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ABSTRACT: The combination of different types of
organo-modified montmorillonite (MMT) with aluminum
hydroxide (aluminum trihydrate—ATH), as a flame retard-
ant system for polyethylene-ethylene vinyl acetate (LDPE/
EVA), blends were studied. Five different types of organi-
cally modified montmorillonite clays, each with different
modifier, were used. The structural characterization was
carried out by X-ray diffraction (XRD) and scanning elec-
tron microscopy in transmission mode (STEM). The me-
chanical and rheological properties were also evaluated.
The XRD analysis showed a clear displacement of the dy
signal, which indicates a good degree of intercalation, espe-
cially for the MMT-I128 and MMT-20, from Nanocor and
Southern Clay Products, respectively. The presence of ATH
and the compatibilizer did not have any effect on the exfoli-
ation of the studied samples. The thermal stability and
flame retardant properties were evaluated by thermogravi-
metric analysis (TGA), limiting oxygen index (LOI—ASTM
D2863), and flammability tests (Underwriters Laboratory—
UL-94). The effect of different compatibilizers on the clay
dispersion and exfoliation was studied. The results indi-

cated that the addition of montmorillonite makes it possible
to substitute part of the ATH filler content while maintain-
ing the flame retardant requirements. The thermal stability
of MMT/ATH-filled LDPE/EVA blends presented a slight
increase over the reference ATH-filled LDPE/EVA blend.
Compositions with higher clay content (10 wt %) showed
better physicochemical properties. The increased stability of
the higher clay content compositions results from the
greater inorganic residual formation; this material has been
reported to impart better performance in flammability tests.
The mechanical properties and flame retardancy remained
similar to those of the reference compound. The reduced
ATH content resulted in lower viscosities and densities,
facilitating the processing of the polymer/ATH/clay com-
pounds. Extrusion of these compounds produced a lower
pressure in the extrusion head and required reduced electri-
cal power consumption. © 2011 Wiley Periodicals, Inc. ] Appl
Polym Sci 123: 1125-1136, 2012
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INTRODUCTION

Low-density polyethylene (LDPE) and polyethylene-
co-vinyl acetate (EVA) exhibit an attractive combina-
tion of low cost, low density, and versatility in terms
of properties, applications, and recycling. Polyethyl-
ene (PE), EVA, and their blends have been widely
used in the cable industry, which in addition to stiff
mechanical requirements, demands high flame-re-
tardant performance. Because of their highly ali-
phatic hydrocarbon structure, LDPE and EVA are
very flammable. These materials burn very rapidly,
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with a relatively smoke-free flame, and without leav-
ing any char residue behind. The addition of flame
retardants is thus needed to achieve the fire resistant
properties required by the standards. Although the
introduction of conventional flame retardants into
these polymers is possible, high concentrations are
required to comply with the standards. This nega-
tively affects the processability and mechanical prop-
erties of the resulting compositions.

The use of halogen-free flame retardants is wide-
spread, due to the concern about health and envi-
ronmental risks."* Halogen-free flame retardancy is
commonly achieved by the incorporation of inor-
ganic fillers—typically aluminum trihydrate (ATH)
or magnesium hydroxide [Mg(OH),]—into the poly-
mer matrix. Although these fillers are essentially
non-toxic and relatively inexpensive, the high levels
required for adequate flame retardancy often lead
to processing difficulties and marked deteriora-
tion in other critical polymer characteristics (e.g.,
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TABLE I
Sample Codes and Main Characteristics

Modifier do(n

Code Organic modifier conc. (wt %)* (nm)**
MMT-207 N-Di-methyl dihydro-di-tallow amonia chloride 38.7 2.43
MMT-128" N-Octadecyl trimetyl amine chloride 32.9 2.42
MMT-15° N-Di-methyl dihydro-di-talow ammonia chloride 432 3.18
MMT-30° N-Methyl, talow.bis-2-hydroxietyl, ammonia chloride 30.1 1.82
MMT-NFS* Dimethyl, di(hydrogenated tallow) alkyl ammonium chloride 28.3 3.25

@ Southern Clay Products Inc.
® Nanocor Inc.

