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ABSTRACT: Mg-Al layered double hydroxide (LDH)/
Ethylene vinyl acetate (EVA-28) nanocomposites were pre-
pared through solution intercalation method using organi-
cally modified layered double hydroxide (DS-LDH). DS-
LDH was made by the intercalation of sodium dodecyl
sulfate (SDS) ion. The structure of DS-LDH and its nano-
composites with EVA-28 was determined by X-ray diffrac-
tion (XRD) and transmission electron microscope (TEM)
analysis. XRD analysis shows that the original peak of DS-
LDH shifted to lower 20 range and supports the formation
of intercalated nanocomposites while, TEM micrograph
shows the presence of partially exfoliated LDH nanolayers

in addition to orderly stacked LDH crystallites in the poly-
mer matrix. The presence of LDH in the nanocomposites
has been confirmed by Fourier transform infrared (FTIR)
analysis. The mechanical properties show significant im-
provement for the nanocomposite with respect to neat
EVA-28. Thermogravimetric (TGA) analysis shows that
thermal stability of the nanocomposites is higher than that
of EVA-28. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci 104:
1845-1851, 2007
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INTRODUCTION

Polymer/inorganic layered materials nanocomposite
is a class of composite materials in which the inor-
ganic phase dimension are in the order of nanometer
range. The materials generally used for the nano-
composite preparation includes silicate clay miner-
als.'” manganese oxides,” molybdenum sulfide,* lay-
ered phosphates,” and layered double hydroxides
(LDHs).>® Compared to the conventional compo-
sites, these nanocomposites have been recognized
as one of the most promising materials because of
enhanced mechanical properties, thermal stability,
reduced gas permeability, and flame retardancy.”™?
So far, majority of research work focus on polymer
nanocomposites based on layered materials of natu-
ral origin, such as montmorillonite type of layered
silicate compounds'*'* whereas, LDH system has
been less studied.”® However, polymer/LDH nano-
composites become an emerging class of materials
due to their wide application as stabilizer, medical
materials, flame retardants, and so on.®

LDHs and smectite clay mineral both are layered
materials having 1 : 1 brucite like structure and 1 : 2
TOT structure, respectively. The difference between
these types of materials lies in their interlayer charge.
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LDHs consist of positively charged metal oxide/
hydroxide layers and the interlayer exchangeable
anions."" The general composition of LDHs can be
represented by the ideal formula [MH(l_x)MIHx(OH)z]
A", nH,O, where M*T is divalent cation, such
as Mg”", Zn*", etc., M>" is trivalent cations, such
as AI’", Cr’", etc.’ and A is an anion with valency
m (like ClI-, CO3~, SOF, and NOj3, etc). The sche-
matic structure of organo modified LDH is shown in
Figure 1.

LDHs based polymer nanocomposites can be syn-
thesized by four different methods, such as in situ
polymerization, direct intercalation, restacking, and
coprecipitation.”'? Depending on the filler distribu-
tion, polymer/LDH nanocomposites can be defined
as (i) intercalated nanocomposite, where the LDHs
layers are arranged regularly and stacked parallel to
each other, (ii) exfoliated nanocomposite, where the
layers are randomly distributed, and (iii) partially
exfoliated nanocomposite, where the LDH layers are
stacked parallel to each other in addition to some
randomly dispersed layers throughout the polymer
matrix.'"'® Neat LDH material is not suitable for the
intercalation of polymer chains because the inter-
layer gallery distance of LDH is too short (about
0.76 nm) to penetrate and is incompatible with the
organic nonpolar polymer chains. To overcome these
problems the interlayer anions of LDHs have been
replaced by any long chain organic anion so that the
interlayer region is compatible with polymer chain
and the interlayer gallery distance increases suffi-
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Figure 1 Crystallographic structure of DS-LDH.

ciently.”'® We have taken SDS as organic modifier
and followed by in situ synthesis for the preparation
of sodium dodecyl sulfate (SDS) intercalated LDH
(DS-LDH).

Ethylene vinyl acetate copolymer (EVA) is avail-
able as different grades, such as rubber, thermoplas-
tic elastomer, and plastic. Use of this copolymer is
unlimited in different fields, such as electrical cable
insulation, cable jacketing and repairing, water proof-
ing, and packaging, etc. In the present article, we
report the synthesis of Ethylene vinyl acetate (EVA)
copolymer/Mg-Al LDH nanocomposites through
solution intercalation method and investigate the
effect of DS-LDH loading on EVA-28. The materials
have been characterized by XRD, IR, SEM, and TEM
analysis. The mechanical and thermal properties of
the virgin EVA-28 and corresponding nanocompo-
sites have been studied.

