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Abstract

A series of ethylene-vinyl acetate copolymers, EVA, containing 0e40% VA and three organoclays, M2(HT)2, M3(HT)1 and (HE)2M1T1, were
melt processed to explore the relationship between the polarity of the polymer matrix and the organoclay structure on the extent of exfoliation
and properties of the resulting nanocomposites. The degree of exfoliation of the nanocomposites was evaluated by TEM, WAXS, and mechanical
testing. Quantitative particle analyses of TEM images were made to give various averages of the clay dimensions and aspect ratio. The results
from different techniques were generally consistent with each other. These EVA copolymer nanocomposites show dramatically improved exfo-
liation of the organoclay as the VA content is increased. Nanocomposites based on the organoclay with two alkyl tails always gave better
exfoliation than those based on the organoclays with a single tail at all VA levels; however, the relative advantage of the two tails versus one
tail seems to diminish with increased VA level. The predictions of tensile modulus using a simple composite model based on HalpineTsai
equations show rather good agreement with the experimental data.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymer nanocomposites prepared from high aspect ratio
platelets of clays like montmorillonite may achieve significant
improvements in mechanical, thermal, barrier, and flamma-
bility properties at very low filler concentrations [1e3], com-
pared to conventional composites, without a significant
increase in density or loss of optical properties. To take advan-
tage of the high aspect ratio of these silicate platelets, the
challenge is to exfoliate the individual platelets within the
polymer matrix which requires favorable polymereorganoclay
interactions.

Ammonium surfactants are usually used to modify mont-
morillonite clay to gain better affinity between the hydrophilic
aluminosilicate clay and the organophilic polymer matrix;
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polymers with different levels or types of polarity may require
different surfactant structures to achieve the best exfoliated
structure. Previous studies in our laboratory showed that nylon
6-based nanocomposites have the best exfoliation when the or-
ganoclay is formed from a surfactant with only one long alkyl
tail [4,5]; on the other hand, polyolefin matrices give better
exfoliation with organoclays modified by a surfactant with
two or more long alkyl tails [6e9].

Ethylene-vinyl acetate (EVA) copolymers are a class of
widely used polymers, with a variety of industrial applications
such as cable and wire, flexible packaging, hose and tube, pho-
tovoltaic encapsulants and footwear. They contain polar vinyl
acetate and non-polar ethylene units in the polymer chain. By
varying the vinyl acetate content, EVA copolymers can be tai-
lored for applications as rubbers, thermoplastic elastomers and
plastics. Recently there has been interest in improving the
flammability characteristics of EVA copolymers, for their ap-
plication in wire and cable jackets and insulation, by melt
blending with organoclays [10e14].
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This paper explores the relationship between the polarity of
the polymer matrix and the organoclay structure on the extent
of exfoliation and properties of the resulting nanocomposites.
Our rationale for choosing ethylene-vinyl acetate copolymers
as the matrix is as follows. By adjusting the VA concentration
in the EVA copolymer, the polymereorganoclay interactions
can be varied. In doing so, the optimum surfactant structure
may switch from the type that works best for polyolefins
(two or more tails) to that works best for very polar polymers
like nylon 6 (one tail) as the VA content is increased.

2. Experimental

2.1. Materials

Table 1 describes the commercially available grades of eth-
ylene-vinyl acetate copolymers supplied by DuPont and a com-
parable grade of LDPE from Novapol used in this work. These
polymers have a similar melt index of 2e3 g/10 min, with
vinyl acetate contents ranging from 0 to 40 wt%.

Organoclays, generously donated by Southern Clay Prod-
ucts, Inc., were formed by cation exchange between sodium
montmorillonite (CEC¼ 92 meq/100 g clay) and various qua-
ternary ammonium salts. Some frequently used abbreviations
are employed here to represent the substituents on the ammo-
nium cation, e.g., M for methyl and HE for 2-hydroxy-ethyl,
while T and HT represent long alkyl chains from natural tallow
oil and hydrogenated tallow, respectively. These organoclays
were selected to explore the effects of the ammonium surfac-
tant structure on the dispersion of the clay particles in different
EVA copolymer matrices. M2(HT)2 and M3(HT)1 organoclays
allow a comparison of the effect of a number of long alkyl
tails, while the M3(HT)1 and (HE)2M1T1 organoclays allow
a comparison of the effect of having hydroxyl functional
groups versus not having any (Table 2).

