/
OMMT nanocomposites.
The thermal conductivity coefficient of samples

can be calculated by eq. (1) with measuring the
amount of slope, K, directly:

Figure 1 Structure of the quaternary ammonium salt.
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q00x ¼ �K
@T

@x
(1)

Where q
00
is the heat flux (W/m2), K is the thermal

conductivity coefficient (W/mK), and qT/qx is the
temperature gradient (K/m).

For the estimation of thermal conductivity, sam-
pling time is fixed at 60 s. This defines the period in
which the data exchange with the measuring system
takes place. The current control and process quanti-
ties are determined and displayed at the end of this
cycle. The sample mean temperatures are the tem-
peratures present at measuring points across the
sample during a period of time. A number of 1 to 5
temperatures can be preset for automatic operation
of the measurement system. These temperatures
should preferably be set at 10�C intervals. The tem-
perature difference between the cooling and heater
plates relates to the sample mean temperature and
must be at least 10�C. In fact, for estimating the ther-
mal conductivity at a certain temperature, the tem-
perature gradient of about 10�C is set between the
cold and hot sides. The average value of those two
temperatures (cold and hot) is considered as the pro-
cess temperature, and the thermal conductivity is
subsequently estimated at this temperature. For
example, for estimating this factor at 20�C, the tem-
perature of cold side is 15�C and its corresponding
value of hot side is 25�C. With measuring the
required heat flux to steadily hold this temperature
gradient between two sides of the sheet, the K value
can be estimated from eq. (1). Thermal conductivity
at other three temperatures (30, 40, 50�C) is meas-
ured likewise.

Instruments

In this work, Brabender (Plasti-CorderVR Lab-Station,
Germany) is employed for melt blending process of
polymer nanocomposites. X-ray diffraction analysis
(XRD) and transition electron microscopy (TEM) are
also applied for estimating the morphology proper-
ties of nanocomposites. XRD experiments are
appraised at room temperature by a Philips X’Pert
X-ray diffractometer (40 KV, 40 mA) with Cu (k ¼
0.154 nm). Bright field TEM images are obtained at
120 kV, at low-dose conditions, with a Phillips 400T
electron microscopy. The samples are ultramicro-
tomed with a diamond knife on a Leica Ultracut
UCT microtome at room temperature to provide 70-
nm-thick section. The section is transferred from
water to carbon-coated Cu grids of 200 mesh.
Regarding the distinct contrast between the layered
silicate and the polymer phase for imaging, no
heavy metal staining of sections is required. The
thermal conductivity coefficient of samples is deter-
mined by calculating the slope of K in eq. (1) with

TCA200 instrument (Tarus Co., Germany). Finally,
thermogravimetric analysis (TGA) for estimating the
thermal stability of all samples is performed on a
STA 1500 unit, under 30–35 mL/min argon flow.
The temperature is first at 25�C and then is raised to
600�C at a scan rate of 20�C/min.

RESULTS AND DISCUSSION

Morphology properties

As can be seen in Figure 2(a), the diffraction peak
for OMMT appears at 7.19� of 2y. The intercalation
structure can be observed when the corresponding
peak appears in lower angles of 2y for synthesized
nanocomposites. Figure 2(c,e) represents the 5.25�

and 5.07� of 2y for HDPE and PP nanocomposites
with 10 wt % of clay content, respectively. The struc-
ture of these nanocomposites is considered as an
intercalated, in which the distance between the clay
layers have increased but not the same as an exfoli-
ated structure. This structure for 10 wt % of clay
content can be attributed to the agglomeration of
some clay layers in comparison with the lower
amounts of clay content into the polymer blends. An

Figure 2 XRD patterns for (a) pure montmorillonite, (b)
HDPE/PEG/OMMT 5 wt % nanocomposite, (c) HDPE/
PEG/OMMT 10 wt % nanocomposite, (d) PP/PPG/
OMMT 5 wt % nanocomposite, and (e) PP/PPG/OMMT
10 wt % nanocomposites.
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exfoliated structure can be perceived as an overall
result of slightly smooth curves of XRD patterns, in
which the corresponding peaks of OMMT have been
nearly disappeared. The hydrophilicity of HDPE
and PP grafted with PEG and PPG, respectively, and
the chain length of the organic modifier in the clay
structure completely impact the extent of exfoliation
and intercalation of layered silicates. Although in
the high clay content, where the layered silicates
find less considerable space to be dispersed, layered
silicates show more tendency to aggregate between
the galleries, but the addition of compatibilizer has a

