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Abstract

Nanocomposites were prepared by melt mixing ethylene/methacrylic acid copolymers and organoclays, which were compared to equivalent
composites prepared from low-density polyethylene (LDPE) and a sodium ionomer of poly(ethylene-co-methacrylic acid). The effects of matrix
modification and organoclay structure on the morphology and properties of these nanocomposites were evaluated using stressestrain analysis,
wide-angle X-ray scattering (WAXS), and transmission electron microscopy coupled with particle analysis. With all four polymers, the use of
a two-tailed organoclay, M2(HT)2, led to the formation of more exfoliated nanocomposites than a one-tailed organoclay, M3(HT)1. Nanocom-
posites prepared from ethylene/methacrylic acid copolymers revealed better exfoliation compared to similar composites prepared from LDPE. It
seems that the presence of relatively small quantities (1.3e3.1 mol%) of the polar methacrylic acid monomer aids in improving the organoclay
exfoliation efficiency of these polymers. Nanocomposites prepared from the sodium ionomer of poly(ethylene-co-methacrylic acid) exhibited the
highest levels of organoclay exfoliation compared to all other polymers examined in this study. However, from the observations made in this
study, it was not possible to determine conclusively the relative interaction of carboxyl acid groups versus the salt form with the organoclay
and, thus, their influence on exfoliation; additional studies will be needed to reach a conclusion on this important point.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Nanocomposites prepared by melt mixing organically mod-
ified montmorillonite clays (organoclays) and polyolefins con-
tinue to generate much commercial interest because of their
potential for significant improvements in thermal, mechanical,
barrier, and flammability properties at low-filler levels. In or-
der to generate the high-aspect ratio particles required for
the aforementioned improvements it is necessary to exfoliate
the montmorillonite platelets in the polymer matrix. This is
difficult particularly in polyolefins, since there are no favor-
able interactions between the non-polar polymer and the polar
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aluminosilicate clays. Although complete exfoliation of clay
particles in melt processed polyolefin nanocomposites has
not been reported to date, it is possible to prepare nanocompo-
sites with commercially acceptable levels of organoclay
dispersion by employing an appropriate organoclay in con-
junction with some degree of chemical modification of the
polymer matrix. Grafting of maleic anhydride on the polyole-
fin backbone is known to significantly improve the interactions
between polyolefins and organoclays, and thus, improve exfo-
liation [1e5]. In fact, the use of maleic anhydride grafted
polypropylene as a compatibilizer has led to numerous appli-
cations for polypropyleneeorganoclay nanocomposites in the
automotive industry [6e8]. Other approaches to improve pol-
yolefineorganoclay compatibility include surface treatment of
the polyolefin particles [9] and copolymerization of the olefin
monomer with a polar monomer like acrylic acid [10] or vinyl
acetate [11e15].
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In this work we describe the preparation of nanocomposites
from copolymers of ethylene and the polar methacrylic acid
monomer. In addition, nanocomposites were also made from
an ionomer prepared by neutralizing some of the acid groups
of an ethylene/methacrylic acid copolymer [16]. The levels of
organoclay exfoliation achieved in these nanocomposites were
compared to that in an equivalent composite prepared from
low-density polyethylene (LDPE). All composites examined
in this study were prepared by melt mixing the polymers and
organoclays in a twin-screw extruder. The effects of matrix
modification and organoclay structure on the morphology and
properties of the nanocomposites were evaluated using stresse
strain analysis, wide-angle X-ray scattering (WAXS), and trans-
mission electron microscopy coupled with particle analysis.

2. Experimental

2.1. Materials

The polymers used in this study are listed in Table 1. These
include commercially available grades of poly(ethylene-
co-methacrylic acid), a sodium ionomer of poly(ethylene-
co-methacrylic acid), and a comparable grade of LDPE. For
brevity, in this manuscript, poly(ethylene-co-methacrylic
acid) will be referred to as ‘‘EMAA’’ and the sodium ionomer
of poly(ethylene-methacrylic acid) will be referred to simply
as ‘‘ionomer’’. The four polymers were chosen such that they
had similar melt indices. This was done to eliminate the
effects of differences in melt viscosities on organoclay exfoli-
ation [17]. Ethylene/methacrylic acid copolymers with two
different acid concentrations (EMAA-1 and EMAA-2) were
used to evaluate the effects of the content of the polar
comonomer on the organoclay exfoliation efficiency of the
polymers. The ionomer selected had the same concentration
of unneutralized methacrylic acid (w9 wt%) as EMAA-2
with w6 wt% of neutralized methacrylic acid.

