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Résumé — Renforcement des propriétés barriére aux gaz de matrices polyéthyléne et polyamide par
I’approche nanocomposite : facteurs clés et limitations — Dans cette étude, des nanocomposites sont
préparés par voie fondue pour deux matrices, une matrice polyamide 6 (PA6) et une matrice
polyéthyléne (PE), leur morphologie ainsi que leurs propriétés barriéres sont étudiées. Les argiles
organophiles sont choisies en fonction de la nature chimique de chacune des matrices polymeéres.
Les nanocomposites préparés a partir de polyamide 6 présentent une structure exfoliée et des
propriétés barriéres améliorées alors qu’une morphologie de type microcomposite ne conduisant a
aucune amélioration des propriétés barriéres est obtenue pour le systtme PE/montmorillonite.
Différents polyéthylenes modifiés sont alors évalués en tant qu’agents compatibilisants pour les
systtmes PE. Les effets de la masse molaire, de la polarité et de la fraction massique d’agent
compatibilisant sur la dispersion des charges et sur les propriétés barrieres sont étudiés. Un taux
massique d’agent compatibilisant égal a 4 fois celui des charges s’aveére €tre optimal pour
I’ensemble des agents compatibilisants. Par ailleurs, la masse molaire des agents compatibilisants
joue un role primordial sur I’état de dispersion des charges. Contrairement aux systémes PA, les
propriétés barrieres des systémes PE ne sont pas directement reliées a 1’état de dispersion des
charges mais dépendent également des interfaces charges/matrice. Les PE oxydés de faible masse
molaire sont identifiés comme des agents compatibilisants particulierement intéressants pour les
propriétés barriéres et une optimisation pas a pas des systémes est entreprise. Une combinaison de
PE oxydé de faible masse molaire et de PE greffé anhydride maléique de haute masse molaire
conduisant a diviser la perméabilité aux gaz du nanocomposite d’un facteur 2 par rapport a la
matrice PE s’avére particuliérement intéressante.

Abstract — Reinforcement of the Gas Barrier Properties of Polyethylene and Polyamide Through
the Nanocomposite Approach: Key Factors and Limitations — In this study, polyamide 6 ( PA6 ) and
polyethylene ( PE) nanocomposites were prepared from melt blending and a detailed characterization
of the nanocomposite morphology and gas barrier properties was performed. The choice of the organo-
clay was adapted to each polymer matrix. Exfoliated morphology and improved gas transport
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properties were obtained by melt mixing the polar PA6 matrix and the organoclay, whereas a micro-
composite with poor barrier properties was formed from the binary PE|organomodified clay mix-
ture. Different modified polyethylenes were examined as compatibilizers for the polyethylene/
organoclay system. The effect of compatibilizer molar mass, polarity and content was investigated
on the clay dispersion and on the gas barrier properties. The optimal compatibilizer to clay weight
ratio was found to be equal to 4 whatever the compatibilizer. However, a high degree of clay delam-
ination was obtained with the high molar mass compatibilizer whereas highly swollen clay aggregates
resulted from the incorporation of the low molar mass interfacial agents. Contrary to the PA based
system, the barrier properties of PE nanocomposites were not directly related to the clay dispersion
state but resulted also from the matrix/clay interfacial interactions. Oxidized wax was identified as a
very promising interfacial agent and a step by step study was performed to optimize the gas transport
properties of the systems based on PE, oxidized wax and organoclay. In particular, an interesting
combination of oxidized wax and high molar mass maleic anhydride grafted polyethylene allowing

dividing the gas permeability by a factor 2 in comparison with neat PE was proposed.

INTRODUCTION

Due to their easy processing and their interesting mechani-
cal properties, polyethylene (PE) and polyamide (PA) are of
major interest for industrial applications going from
structural applications to more specific domains such as
packaging, fuel tank or gas distribution. Polyamide and
polyethylene display opposite properties towards the diffu-
sion of small molecules such as simple gas, water or solvents
due to their totally different polarity, explaining why they
are often combined in a multilayer approach [1, 2]. How-
ever, improvement of PA and PE layer properties is still
required to respond to the ever increasing barrier level
required by the applications.