* Measured by TGA analysis.
** Measured by XRD.

mechanical, physical, and electrical properties). The
addition of compatibilizers can improve the compat-
ibility of fillers to matrix polymers. This has a great
effect on the mechanical properties of the
composites.”®

Because of their improved fire resistant properties,
nanocomposites formed from a polymer matrix and
layered silicates have attracted considerable interest
from investigators studying flame retardant polymer
compositions.”” Tt has been demonstrated that the
presence of clay in a polymer matrix can enhance
the char formation. This provides a transient protec-
tive barrier, slowing the matrix burning process.”'?
Using the cone calorimeter, the flammability proper-
ties of a variety of polymer—clay nanocomposites'''?
has revealed improved flammability properties in
terms of reduced peak heat release rates. However,
the values from the limiting oxygen index and other
flame retardant tests show no significant improve-
ment when the nanoclays are added.>'* Therefore,
the use of layered silicates as the single flame retard-
ant filler is limited; however, the combination with
other flame retardants is highly interesting, due to
the possibility of synergism." Synergistic combina-
tions allow for a higher effectiveness of the flame re-
tardant system. This in turn allows for reductions of
flame retardant loading, with fewer drawbacks.
Some reported synergistic systems include combina-
tions of aluminum or magnesium hydroxides with
layered silicates'®" and other additives.?*** Other
authors® have reported the substitution of a certain
fraction of phosphorous flame retardant by nanoclay
obtaining improved flame retardant properties.
More recently, some polymer nanocomposites have
been successfully commercialized®** as having
improved flame retardant properties.

To improve the thermal stability of polyethylene, it
is cross-linked in the presence of either peroxides or
silanes. The polyethylene crosslinking improves the
thermal stability, fire retardancy, and mechanical prop-
erties of the metallic hydroxide filled polyethylene.”**”

Different montmorillonite (MMT) and aluminum
hydroxide (ATH) combinations are studied on a
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LDPE/EVA blend to investigate their effect on the
flame retardancy and the mechanical and rheological
properties. The goal of this work was to develop a
PE/EVA compound using nanoclays and reduced
ATH content. The idea is to design such a com-
pound with flame retardant characteristics similar to
those of a referenced polyolefin compound, while
also offering lower density and better rheological
and processing characteristics.

EXPERIMENTAL
Materials

The LDPE was from Dow Plastics with a melt index
of 2.5 g/10 min. Polyethylene-co-vinyl acetate (EVA)
from DuPont with 28% vinyl acetate and a melt
index of 3.0 g/10 min was used. The ATH was sup-
plied by Aurum Chemical. The compatibilizers used
were a maleated LLDPE Bynel 4107 (PEgMA) and a
maleated EVA Bynel 3095 (EVAgMA) both from
DuPont, with 0.9 and 0.6 wt % maleic anhydride
groups and a melt index of 0.91 and 2.3 g/10 min,
respectively. A Zn neutralized ionomer, Surlyn 1652,
from DuPont, with 6.5 wt % methacrylic acid and a
melt index of 5.2 g/10 min was also used. The nano-
clays used, along with their characteristics, are given
in Table L

Samples preparation

The polymeric matrix used was a blend of LDPE
and EVA in a 70/30 ratio. The filled composites
were prepared using a Werner and Pfleiderer corro-
tating twin screw extruder with an L/D = 29:1 and
D = 30 mm, operating at 190°C and 100 rpm. Sam-
ples in this study were not crosslinked. Thereafter,
the compounds were compression molded at 185°C
to obtain 150 mm x 150 mm x 2 mm plates from
which test specimens were cut. The total ATH filler
loading was reduced from 53 to 47, 43, and 38 wt %,
and was substituted by 6 or 10 wt % of MMT.
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Figure 1 XRD patterns of MMT-20 clay, LDPE/EVA with
6 wt % clay, and PE/EVA with 6 wt % clay plus 8 wt %
of the three different compatibilizers.

Characterization

To evaluate the evolution of the clay dyy reflection,
X-ray diffraction of the modified clays and nano-
composites, was performed in a Siemens D5000
using CuKo X-ray radiation. To minimize a pre-
ferred orientation of the clay, the samples for X-ray
analysis were obtained from the compression
molded plates. Ultrathin sections for STEM analysis,
70-100 nm thick, were cut from the compression
molded plates with a diamond knife using a Leica
microtome.

The STEM observations were performed using a
Jeol-JSM-7401F FESEM, with a STEM modulus and a
field emission gun at an accelerating voltage of 200
kV. Fractured surfaces for SEM analysis were
obtained from the compression molded plates; they
were fractured at liquid nitrogen temperature and
then coated with an Au/Pd alloy. The SEM observa-
tions were carried out using a Top Con 510 SM. Ten-
sile properties were analyzed on an Instron tensile
testing machine, model 4301, at an extension rate of
5 mm/min, in accordance with ASTM D-638. Ther-
mogravimetric analyses (TGA) were carried out with
a TA Instruments TGA-Q500 analyzer, at a heating
rate of 10°C/min under nitrogen flow.

Two standard test methods were used to evaluate
the fire-retardant properties of nanocomposite sys-
tems: (a) the limiting oxygen index (LOI) test, which
was carried out on 120 mm x 7 mm X 5 mm speci-
mens, in accordance with BS 2782, using a Fire Test-
ing Technologies Ltd instrument; and (b) the UL-94
vertical burning test, which was carried out on 120
mm X 7 mm x 5 mm specimens, according to UL-
94. The rheological behavior was measured with a
capillary rheometer (Instron 4467), using a die with
an L/D of 2755 and D = 1 mm, at 195°C. All tests
were done in triplicate. Density measurements were
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obtained by picnometer technique according to
ASTM D297.