Organically modified clays were generously donated by
Southern Clay Products and were used as received. They
were prepared by a cation exchange reaction between sodium
montmorillonite (Na-MMT) and quaternary ammonium sur-
factants [18]. The surfactants selected for preparing the orga-
noclays include one with a single long-alkyl tail, M3(HT)1

(trimethyl hydrogenated tallow), and another with two long-
alkyl tails, M2(HT)2 (dimethyl bis(hydrogenated tallow)). A
nomenclature system, similar to that used in prior papers
[18,19], has been adopted to describe the amine structure in
a concise manner, i.e., M for methyl, H for hydrogen, and
HT for hydrogenated-tallow oil, which consists predominantly
(w61%) of C18 chains [20]. The organoclays, thus, allowed us
to explore the effect of the number of alkyl tails on the extent
of organoclay exfoliation in the four polymers chosen for this
study. Selected properties of these organoclays are also
included in Table 1.

2.2. Melt processing

Melt compounded composites were prepared using a Haake,
co-rotating, intermeshing twin-screw extruder (diameter¼
30 mm, L/D¼ 10) using a barrel temperature of 200 �C, a
screw speed of 280 rpm, and a feed rate of 1200 g/h. The poly-
mers were dried in a vacuum oven at 65 �C for a minimum of
48 h prior to compounding while the organoclays were used as
received. These two components were premixed and fed into
the extruder using a single hopper.
Table 1

Materials used in this study

Materials (abbreviation used in this study) Commercial designation Specifications Supplier

Low-density polyethylene (LDPE) LD 621 Density¼ 0.92 g/cc Exxon Mobil Chemical

CompanyMI¼ 1.9 g/10 min

Ethylene/methacrylic acid copolymer

(EMAA-1)

Nucrel� 0403 Density¼ 0.93 g/cc E. I. du Pont de Nemours

and CompanyMI¼ 3.2 g/10 min

Methacrylic acid content¼ 3.9 wt%

Ethylene/methacrylic acid copolymer

(EMAA-2)

Nucrel� 0903 Density¼ 0.93 g/cc

MI¼ 2.6 g/10 min

Methacrylic acid content¼ 8.9 wt%

Sodium ionomer of ethylene/methacrylic

acid copolymer (Ionomer)

Surlyn� 8945 Density¼ 0.96 g/cc

MI¼ 4.5 g/10 min

Methacrylic acid content¼ 15.2 wt%

Sodium content¼ 1.99 wt%

Neutralization¼w40%

Organoclay: trimethyl hydrogenated-tallow

ammonium montmorillonite (M3(HT)1)

Experimental Organic loadinga¼ 95 MER Southern Clay Products

Organic content¼ 29.6 wt%

d001 spacingb¼ 18 Å

Organoclay: dimethyl bis(hydrogenated tallow)

ammonium montmorillonite (M2(HT)2)

Cloisite� 20A Organic loadinga¼ 95 MER

Organic content¼ 39.6 wt%

d001 spacingb¼ 25.5 Å

a The organic loading describes the number of milliequivalents of amine salt used per 100 g clay (MER) during the cation exchange reaction with sodium

montmorillonite.
b The basal spacing corresponds to the characteristic Bragg reflection peak d001 obtained from a powder WAXS scan of the organoclay.
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Tensile specimens (ASTM D638) were prepared by injec-
tion molding using an Arburg Allrounder 305-210-700
injection-molding machine using a barrel temperature of
220 �C, mold temperature of 45 �C, injection pressure of
40 bar, and a holding pressure of 40 bar. After molding, the
samples were immediately sealed in a polyethylene bag and
placed in a vacuum desiccator for a minimum of 24 h prior
to testing.