EXPERIMENTAL
Materials

EVA copolymer (Elvax 265) with melt flow index
3 g/10 min, density 955 kg/m® at 23°C, and vinyl
acetate content of 28% w/w was received from
DuPont (Chennai, India) and the crosslinking agent
dicumyl peroxide (DiCUP-98, from Hercules, United
States) was used to prepare the pristine EVA-28 and
EVA-28/DS-LDH nanocomposites. Mg(NO3), - 6H,O
and AI(NO;);-9H,0 were purchased from E. Merck,
India. Sodium hydroxide (S.D.Fine chemicals, Boisar)
and sodium dodecyl sulfate (SRL Pvt., Mumbali,
India) were used as received. Toluene was purchased
from SRL, Mumbai, India and was used without fur-
ther purification.

Synthesis of organophilic LDH (DS-LDH)

DS-LDH was prepared by coprecipitation method.
NaOH [0.8 g (0.02 mol)] was dissolved in 200 mL
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deionized water at room temperature followed by
the addition of 6 g SDS. To this solution 19.65 g
(0.075 mol) of Mg(NO3), - 6H,0O and 9.25 g (0.025 mol)
of AI(INO;);-9H,0 were added under flowing nitro-
gen gas. pH of the solution was maintained at
10 using 1M NaOH solution. After aging the result-
ing slurry at 75-80°C for 30 h, the precipitate was
washed and dried at 60°C under vacuum for 72 h.

Synthesis of DS-LDH/EVA nanocomposites

In a 1-L Witts apparatus, EVA-28 was dissolved in
dry toluene at 90°C. In another 100 mL round bottom
flask DS-LDH was added to dry toluene and stirred
for about 4 h to get a good dispersion. The appropri-
ate amount of dispersed DS-LDH was added to
EVA-28 solution under stirring at 90°C for 5 h. The
crosslinking agent (Dicumyl peroxide) was then
added to the mixture and the solvent was removed
at reduced pressure. The nanocomposites so formed
were compression-molded at 150°C for 45 min.

CHARACTERIZATION

X-ray diffraction (XRD) studies were carried out at
room temperature on PAN analytical (PW 3040/60),
model ‘X’ Pert Pro with Co K, radiation (A
= 0.1790 nm). It was scanned from 2 to 10° with
scanning speed of 3°/min. Fourier Transform Infra-
red spectrum was performed using Perkin-Elmer
(FTIR Spectrometer RXI) over the wave number
range 400-4000 cm™'. The distribution of LDHs
particles in the polymer matrix was studied with
JEM 2100 JEOL, 200 KV transmission electron micro-
scopes (TEM) with acceleration voltage of 100 kV
and bright field illumination. Tensile properties
of the virgin polymer and its nanocomposite were
measured on a Zwick/Roell Z010 according to
ASTM D-412 at a strain rate of 100 mm/min at
(25 = 2)°C. The standard deviation for tensile
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Figure 2 XRD spectra of (a) DS-LDH, (b) EVA-28, (c)
EVA-28/DS-LDH (1 wt %), (d) EVA-28/DS-LDH (3 wt %),
(e) EVA-28/DS-LDH (5 wt %), (f) EVA-28/DS-LDH (8 wt %).

strength and elongation at break were limits to +5%.
Scanning electron microscopic (SEM) photograph of
tensile fracture specimen were carried out using
JEOL (JSM-5800) with an acceleration voltage of
20 kV. Thermogravimetric analysis of neat EVA-28
and its nanocomposites (=~ 5.5 mg) were carried out
on Redcroft 870 thermal analyzer, Perkin-Elmer with
a heating rate of 10°C/min over a temperature range
of 60—-600°C in air atmosphere.

RESULTS AND DISCUSSION
XRD study

Figure 2 shows the XRD patterns at the range of
20 = 2-10° for the DS-LDH, neat EVA-28 and EVA-
28/LDH nanocomposites. The interlayer distance
of DS-LDH and its composite with EVA-28 were
calculated with the help of Bragg diffraction law.
DS-LDH shows a sharp peak at 20 = 3.93°, corre-
sponding to dyys peak with an interlayer distance of
2.61 nm, whereas the basal spacing of pristine LDH
is 0.78 nm.' It is also reported that the individual
dedecyl sulfate chain length and LDH sheet thick-
ness are 2.07 and 0.48 nm respectively.'”'® As a result
the increase in basal spacing is due to the intercala-
tion of dodecyl sulfate molecules between the hydro-
talcite layers. In a case of nanocomposites containing
1, 3, 5, and 8 wt % of DS-LDH, the dyy; peak of DS-