Several strategies have been proposed to increase the
gas barrier properties of polymer layers. The first tech-
nology consists in blending with a higher barrier poly-
meric material, which shall ideally be dispersed as
elongated domains oriented perpendicular to the direc-
tion of gas flow to increase the gas diffusion pathway
by a tortuosity effect. If the range of polymers that can
be considered as high gas barrier materials in compari-
son with PE is large [3-5], it is much more restricted
for PA [6-8]. Moreover, the main problems related to
this approach are first, the generally low compatibility
between the two polymers involved in the blends in
absence of compatibilizer [1, 9, 10], resulting then in
micrometer size dispersed domains and second, the need
to perfectly control the orientation process applied to the
sample to generate fibrillar type morphology [4, 11-13].

Addition of impermeable fillers of varying surface
chemistry and aggregate size/aspect ratio has been pre-
sented as an interesting alternative to polymer blending,
due to the possibility to tune the shape and size of the
dispersed phase before its introduction within the poly-
mer matrix [14-16]. A lot of attention has been particu-
larly paid these last years on nanofillers such as clays

to reinforce PA or PE properties [17-36]. Indeed due to
their high aspect ratio and their impermeable character,
the clay platelets are expected to induce significant tortu-
osity effects when they are dispersed within a polymer
matrix. Different models [21, 37-42] have been proposed
in the literature to express the tortuosity factor as a func-
tion of the shape, orientation, dispersion state and vol-
ume fraction of the dispersed impermeable particles.
All these geometrical laws demonstrate that the barrier
properties must be highly improved when the silicate
platelets are individualized, uniformly dispersed within
the polymer and are lying in the plane of the film. Hence
much attention has been paid to obtain such morpholo-
gies, characterized by a high degree of clay exfoliation.
However, the simple tortuous path model which consid-
ers the nanocomposite as an ideal binary system can
not explain some experimental observations in the
literature that yield either much lower [43-45] or on the
contrary much higher permeability values than
predicted [22, 28-30]. New conceptual approaches con-
sisting in considering heterogeneous materials as result-
ing from three phases, namely the continuous phase,
the dispersed phase and the interface, have progressively
come to light [22, 28, 30, 43-47]. Thus the mechanisms of
gas barrier reinforcement in nanocomposites can be very
complex due to the numerous factors that can signifi-
cantly influence these functional properties. It seems
thus very important to identify their respective role to
further optimize the properties.

The aim of the present study is first to evidence the
influence of the polarity of the polymer continuous
phase on the nanocomposite morphology and properties
by comparing nanocomposite materials prepared from
melt blending organoclays (OMMT) with PA matrix
on one hand and PE matrix on the other hand. The sec-
ond objective of this work is to distinguish, from the study
of specifically chosen and prepared nanocomposites,
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Material Code Nature Commercial Mw Ixon d Tm
Type Name (g/mol) (mggon/g) (g/cm’) §®)
Polymer PAG6 Polyamide 6 Ultramid B4F 68 000 / 1.13 219
matrix (BASF)
PE High density polyethylene Eraclene ML74 122 400 / 0.951 130
(Polimeri Europa)
Interfacial hwMA9 High molar mass maleic Polybond 3009 61 571 9 0.95 127
agents anhydride grafted (Uniroyal)
polyethylene
IwMAG6 Low molar mass maleic 456624 10 400 6 0.92 107
anhydride grafted (Sigma Aldrich)
polyethylene
IwOX16 Low molar mass oxydized Licowax PED 121 10 400 16-19 0.97-0.99 113
polyethylene 107093 (Clariant)
mwOX16 Middle molar mass oxydized | AC316 (Honeywell) 19 650 16 0.95 116
polyethylene
Clays MMT-OH Dihydroxy methyl tallow Nanofil 804 / / 1.83 /
ammonium modified (Stid Chemie)
montmorillonite
MMT- Dimethyl ditallow Nanofil 15 / / 1.83 /
Tallow ammonium modified (Stid Chemie)
montmorillonite

the parameters governing the filler dispersion state in PE
based matrix and those allowing the increase of the bar-
rier properties. At last, a step by step approach based
on the control of the morphology and clay/matrix interfa-
cial properties is proposed to optimize the gas barrier
properties of PE based nanocomposites.