2.3. Testing and characterization

Tensile tests were conducted at room temperature accord-
ing to ASTM D696 using an Instron model 1137 machine
equipped with digital data acquisition capabilities. Modulus
was measured using an extensiometer at a crosshead speed
of 0.51 cm/min. Elongation at break and the ultimate tensile
strength were measured at a crosshead speed of 5.1 cm/min.
In most cases, the stressestrain curves did not reveal a distinct
yield point; hence, that data are not included in this paper.
Typically, data from six specimens were averaged to deter-
mine the tensile properties with standard deviations of the or-
der of 1e7% for modulus, 1e3% for tensile strength at break,
and 1e5% for elongation at break.

WAXS was conducted using a Scintag XDS 2000 diffrac-
tometer in the reflection mode with an incident X-ray wave-
length of 1.542 Å (Cu Ka radiation) at a scan rate of 1.0�

per minute. X-ray analysis was performed at room temperature
on injection-molded Izod bars. The specimens were oriented
such that the incident beam reflected off the major face. Sam-
ples for TEM analysis were taken from the core portion of an
Izod bar parallel to the flow direction but perpendicular to the
major face. Ultrathin sections w50 nm in thickness were cut
with a diamond knife at a temperature of �65 �C using a
RMC PowerTome XL microtome. Sections were collected on
300 mesh grids and subsequently dried with filter paper. These
were then examined using a JEOL 2010F TEM equipped with
a field emission gun at an accelerating voltage of 120 kV. The
negative films containing the electron micrographs were
Table 2

Mechanical properties deduced from stressestrain experiments on the unfilled polymers and their nanocomposites

Polymer Organoclay Clay content

(MMT, wt%)

Tensile modulus

(E, MPa)

Relative modulus

(E/Em)

Ultimate tensile strength

(5.1 cm/min, MPa)

Elongation at break

(5.1 cm/min, %)

LDPE None 0.0 114 1.00 13.6 108

M3(HT)1 2.5 155 1.36 14.4 87

5.0 172 1.51 14.4 80

7.5 194 1.70 14.1 73

10 218 1.91 14.0 67

M2(HT)2 2.5 178 1.56 14.2 83

5.0 227 1.99 14.3 77

7.5 280 2.46 14.3 70

10 375 3.29 14.2 62

EMAA-1 None 0.0 118 1.00 13.9 136

M3(HT)1 2.5 151 1.31 14.3 120

5.0 180 1.52 14.5 108

7.5 220 1.86 14.9 99

10 260 2.20 15.2 90

M2(HT)2 2.5 189 1.60 14.7 111

5.0 259 2.20 16.5 99

7.5 328 2.78 17.5 91

10 425 3.60 18.0 82

EMAA-2 None 0.0 73 1.00 15.4 185

M3(HT)1 2.5 112 1.53 16.1 176

5.0 133 1.82 16.7 165

7.5 178 2.44 17.4 148

10 220 3.01 18.5 133

M2(HT)2 2.5 147 2.01 17.8 156

5.0 203 2.78 19.1 143

7.5 254 3.48 20.6 134

10 353 4.83 22.2 120

Ionomer None 0.0 262 1.00 21.3 194

M3(HT)1 2.5 349 1.33 21.2 117

5.0 410 1.56 21 111

7.5 465 1.77 22.1 119

10 563 2.15 23.2 116

M2(HT)2 2.5 403 1.54 22.3 127

5.0 560 2.14 23.8 111

7.5 732 2.79 26.6 72

10 919 3.51 29.4 65
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electronically scanned and converted into gray scale tagged-
image file format (TIFF) files. To conduct quantitative analysis
on these images, the lengths, thicknesses, and aspect ratios of
the particles were determined. The lengths and thicknesses of
the dispersed platelets and agglomerates were traced digitally
on an overlapped blank layer in Adobe Photoshop under high
magnification. Two separate tracings were done for each TEM
pictures: one contained the lengths of the particles and the
other one contained their thicknesses. The resulting black
and white layer files were then imported into an image analy-
sis software, Sigmascan Pro, which analyzed the traced parti-
cles, assigned a numerical label to each of them, and exported
their characteristic dimensions to a different file. In previous
studies from this laboratory [9,19,21,22], the average particle
aspect ratio for a given nanocomposite was determined by di-
viding the average particle length by the average particle
thickness. In this study, an extra effort was taken to determine
the aspect ratio of each individual particle by dividing its
length by its thickness. Number-average and weight-average
values of the aspect ratios determined using these two methods
were later compared to the aspect ratios deduced from the
HalpineTsai model for nanocomposites exhibiting similar
levels of reinforcement.