RESULTS AND DISCUSSION

Selection of compatibilizer and nanoclay

XRD characterization

The effect of a compatibilizer on the clay dispersion
and exfoliation was analyzed by XRD. The compati-
bilizers were PEgMA, EVAgMA, and an ethylene—
methacrylic acid ionomer. Figure 1 shows the effect
of the three different compatibilizers on the XRD
patterns of the corresponding PE/EVA nanocompo-
sites, with 6 wt % clay and 8 wt % of compatibilizer.
The original basal reflection peak of MMT-20
appears at 3.6°, which corresponds to an intergallery
spacing of 2.43 nm. The peaks of the PE/EVA/clay
nanocomposites with and without compatibilizer, on
the other hand, shift to lower angles. The reflection
peaks of composites with PEgMA and ionomer
appear near 2.4° (3.6 nm), whereas the reflection
peaks of the sample with and without EVAgMA
compatibilizer disappear. This suggests an interca-
lated structure for the ionomer and PEgMA samples
and an exfoliated morphology for nanocomposites
with and without EVAgMA as compatibilizer. This
also suggests that the use of a compatibilizer has
quite a small impact on the clay exfoliation. This
could be explained by the more favorable interaction
between vinyl acetate (VA) groups from EVA and
nanoclay, which have been described previously,*®
than the MA and Ionomer groups.

To determine the most adequate type of nanoclay
for this study, nanocomposites were analyzed by
XRD to measure the intergallery spacing. Figure 2
shows the XRD results for the five organomodified
clays with their corresponding peak intensities and
peak angles. These relate to the intergallery spacing
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Figure 2 XRD patterns of the five different clays studied.
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Figure 3 XRD patterns of LDPE/EVA nanocomposites
with 8 wt % of EVAgMA compatibilizer and 6 wt % of
each of the five different clays studied.

and eventually, to the degree of exfoliation in the
nanocomposite. This figure, as well as Table I, show
that MMT-20 and 128 have a similar intergallery
spacing of 2.43 nm and 2.42 nm, respectively. How-
ever, MMT-20 has a broader signal indicating that a
more disordered intercalated structure might be
obtained with this rather than with MMT-128. On
the other hand, MMT-15 and MMT-NES both have a
greater intergallery spacing, that is, 3.18 nm and 3.25
nm, respectively, and similar peak broadness. MMT-
30 has the lowest intergallery spacing (1.18 nm) of
all the considered clays.

It has been reported that the intensity and sharp-
ness of the reflection peak depend on the interca-
lated /exfoliated structure. A more intense and sharp
peak are indicative of a more ordered intercalated
structure, whereas a less intense and broader peak
are indicative of a disordered intercalated structure,
that is closer to an exfoliated one.*

Figure 3 shows the XRD results for the PE/EVA
nanocomposites with 6 wt % of each of the five dif-
ferent clays and 8 wt % of EVAgMA as compatibil-
izer. In the nanocomposite with MMT-15 clay, the
original peak of the clay (2.77°, 3.18 nm) shifts to
only 2.4°, corresponding to an intergallery spacing
of 3.66 nm. For the MMT-30 clay, the reflection peak
doo1 was displaced to higher diffracting angles, from
4.8 to 6.0° (1.82-1.46 nm). This indicates an overall
decrease in the layer periodicity. This indicates that
these clays induce a poor intercalation to these com-
posites. These results have been reported by other
authors®® and were attributed to the higher modifier
concentration for MMT-15 (43 wt %) from Table I.
This implies a higher degree of substitution of the
original exchangeable cations, which limits the free
ingress of the polymer chains through the clay gal-
leries due to steric hindrance. Additionally, for
MMT-30, this behavior was attributed by some
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authors® to the thermal degradation of the surfac-
tant. Other authors®™ suggests that even though this
clay has a surfactant with more polar groups, the
degree of saturation of the exchangeable cations and
the lower initial intergallery spacing (1.82 nm) are
the main factors affecting this nanoclay exfoliation.
The main basal reflection dyo; peak of pure MMT-
NFS is observed at 2.7° (3.2 nm). Meanwhile, in the
nanocomposite, the reflection peak appears at 2.3°
(3.7 nm), a shift of only 0.4°. This indicates a similar
structure than MMT-30 and MMT-15 clays. On the
other hand, clays MMT-20 and MMT-I28 show the
more noticeable shift of the reflection peak to lower
angles. The composite containing clay MMT-20
shows a noticeable shift from 3.6° (2.43 nm) to 2.2°
(3.9 nm). Meanwhile, for the sample with clay
MMT-128, this peak has even disappeared. This indi-
cates a much better dispersed and exfoliated struc-
ture for these composites.