1847

LDH shifted to lower 20 angles of ~2.7°, which indi-
cates that the interlayer distance of DS-LDH further
increases from 2.61 nm to 3.7 nm. It is worthy to
note that the higher order (006) reflection peak at
20 = 84° of DS-LDH weaken and shifted to 26
~ 5.8° for EVA-28/LDH nanocomposites. This obser-
vation suggests the formation of partially exfoliated
LDH layers in addition to well ordered intercalated
layers in the polymer matrix, which, in all probabil-
ity is due to the loss of crystalline symmetry in the
stacking direction of the hydroxide layers and lower-
ing of number of hydroxide layers. Costa et al. also
observed similar type of partially exfoliated structure
for the polyethylene/Mg-Al LDH nanocomposite.'

Infrared analysis

Figure 3 shows the FTIR spectra of DS-LDH, EVA-28
and its nanocomposite containing 3 wt % DS-LDH.
DS-LDH shows a presence of broad absorption
band at 3400-3600 cm ™' due to OH stretching fre-
quency. A peak due to bending vibration of inter-
layer water appears at about 1637 cm™'. The peak
around 1384 cm ' is due to stretching mode of
carbonate ion.*® A broad absorption peak at about
3000 cm ™! is due to hydrogen bonded OH stretching
of intercalated water molecules. The stretching vibra-
tion of C—H at 2851, 2920, and 2957 cm ! and
sulfate at 1217 cm ™' indicate the intercalation of SDS
in LDHs layer. The bending mode vibration of inter-
layer anions appears around 1069 and 992 cm ™. The
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Figure 3 FTIR spectra of (a) DS-LDH, (b) EVA-28, (c)
EVA-28/DS-LDH (3 wt %) nanocomposites.
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Figure 4 TEM images of EVA-28/DS-LDH (3 wt %) nanocomposite (A) at low magnification, (B) at high magnification.

bands recorded below 800 cm ™' are due to lattice
vibration of M—O and O—M—0O (M=Mg, Al)
groups.” The IR spectra of EVA-28 and it composites
with 3 wt % DS-LDH show characteristic bands
of ester corresponding to C=O stretching around
1731 cm™'. Appearance of some new peaks for EVA-
28/DS-LDH nanocomposites at about 3500 cm ™' and
the lattice vibration bands at 500-800 cm™' region,
which are absent in the case of EVA-28 provides
an idea that the polymer chains are intercalated in
the interlayer space of DS-LDH.

TEM analysis

Figure 4(A,B) shows TEM micrographs for nanocom-
posite containing 3 wt % DS-LDH. It is observed
that the average lateral dimension of the DS-LDH
layers varies from 50 to 150 nm and is homogene-
ously dispersed in the polymer matrix. In Figure
4(A) it is clearly observed that some of the LDH
layers are partially exfoliated and marked as “A”
whereas the major of DS-LDH layers are regularly
oriented as shown by ““B.” Figure 4(B) at higher
magnification depicts that the nanocomposite mainly
comprises of parallel DS-LDH nanolayers with inter-
layer spacing of 5-6 nm, which is much larger than
that of DS-LDH itself. This is the direct evidence
suggesting that the EVA-28 polymer chains are inter-
calated within the LDH layers, a fact which also sup-
ported by XRD as discussed earlier in Figure 2.

Mechanical properties

The effect of DS-LDH on the mechanical properties
of EVA-28/DS-LDH has been studied and the results
are presented in Figures 5 and 6. It is observed that
the tensile strength (TS) and percent elongation at
break (EB) for the nanocomposite containing 1 wt %
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DS-LDH compared to neat EVA-28 increases from
33 to 47 MPa (42% higher) and 877-924 (5% higher)
respectively. The increase in tensile strength is likely
due to the strong interfacial interaction between the
hydroxyl group present in the DS-LDH and the
polar acetate groups of EVA.?! The intercalated rigid
LDH layers efficiently transfers stress from LDH
itself and enhance directly the stiffness in the nano-
composite as shown inset of Figure 6. The improve-
ment in EB may be due to the orientation of the
LDH platelet or chain slippage. A decreasing trend
in TS as well as in EB is observed on further incor-
poration of LDH nanolayers in EVA. Such a drop in
mechanical properties may be due to the increasing
tendency of aggregation of LDH forming thereby
some defects in the nanocomposites. Figure 5 shows
the variation of tensile modulus at different per-
centage elongation. It can be noted that the tensile
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Figure 5 TS and EB of EVA-28/DS-LDH nanocomposites.
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Figure 6 Stress versus strain plot of (a) EVA-28, (b) EVA-
28/DS-LDH (1 wt %), (c) EVA-28/DS-LDH (3 wt %), (d)
EVA-28/DS-LDH (5 wt %), () EVA-28/DS-LDH (8 wt %).