3. Results

Mechanical properties deduced from stressestrain experi-
ments on the unfilled polymers and their nanocomposites are
tabulated in Table 2.

3.1. LDPE vs EMAA

Fig. 1 displays typical stressestrain diagrams of the nano-
composites prepared by melt mixing M2(HT)2 organoclay with
LDPE and EMAA. Composites made using M3(HT)1 organo-
clay revealed similar trends, and hence are not shown here. For
all samples, the stressestrain diagrams suggest the absence
of a distinct yield point followed by different levels of strain
hardening. The curves shift to higher stresses as the clay con-
tent increases e a result of progressive reinforcement as the
clay content increases. It is noteworthy that while the stresse
strain curves for the nanocomposites prepared from EMAA
copolymers are widely spaced from each other, those for com-
posites prepared from LDPE are not so well separated. In other
words, upon increasing the MMT content from 2.5 wt% to
10 wt%, the increase in reinforcement of LDPE-based com-
posites is not as significant as that for EMAA-based compos-
ites. This suggests that as the montmorillonite content
increases from 2.5 wt% to 10 wt% in LDPE-based composites,
the concentration of the high-aspect ratio particles does not
increase as much as seen in EMAA-based composites.

Tensile modulus data for nanocomposites prepared by melt
mixing LDPE and EMAAs with M3(HT)1 and M2(HT)2 orga-
noclays are presented in Fig. 2(a). It is clear that for all
three polymers the level of reinforcement achieved with the
two-tailed organoclay, M2(HT)2, is significantly greater than
that with the one-tailed organoclay, M3(HT)1. These trends
are opposite from those reported for nanocomposites prepared
from nylon 6 [18,23]. It appears that, unlike nylon 6, these
polymers have more affinity for the largely aliphatic alkyl
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Fig. 1. Stressestrain diagrams of nanocomposites prepared from M2(HT)2

organoclay and (a) LDPE, (b) ethylene/methacrylic acid copolymer containing

3.9 wt% methacrylic acid (EMAA-1), and (c) ethylene/methacrylic acid copoly-

mer containing 8.9 wt% methacrylic acid (EMAA-2). The crosshead speed

was fixed at 5.1 cm/min.
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tails than the polar surface of the aluminosilicate clays. The
two-tailed surfactant not only offers a greater number of
alkylepolymer interactions compared to the one-tailed surfac-
tant, but also shields the surface of the clay better than the
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Fig. 2. Tensile modulus (a) and elongation at break (b) of nanocomposites

prepared from LDPE and the two ethylene/methacrylic acid copolymers

(EMAA-1 and EMAA-2).
latter. The combination of these effects results in a higher level
of organoclay exfoliation, and thus, greater reinforcement in
the nanocomposites prepared from M2(HT)2 organoclay com-
pared to those prepared from M3(HT)1 organoclay. A compar-
ison between the moduli of nanocomposites prepared from
LDPE and EMAA-1 also provides some interesting insights
into the relative levels of exfoliation in these systems. Despite
the fact that the two unfilled polymers have very similar mod-
uli, nanocomposites prepared from EMAA-1 exhibit higher
levels of reinforcement compared to equivalent composites
prepared from LDPE. This suggests higher levels of organo-
clay dispersion in nanocomposites prepared from EMAA-1
than those from LDPE.

The relationship between the MMT content of the
M2(HT)2-based nanocomposites and the elongation at break
is shown in Fig. 2(b). It is interesting to note the differences
in the elongation at break for the three unfilled polymers. It ap-
pears that the ductility of these copolymers increases with an
increase in the methacrylic acid content. This is likely a conse-
quence of the lower crystallinity caused by the incorporation
of the bulky methacrylic acid units [24]. As expected, the duc-
tility of all polymers decreases with an increase in the MMT
content. Nanocomposites prepared using M3(HT)1 organoclay
show similar trends as shown in Table 2.

Fig. 3 shows TEM micrographs comparing the morphol-
ogies of nanocomposites prepared from LDPE and EMAA co-
polymers using M2(HT)2 organoclay. The concentration of
montmorillonite in all three cases is 2.5 wt%. The micrographs
of nanocomposites prepared from EMAA-1 and EMAA-2 re-
veal thinner clay stacks compared to the one prepared from
LDPE, which suggest better clay dispersion in the former
than in the latter. Note the differences in magnification as in-
dicated by the lengths of the scale bars in the different views.
A quantitative comparison of the level of organoclay exfolia-
tion in the three matrices is provided in Section 4.