Since the x-ray diffraction patterns are an average
of the repetitive crystallographic planes of the nano-
clay, it is possible to identify an intercalated layer
structure by this technique. However, TEM is neces-
sary to clearly identify an exfoliated structure.

STEM characterization

Figure 4 presents the STEM micrographs of the com-
posites with 6 wt % clay, MMT-20 (a and b), MMT-
128 (c and d), and MMT-NFS (e and f). (a, ¢, and d),
on the left, without compatibilizer and (b, d, and f)
on the right, with 8 wt % of EVAgMA. It can be
observed that, with all three clay types, the effect of
using a compatibilizer is negligible. For MMT-20,
MMT-128, and MMT-NFS clay samples, the mor-
phologies with and without compatibilizer are quite
similar. Only a few clay aggregates can be observed,
especially for the MMT-NFS sample; however, most
of them are well exfoliated which is in agreement
with the corresponding XRD results. The samples
with MMT-20 and 128 showed a greater degree of
exfoliation than the NFS samples which is in agree-
ment with the XRD results. Thus, according to the
results presented above, it was decided to use the
MMT-20, MMT-128, and MMT-NFS clays without
compatibilizer to incorporate the flame retardant
and continue with the study.

Nanoclay-flame retardant combinations

XRD characterization

Figures 5-7 show the XRD results of LDPE/EVA
composites with 6 and 10 wt % of each of the three
clays studied, all with 43 wt % of ATH. Vaia and
Giannelis® proposed that an increase in the inter-
gallery spacing would result in a new diffraction
pattern, which would correspond to the increased
spacing of the clay galleries. According to these



STRUCTURAL CHARACTERIZATION OF LDPE/EVA

1129

Figure 4 STEM micrographs of LDPE/EVA nanocomposites without compatibilizer and 6 wt % of MMT: (a) 20, (c) 128,
(e) NFS and with 8 wt % of EVAgMA compatibilizer and 6 wt % of MMT: (b) 20, (d) 128, (f) NFS.

authors, the degree of intercalation/exfoliation in
the composite could be determined by changes in
the intensity and sharpness of the corresponding
reflection peaks.

In the samples with 6 wt % of MMT-20 clay, the
peak characteristic of the dpp; of MMT-20 (3.6°) is
displaced to lower angles for all nanocomposite
materials (Fig. 5). The composites showed peaks
with less intensity and broader less defined signal,
indicating that a more disordered intercalated layer
structures might be obtained. This figure shows that,
for MMT-20 at 6 wt % the diffraction peak has dis-
appeared. This suggests that an exfoliate structure
has been obtained with a resulting increase in the

average intergallery spacing. For this clay content,
the ATH content has no significant effect on the clay
dispersion. Meanwhile, the samples with 10 wt % of
MMT-20 show quite similar shifts to lower angles.
However, the diffraction peak has a higher intensity
with a more defined signal and less broadening.
This indicates a more ordered layer structure, which
has been attributed by other authors to clay satura-
tion when using higher clay loadings. The van der
Waals attraction force between clay layers becomes
dominant as the distance that separates these layers
becomes smaller.>’** At higher ATH contents, on
the other hand, the viscosity increases. The higher
shear during melt mixing, due to the higher

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 XRD patterns of MMT-20 clay and of LDPE/
EVA nanocomposites with 43 wt % of ATH and 6 and 10
wt % of 20 clay.

viscosity, results in a better clay exfoliation. This has
been corroborated via XRD with a shift to lower dif-
fraction angles.

Even MMT-15 and MMT-20 have the same surfac-
tant structure (Table I), MMT-20 has lower modifier
concentration which leaves more room for the free
ingress of the polymer chains through the clay gal-
leries, which eventually results in an intercalated or
exfoliated structure.

When using MMT-I28 clay at 6 and 10 wt % (Fig.
6) no diffraction peak was observed. This may indi-
cate the possibility of having higher exfoliated or
intercalated silicate nanolayers of clay dispersed in
the polymer matrix. This could be attributed to a
strong interaction between the vinyl acetate groups
of EVA and this nanoclay polar surfactant, which
would lower its surface energy and enhance its dis-
persion on the polymer matrix. When using 10 wt %
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Figure 6 XRD patterns of MMT-I28 clay and of LDPE/
EVA nanocomposites with 43 wt % of ATH and 6 and 10
wt % of MMT-I28 clay.

Journal of Applied Polymer Science DOI 10.1002/app

RAMIREZ-VARGAS ET AL.

2500

2000
@ 1.- MMT NFS
o 1500, ” 2.- PE/EVA/NFS-6/ATH-43
2 3.- PE/EVA/NFS-10/ATH-43
(7]
E 1000 -
E

500
0 T T T T T 1

2 Theta

Figure 7 XRD patterns of MMT-NFS clay and of LDPE/
EVA nanocomposites with 43 wt % of ATH and 6 and 10
wt % of NFS clay.

of this clay, no signal of clay saturation was
observed.