Table 1

Polymers used in this study

Materials Trade name Supplier wt%

VA

MI

(g/10 min)

Density

(g/cm3)

Melting

temperature

(�C)

LDPE LF-0219-A Novapol 0 2.3 0.918 107

EVA-9.3 Elvax� 760Q DuPont 9.3 2.0 0.93 100

EVA-18 Elvax� 460 DuPont 18 2.5 0.941 88

EVA-28 Elvax� 265 DuPont 28 3.0 0.951 73

EVA-40 Elvax� 40L-03 DuPont 40 3.0 0.966 58

Note: all the data shown in this table were obtained from the manufacturers.
2.2. Processing

EVA nanocomposites were prepared by melt compounding
in a Haake, co-rotating, intermeshing twin screw extruder
(D¼ 30 mm, L/D¼ 10) at a screw speed of 280 rpm with
a feed rate of 1000 g/h, using a barrel temperature of
170 �C. EVA materials were dried in a vacuum oven for a mini-
mum of 24 h prior to the compounding, while the organoclays
were used as received.

For nanocomposites formed from LDPE, EVA-9.3, EVA-18
and EVA-28, tensile (ASTM D638) and Izod (ASTM D256)
specimens were formed using an Arburg Allrounder 305-
210-700 injection molding machine. Due to the difficulty of
injection molding EVA-40, a DSM Micro 5 melt compounder
was used to melt the nanocomposites formed with the twin
screw extruder, and then a DSM micro-injection molding
machine was used to make small rectangular bars (0.32�
1.00� 7.10 cm). Both injection molding operations were
conducted at a barrel temperature of 180 �C and a mold tem-
perature of 25 �C, with injection pressure and holding pressure
both set at 40 bar. After molding, the specimens were immedi-
ately sealed in a polyethylene bag and placed in a vacuum
desiccator for a minimum of 24 h prior to mechanical testing.
For EVA-40 based nanocomposites, mechanical testing was
not performed; however, the morphology was examined by
TEM and WAXS.

The data below are reported in terms of the weight percent
montmorillonite (MMT) in the composites rather than the
amount of organoclay, since the silicate is the reinforcing com-
ponent. The amount of montmorillonite in the nanocomposite
was determined by placing pre-dried nanocomposite pellets in
a furnace at 900 �C for 45 min and weighing the remaining
MMT ash. A correction for loss of structural water was
made in the calculation [15e17].

2.3. Characterization

TEM images were obtained using a JEOL 2010F transmis-
sion electron microscope operating under an accelerating volt-
age of 120 kV. Ultra-thin sections (w50 nm) were cut from
the central part of the rectangular injection molded bars in
the plane parallel to the flow direction under cryogenic condi-
tions using an RMC PowerTome XL microtome.

X-ray diffraction scans were obtained using a Scintag XDS
2000 diffractometer in the reflection mode, using an incident
X-ray wavelength of 1.541 Å at a scan rate of 1.0 deg/min
over the range of 2q¼ 1e12�. The skin of the major faces
Table 2

Organoclays used in this study

Organoclay designation SCP designation Surfactant chemical structure Specifications

M2(HT)2 Cloisite 20A Dimethylbis(hydrogenated-tallow) ammonium montmorillonite 95 MER, d001¼ 2.42 nm

M3(HT)1 SCPX 1137 Trimethyl hydrogenated-tallow

ammonium montmorillonite

95 MER, d001¼ 1.80 nm

(HE)2M1T1 Cloisite 30B Bis(2-hydroxy-ethyl)methyl tallow

ammonium montmorillonite

90 MER, d001¼ 1.79 nm
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Fig. 1. Illustration of particle analysis procedures.
of the injection molded rectangular bars was scanned while the
organoclays were analyzed in powder form.

