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ABSTRACT: New ethylene-co-vinyl acetate (EVA, with
60% vinyl acetate content) based nanocomposites were
prepared with graphites modified by various techniques
and a commercially available expanded graphite (EG). The
infrared spectra and the surface energy measurements
indicated better oxidation and higher surface energy of the
graphite modified by mixed acids followed by high tem-
perature treatment (GO). Interlayer space and surface area
were increased as a result. EG possessed higher surface
area. GO was found to distribute in finer tactoids of aver-
age thickness of 25 nm in the matrix, as compared with
the unmodified graphite (UG), having average tactoid
thickness more than 40 nm along with aggregation. EG

also showed finer dispersion in the EVA matrix with some
network formation. The dynamic mechanical and the me-
chanical properties were superior at the 2 wt % concentra-
tion of the GO, beyond which the improvement was less,
possibly because of aggregation of GO. Greater EVA-GO
interaction at 2 wt % concentration was also supported from
the swelling analysis, thermal conductivity, and the thermo-
oxidative degradation data of the hybrid composites. The
melt viscosity was lower at 2 wt % GO concentration. EG
based nanocomposites registered similar properties. © 2008
Wiley Periodicals, Inc. ] Appl Polym Sci 108: 1603-1616, 2008
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INTRODUCTION

Since the introduction of polyamide 6/clay hybrid
nanocomposites via intercalation polymerization, the
research and application on this area has made a
striking progress till date. The ever-increasing inter-
est in nanoscience and technology using fillers of
nano dimensions in polymer matrices are principally
due to some exceptional properties that are derived
from the resultant materials."™ These nano fillers
could be spherical metal oxides,®” nanotubes,®’ or
layered clays.'*"?

Till date, numerous literatures have been pub-
lished from various laboratories including ours,
explorin§ the different aspects of clay'*' and
silica®** based polymer nanocomposites. Clay is the
first generation layered, one-dimensional nanofiller,
whereas silica is the spherical, zero-dimensional
nano filler among the metal oxide family. In the last
five years, layered graphite has appeared in the
arena as new generation one-dimensional nano filler
for the polymeric systems with a lot of promise.

Correspondence to: A. K. Bhowmick (anilkb@rtc.iitkgp.
ernet.in).
Contract grant sponsor: DRDO, New Delhi, India.

Journal of Applied Polymer Science, Vol. 108, 16031616 (2008)
©2008 Wiley Periodicals, Inc.

Graphite is an allotrope of carbon, the structure of
which consists of graphene layers stacked along the
c-axis in a staggered array.”

It has been known since long back that certain
atoms and molecules swell graphite and increase its
weight. In the modern terminology, this phenom-
enon has been elucidated as the intercalation of
guest chemical moieties within the graphene layers
of the host graphite lattice.®

High crystallinity of graphite is disadvantageous
in forming the nanocomposites with polymers, as
the giant polymer molecules do not find spaces
within the graphene sheets. This has been overtaken
by mod1fy1n§ the graphite flakes with several oxidiz-
ing agents.” This treatment introduces some polar
groups on to graphite, which helps in widening the
interlayer spacing in the material so that giant poly-
mer molecules get access into it. The modified gra-
phite, quite often, has been termed as graphite oxide
and designated as GO.*® The chemical modification
turns graphite slightly hydrophilic and therefore bet-
ter dispersion could be anticipated within polar
polymer matrices. Till date, some literatures are
available on nonpolar thermoplastics like polysty-
rene by using in situ intercalative polymerization
technique® along with few polar polymers like poly-
amide® and poly(methyl methacrylate).®® But the
authors are not aware of any reference on graphite
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nanosheet composites comprising of thermosetting
matrices, especially rubbers. Under this backdrop,
the present article explores the synthesis and charac-
terization of novel rubber grade ethylene-co-(vinyl
acetate) (EVA) (which is a commercially important
copolymer of ethylene and vinyl acetate, having var-
ious applications”')-graphite hybrid nanocomposites.
The article is segmented in two parts: The first part
describes the modification and characterization of
naturally occurring graphite powders. Commercially
available expanded graphite has also been used for
comparison in few instances to gain control over the
tailor-made filler material. The second part deals
with preparation and characterization of the EVA-
graphite hybrid nanocomposites. Structure-property
correlation has also been attempted against the experi-
mental findings of these systems. This investigation
will have applications in the development of EVA
having higher thermal stability, mechanical properties,
and thermal conductivity at low loading of graphite.

EXPERIMENTAL
Materials

Rubber grade ethylene vinyl acetate (EVA) with 60%
vinyl acetate content was supplied by Bayer (now
Lanxess), Germany. Naturally occurring graphite pow-
der (UG) was supplied by Comet Chemicals, Mumbai.
The commercial graphite, which is already expanded
(EG), was supplied by Asbury Graphite Mills, United
States. The oxidizing agents, concentrated sulfuric acid
(H2SO4), concentrated nitric acid (HNO;), potassium
permanganate (KMnQO,), and hydrogen peroxide
(H,O,) and the crosslinker for the rubber, dicumyl
peroxide (DCP, 99% pure), all of laboratory grade
were obtained from s.d. Fine-Chemicals, Mumbai,
Ranbaxy, 5.A.S Nagar, E. Merck (India), Mumbai and
Hercules India, respectively. Hexamethylene diamine
(HMDA), another agent for the modification of the
natural graphite was generously supplied by NICCO,
India. Triallyl cyanurate (TAC), the cocrosslinker was
procured from Fluka A G, Germany. Toluene of LR
grade, used as the solvent for EVA was obtained from
MERCK (India), Mumbai, India.