The comparison of the spectrum with that of the
neat MMT-NFS (Fig. 7) shows that there is a shift
from 2.7° 20. This corresponds to an intergallery
spacing of 3.2 nm, for the neat clay, compared with
3.5 and 3.6 nm for the nanocomposite samples at 6
and 10 wt %, respectively. This slight shift suggests
that the intercalation with this clay was less signifi-
cant than with the other two clays. This indicates
that the chemical structure of the surfactant of this
clay has less favorable interactions that could
enhance its exfoliation in the polymer matrix.

This indicates the possibility of obtaining a more
dispersed and exfoliated structure in the samples
with MMT-128 and MMT-20 than with MMT-NFS.
However, these assumptions need to be confirmed
by STEM analysis.

STEM characterization

Figures 8 and 9 show the STEM images (carefully
selected from at least 20 images from different parts
of the sample) of LDPE/EVA with 10 wt % of
MMT-20, MMT-128, and MMT-NFS clays with 38 wt
% (Fig. 8) and 43 wt % (Fig. 9) of ATH. At these
magnifications, ATH flame retardant particles and
exfoliated clay platelets can be observed. A better
exfoliation can be observed on samples with 43 wt
% of ATH, as compared with 38 wt %. This is in
agreement with the XRD results, where the diffrac-
tion peak shifted to lower 20 angles when using
higher ATH contents. This suggests that the disper-
sion state is increased by the addition of a fire re-
tardant. It appears that the presence of ATH helps
in the exfoliation-dispersion of the clay. Similar
results have been reported by other authors® in a
PP/Clay/Fire-Retardant combination. This could be
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Figure 8 STEM micrographs of LDPE/EVA nanocompo-
sites with 38 wt % of ATH and 10 wt % of MMT: (a) 20,
(b) 128, and (c) NFS clays.

attributed to an increased melt viscosity with higher
ATH contents that in turn could increase the shear
stress that favors the clay exfoliation-dispersion.
However, further investigation is needed to clarify
these observations.

Clay exfoliation is clearly evident in these micro-
graphs for samples with 10 wt % of MMT-20 and
MMT-128, where a more uniform distribution with
less tactoids can be seen. Individual clay layers can
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be observed. These are indicative of a greater degree
of exfoliation of the MMT-I28 clay, as suggested by
the XRD results (Fig. 6). No peak was generated by
these composites. Images of the MMT-NEFS clay com-
posites, on the other hand, show many clay aggre-
gates or tactoids. These results are also consistent
with those from XRD (Fig. 7), where this clay
showed the less noticeable shift to lower 20 angles.

Figure 9 STEM micrographs of LDPE/EVA nanocompo-
sites with 43 wt % of ATH and 10 wt % of MMT: (a) 20,
(b) 128, and (c) NFS clays.

Journal of Applied Polymer Science DOI 10.1002/app
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LDPE/EVA nanocomposites with 43 wt % of ATH plus 10
wt % of MMT-20, 128, and NFS clays.

Thermal stability

The thermal behavior of ATH has been discussed in
several works.** Between 190 and 350°C, ATH will
decompose endothermically in a single step, with a
mass loss of 35%. The thermal degradation of
LDPE/EVA takes place in two steps which tend to
overlap in oxidative conditions. The first one, occur-
ring between 300 and 380°C, corresponds to the
deacylation of the vinyl acetate groups in EVA. The
second step meanwhile, occurs around 390-480°C,
and is attributed to the degradation of the hydrocar-
bon chains.”® The LDPE/EVA blend used had a
composition ratio of 70/30 and shows a deacylation
stage at 315°C (see Fig. 10).

After the EVA deacylation stage (i.e., from 410 to
475°C), the filled LDPE/EVA blends (10 wt % clay
and 43 wt % ATH) present a marked decrease in the
degradation rate when compared to the unfilled
blend. As can be observed in this figure, in the first
step, the decomposition of the ATH filled sample
started at lower temperature. This behavior is
assigned to the ATH endothermic decomposition,
which takes place between 190 and 350°C. Compar-
ing the nanocomposite samples, only small differen-
ces between them can be observed. Nanocomposites
with MMT-NFS showed a slightly higher weight
loss and the samples with MMT-I28 showed the
lowest weight loss. This can be attributed to the bet-
ter dispersion grade obtained with this clay.

In the second step, at higher decomposition tem-
peratures (between 400 and 470°C), a greater decom-
position rate for the neat polymers can be observed.
Meanwhile, the filled nanocomposites showed a
lower decomposition rate. The reference sample,
with only ATH as filler, shows lower thermal stabil-
ity in this second step.