significant effect on smooth dispersion of layered sil-
icates due to the bonds in which one of the endings
of compatibilizer’s chain holds the responsibility for
increasing the space between the layers into the gal-
lery. As a result, the structure in 10 wt % of clay in
our samples is observed as intercalated.
Figure 3 displays TEM images of HDPE and PP

nanocomposites. As it can be inferred, the addition
of PEG and PPG into the polymer matrices improves
the dispersibility of clay layers. In reverse, the addi-
tion of clay by 10 wt % results in agglomeration of
some layers as the space of galleries is not

Figure 3 TEM images for (a) HDPE/PEG/OMMT (5 wt %) nanocomposite, (b) HDPE/PEG/OMMT (10 wt %) nanocom-
posite, (c) PP/PPG/OMMT (5 wt %) nanocomposite, and (d) PP/PPG/OMMT(10 wt %) nanocomposites.
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considerably increased by complete intercalation of
polymer chains. Therefore, the structure of samples
containing 10 wt % of clay is rather intercalated than
exfoliated, what is acquired by individual dispersion
of clay layers into the HDPE and PP matrices. By
taking this point into account, we are able to concen-
trate on the homogeneous modeling of all nanocom-
posites and presume that the thermal conductivity
coefficient is similar in all directions for synthesized
nanocomposites (Fig. 4).

Mathematical modeling of polymer/clay
nanocomposites

There are various effective medium approaches
(EMA) like the Maxwell-Garnett (MG) approxima-
tion to analyze the thermal transport behavior in
heterogeneous media such as thermal conductivity
of some composite structures.21,22 The validity of the
conventional EMA has been proved, and the MG-
EMA has been known to be reasonable for matrix-
based composites with small filling ratios. The pur-
pose of this study is to present a new model based
on developed EMA formula for polymer/clay nano-
composites media and compare the results with our
recent experimental data to determine the range of
validity of the conventional theory for nanoclay-
based materials.

By reviewing the multiple scattering approach of
Nan,21 we consider a variable thermal conductivity
of composite medium from point to point. Regard-
ing this variation, thermal conductivity of the media
is represented in the form of K(w) ¼ K1 þ K2(w),
where K1 indicates a constant part of a homogeneous
medium and K2(w) is an arbitrary fluctuating part. If
we use the Green function, G, for the homogeneous
medium defined by K1 and the transition matrix, T,
for the entire nanocomposite medium, the tempera-
ture gradient distribution can be acquired:

Kn ¼ K1 þ Th i I þ GTh ið Þ�1 (2)

Where I is the unit tensor and hi denotes spatial
averaging while the matrix, T, is described as:

T ¼
X

i

Ti þ
X

i;j6¼i

TiGTj þ ::: (3)

Where the first term is the sum of the T matrices of i
particles and the successive terms denotes the inter-
action between particles. As the accurate calculation
of T is demanding, a simple calculation by neglect-
ing the interparticle multiple scattering can be
achieved by general approximation as:

T ffi
X

i

Ti ¼
X

i

K1;i I � GK1;i

� ��1
(4)

By correctly considering of three factors; (1) ran-
dom dispersion of layered silicates into the matrix,
(2) effective interface between matrix and layered sili-
cates in nano dimension for the energy transportation
across the bulk of the samples, and (3) taking the ma-
trix phase as a homogeneous medium, we can have:
K1 ¼ Kp, where Kp is the thermal conductivity of the
polymer. These assumptions result in a MG type
EMA of the theory that can be described as follows:

Kn

KP
¼ 3þ 2f bx 1� Lxð Þ þ bz 1� Lzð Þ½ �

3� f 2bxLx þ bzLzð Þ (5)

bx ¼
Kx � Kp

KP þ Lx Kc � KPð Þ

bz ¼
Kz � KP

KP þ Lz Kc � KPð Þ

where Kx and Kz are the thermal conductivities of the
layered silicates along transverse and longitudinal
axes, respectively; Kc is the thermal conductivity of lay-
ered silicates; f is the volume fraction of layered sili-
cates; and Lx and Lz are geometrical factors dependent
on the layered silicates aspect ratio, r, and given by:

Lx ¼
r2

2ðr2 � 1Þ �
r

2ðr2 � 1Þ3=2
cosh�1 r (6)

Lz ¼ 1� 2Lx

For layered silicates in nano dimension, the aspect ra-
tio is around 100 that for high r over than 100 we have
Lx¼ 0.5 and Lz¼ 0. As a result, eq. (5) is reduced to:

Kn

KP
¼

3ðKx=KPþ1Þþ f 2ðKx=KP�1ÞþðKx=KPþ1ÞðKz=KP�1Þ½ �
3ðKx=KPþ1Þ�2f ðKx=KP�1Þ

ð7Þ

Figure 4 A simple schematic describing the condition for
eq. (5).
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The thermal conductivity of layered silicates like
MMT is mostly controlled by water content,
although, obviously, the type of soil is also impor-
tant. For the clay we used, the thermal conductivity
in W/mK is 1.0 for moisture of 10%. We can assume
that the thermal conductivity coefficient of layered
silicate segments (Fig. 4) is the same in both x and z
directions as they are randomly dispersed into the
polymer matrix. So, we have:

Kx ¼ Kz

Kn

KP
¼ 3þ f ð2K0 þ K00Þ

3� 2fK0 (8)

K0 ¼ Kc � KP

Kc þ KP

K00 ¼ Kc � KP

To derive the eq. (8), it is presumed that Kz ¼ Kc

as we formerly proved Kx, Kz, and Kc are all the
same for polymer/clay nanocomposite systems with

random dispersion of nanolayers; moreover, the
effect of temperature on the thermal conductivity
coefficient of polymer matrices can be included in
eq. (8) as the following:

KPðTÞ ¼ KP þMT (9)

Where Kp is the thermal conductivity coefficient
of pure polymer at room temperature and M is
the slope of a line obtained by drawing Kp(T)
values with temperature. eq. (8) can be simply
given by:

Kn

KP
¼ 1þ Kf (10)

K ¼ 2K0 þ K00

Equation (10) is derived by eliminating the term
2fK

0
as the volume fraction of clay in polymer/

clay nanocomposites are usually less than 0.05.
The thermal conductivity coefficient of all nano-
composites in different temperatures is given in
Table I. The results from eq. (10) and their com-
parison with our experimental data are given in
Figure 5. As seen, the simple equation derived
from the conventional model predicts the thermal
conductivity coefficients of both HDPE and PP
matrices. The effect of temperature on the coeffi-
cients is also observed; in addition, Figure 6 indi-
cates that the presented model can predicts the
coefficient for high ratio of Kc/Kp. Other models
are just valid for nearly spherical particles (r � 1),
but not for systems like polymer/clay nanocompo-
sites (r � 1).23

The model presented here can be used merely for
matrix-based composites, in which layered silicates
are surrounded by the matrix either with compatibil-
izer or without it. The MG-EMA formula is for very
low range of layered silicates into the matrix in
which the layers are randomly dispersed into the
matrix so that the results are diverted from the real
amounts for continuous networks.
The established model in this study can satisfacto-

rily predict the thermal conductivity coefficient of
HDPE and PP nanocomposites for low range of clay
content into the matrices. In general, the thermal
conductivity for an exfoliated structure decreases in
comparison with an intercalated structure. Instead,
this coefficient remarkably increases by the clay con-
tent. This increase is amplified whatever the clay
content is raised. A similar observation has been rec-
ognized for N6/clay nanocomposites.18 In fact, the
Maxwell model can not correctly predict the thermal
conductivity for high clay content as well as an

TABLE I
Thermal Conductivity Coefficient of HDPE and PP

Nanocomposites at Different Temperatures

Nanocomposite T (�C) Clay (wt %) K (W/mK)

HDPE

20
0 0.1509
5 0.1792

10 0.2957
30

0 0.1649
5 0.1952

10 0.3267
40

0 0.1789
5 0.2112

10 0.3577
50

0 0.1929
5 0.2272

10 0.3887
PP

20
0 0.1054
5 0.1330

10 0.2139
30

0 0.1184
5 0.1490

10 0.2389
40

0 0.1314
5 0.1650

10 0.2639
50

0 0.1444
5 0.1810

10 0.2889
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intercalated structure of polymer/clay nanocompo-
sites where the layered silicates indicate more appe-
tite to be accumulated.