WAXS scans of injection-molded nanocomposite samples
containing 2.5 wt% MMT prepared from LDPE and the two
ethylene/methacrylic acid copolymers are shown in Fig. 4. It
should be noted that the scans presented here primarily reflect
the composite morphology in the skin of the injection-molded
samples, which could be quite different from the core (due to
200 nm200 nm200 nm
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Fig. 3. TEM micrographs of nanocomposites prepared from M2(HT)2 organoclay and (a) LDPE, (b) ethylene/methacrylic acid copolymer containing 3.9 wt%

methacrylic acid (EMAA-1), and (c) ethylene/methacrylic acid copolymer containing 8.9 wt% methacrylic acid (EMAA-2). The concentration of MMT in all cases

is w2.5 wt%.
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differences in platelet alignment caused by the flow fields dur-
ing the injection-molding process) [1,25,26]. The X-ray scan
for the neat M2(HT)2 organoclay is also included for compar-
ison. The scans of all nanocomposites show a distinct peak in-
dicative of the presence of unexfoliated tactoids. However,
these peaks have shifted in different directions with respect
to the peak in the WAXS pattern of the pristine M2(HT)2 orga-
noclay. The position of the scattering peak for nanocomposites
is dependent on several phenomena that transpire during melt
processing. One of them is the reduction in d-spacing caused
by the thermal degradation of the organoclay that occurs
when nanocomposites are processed at a temperature of
200 �C. A detailed discussion on organoclay degradation in
melt processed LDPEeM2(HT)2 and LDPEeM3(HT)1 nano-
composites was given in an earlier paper [27]. The other factor
is the intercalation of the polymer and/or low-molecular
weight oligomers (that may be present in the matrix) in the
interplatelet region of the organoclay which results in an
increase in its d-spacing. Recently other explanations have
also emerged [27,28]. It appears that in the case of LDPEe
M2(HT)2 composites the degradation effects dominate while
in the case of EMAA-2-based nanocomposites the intercala-
tion effects dominate.

3.2. LDPE vs ionomer

Typical stressestrain behavior of LDPE and the ionomer
are compared in Fig. 5. The stressestrain curve for the unfilled
ionomer, unlike that for LDPE, reveals a distinct yield point. It
also reveals considerable degree of strain hardening, the extent
of which gradually decreases with an increase in the montmo-
rillonite content. Similar to the EMAA nanocomposites
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described earlier, the stressestrain curves for the ionomer
are widely spaced compared to those for LDPE, suggesting
a larger increase in the degree of reinforcement compared to
LDPE when the montmorillonite content increases from
2.5 wt% to 10 wt%.

Tensile moduli of nanocomposites prepared from LDPE
and the ionomer are compared in Fig. 6. Like the LDPE and
EMAA nanocomposites, the ionomereM2(HT)2 nanocompo-
sites also exhibit a higher level of reinforcement compared
to ionomereM3(HT)1 nanocomposites. As an extension of
this idea, a three-tailed organoclay, methyl trihexadecyl am-
monium montmorillonite was also examined. This resulted
in even higher levels of reinforcement in the two polymers
[19,29]. The effect of the number of alkyl tails of the organic
modifier on the level of organoclay exfoliation in the two poly-
mers is corroborated by the pictorial evidence provided by the
TEM micrographs in Fig. 7. For both polymers, the use of
a multiple-tailed organoclay results in the formation of
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Fig. 5. Stressestrain diagrams of nanocomposites prepared from M2(HT)2
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nanocomposites with more exfoliated morphology compared
to equivalent composites prepared from a one-tailed organo-
clay. Another clear trend from the micrographs is that for both
organoclays the level of exfoliation achieved in the ionomer is
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higher than that achieved in LDPE. It appears that the presence
of the neutralized and unneutralized methacrylic acid groups
and clusters of sodium ion in the ionomer improves the favor-
able interactions between the organoclay and the polymer,
which subsequently leads to better exfoliation in these systems
compared to nanocomposites prepared from LDPE.