1 EXPERIMENTAL

1.1 Materials

The materials used in this study are presented in Table 1.

The polyamide 6 (PA6) was Ultramid B4F from
BASF with an average molecular weight, Mw, equal to
68 000 g.mol .

The high density polyethylene (PE) was Eraclene
ML74 from Polimeri Europa with an average molecular
weight, Mw, equal to 122 400 g.mol .

Four modified polyethylenes were used as interfacial
agents to improve the interactions between the polymer
and the clays in the PE based nanocomposites. These
interfacial agents could be classified in two distinct fami-
lies, maleic anhydride grafted polyethylenes on one hand
and oxidized polyethylenes on the other hand. They were

characterized by their average molar mass and their mod-
ification rate: AiwMA9 was a high molar mass maleic
anhydride grafted polyethylene (Mw = 61 570 g.mol ")
characterized by a KOH index of 9 mggon.g~ ' wMA6
was a low molar mass maleic anhydride grafted polyeth-
ylene (Mw = 10 400 g.mol~") characterized by a KOH
index of 6 mggon.g . WOXI16 and mwOXI6 were
two oxidized paraffins characterized by a KOH index of
16 mggon.g '. Their weight average molar mass was
equal to 10 400 g.mol ' and 19 650 g.mol ™', respectively.
The clays used in this work were organically modified
clays provided by Siid Chemie. The quaternary ammo-
nium used to modify the nanoclay was chosen as a func-
tion of the polymer matrix: dihydroxy methyl tallow
quaternary ammonium for the PA6 matrix leading to
MMT-OH montmorillonite and dimethyl ditallow
quaternary ammonium for the PE matrix leading
to MMT-Tallow montmorillonite, respectively. The
organic surfactant weight content was 30.8 wt% for
MMT-OH and 35.7 wt% for MMT-Tallow [48].

1.2 Matrix and Nanocomposite Film Processing

Compounded PA and PE nanocomposites were elabo-
rated by melt intercalation on a twin screw co-rotating
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extruder, with a diameter D = 25 mm, a length equiva-
lent to 36 x D and a feed rate of 1.3 kg.h~'. The barrel
temperature and the feed rate were fixed to 260°C
and 100 rpm for the PA based nanocomposites and to
200°C and 100 rpm for the PE based nanocomposites,
respectively. Polyamide pellets and OMMT were dried
in a vacuum oven at 80°C for at least 12 h before
melt blending to avoid the presence of water during melt
process.

Reference matrices were prepared from pure PA, pure
PE and PE/interfacial agent blends according to the
same protocol as that used for the nanocomposites.

Reference and nanocomposite films were obtained by
blow molding of the formulations with a Clextral E20T
equipment. The extrusion temperature was fixed at
260°C for the PA based formulations and at 200°C for
the PE based formulations. The screw speed was fixed
at 80 rpm and the blow up ratio was estimated to be
equal to 2.

1.3 Nanocomposites Characterization

Clay dispersion was analyzed at two scales:

— by Transmission Electron Microscopy (TEM) to get
information up to a few micron square area and,

— by wide angle X-Ray Diffraction (XRD) to get
d-spacing, dyy;, between the platelets.

For transmission electron microscopy observations,
the samples were embedded in an epoxy resin. Sections
with a thickness of 60 nm were prepared by cutting the
samples with an ultramicrotome Reichert S at a temper-
ature of —130°C. The TEM observations were per-
formed on a JEOL-200CX microscope operating at
200 kV. A quantitative analysis of the TEM images
was performed according to the protocol described in a
previous study [21]. The diffraction patterns were
obtained at room temperature in the range of 20 between
1 and 10° by step of 0.02° using a Cu tube and a Siemens
D500 diffractometer where the kf line was removed with
a nickel filter. The films were deposited on neutral mono-
substrates with a thin transfer adhesive with low scatter-
ing response.

The matrix crystallinity was determined by differential
scanning calorimetry using a DSC2020 apparatus from
TA instruments. The polymer melting enthalpy (AH:
J.g ' of polymer matrix) was determined during a heating
scan performed at 10 K.min~' on a 10 mg sample. The
crystallinity values were calculated from the ratio
between AH and AHf,, . AHf,, value was taken equal
to 290 J.g~' for the polyethylene based materials [49]
and 190 J.g~! for the polyamide based formulations [50].