Journal of Applied Polymer Science DOI 10.1002/app
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Comparing the effect of the different nanoclays,
the MMT-I28 clay shows a slightly higher tempera-
ture for the onset of the degradation of the hydrocar-
bon chains (441°C) than the MMT-20 and NFS clays
(around 430°C). This effect has been related to the
differences in the dispersion and exfoliation mor-
phologies. The higher the degree of exfoliation the
better the mass transport barrier for the volatile
products generated during decomposition.

Comparing the flame retardant systems combina-
tions, it can be concluded that the presence of MMT
in the flame retardant systems enhanced the thermal
stability of the polymer blend matrix. This behavior
has been reported to occur as a consequence of the
gas barrier effect exerted by the MMT when dis-
persed in the polymer matrix.*®

The inorganic residue at 600°C determined by
TGA analysis showed a content of 40 wt % for the
reference sample containing 53 wt % of ATH. This
residue was 42 wt % for the sample containing 6 wt
% clay and 47 wt % ATH and 44 wt % for the sam-
ple containing 10 wt % clay and 47 wt % ATH. This
indicates that the inclusion of even small amounts of
clay promotes the formation of more inorganic resi-
due, which in turn is responsible for the slightly
increased stability observed with the higher clay
content compositions. Similar results have been
reported by Beyer* who found that when exposed to
flame, the formation of an intumescent layer is the
main responsible for the improved flame retardancy
of an EVA/ATH/Clay nanocomposite. Other
authors®* have reported that clay nanocomposites
show considerable effect in promoting the formation
of an intumescent layer, and provide a greater
reduction in the cone calorimeter heat release rate,
as compared with that obtained with micro-
composites.

Flammability test results

Table II lists the LOI and UL-94 data obtained for
the LDPE/EVA compositions studied. Although the
LOI test (which establishes the minimum concentra-
tion of O,, as the percentage of a nitrogen/oxygen
mixture, that will support combustion of a polymer
sample) is widely used and generally considered re-
producible for a given sample, it is important to
note that results from the LOI method often have lit-
tle correlation with flammability performance in
other laboratory test procedures (particularly with
the widely reported UL94 vertical burn ignition
test). In this test, the samples are exposed to a
burner flame for 10 s. The flame is then retired, and
the time it takes for the flame to extinguish is desig-
nated as t; Immediately thereafter, the procedure is
repeated, and the time is now designated as t,.
Finally, the time the sample remains glowing or
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TABLE I1
Combustion Parameters Obtained from LOI and UL-94

UL-94 (time to
extinguish, s)

Sample LOI t tr t3
LDPE/EVA 19.0 * * *
LDPE/EVA/ATH-53 (Reference) 270 53 95 53
LDPE/EVA/MMT28-6/ ATH-47 275 36 76 19

LDPE/EVA/MMT28-10/ ATH-47 277 22 53 15
LDPE/EVA/MMT28-10/ ATH-43 260 52 78 90
LDPE/EVA/MMT28-10/ATH-38 255 70 100 135
LDPE/EVA/MMT20-10/ ATH-47 275 24 98 123
LDPE/EVA/MMT20-10/ATH-43 245 60 101 143
LDPE/EVA/MMT20-10/ATH-38 245 90 128 *

LDPE/EVA/MMTNFS-10/ATH-47 240 71 89
LDPE/EVA/MMTNFS-10/ATH-43 235 82 99
LDPE/EVA/MMTNFS-10/ATH-38  23.0 90 102

* % %

* Samples were burnt completely.

incandescent (after f,) is taken as f3. To be rated by
UL94 either as V-0, V-1, or V-2, (t, + t3) must be
<60 s. But, as observed in Table II, all samples failed
to comply with this test.

Nonetheless, the results presented in Table II give
information about the flammability performance of
the different samples. Pure LDPE/EVA shows an
LQOI value of 19 (very low), and burns completely in
the UL94 test. Samples with ATH and MMT clays,
on the other hand, show higher LOI values. The ref-
erence sample, with 53 wt % ATH, shows an LOI of
27 and low after-flame times. This is due to the very
high ATH content. However, the LOI values
increased when substituting a percentage of ATH
with montmorillonite. For instance, higher clay load-
ings (10%) in combination with ATH (47%), espe-
cially MMT-128, resulted in higher LOI values (27.7)
and relatively lower extinguishing times. The LOI
values increased in a negligible amount from 27.5 to
27.7 when the MMT-I28 clay content increased from
6 to 10 wt %. Lower LOI values and high after-flame
times were obtained for the lower ATH content (38
wt %). Considering the combinations with clay, the
lowest LOI values (23) and the worst behavior in the
UL94 test were obtained when using MMT-NFS
clays. This was attributed to the lower degree of dis-
persion and exfoliation obtained with this clay.