modulus for the nanocomposite containing 1 and
3 wt % DS-LDH is higher than the neat EVA. The
enhanced tensile modulus of the nanocomposites is
due to the formation of some shear zones when the
nanocomposites are under stress and strain condi-
tions.'® Further, the addition of filler causes the
reduction of modulus possibly due to the aggrega-
tion of DS-LDH nanolayers. In such cases, the crack
growth occurs easily through filler agglomerates
causing low strain failure.*?

Fracture surface morphology

Figure 7 displays SEM micrographs taken from the
tensile fracture surfaces of EVA-28 and its nanocom-
posites containing 1 wt % DS-LDH. The fractured
surface image of neat EVA-28 clearly shows the pre-
sence of some cracks, while the nanocomposite
containing 1 wt % DS-LDH does not show any
prominent cracks. This is due to the formation of
shear zones, which possibly reduces the formation of
the cracks."* The strong interfacial interaction be-
tween the polymer matrix and DS-LDH forms some
shear zones, which results in corresponding increase
in TS of the nanocomposites. Moreover, it appears
that the formation of micro-void around the LDH
particles leads to the rough fracture surface which
thereby favors the inter particle yielding and tough-
ness of the nanocomposites and responsible for the
improvements in mechanical properties.

TGA analysis

Figure 8 shows the thermograms of EVA-28 and the
nanocomposites containing 1, 3, 5, and 8 wt % DS-

LDH. It is evident that EVA-28 undergoes two-step
decomposition'?; the first step of degradation corre-
sponds to the deacylation (225-412°C) while the
second step associated with the polyethylene main
chain decomposition (412-500°C). The figure clearly
shows that the weight loss for the first step in all the
nanocomposites is relatively more and may be attrib-
uted due to degradation of alkyl chains of organo-
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Figure 7 Tensile fracture surface morphology of (A)
EVA-28, (B) EVA-28/DS-LDH (1 wt %) at low magnifica-
tion, (C) EVA-28/DS-LDH (1 wt %) at high magnification.
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Figure 8 TGA curves of (a) EVA-28, (b) EVA-28/DS-LDH
(1 wt %), (c) EVA-8/DS-LDH (3 wt %), (d) EVA-28/DS-
LDH (5 wt %), (e) EVA-28/DS-LDH (8 wt %).

modified LDH.” Such an initial weight loss is antici-
pated to reinforce the charring process and could be
more useful for the fire safety of nanocomposites.
According to Chen and Qu® an efficient charring
process in a flame retardant polymer occurs at a
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temperature higher than its processing temperature
but much lower than its decomposition temperature.
It is also observed that the first step weight loss for
EVA-28/DS-LDH nanocomposites up to 3 wt % of
LDH loading decreases than the neat EVA-28. This
improvement in thermal stability is possibly due to
the barrier effect of the homogeneously dispersed
LDH layers, which inhibit the cooperative motion of
small molecules during decomposition. However,
EVA-28/DS-LDH nanocomposites containing higher
LDH content exhibit no further improvement in first
step decomposition process. This is possibly due to
aggregation tendency of LDH layers in the EVA-28
matrix. The weight loss of EVA-28/LDH nanocom-
posites upto 3 wt % LDH content in the second step
also increases with increasing final decomposition
temperature. Therefore, such a weight loss at the
second step of decomposition process is highly ad-
vantageous to promote the charring process and
enhance the fire safety of nanocomposites.® Further,
addition of LDH in EVA leads to the decrease in
weight loss due to aggregation of LDH nanolayers
that could form heat source domains in the degrada-
tion step.

CONCLUSIONS

EVA/DS-LDH nanocomposites synthesized by solu-
tion blending shows enhanced physicochemical
properties. XRD analysis provides an idea that the
polymer matrix is intercalated in between the LDH
layers. TEM analysis shows that the LDH particles
are well dispersed in the polymer matrix and con-
firms the formation of partially exfoliated nanocom-
posites. Mechanical properties of the nanocomposites
are higher than the virgin polymer at low filler
loading but at higher filler loading (8 wt %) tensile
modulus decreases due to the aggregation of LDH
layers, which is clearly observed by SEM analysis.
Thermogravimetric analysis shows that the thermal
stability of the nanocomposites is relatively higher
and can be used as fire safety materials.
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