The permeability coefficients were determined for
helium, hydrogen and oxygen from the gas flux value

measured through the sample at the steady state. The mea-
surements were performed at 20°C under a pressure gradi-
ent of 3 bar, according to an already described procedure
[8]. The permeability coefficient was expressed in barrer
units (1 barrer = 1071 crn35Tp.cm.cm*2.s*1.cmHg*1
=75 x 107" Nm’mm 2s 'Pa~' = 3348 x 10°'°

molm.m s ' Pa1).

2 RESULTS AND DISCUSSION

2.1 Binary Systems: PA/MMT-OH and PE/MMT-Tallow

The binary systems have been prepared with 5 wt%
organoclay.

The X-ray diffraction curves of the organo-modified
montmorillonites and of the respective PA or PE nano-
composites are presented in Figure 1.

The strong diffraction peak observed at 26 = 5° for
MMT-OH, corresponding to a basal spacing, dyy;, of
18 A is no more observed on the PA/MMT-OH diffrac-
tion pattern. The silicate platelets seem then to be well
exfoliated in the PA matrix.

On the contrary, the diffraction peak characteristic of the
doo1 value of MMT-Tallow (20 = 3.8° and dyg; = 28 A)
is still evidenced on the XRD curve of PE/MMT-
Tallow. A microcomposite seems to be obtained in this case
despite the use of an organo-modified, less polar
clay.

TEM micrographs presented in Figure 2 confirm the
conclusions drawn from XRD analyses. Indeed, the clay
particles are well exfoliated and homogeneously dis-
persed in the PA matrix whereas they form large and
dense aggregates in the PE matrix. In both cases, the
platelets are lying in the plane of the films. A statistical
analysis of ten TEM images has allowed to determine
the mean filler aspect ratio, «, for each system and the
volume fraction related to the dispersed objects. o is
equal to 20 and 2.5 and ¢ is equal to 0.0277 and
0.0285 for PA/MMT-OH and PE/MMT-Tallow, respec-
tively.

The impact of nanoclay introduction has been studied
on the matrix crystalline morphology as well as on the
gas barrier properties. The results reported in Table 2
show at first that the crystallinity degree values and the
gas permeability coefficients determined on the neat
matrices are in good agreement with those commonly
reported in the literature [17, 21, 33]. PA matrix is
characterized by enhanced gas barrier properties despite
its lower crystallinity rate. This feature is related to
the higher cohesive energy density developed in the
amorphous phase for this polar polymer. The introduc-
tion of clays does not modify the crystallinity degree of
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Figure 1

X-ray diffraction patterns of the organo-modified montmorillonites and their respective a) PA and b) PE nanocomposite films.

Figure 2
TEM micrographs of a) PA/MMT-OH and b) PE/MMT-Tallow. The arrow is oriented parallel to the film surface.

TABLE 2

Crystallinity degree (Xc¢), experimental values of the gas permeability coefficients of the neat PA and PE matrices and their respective
nanocomposites (P..,) and calculated values of the permeability coefficients deduced from Nielsen law (P,.) for the composites

Xc (%) P.,H, P, H, P.,He P, He P.,CO, P,.CO,
(barrer) (barrer) (barrer) (barrer) (barrer) (barrer)
PA 29.5 0.58 / 0.87 / n.m. /
PA/MMT-OH 29.6 0.43 0.44 0.64 0.66 n.m. /
PE 66 3.42 / 2.56 / 4.27 /
PE/MMT-Tallow 66 3.50 3.21 2.69 2.40 4.20 4.00
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the polymer matrices but has different effects on their gas
permeability coefficients (7ab. 2). A significant decrease
of gas permeability is observed on PA/MMT-OH
with respect to pure PA matrix whereas no significant
variation of the gas permeability is evidenced on
PE/MMT-Tallow in comparison with neat PE. The gas
permeability decrease observed on PA nanocomposite is
in good agreement with that calculated from Nielsen
law [37] (Eq. I), considering the mean filler aspect ratio,
o, deduced from TEM analysis (¢« = 20).