Tensile tests were performed on an Instron model 1137
machine upgraded for computerized data acquisition. Modulus
values were determined using an extensometer at a cross-
head speed of 0.51 cm/min. Elongation at break was measured
at a crosshead speed of 5.1 cm/min. Data reported here re-
present an average from measurements on at least five
specimens.
2.4. Particle analysis

An analysis of the clay particles was conducted using TEM
images at a 10e15k magnification for each sample. Due to the
low contrast of the TEM images, digital image files were
saved in .tiff or .jpg format, which could be opened in Adobe
Photoshop, where the dimensions of the dispersed platelets
and agglomerates were traced into overlapped transparent
layers. Two separate tracings were done for each TEM images,
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Fig. 2. TEM micrographs of nanocomposites containing w5 wt% MMT based on different organoclays and prepared from various EVA copolymers (a) LDPE,

(b) EVA-9.3, (c) EVA-18, (d) EVA-28 and (e) EVA-40.
one to measure the lengths of the particles and the other to
measure particle thickness. For some nanocomposites with
well-exfoliated structures, no attempt was made to measure
the thickness of single platelets as this introduces relatively
large errors; these particles were assigned to a thickness of
0.94 nm [18] corresponding to the known results for MMT
platelets. The two resulting layers can be transferred to sepa-
rate image files with high contrast for accurate analysis by Sig-
maScan Pro, the software used to analyze the traced particles
in terms of both length and thickness. After analysis, two se-
ries of numbers were assigned to the length tracings and thick-
ness tracings, respectively, and their characteristic dimensions
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Fig. 2. (Continued)
were exported into two separate files. In this paper, four kinds
of aspect ratios are reported, i.e., the number and weight
averages of the aspect ratios determined for individual
particles (hl/tin and hl/tiw) and ratios of the number or weight
averages of particle lengths and thicknesses ðln=tn and lw=twÞ.
Since the measurement of the lengths and thicknesses of the
Table 3

Results of particle analysis of nanocomposites containing 5 wt% MMT

Organoclay Vinyl

acetate

(wt%)

Total number

of particles

Number average

particle length

(ln, nm)

Number average

particle

thickness

(tn, nm)

Weight average

particle length

(lw, nm)

Weight average

particle

thickness

(tw, nm)

Number

average

aspect ratio

hl/tin

ln=tn Weight

average

aspect ratio

hl/tiw

lw=tw

M2(HT)2 0 389 260 25.7 389 67.1 16.8 10.1 33.1 5.8

9.3 265 243 13.1 301 20.8 26.5 18.5 37.7 14.5

18 563 127 6.0 171 10.9 31.5 21.1 43.4 15.7

28 611 130 5.9 182 12.6 39.0 21.9 69.1 14.5

40 731 103 3.4 143 6.8 58.0 30.2 100.4 21.0

M3(HT)1 0 39 853 128.3 1419 258.9 9.1 6.6 15.1 5.5

9.3 28 427 53.3 691 82.6 10.1 8.0 12.3 8.4

18 167 402 57.5 574 101.0 9.4 7.0 14.1 5.7

28 224 159 11.7 244 23.6 20.4 13.6 45.5 10.3

40 605 117 4.4 164 7.7 49.9 26.8 101.5 21.2

(HE)2M1T1 0 20 922 178.0 1112 265.2 7.5 5.2 10.2 4.2

9.3 477 171 13.3 220 20.4 16.2 12.9 24.8 10.8

18 495 216 13.1 299 28.3 20.6 16.5 28.6 10.6

28 723 124 6.9 185 13.4 24.0 18.0 43.3 13.8

40 791 107 3.4 148 6.5 56.6 31.2 105.6 22.9
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Fig. 3. Histograms of (a) particle length, (b) particle thickness, and (c) aspect ratio for EVA-28/M2(HT)2 nanocomposites with nominally 5 wt% MMT (total

number of particles¼ 611).
particles was performed on different tracings, each particle is
assigned two different numerical labels. To obtain the aspect
ratio of individual particles, a manual matching of particles
on the tracing for length must be made with particles on the
tracing for thickness, and then from this file the number and
weight averages, hl/tin and hl/tiw, can be calculated. The pro-
cedures for particle analysis are illustrated in Fig. 1.