It is inferred that the better ATH dispersion and
better MMT-20 and 128 clay exfoliation are responsi-
ble for the increase in LOL This can be explained as
follows, in the combustion of these nanocomposites
the better dispersed flame retardant particles would
be heated homogeneously and its water release
would be accelerated as well as the better exfoliated
clays would enhance the barrier to the volatile prod-
ucts generated during decomposition.

These results are in agreement with those found
in TGA analysis in which the composites with
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MMT-128 showed slightly higher decomposition
temperature indicating a better thermal stability.

The different behavior observed for these nano-
clays (MMT-20, 128, and NFS) could be related with
the differences in their organic modifier structures.
MMT-20 and MMT-NEFES both have a similar modi-
fier structure with two hydrocarbon chains, whereas
MMT-128 has only one hydrocarbon chain (Table I).
This difference in hydro carbonated tallow chains
could be the reason why MMT-128 presented in gen-
eral better behavior, since its organic modifier, with
only one tallow chain, would offer less steric hin-
drance for the penetration of the polymer chains and
hence allowing better intercalation and exfoliation
than the other clays.

With respect to the dripping characteristics of the
samples, we found that none of the clay-ATH nano-
composites showed any dripping at all, even those
in which 10 wt % of ATH was substituted by the
equivalent wt % of clay. The only sample that
showed a significant dripping was the LDPE/EVA
compound without any filler.

Physical-mechanical properties

It is known that a homogeneous dispersion of clay
nanolayers in a polymer matrix would provide max-
imum reinforcement. Interactions between exfoliated
nanolayers with a large interfacial area and the
surrounding polymer matrix would lead to higher
tensile strength, modulus, and thermal stability.
Conventional polymer—filler composites containing
micron-size tactoids also would improve stiffness
and modulus, but at the expense of tensile strength,
elongation, and toughness.

Table IIl presents the tensile properties of neat
LDPE/EVA and the nanocomposites with the differ-
ent clays and ATH. As expected, unfilled LDPE/
EVA gave the highest elongation and the lowest
hardness and tensile strength. As discussed before, a
high content of ATH in polymers can adversely
affect some mechanical properties; it often decreases
their tensile strength.’” An increase in the clay con-
tent (e.g., MMT-I28 from 6 to 10 wt %), has no effect
on tensile strength, but increases the hardness and
reduces the elongation at break. The higher ATH
contents of 43 and 47 wt % with 10 wt % of clay,
especially for MMT-128 and 20 clays, show higher
tensile strength and elongation at break and almost
the same hardness than the reference sample with
53 wt % of ATH. Samples with lower ATH content
(38 wt %) showed the higher elongation at break
and a lower hardness. These improvements can be
attributed to the lower total filler content and to the
reinforcement effect of the nanoclay platelets. In
comparing the effect of the different clay types, it
can be seen that the composites with MMT-128 and

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE III
Mechanical Properties and Density Measurements of PE/EVA Composites

Hardness T.S. Elongation Densit;f

Sample (Shore-D) (MPa) at break (%) (g/cm”)
LDPE/EVA 40 = 05 16.5 = 1.0 595 = 15 0.931 = 0.01
LDPE/EVA/ATH-53 (Reference) 51 = 0.8 13.0 = 0.2 170 = 9 1.42 = 0.03
LDPE/EVA/MMT28-6/ ATH-47 50 = 1.8 16.1 = 0.6 251 = 21 1.38 = 0.05
LDPE/EVA/ MMT28-10/ ATH-47 51 1.0 159 = 0.3 198 + 31 1.40 = 0.04
LDPE/EVA/ MMT28-10/ ATH-43 49 = 0.5 155 =15 305= 23 1.31 = 0.06
LDPE/EVA/ MMT28-10/ ATH-38 48 = 0.9 139 = 0.2 326 = 37 1.29 = 0.09
LDPE/EVA/ MMT20-10/ ATH-47 52 1.1 16.7 = 0.3 202 £ 18 1.40 = 0.07
LDPE/EVA/ MMT20-10/ ATH-43 50 = 0.7 157 = 0.5 315 =11 1.34 = 0.09
LDPE/EVA/ MMT20-10/ ATH-38 47 = 0.2 143 = 04 336 = 10 1.30 = 0.03
LDPE/EVA/MMTNFS-10/ ATH-47 50 = 0.6 13.6 = 0.5 361 = 08 1.39 = 0.02
LDPE/EVA/MMTNFS-10/ATH-43 49 £ 1.0 134 *£ 0.9 446 = 14 1.34 = 0.10
LDPE/EVA/MMTNFS-10/ATH-38 46 = 0.8 131+ 12 465 = 11 1.30 = 0.07

20 showed a higher stiffness and ductility than the
samples with NFS. This can be attributed to the
higher degree of dispersion and exfoliation obtained
with these clays. The results corroborate that substi-
tution of part of ATH with nanoclay, to obtain an
ATH/Clay nanocomposites, enhances both fire
retardancy and mechanical properties.