P (1)
2

where P, is the permeability of the nanocomposite, P,
the permeability of the matrix, ¢ the volume fraction
of the dispersed impermeable domains and o the mean
aspect ratio of these domains.

According to this law, a small decrease of gas perme-
ability should also be observed for PE/MMT-Tallow
(Tab. 2). The non modification of the experimental per-
meability coefficients after nanoclay adding suggests a
lack of interactions between the clays and the polymer
matrix in this system. That is why interfacial agents have
been introduced in the PE/MMT-Tallow formulation.

2.2 Ternary Systems Based on PE Matrix: Influence of
Different Interfacial Agents on the Nanocomposite
Morphology and Properties

Two kinds of interfacial agents consisting in
modified polyethylenes have been introduced in the

PE/MMT-Tallow formulation, with the aim to evidence
the role of their modification type and rate as well as the
role of their molar mass on the nanocomposite morphol-
ogy and gas barrier properties. Maleic anhydride grafted
polyolefins are the most common interfacial agents used
in polyolefin based nanocomposites. The interest of oxi-
dized paraffins for gas barrier properties was first dem-
onstrated by our team few years ago [29, 30] and then
confirmed by other groups [31].

For this study, nanocomposites with the following
weight composition 75 wt% PE/20 wt% interfacial
agent/5 wt% MMT-Tallow were prepared by melt
blending according to the protocol described in the
experimental part. Indeed, some studies reported that,
the maleic anhydride grafted polyolefin/clay weight ratio
should be at least equal to 4 to achieve an optimised clay
dispersion state [51]. The respective matrices were also
prepared from the same melt blending conditions and
characterized. The data reported in Table 3 show that
the matrices display slightly higher barrier properties in
comparison with neat PE despite their slightly lower
crystallinity degree. This behaviour was assigned to the
polar character of the compatibilizers. The crystallinity
values of the composite films were determined from
DSC analysis. Indeed, the polymer crystalline phase is
considered to be an impermeable phase for gas trans-
port. It was thus important to check that no significant
modification of the matrix crystallinity occurred after
addition of nanoclays to discuss the sole effects of the
lamellar fillers. The values of the temperature at the max-
imum of the melting peak, Tm, and of the crystallinity
degree, Xc¢, determined from the DSC thermograms are

TABLE 3

Influence of the interfacial agent on the matrix microstructure, on the clay dispersion state and on the gas permeability coefficients. Tm is the
polymer matrix melting temperature, Xc its crystallinity degree, dyo; is the interplatelet distance, P is the permeability coefficient

Tm (°C) Xc (%) dooy (A) PH, (barrer) PHe (barrer) PO, (barrer) PCO, (barrer)
PE/hwMA9 128.5 62.6 / 2.79 1.99 0.87 3.49
PE/IwWMAG6 127.6 59.1 / 3.17 2.29 0.99 4.14
PE/lwOx16 127.8 62.1 / 2.57 1.89 0.76 3.12
PE/mwOX16 63.3 / 2.48 1.84 0.74 3.05
PE/hwMA9/ 128.6 62.5 / 2.66 1.92 0.82 3.4
MMT-Tallow
PE/lwMAG6/ 127.5 58 32.7 2.67 1.90 0.83 3.55
MMT-Tallow
PE/lwOx16/ 127.8 60.5 34.3 1.91 1.44 0.58 2.27
MMT-Tallow
PE/mwOX16/ 128.1 62.8 353 1.57 1.17 0.42 1.77
MMT-Tallow
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reported in Table 3 for the matrices and associated nano-
composites. Tm and Xc¢ values measured on the nano-
composites do not differ from those determined on the
respective matrices, allowing us to assign the gas perme-
ability variation to a sole clay effect.

The filler dispersion state has been investigated by
TEM and XRD analysis. A TEM micrograph represen-
tative of each nanocomposite is presented in Figure 3. A
significant improvement of the filler dispersion state is
observed on the ternary systems with respect to the bin-
ary one (as shown by the comparison between Fig. 3 and
Fig. 2b). Indeed the large and dense aggregates of plate-
lets evidenced in the neat PE are no more observed in the
ternary systems. Even if some filler tactoids remain in the
ternary blends, they are much smaller than those
observed in the binary blend. However, despite this gen-
eral trend, some differences can be observed as a func-
tion of the interfacial agent nature and molar mass.