3. Results and discussion

3.1. Morphology

3.1.1. Transmission electron microscopy
Properly prepared TEM images provide the most direct

visualization of the dispersion of the clay particles in nanocom-
posites. Fig. 2 compares the morphology of nanocomposites
based on polymer matrices containing from 0 to 40% VA
formed from M2(HT)2, M3(HT)1, and (HE)2M1T1 organoclays.
The montmorillonite content in all cases is nominally 5 wt%.
When there are no polar groups in the polymer matrix, i.e.,
LDPE, the dispersion of the clay is poor and large tactoids can
be seen in composites formed from all three kinds of organo-
clays, see Fig. 2(a). For the LDPE composites based on one-
tailed organoclays, M3(HT)1 and (HE)2M1T1, clay particles
as large as 1 mm can be seen. For the LDPE/M2(HT)2 organo-
clay composites, the dispersion of clay particles is much better
than that formed from the other two organoclays, and a mixture
of small particles and larger agglomerates can be observed.
These results are consistent with prior reports from this labo-
ratory [9,19,20], i.e., non-polar polymers like polypropylene
and polyethylene give nanocomposites with much better dis-
persion in the case of multiple tailed organoclays. Polyolefins
are relatively compatible with alkyl tails and increasing the
number of tails better shields the polar silicate surface from
the polymer matrix as explained previously [9,19,20].

The presence of only 9.3 wt% VA units in the polymer
matrix (see Fig. 2(b)) leads to significant improvement in
exfoliation of the organoclay, particularly for M2(HT)2 or
(HE)2M1T1, compared to the corresponding LDPE-based
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Fig. 4. The effect of vinyl acetate content on (a) particle length, (b) particle thickness, (c) number average aspect ratio, and (d) ratio of number average particle

length and number average particle thickness of EVA nanocomposites at a fixed MMT content of w5 wt%.
composites. Although clay tactoids are still observed, the par-
ticle size is reduced dramatically. The composite formed from
the M3(HT)1 organoclay still produces the lowest number of
particles with the largest size, and the dispersion of the clay
particles changed only slightly compared to the LDPE-based
composites. Clearly, the nanocomposite based on the M2(HT)2

organoclay still has the best exfoliation; thus, while addition
of this level of VA has improved the polymereorganoclay inter-
action, this EVA still behaves more like a polyolefin than
a polyamide with regard to the optimum number of tails for ex-
foliation. The potential for interactions between the hydroxyl
groups of the surfactant and the acetate groups of the polymer
adds a new consideration for nanocomposites formed from the
(HE)2M1T1 organoclay compared to that formed from the
M3(HT)1 organoclay; note that it has also been argued that these
hydroxyl groups in the (HE)2M1T1 surfactant may be attracted
to the clay surface [4,8,21,22] thereby shielding the polymere
silicate interactions.

TEM images of nanocomposites based on EVA-18 and
EVA-28 are shown in Fig. 2(c) and (d). This further increase
in VA content of the polymer matrix leads to continued im-
provement in exfoliation of the nanocomposites formed from
each organoclay; again, the best exfoliation is seen in
nanocomposites formed from the M2(HT)2 organoclay, with
the (HE)2M1T1 organoclay being next best, and the poorest
exfoliation is seen for the nanocomposites formed from the
M3(HT)1 organoclay.

Fig. 2(e) shows images for nanocomposites based on EVA-
40; here, all the nanocomposites have a well-exfoliated mor-
phology consisting predominantly of individual platelets
dispersed uniformly throughout the polymer matrix. The nano-
composite formed from M3(HT)1 also exhibits highly exfoli-
ated structures; however, upon close examination, the platelet
delamination is slightly less complete than seen for the other
two organoclays. On going from 28 to 40% VA in the matrix,
nanocomposites based on M3(HT)1 organoclay show the most
significant improvement in organoclay exfoliation.

From the above, it is clear that adding the polar vinyl ace-
tate groups to the polymer matrix improves the level of exfo-
liation achieved evidently due to an improved interaction
between the organoclay and the polymer. Within the range
of VA contents examined, nanocomposites formed from the
M2(HT)2 organoclay have the best exfoliation compared
with the other two organoclays; however, the differences in ex-
foliation among the different organoclays become smaller as
the VA content of the polymer matrix is increased.
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3.1.2. Particle analysis
To have a quantitative assessment of the relationship be-