The WAXS scans of nanocomposites prepared from LDPE
and the ionomer are compared in Fig. 8. As mentioned earlier,
the scans presented here primarily reflect the composite mor-
phology in the skin of the injection-molded samples, which
could be quite different from the core [1,19,25,26]. The
X-ray scans of the organoclays are also included for compar-
ison (dotted curves). For nanocomposites prepared from both
LDPE and the ionomer, the X-ray peaks of the composites
formed from the one-tailed organoclay, M3(HT)1, have shifted
to lower d-spacings than the organoclay. This is largely due to
the thermal degradation of the one-tailed surfactant as men-
tioned earlier [27]. WAXS scans of nanocomposites prepared
from the two-tailed organoclay are different for LDPE and
the ionomer. While the X-ray peak for the LDPEeM2(HT)2

composites shifted to lower d-spacings, the X-ray patterns of
the ionomereM2(HT)2 nanocomposites shifted to higher
d-spacings relative to the peak for the M2(HT)2 organoclay.
As mentioned earlier, the increase in the d-spacing observed
Fig. 7. TEM micrographs of nanocomposites prepared from LDPE and the ionomer using (a,b) a one-tailed organoclay, M3(HT)1, and (c, d) a two-tailed

organoclay, M2(HT)2. The concentration of MMT in all four samples is w2.5 wt%.
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in the ionomereM2(HT)2 nanocomposites could be a result of
the intercalation of the polymer or some oligomers (that may
be present in the polymer) inside the clay galleries. The
position of the peak was independent of the montmorillonite
concentration of the nanocomposites [29,30].

4. Discussion

As described above, nanocomposites were prepared by melt
mixing organoclays with ethylene/methacrylic acid copoly-
mers and a sodium ionomer of poly(ethylene-co-methacrylic
acid). Although, all of the above three polymers exfoliated
the organoclays more effectively than the base polyolefin
(LDPE), the level of exfoliation was lower than that exhibited
by nylon 6-based composites [21]. In terms of preference for
a surfactant treatment, all four polymers showed the same
trend, i.e., unlike nylon 6 [18,23], these polymers exfoliate
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and are plotted for comparison. The curves are shifted vertically for clarity.
the two-tailed organoclay, M2(HT)2, much better than the
one-tailed organoclay, M3(HT)1 (see Figs. 3 and 7). It would
be interesting to see if this trend is reversed (becomes similar
to nylon 6) if the methacrylic acid content of the copolymer is
increased beyond a certain critical concentration. However,
such an investigation is beyond the scope of this paper and
should be the focus of another study.

A quantitative comparison of the relative levels of exfolia-
tion achieved in all of the above polymers could shed further
light on the effects of matrix modification on organoclay exfo-
liation. Generally, relative modulus data (E/Em) are a reliable
measure of the level of exfoliation when comparing nanocom-
posites made from polymers that have similar moduli (e.g.,
LDPE and EMAA-1). However, this measure is inadequate,
and sometimes misleading, while comparing nanocomposites
prepared from polymers whose modulus values differ consid-
erably from each other [30,31]. For example, as described ear-
lier and shown in Fig. 7, nanocomposites (containing 2.5 wt%
MMT) prepared from the ionomer display a significantly more
exfoliated morphology compared to equivalent composites
prepared from LDPE. However, as shown in Fig. 9, compos-
ites prepared from these two polymers exhibit similar levels
of reinforcement (relative modulus) with either organoclays.
The fact that the modulus of the ionomer is more than twice
that of LDPE contributes somewhat to this effect. Composite
theory [32,33] predicts that for a given filler aspect ratio,
low-modulus matrices offer greater potential for reinforcement
by a given amount of filler than high-modulus matrices due to
the larger ratio of filler modulus to matrix modulus.