The nanocomposite film prepared with iwM A9 clearly
exhibits individualized inorganic sheets, whereas more
numerous small stacks of platelets are observed with
IwMAG6. Large but highly swollen filler aggregates are
mainly evidenced in the nanocomposites prepared from
IwOX16 and mwOX16. This qualitative analysis of the
filler dispersion state is in agreement with the data drawn
from the XRD spectra (Tab. 3). Indeed no well defined
diffraction peak is observed in the 20 range from 1.5 to
7.5° for the nanocomposite based on hwMA9 making
impossible the calculation of a dyo; value whereas the
basal diffraction peak of the organoclay is shifted
towards lower value of 20 for the three other nanocom-
posites. The values of the filler d-spacing in these nano-
composites, deduced from the diffraction peak
position, are reported in Table 3. The dyo; value increases
going from uncompatibilized PE matrix (dyo; = 28 A) to
PE/lIwMAG6, PE/IwOx16 and PE/mwOx16 and it can no

IwOX16

Figure 3

Influence of different interfacial agents on the clay dispersion state observed at the TEM scale.
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Relative permeability values measured for different gases
on PE-based nanocomposite flims prepared with different
interfacial agents.

more be determined in PE/hwMA9 due to the clay plate-
let exfoliation in this last matrix. According to these
results, it seems that high clay delamination states can
only be achieved with high molar mass compatibilizers,
low or middle mass interfacial agents allowing only
obtaining intercalated structures. Moreover, in these last
systems, the higher the modification rate of the compat-
ibilizer is, the more highly swollen clay aggregates are
obtained.

The gas permeability coefficients have been deter-
mined on the nanocomposites and on their respective
matrices. The permeability values have been reported
in Table 3. The relative permeability, the ratio between
the permeability of the nanocomposite to that of the
respective matrix, can be calculated from these values.
This parameter, reported in Figure 4 for each gas and
nanocomposite, allows to discuss the impact of clay
introduction within each compatibilized matrix. In this
nanocomposite series, the highest improvement of bar-
rier properties is not obtained for the exfoliated struc-
tures but for the intercalated structures. This surprising
result can only be explained by considering that the
gas diffusion rate at the filler/matrix interface is higher
than the gas diffusion rate in the bulk matrix for
PE/hwMA9/MMT-Tallow. Due to exfoliation, the
amount of filler/matrix interfaces is important leading
to a global increase of the gas permeability. This negative
contribution of the filler/matrix interface does not take
place in the three other systems, in which a more classical
behaviour, e.g. a decrease of gas permeability, is
observed. Moreover, it can be observed that the barrier
properties enhancement is as more important as the

interplatelet distance increases within the swollen clay
aggregates. This trend is in agreement with the increase
of the volume fraction of impermeable or at least very
low permeable domains that are constituted by the
highly swollen clay aggregates.

The main conclusion that can be drawn from this
study is that the barrier properties can not always be
directly related to the clay dispersion state and that the
filler/matrix interface can also play a major role on gas
transport properties. Furthermore, oxidized wax seems
to be a particularly interesting interfacial agent for
PE based nanocomposites. That is why the next part
of the work was focussed on a detailed study of such
systems.

2.3 Ternary Systems Based on PE Matrix and IwOX16

2.3.1 Influence of the Interfacial Agent Content

Certain studies have shown that, in the case of a maleic
anhydride grafted polyolefins, a nanofiller/compatibilizer
weight ratio of !4 was optimal to obtain good functional
properties [S1]. The aim of this part is to study the influ-
ence of the rate of /wOX16 on the barrier properties. The
amount of MMT-Tallow is fixed to 5 wt%. The rate of
compatibilizer varies from 0 to 30 wt%. Beyond, because
of the low molar mass of IwOX16, it was not possible any
more to prepare films by extrusion blowing.

The clay dispersion state is not profoundly modified
by addition of increasing amounts of wOXI6. The
XRD patterns of the nanocomposites display an intense
peak centered on 2.6° whatever is the rate of interfacial
agent (Fig. 5). The morphology is then mainly composed
by intercalated structures with a mean interplatelet dis-
tance of the order of 34 A.