Thermogravimetric analysis

Elaborating on the current observation for better
understanding of the natural effect of nanoclay on
the thermal properties of polymer nanocomposites
along with the thermal conductivity, we should first
balance two diverse effects of clay layers on the
polymer matrix; first, the layered silicates hold a
barrier action in the matrix because of the mineral
essence of layers by which the thermal stability of
polymer nanocomposites is enhanced; and second,
in reverse, the alkylammonium cations in the orga-
noclay could suffer decomposition following the

Hofmann elimination reaction whose products
would catalyze the degradation of polymer matrices.
The TGA results for nanocomposites with 5 and 10
wt % of clay are shown in Figure 7. The balance
between those two mentioned factors will determine
the total effect of layered silicates into the polymer
matrices. Concentrating on the thermal stability of
polymer/clay nanocomposites provides a better
understanding of nanocomposites’ thermal proper-
ties so that we can compare our observation with
what occurrs for thermal conductivity to ascertain
the effect of layered silicates on overall thermal
properties.
As can be seen in Figure 7, the thermal stability of

both HDPE and PP nanocomposites increases with
the clay content, and the amount of clay in this
property has a positive effect. The barrier action of

Figure 5 The comparison of Kn/Kp derived from the established model and the experimental data at (a) 20�C, (b) 30�C,
(c) 40�C, and (d) 50�C.
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layered silicates has been the dominant factor, which
has improved the thermal stability; furthermore, the
products of Hofmann elimination reaction have not
been as much considerable as the barrier action. The

T0.1, the temperature in which the weight loss is
10%, for pristine polymers and their nanocomposites
is presented in Table II. This factor increases about
1.72 and 3.91% for HDPE nanocomposites with 5
and 10 wt % of clay, respectively. This increase is
observed about 2.95 and 3.93% for PP nanocompo-
sites with 5 and 10 wt % of clay, respectively.

CONCLUSIONS

In this study, the OMMT was added into the HDPE
and PP matrices which were incorporated with PEG
and PPG as compatibilizer, respectively. The melt
blending was used to synthesize all nanocomposites.
The intercalated and exfoliated structures were
homogeneously achieved as can be perceived from
the XRD and TEM results. The addition of two com-
patibilizers into their own matrices favorably
improved the dispersion of layered silicates into the
matrices. A novel model was derived from an EVA
formula to predict the thermal conductivity coeffi-
cient of HDPE and PP nanocomposites. This model
presented excellent results for low range of clay con-
tent into the both matrices. It was also based on ho-
mogeneous dispersion of layered silicates and
showed a deviation to predict the K values for
higher clay contents. The K values increased remark-
ably for nanocomposites with 10 wt % of clay owing
to their intercalated structure. The presented model
could also predict the coefficient for high ratio of
Kc/Kp; nevertheless, this model can be solely used
for matrix-based composites with low range of lay-
ered silicates. The TGA result indicates that the
nanocomposites with 10 wt % of clay show a distinct
improvement in thermal stability with respect to
their pure matrices. This improvement is observed
in T0.1 which increases about 1.72 and 3.91% for
HDPE nanocomposites and about 2.95 and 3.93% for
PP nanocomposites with 5 and 10 wt % of clay con-
tent, respectively. Consequently, the addition of lay-
ered silicates into the HDPE and PP matrices
remarkably improves the thermal conductivity and
thermal stability of their nanocomposites in the high
clay content due to the intercalated structure. The
incorporation of the OMMT into the HDPE and PP
matrices significantly impacts the thermal behavior

Figure 6 The prediction of eq. (10) for higher thermal
conductivity of filler into the polymer matrix.

Figure 7 TGA results for (a) HDPE/PEG/OMMT nano-
composites and (b) PP/PEG/OMMT nanocomposites with
5 and 10 wt % of clay content.

TABLE II
TGA Result for PE and PP Nanocomposites

Samples T0.1 (
�C)

PE- pure 454.80
PE- clay 5% 465.63
PE- clay 10% 472.62
PP- pure 420.16
PP- clay 5% 432.56
PP- clay 10% 436.70
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of synthesized nanocomposites due to the particular
arrangement of layered silicates which more plays
as a barrier action and shows a fair conductivity
with the stacks of intercalated layers.
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