Alternatively, a comparison of the filler aspect ratios in dif-
ferent nanocomposites should provide useful insights into the
relative levels of organoclay exfoliation of these systems. As
described in Section 2, number-average and weight-average
aspect ratios of nanocomposites containing 2.5 wt% MMT
were computed using two different methods. These values are
tabulated in Table 3. As an example, histograms of MMT par-
ticle lengths, thicknesses, and aspect ratios of nanocomposites
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Table 3

Results of particle analysis of nanocomposites

Total number

of particles

Number-

average

particle

length

ð[n; nmÞ

Weight-

average

particle

length

ð[w; nmÞ

Number-

average

particle

thickness

ðtn; nmÞ

Weight-

average

particle

thickness

ðtw; nmÞ

Number-

average

aspect

ratio h[=tin

Weight-

average

aspect

ratio h[=tiw

ð[n=tnÞ ð[w=twÞ

LDPEþ 2.5 wt% MMT 166 181 224 20.9 35.7 13 18 9 6

EMAA-1þ 2.5 wt% MMT 321 122 167 5.5 10.1 26 34 22 17

EMAA-2þ 2.5 wt% MMT 290 140 166 6.4 10.1 28 36 22 16

Ionomerþ 2.5 wt% MMT 334 118 138 3.7 4.9 36 44 32 28
containing w2.5 wt% MMT prepared from EMAA-1 and
M2(HT)2 organoclay are presented in Fig. 10. The underlying
assumptions in this approach are that the samples are homoge-
neous and the snapshot views provided by the TEM micro-
graphs are representative of the morphology of the entire
composite sample. The data in Table 3 suggest that the filler
particles in the nanocomposites prepared from EMAA-1,
EMAA-2, and the ionomer are shorter and thinner than the
ones in the LDPE nanocomposites. To get a clear picture of
the effect of matrix modification on organoclay exfoliation
in LDPE-based composites a plot of the number-average par-
ticle aspect ratio of the nanocomposites, h[=tin, is plotted as
a function of the methacrylic acid content of the matrix poly-
mers in Fig. 11. The choice of h[=tin for the above-mentioned
graph was arbitrary since all four averages revealed similar
trends. Of the four nanocomposites, the one prepared from
LDPE has the lowest average aspect ratio. The incorporation
of methacrylic acid seems to increase the ability to exfoliate
the organoclays as shown by the higher aspect ratios of
EMAA-1 and EMAA-2-based nanocomposites compared to
the LDPE nanocomposite. It is interesting to note that there
is no significant change in the filler particle dimensions
when the methacrylic acid content is increased from
3.9 wt% to 8.9 wt%. Nanocomposites prepared from the ion-
omer had the largest particle aspect ratio, which suggests
that of the four polymers, the ionomer is the most effective
at exfoliating the M2(HT)2 organoclay. As mentioned in Table
1, the ionomer used in this study contains 15.2 wt% metha-
crylic acid, of which 40% is neutralized with sodium acetate
to form a sodium salt, i.e., it contains w9 wt% of unneutral-
ized methacrylic acid (similar to EMAA-2) with w6 wt% of
neutralized acid. Unfortunately, it is not possible to identify
the precise contribution of each components (unneutralized
and neutralized methacrylic acid groups and sodium ion
clusters) of the ionomer to this result.

5. Comparison with HalpineTsai model

Numerous attempts have been made to model the properties
of nanocomposites and to correlate the experimental data with
such models [21,34e36]. In most cases, modeling is carried
out based on the assumption of fully exfoliated and well-
oriented clay layers. However, in this study the morphology
of the nanocomposites shows a wide range of diversity e
mostly unexfoliated for LDPE-based nanocomposites to fairly
exfoliated for ionomer-based nanocomposites. Hence, it would
not be appropriate to model all the composites in the same way.
To account for these differences, we model the ionomer-based
nanocomposite as an exfoliated nanocomposite (not an unrea-
sonable assumption considering the evidence provided by
TEM micrographs in Fig. 7) and the composites prepared
from LDPE, EMAA-1, and EMAA-2 as partially exfoliated
composites in which the partially exfoliated organoclay parti-
cle can be treated as the filler particle as previously suggested
by Fornes and Paul [21]. The tensile modulus of such a filler
particle (Ep) in the direction parallel to the long axis of the par-
ticle (and individual MMT platelets) can be estimated by using
the rule of mixtures, as described by Brune and Bicerano [37]

Ep ¼ vMMTEMMT þ vgalleryEgallery ð1Þ

where, vMMT and vgallery are the volume fractions of the mont-
morillonite platelet (in a particle) and the gallery space, re-
spectively, while EMMT and Egallery are their corresponding
moduli. Since, the modulus of the platelet is significantly
larger than the modulus of the gallery, Eq. (1) reduces to