,rl 10wt% IwOX16

30wt% IwOX16

Figure 5

X-ray diffraction patterns of the nanocomposites as a func-
tion of the weight content of /wOX16 interfacial agent.
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Influence of /wOX16 weight amount on the nanocompos-
ites and matrices permeability with respect to the perme-
ability of neat PE for (®) helium, (O) hydrogen and (¥)
carbon dioxide.

Whatever is the considered gas, the barrier properties
of nanocomposites increase until the rate of wOXI6
reaches 20 wt%, then they stabilize (Fig. 6). This evolu-
tion can be explained in the light of the evolution of the
relative permeability of the matrices. We can notice in
Figure 6 that, the curves representative of the matrices
and of the nanocomposites behaviour show the same
trends. This means that, for the range of compatibilizer
between 10 and 30 wt%, filler loading has the same effect
on the permeability. Moreover, the optimum oxidized
wax to clay weight ratio can be drawn from this figure:
it seems to be equal to 4, as for maleic anhydride grafted
polyethylene.

2.3.2 Influence of the Nanoclay Content

To study the effect of the nanoclay content, the compat-
ibilizer weight amount has been fixed to 30% and the
clay amount has been progressively increased to 7.5,
10.6 and 16.2 wt%, respectively. The choice of the com-
positions was made in order to achieve the best compro-
mise considering the processability of the formulations
in terms of extrusion blowing on one hand and the opti-
mal compatibilizer to clay weight ratio on the other
hand.

The TEM micrographs presented in Figure 7 show
that the nanocomposite morphology is similar in all
the range of considered clay amount with the presence
of numerous swollen clay aggregates.

A quantitative analysis of the size of the dispersed
domains has been performed from the detailed obser-
vation of at least 10 TEM micrographs for each sam-
ple. The results reported in Figure 8 show that the
filler dispersion state is less optimised in high loaded

systems. Indeed, the proportion of high size filler aggre-
gates increases as the filler content increases within the
matrix. However, the mean interplatelet distance deter-
mined by XRD analysis remains constant and equal to
34.5 A, whatever the clay content. Moreover, increas-
ing the clay content in the range from 0 to 16 wt%
does not lead to modify the matrix crystallinity degree
(Xc = 63%).

The gas barrier properties are enhanced as the filler
content increases (Fig. 9). The decrease of the gas trans-
port properties is significant for clay content going from
0 to 7.5 wt%. It is much more limited for clay content
above 10 wt%, due to the presence of numerous micro-
metric platelet aggregates characterized by a low aspect
ratio. According to these results, it seemed then interest-
ing to improve the global dispersion state of the fillers
within PE/IwOx16 based matrix that is why quaternary
systems were investigated.

2.4 Quaternary Systems Based on PE Matrix:
Simultaneous Use of hwMA9 and IwOX16

The previous study has shown that the oxidized paraffins
could induce interesting filler/matrix interfacial proper-
ties for gas barrier application but could not allow
obtaining clay delamination whereas iwM A9 could lead
to exfoliated structures but non optimized filler/matrix
properties. Therefore, it was interesting to see if a syner-
gism could be obtained by the simultaneous use of the
two interfacial agents, iwM A9 and IwOX16. Two nano-
composites were prepared for 5 wt% MMT-Tallow, the
first one containing 10 wt% of each interfacial agent and
the second one 20 wt%.

The XRD patterns reported in Figure 10 show that
the structures of the nanocomposites based on AwM A9
and /wOXI16 are similar to that one developed in the
nanocomposite based on IwOX16. Indeed an intense dif-
fraction peak located at 20 value around 2.9° is observed
for these nanocomposites, showing that an important
part of the clays are intercalated. However, the TEM
micrograph presented in Figure 11 allows modulating
this conclusion as numerous individual platelets
are observed in addition to swollen clay aggregates.
The clay dispersion seems then to be improved in
PE20% hwMA9 + 20% IwOXI16/MMT-Tallow
(Fig. 11) in comparison with PE/20% wOXI16/MMT-
Tallow (Fig. 3).