tween the level of organoclay exfoliation and nanocomposite
properties, detailed particle analyses were conducted on the
TEM images using the method described earlier. For the
best statistical reliability, a large number of particles (>300)
should be analyzed for each nanocomposite. But this criterion
could not be completely fulfilled in cases of poor exfoliation
like LDPE/M3(HT)1 nanocomposites, where each image con-
tains only one or two large agglomerates. The statistical results
of particle analysis on nanocomposites containing 5 wt%
MMT are listed in Table 3. The average particle lengths for
all these nanocomposites are larger than those observed for ny-
lon 6 nanocomposites, where nearly all the particles are indi-
vidual platelets, i.e., essentially ideal exfoliation. We believe
that the primary reason for the larger particles seen here is
due to ‘‘skewing’’ of the platelets in these thicker clay bundles,
as described by Chavarria and Paul [23]; however, some attri-
tion of platelets during compounding may be possible. We also
note that the aspect ratios calculated by averaging the values
for each particle, hl/tin and hl/tiw, are always larger than those
calculated from the ratio of the corresponding average particle
length and average particle thickness, i.e., ln=tn and lw=tw. The
ratio of number average particle length and thickness ðln=tnÞ is
generally larger than the ratio of the weight average particle
length and thickness ðlw=twÞ; however, the weight average as-
pect ratio calculated from the values for individual particles,
hl/tiw, is always larger than the corresponding number average
ratio, hl/tin, as expected.

Fig. 3 shows a series of representative histograms of parti-
cle length, thickness and aspect ratio for EVA-28 based nano-
composites containing w5 wt% MMT. All of the features, i.e.,
particle length, thickness and aspect ratio, showed broad distri-
butions based on the analysis of a total of 611 particles.

To get a better idea of the relationship between the polarity
of the polymer matrix, as defined by VA content, and the inter-
action with the organoclay, number average particle lengths and
thicknesses of nanocomposites containing w5 wt% MMT are
presented in Fig. 4(a) and (b) as a function of vinyl acetate con-
tent in the polymer matrix. Similar plots for two types of aver-
age particle aspect ratios are shown in Fig. 4(c) and (d). As it
turns out, the values of hl/tin are significantly higher than the
corresponding values of ðln=tnÞ in all cases. For each series of
nanocomposites prepared from a given organoclay, both the av-
erage particle length and the thickness decrease with increased
VA content, but the aspect ratio using either method of averag-
ing increases with VA content. The nanocomposites formed
from the M2(HT)2 organoclay usually have the smallest particle
length and thickness but the highest aspect ratio; but the differ-
ences in size and aspect ratio among nanocomposites formed
from the various organoclays become smaller as the VA content
increases and are almost unnoticeable at 40% VA.

3.1.3. WAXS
Wide angle X-ray scattering is another commonly used

method to characterize the clay exfoliation in nanocomposites.
WAXS scans of nanocomposites containing w5 wt% MMT
prepared from various polymer matrices and organoclays are
presented in Fig. 5; scans for the neat organoclays are also in-
cluded for comparison. All the nanocomposites, regardless of
VA content or organoclay, show a distinct peak indicative of
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crosshead speed was fixed at 5.1 cm/min.
the presence of unexfoliated tactoids at positions shifted with
respect to the peak of the pristine organoclay.

The scans for nanocomposites formed from the M2(HT)2

organoclay are shown in Fig. 5(a). For composites based on
LDPE, the d001 peak remains at about the same position as
that for the neat organoclay. For EVA based nanocomposites,
the d001 peak shifts to the left more progressively the higher
the VA level, and the peak intensity decreases with increasing
VA content. This can be explained by the hypothesis that inter-
calation is a precursor to exfoliation [9,24]. According to prev-
alent proposals in the literature, shifting of the d001 peak to the
left, i.e., lower angles, indicates an expanded d-spacing caused
by intercalation of polymer or low-molecular weight oligo-
mers in the gallery of the clay platelets and suggests a more
intercalated/exfoliated structure.

For nanocomposites prepared from the M3(HT)1 and
(HE)2M1T1 organoclays, see Fig. 5(b) and (c), the WAXS re-
sults show a more complex and somewhat confusing picture.
The d001 peak is progressively shifted to the right as the VA
content of the polymer matrix increases, which is just the op-
posite of what might be expected based on the notion of
intercalation being a precursor of exfoliation since TEM
shows that exfoliation increases with VA content [9,24]. Sim-
ilar peak shifts to lower d-spacings have been reported for
LLDPE [9], LDPE [24], polystyrene [25], and poly(ethyl-
ene-co-methacrylic acid) [8] ionomer based nanocomposites
especially when formed from one-tailed organoclays. Shah
et al. attributed this to the degradation of the surfactant, which
causes the clay galleries to collapse as surfactant mass is lost
from within the galleries [8]. The fact that shifts to lower d-
spacing are significant only for the one-tailed organoclays is
consistent with degradation of the organic modifier during pro-
cessing since they have been shown to be less thermally stable
than the organoclays with multiple tails [9]. However, in the
present case, the EVA nanocomposites were processed at
170 �C which is a relatively low temperature where surfactant
degradation is not expected to be severe. Furthermore, the con-
tinuous shift to lower d-spacing with increasing VA content is
also difficult to explain unless, of course, there is some chemi-
cal process by which the presence of VA units contributes to
surfactant degradation. Clearly, a more detailed study will be
needed to understand these observations.
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3.2. Mechanical properties