Ep ¼ vMMTEMMT ð2Þ

The volume fraction of the montmorillonite platelets within
a particle was determined using the d-spacing of pure MMT
(d001¼ 0.96 nm) and of the nanocomposites obtained from
WAXD analysis of the samples. For example, the X-ray scans
of LDPEeM2(HT)2 nanocomposites reveal a d-spacing of
2.25 nm (see Fig. 4). Hence, vMMT w 0.96/2.25¼ 0.427,
which when substituted in Eq. (2) gives the tensile modulus
of the filler particle as 76 GPa. The tensile moduli of the par-
ticles were then inserted in the analytical form of the Halpine
Tsai model [32,33,38,39]

E

Em

¼ 1þ zhff

1� hff

ð3Þ

where ff is the volume fraction of the filler, z is a shape pa-
rameter which could be approximated as 2� (particle aspect
ratio) [39], and h is given by

h¼ Ep=Em� 1

Ep=Em þ z
ð4Þ

The values of the modeling parameters for all nanocompo-
sites containing 2.5 wt% MMT prepared using M2(HT)2 orga-
noclay are included in Table 4. As mentioned earlier, the
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crylic acid copolymer, EMAA-1.
ionomer-based nanocomposite is modeled as an exfoliated
system where Ep¼ 178 GPA, the modulus of MMT. The above
equations were used to derive the filler aspect ratio of nano-
composites for a given value of E/Em.

The results deduced from the model are compared with
experimental data in Fig. 12. As is evident, none of the four
averages shows complete agreement (i.e. for all four poly-
mers) with the values deduced from the model. For example,
the experimentally determined number-average aspect ratio
of filler particles, h[=tin, for nanocomposites formed from
LDPE and the ionomer shows good agreement with the theo-
retically derived values. However, for both EMAA copolymers
the same average ðh[=tinÞ shows significant disagreements with
the aspect ratios deduced from the model. Thus, it is difficult
to say which statistical average best represents the nanocom-
posites examined in this study, i.e., which average should be
used for modeling calculations. Of course, it should be
remembered that numerous assumptions are built into the
calculations based on the HalpineTsai model [32,33,38,39].
The particle analysis method used also has a few practical
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Table 4

Parameters used for HalpineTsai modelinga

d-spacing

(d001, Å)

Vol. fraction

of MMT in

a particle

(vMMT)

Modulus

of particle

(Ep, Gpa)

Ep/Em Vol. fraction

of the filler in

nanocomposite

(ff)

LDPE 2.25 0.427 76.0 666.7 0.0192

EMAA-1 2.42 0.397 70.6 598.3 0.0209

EMAA-2 2.76 0.348 61.9 847.9 0.0239

Ionomer NA 1 178.0 679.4 0.0086

a Nanocomposites contained 2.5 wt% MMT and were prepared using

M2(HT)2 organoclay. Ionomer-based nanocomposite was modeled as an

exfoliated composite whereas composites prepared from LDPE, EMAA-1,

and EMAA-2 were modeled as partially exfoliated composites.
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limitations associated with it as described in earlier papers
[9,30].

6. Conclusion

Mechanical properties and morphologies of nanocomposites
prepared by melt mixing organoclays with LDPE, ethylene/
methacrylic acid copolymers, and a sodium ionomer of poly-
(ethylene-co-methacrylic acid) were compared to evaluate
the effects of matrix modification on the exfoliation efficiency
of LDPE. With all four polymers, the use of a two-tailed
organoclay, M2(HT)2, led to the formation of more exfoliated
nanocomposites than a one-tailed organoclay, M3(HT)1. Nano-
composites prepared from EMAA copolymers revealed higher
levels of organoclay exfoliation compared to equivalent
composites prepared from LDPE. Of the four polymers, the
ionomer-based nanocomposites exhibited the most exfoliated
morphology. However, it was difficult to conclude whether this
is a result of its higher methacrylic acid content or the fact that
some of the acid units in the ionomer have been neutralized to
form a salt with possibly different interactions between the
organoclay and the acid units present in the polymer.

These results warrant a more extended study using custom
designed EMAA copolymers and ionomers such that the two
polymers have the same acid contents and melt indices. Such
polymers are challenging to make since neutralization dramat-
ically affects the rheology [16,40,41]. However, such a com-
parison would help to identify the precise role played by the
ionic units versus acid units on organoclay exfoliation.
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