The gas permeability coefficients of the different
nanocomposites are reported in Figure 12. A small
improvement of the gas barrier properties is observed
by introducing hiwM A9 compatibilizer in addition to
IwOX16 in the system and by increasing the respective
amount of each compatibilizer.
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Figure 7

TEM micrographs representative of PE/lwOX16/MMT-Tallow for 30 wt% compatibilizer and 10.6 wt% (left side) and 16.2 wt% (right

side) MMT-Tallow.
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Quantitative analysis of the nanoclay dispersion within the
nanocomposites based on PE/30 wt% /IwOX16 matrix.
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Figure 9

Influence of the clay content on the permeability of the
nanocomposites based on 30 wt% oxidized wax for (®)
helium, (O) hydrogen and (-) carbon dioxide.
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XRD patterns of the MMT-Tallow organoclay and of the
PE nanocomposites based on wOX16, hwMA9 and a
(hwM A9/lwO X 16) blend.
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Figure 11

TEM micrograph of the PE nanocomposite based on 20 wt%
hwMA9 and 20 wt% IwOX 16 as interfacial agent.

CONCLUSION

The comparative study of the binary PA/clay and
PE/clay systems performed at 5 wt% of clays has shown
that, despite an adjusted clay modification, the use of a
polar matrix as clay dispersion medium was more
favourable to reach clay exfoliation as well as to create
strong enough clay/matrix interactions. As a result, a
significant improvement of the gas barrier properties
was observed in the PA/clay nanocomposite whereas
no modification of these properties was evidenced in

3.0
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Figure 12

Permeability coefficients of the nanocomposites based on
5 wt% MMT-Tallow and (@) 20 wt% /wOXI6, (@)
10 wt% wOXI16 + 10 wt% hwMA9 and (O) 20 wt%
wOX16 + 20 wt% hwMA9Y as interfacial agent within
the PE matrix.

the PE based system. The gas permeability decrease
was governed in the PA system by a tortuosity effect
which was directly related to the clay dispersion state.
Addition of modified polyolefins was used as a mean
to enhance the clay dispersion state within PE matrix.
For each type of compatibilizer studied in this work, oxi-
dized polyolefin type or maleic anhydride grafted poly-
olefin type, the optimum compatibilizer to clay weight
ratio was found to be equal to 4. However, the clay dis-
persion state could be very different as a function of the
systems. It greatly depended, in fact, on the mean molar
mass of the compatibilizer which defined the viscosity
level of the dispersion medium, a high viscosity leading
to enhanced clay dispersion. Exfoliated clays were then
mainly obtained by using high molar mass maleic anhy-
dride grafted polyethylene whereas swollen clay aggre-
gates were observed with oxidized polyethylene of low
or middle molar mass. In the compatibilized PE systems,
the enhancement of the barrier properties subsequent to
clay introduction was not directly related to the clay dis-
persion state since the clay/matrix interface played also a
significant role. The interfacial properties seemed to
greatly depend on the polarity of the compatibilizers.
As a result, the clay/matrix interfaces brought a negative
contribution to the reinforcement of the gas barrier
properties in the system based on the high molar mass
maleic anhydride grafted polyethylene due to the rela-
tively low polarity of the compatibilizer whereas they
allowed achieving a significant gas barrier improvement
in the systems based on oxidized waxes, which were
characterized by a higher value of the KOH index.
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Increasing the clay content to 10 wt% in this system did
not drastically modify the clay dispersion state and
allowed dividing the gas permeability by a factor 2 in
comparison with neat PE. Higher filler loadings became
detrimental to the filler dispersion state and did not bring
further increase of the gas barrier properties. The simul-
tancous use of oxidized wax and maleic anhydride
grafted polyethylene as compatibilizer was also investi-
gated. The coexistence of exfoliated clays and swollen
clay aggregates was evidenced in these systems and a
small additional increase of the gas barrier properties
in comparison with the system based on lonely oxidized
wax was achieved. Thus interesting reinforcement of gas
barrier properties could be achieved in a PE matrix by an
appropriate choice of the compatibilizer rate, type and/
or compatibilizer combination, in addition to the adjust-
ement of the organoclay content, keeping in mind that in
these systems, the gas barrier properties did not result
only from the clay dispersion state but also from the
clay/matrix interfacial properties.
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