The extent to which addition of organoclay to a polymer
matrix alters mechanical properties provides another way to
judge the extent of organoclay exfoliation in the polymer
matrix.

3.2.1. Stressestrain behavior
Fig. 6 shows representative stressestrain curves for the

nanocomposites prepared from the M2(HT)2 organoclay and
EVA matrices with various VA contents. The stressestrain di-
agrams reveal no distinct yield point for either the neat poly-
mer or the nanocomposites. As expected, the stress at any
given strain level is increased as the content of MMT in-
creases. As the VA content of the neat EVA materials in-
creases, crystallinity decreases, causing the modulus to
decrease and the elongation at break to increase; indeed, the
elongation at break increases from below 100% for LDPE to
more than 400%, the upper limit of crosshead travel of the in-
strument used here, for some materials with high VA content.

Fig. 7 shows that the stress at 40% strain is highest in sam-
ples made from M2(HT)2 organoclay, while the M3(HT)1 and
the (HE)2M1T1 organoclays show lower stresses for each se-
ries of nanocomposites based on the same matrix. As the
MMT content increases, the stress at 40% strain increases
significantly except for the nanocomposites formed from
M2(HT)2 or (HE)2M1T1 organoclay and LDPE or EVA-9.3,
where the organoclay is poorly dispersed.

The effect of organoclay structure and VA content of the
polymer matrix on elongation at break could not be fully eval-
uated since some samples (nanocomposites based on EVA-28)
did not break before the Instron machine limit of 400%
elongation. Fig. 8 compares the elongation at break for nano-
composites made from the three organoclays and LDPE, EVA-
9.3, or EVA-18. Generally, as the clay content is increased,
ductility decreases for nanocomposites based on LDPE and
EVA-9.3. For EVA-18 based nanocomposites the trends are
not so simple as may be seen in Fig. 8(c). For nanocomposites
formed from the M2(HT)2 organoclay, the elongation at break
first increases with MMT loading, reaches a maximum at
3 wt% MMT and then decreases as more MMT is added.
For nanocomposites formed from the (HE)2M1T1 organoclay,
elongation at break is relatively unaffected by the MMT con-
tent, while all the nanocomposites formed from the M3(HT)1

organoclay have slightly higher elongations at break than the
neat polymer.

3.2.2. Modulus
Fig. 9 compares the tensile moduli of the nanocomposites

formed from different organoclays, based on the same matrix,
as a function of their montmorillonite content. As expected,
the stiffness improves with addition of organoclay; however,
the increase is always much stronger for the organoclay with
two alkyl tails, M2(HT)2, than for the others with one alkyl
tail, i.e., M3(HT)1 and (HE)2M1T1. This supports the TEM ob-
servations that the nanocomposites formed from the M2(HT)2
organoclay have better exfoliation than those formed from the
other organoclays.

Since the moduli of the neat EVA polymers vary in a great
deal with VA content owing to changes in crystallinity, it is
useful to examine the relative moduli of the nanocomposites
versus the montmorillonite content as shown in Fig. 10. For
nanocomposites formed from the M3(HT)1 organoclay, the rel-
ative modulus at a given MMT content increases continuously
as the VA content of the polymer matrix is increased, suggest-
ing better exfoliation with an increased amount of the polar
component in the matrix, as shown by TEM. In contrast, for
nanocomposites formed from M2(HT)2 and (HE)2M1T1, the
relative modulus at a given MMT content increases as the
VA content increases up to about 18%, but a further increase
to 28% leads to a slightly lower relative modulus. In this re-
gard, the moduli data are not in complete accord with the
TEM particle analysis, which revealed improvements in exfo-
liation with increased VA content over the entire range (0e
40% VA) examined. Inconsistencies between relative moduli
and TEM morphologies have been suggested in previous
work from this laboratory [9,26]. Further work will explore
the sources of such inconsistencies. One possible explanation
may be that the matrix properties are altered, e.g., by changes
in crystallinity and by the presence of the nanoscale clay
particles.