This table also shows the density values obtained
for the different samples. The reduction in the total
ATH content by the inclusion of nanoclay originated
a noticeable reduction in the density of the compo-
sites. As the ATH content is partly substituted by
nanoclay, the density of the composites is reduced.

Rheological behavior

Understanding the rheological properties of these
nanocomposites is not only important in gaining
fundamental knowledge of the processability, but
also in understanding the structure-property rela-
tionship in these materials. Figure 11 shows the
shear rate dependence of the viscosity for the differ-

-o- PE/EVA

5.0 -=- PE/EVA/ATH-53 (Reference)
= -+ PE/EVA/20-10/ATH-38
] -+~ PE/EVA/28-10/ATH-38
X PE/EVA/NFS-10/ATH-38
o
4 4.5
Z
8
o 4.0
2
>
g
- 3.5

3.0

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Log shear rate (1/s)

Figure 11 Shear viscosity versus shear rate for pure
LDPE/EVA, the reference PE/EVA with 53 wt % ATH
and the LDPE/EVA nanocomposites with 38 wt % ATH
and 10 wt % of each of 20, 128, and NFS clays
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ent nanocomposite samples. All the examined mate-
rials show a shear-thinning non-Newtonian behavior
in the whole shear rate range. This behavior, typical
of polymer melts, results from the disentanglement
process and the increase of the average end to end
distance of polymer chains that is caused by shear-
ing. The viscosity of neat LDPE/EVA shows the
lower values for the whole shear rates examined,
whereas the reference with 53 wt % ATH shows the
higher viscosity. A partial substitution of ATH with
nanoclay shows a noticeable reduction in shear vis-
cosity, especially at lower shear rates. This can be
explained considering that at lower filler contents,
the polymer chain flexibility is not significantly
affected, which results in a reduction on the compos-
ite shear viscosity. Comparing the effect of the dif-
ferent clay types, especially at the lower shear rates
MMT-128 clay shows the higher viscosity followed
by 20 and NFS. At higher shear rates, on the other
hand, the effect of the different clays is negligible.
This behavior is highly dependent on the degree of
dispersion and exfoliation. The greater the level of
polymer—clay interactions and the greater the level
of clay dispersion and exfoliation, the greater the in-
hibiting effect on the chain flexibility. This results in
an increase in the shear viscosity. Additionally, at
high shear rates, the viscosities of the nanocompo-
sites are almost the same, indicating a similar proc-
essability. This suggests that at high shear rates, the
ATH and clay platelets become highly oriented to-
ward the flow direction, which causes the shear vis-
cosity of the nanocomposites to become nearly iden-
tical. This later effect may also be associated with
the slippage of polymer chains over the nanoclay
platelets.*

Processability

MMT-128 clay was selected as the most convenient
clay for this study due to its exfoliation, mechanical,
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Figure 12 Decrease in current consumption and pressure

at the extruder during extrusion processing of the fire re-
tardant LDPE/EVA nanocomposites after partial substitu-
tion of ATH with each of the three better compound
systems.

and fire resistance performance. Samples of LDPE/
EVA with three ATH/Clay combinations (43/10,
45/10, and 47/10) were processed by an industrial
processing system to characterize the real improve-
ments in the processability of the formulated com-
pounds. The extrusion of these compounds as cable
jacketing required less pressure in the extrusion
head, as well as less of a corresponding reduction in
the amount of electrical power needed for the equip-
ment. Figure 12 shows the processing improvements
that occurred as a result of substituting part of the
ATH with nanoclay, particularly MMT-128.

CONCLUSIONS

The XRD analysis in this study showed a clear dis-
placement for the dyo; signal. This indicates a good
degree of intercalation, especially with MMT-128 and
MMT-20 clays. The presence of compatibilizer did
not have any significant effect on the exfoliation of
these samples.

Compounds with higher clay content (10%) pre-
sented better flame retardancy than those with lower
clay content. This was attributed to the fact that
higher clay content results in a higher inorganic re-
sidual formation, which shows better performance
in flame tests.

It can also be concluded that the properties of the
obtained compounds with ATH and nanoclay are
equivalent to those of the reference compound with
ATH only. Formulations with MMT-128 and MMT-
20 clays presented a better degree of intercalation—
exfoliation. The use of a compatibilizer did not show
any superior behavior compared with those without.

A lower ATH content in the obtained compounds
with clay, results in a lower density than that in the
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reference compound. It also exhibits better extrusion
processability, which is beneficial for industrial
production.

It can be concluded that the substitution of part of
ATH by clay produces nanocomposites with similar
flame retardant characteristics to the reference com-
pound. Nevertheless, these obtained ATH-clay nano-
composites showed lower density, lower viscosity,
and lower energy consumption during extrusion,
which could represent economical advantages.
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