3.3. Composite model predictions of modulus

Theoretical modeling is an appealing approach for the
design of polymer nanocomposite systems, and numerous
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models [27e30] have been proposed to predict the properties
of nanocomposites or for correlation of experimental data.
However, there are numerous assumptions implicit within
the use of such models that must be kept in mind. For exam-
ple, it is assumed that the polymer matrix is not affected by the
presence of the filler, the filler is perfectly aligned, the matrix
and the filler are isotropic, and there are no particleeparticle
interactions or agglomerations [31].

HalpineTsai and MorieTanaka models are widely used to
predict the tensile modulus of composites. HalpineTsai equa-
tions treat the fillers as rectangular platelets of constant thick-
ness, whereas MorieTanaka theory considers them as
ellipsoidal particles and takes account of the Poisson ratios
of the filler and the matrix. Previous work in this laboratory
and others [23,26,31,32] has shown that both theories predict
similar trends for the tensile modulus, but MorieTanaka
theory tends to give lower estimates of modulus than Hal-
pineTsai equations [16,23,32] at low filler loadings. A more
detailed discussion on the similarities and differences between
these two models has been given by Fornes and Paul [31].

For simplicity, HalpineTsai equations were employed in
this work to relate the longitudinal tensile modulus of nano-
composites prepared in this study to the nanocomposite
morphology determined by TEM. The predicted modulus de-
pends on the volume fraction of the filler ff, the filler/matrix
modulus ratio Ep/Em, the filler aspect ratio l/t [33,34], and filler
orientation. The expression for the longitudinal modulus
[26,31,32] is:

EðHeTÞ

Em

¼ 1þ 2ðl=tÞffh

1�ffh
ð1Þ

where h is given by

h¼
�
Ep=Em

�
� 1

�
Ep=Em

�
þ 2ðl=tÞ

ð2Þ

In these model calculations, the partially exfoliated clay
particles were treated as parallel arrangements of MMT plate-
lets and gallery material as described in previous reports
[26,31,32,35]. The tensile modulus of such an effective parti-
cle can be estimated by using the following rule of mixtures:

Ep ¼ nMMT �EMMT þ ngallery�Egallery ð3Þ

where vMMT and vgallery are the volume fraction of montmoril-
lonite and gallery space in the effective particle, while EMMT
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and Egallery are their corresponding moduli. The volume frac-
tion of MMT platelets, vMMT, is calculated as the ratio of
the thickness of an individual platelet and the d-spacing of
the nanocomposite as determined by the WAXS analysis:

nMMT ¼
tplatelet

d001

ð4Þ

Considering that the modulus of the organic material in the
gallery is significantly smaller than the modulus of the
MMT platelets, Eq. (3) reduces to

Ep ¼ nMMT �EMMT ð5Þ
AWAXS scan of EVA-9.3/M2(HT)2 nanocomposite contain-

ing w5 wt% MMT shows a d-spacing of 3.33 nm, so nMMT is es-
timated to be vMMT¼ tplatelet/d001¼ 0.94 nm/3.33 nm¼ 0.282,
where 0.94 nm is the thickness of an individual MMT platelet.
Taking 178 GPa as the modulus of montmorillonite platelets
and nMMT¼ 0.282 in Eq. (5), we estimate the modulus of the ef-
fective modulus of an incompletely exfoliated MMT particle as
Ep¼ nMMT� EMMT¼ 178 GPa� 0.282¼ 50.2 GPa. The other
parameters involved in the model calculations for nanocompo-
sites containing w5 wt% MMT are listed in Table 4.
Fig. 11(a) and (b) compares the experimental tensile mod-
uli of nanocomposites with that predicted by HalpineTsai
equations. The modulus of the nanocomposites containing
w5 wt% MMT generally decreases as VA content increases
owing to the large decrease in Em, but the relative modulus
goes up due to the increase of the aspect ratio. In Fig. 11(c)
and (d), the experimental relative tensile modulus of the nano-
composites and predictions by HalpineTsai equations are
compared. Number average aspect ratios from the particle
analysis described earlier defined as hl/tin and ðln=tnÞ were
both used to make the model predictions. The model predic-
tions show a reasonable parallel with the experimental data re-
gardless of which average aspect ratio is used; however, the
agreement between model and experiment is somewhat better
when the ln=tn measure of aspect ratio is used.

4. Conclusions

Nanocomposites based on a series of EVA copolymers con-
taining 0e40% VA and three organoclays, M2(HT)2, M3(HT)1

and (HE)2M1T1, were made to explore how the affinity be-
tween the organoclay and EVA copolymers changes with VA
content. The degree of exfoliation of the nanocomposites
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was evaluated by TEM, WAXS, and mechanical testing.
Broadly speaking, the results from the different techniques
are consistent with each other.

As reported previously, the organoclay based on the surfac-
tant with two alkyl tails, M2(HT)2, gives the best exfoliation in
low density polyethylene, LDPE. The organoclay based on
surfactant with a single alkyl tail, M3(HT)1, leads to slightly
better exfoliation than the one containing hydroxy-ethyl
groups, (HE)2M1T1. As the vinyl acetate content of the EVA
copolymers is increased, the degree of exfoliation for all these
Table 4

Parameters used in HalpineTsai Modela

Polymer

matrix

Organoclay d-Spacing

(d001, nm)

Vol. fraction of

MMT in particle

(nMMT)

Modulus of

particle (Ep, GPa)

Modulus of the polymer

matrix (Em, MPa)

Weight fraction

of MMT in

nanocomposites (%)

Vol. fraction

of the filler in

nanocomposites (ff)

LDPE M2(HT)2 2.51 0.375 66.7 142.2 4.92 0.0427

EVA-9.3 3.33 0.282 50.2 86.9 5.09 0.0589

EVA-18 3.81 0.247 43.9 35.1 5.17 0.0688

EVA-28 3.85 0.244 43.5 17.6 5.25 0.0702

LDPE M3(HT)1 1.75 0.537 95.6 142.2 4.79 0.0295

EVA-9.3 1.62 0.580 103.3 86.9 5.05 0.0289

EVA-18 1.48 0.635 113.0 35.1 5.17 0.0272

EVA-28 1.46 0.644 114.6 17.6 5.26 0.0284

LDPE (HE)2M1T1 1.51 0.623 110.8 142.2 4.51 0.0240

EVA-9.3 1.46 0.644 114.6 86.9 4.98 0.0262

EVA-18 1.44 0.653 116.2 35.1 5.06 0.0266

EVA-28 1.46 0.644 114.6 17.6 4.92 0.0262

a Nanocomposites contain nominally 5 wt% MMT, and all the nanocomposites here were modeled as partially exfoliated composites.
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Fig. 11. Comparison of experimental tensile modulus and relative modulus of nanocomposites with predictions by HalpineTsai Model.
organoclays is dramatically increased. Up to 40 wt% VA, the
organoclay with two alkyl tails always gives better exfoliation
than either organoclay with a single tail. However, the relative
advantage of the two tails versus one tail seems to diminish
with increased VA level, but the advantage is never reversed
indicating that even at 40 wt% VA, EVA copolymers interact
with the organoclay more similar to polyolefins than poly-
amides which give better exfoliation with organoclays based
on surfactants with a single tail. As the VA content increases,
the relative advantage of M3(HT)1 versus (HE)2M1T1 seems to
reverse but the effect is not large. The hydroxyl groups on the
(HE)2M1T1 organoclay may interact with the EVA polar
groups or the silicate surface, and this competition may
account for some of this behavior.

The morphology of the nanocomposites formed from these
organoclays and the various EVA copolymer matrices was
quantified by analysis of TEM images to give various averages
of the clay particle dimensions and shape. In all cases, the par-
ticles become smaller as the VA content of the matrix in-
creases since the more favorable interaction with the matrix
leads to better break down of the clay particle aggregates;
however, the aspect ratio of the particles increases as the VA
content increases. A simple composite model based on
HalpineTsai equations was used to show that there is rather
good quantitative agreement between the predicted values of
modulus calculated from the TEM results and that measured
experimentally.
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