Different methods of modification of naturally
occurring graphite flakes

The naturally occurring graphite powder (UG) was
modified by the following three different methods:

Mixed acid treatment

UG of 10 g was added to a mixture of concentrated
H,S0, (98%) and HNOj3 (72%), taken in the volume
ratio of 4:1 in a 250-mL beaker. The mixture was
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stirred well using a mechanical stirrer for 18-20 h at
room temperature (27°C) and then dried in an air
oven to remove any moisture present. Afterwards,
that was taken in a silica crucible and heat treated at
900°C for 30 s in a muffle furnace to prepare the
modified graphite (GO). The method is similar to
that reported in the literature.”

Potassium permanganate/mixed acid treatment

Graphite powder (5 g) was digested with a mixture of
100 mL of H,SO4 (98%) and 16.5 mL of HNO; (72%)
for 30 min in an ice bath and then 30 g of KMnO,
was added to the mixture and stirred for additional
30 min in a 250 mL RB flask. The temperature was
brought to room temperature with constant stirring.
The excess KMnO,4 was removed by adding H,O, at
a very slow rate. Immediately after the addition of
H,0O,, excess distilled water was added and washed
for several times. The water present was removed by
drying at around 100°C in the air oven. This is similar
to the procedure carried out by Gopakumar.*

Amine treatment

About 1 g of natural graphite was heated with 10 mL
of HMDA (0.076 mol) in a 50 mL test tube, in silicone
oil bath at (140 = 10)°C for 2 h. The resulting graph-
ite was washed using ethyl alcohol followed by dis-
tilled water and then drying at 80°C in an air oven.*

Preparation of EVA-graphite nanocomposites

The nanocomposites were synthesized by using a solu-
tion-mixing technique. EVA (5 g per batch) was dis-
solved in 50 mL of toluene to make 10% solution of the
rubber using a magnetic stirrer in a 250 mL beaker. DCP
of 0.05 g as the curing agent and 0.05 g of TAC as the
coagent was added to the rubber solution. The solution
was thoroughly stirred using a mechanical stirrer. The
modified graphite powder, dispersed in toluene was
first sonicated for 15 min and subsequently added to the
rubber solution while stirring at room temperature
(27°C) for 15 min. The final solution was cast over teflon
trays and kept for air drying followed by vacuum drying
at 50°C till there was practically no weight variation. The
dried films were molded in a hot press at 150°C for a
cure time of 25 min. The composition details of the nano-
composites are reported in Table I.

Characterization of the unmodified, modified
graphite, and EVA-graphite nanocomposites

Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR) (model: NICOLET
NEXUS ™) in diffuse reflectance infrared Fourier
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TABLE I
Designation and Compositions of the Hybrid
Composites
Weight %

No. Sample designation EVAg UG GO EG
1 EVAg 100 0 0 0
2 EVAg + 1GO 100 0 1 0
3 EVA¢ + 2GO 100 0 2 0
4 EVAg + 4GO 100 0 4 0
5 EVAg + 1UG 100 1 0 0
6 EVAg + 2UG 100 2 0 0
7 EVAg + 4UG 100 4 0 0
8 EVAg + 1EG 100 0 0 1
9 EVA¢ + 2EG 100 0 0 2

10 EVAq + 4EG 100 0 0 4

transform (DRIFT) mode was employed to character-
ize the UG and GO powders, whereas EVA-graphite
hybrid composite (EVA + GO, EVA + EG, and
EVA+ UG, Table I) was analyzed by using the atte-
nuated total internal reflection (ATR) technique with
the help of a 450 KRS5 prism. All the spectra were
taken within the range of 4000400 cm ™' with the re-
solution of 4 cm™'. The analysis was done using the
software OMNIC E.S.P 5.1.

Particle size analysis

The particle size and surface area of the different
graphite samples were measured using a Malvern-
3601 (UK) particle size analyzer.

X-ray diffraction studies

The X-ray diffraction studies were done using a
Rigaku CN 2005 X-Ray Diffractometer, model: Mini-
flex (30 kV, 10 mA) with a Cu target (CuKo radia-
tion with A = 0.154 nm) in the range of 20 = 10°-
50°. The corresponding d-spacing of the powder
graphite Earticles was calculated using the Bragg’s
Equation.”

nh = 2d sin 0 (1)

where, A is the wavelength of X-rays, d is the inter-
planar distance, and 6 is the angle of incidence of
the radiation.

The crystallite size within the graphite powders
before and after modification was determined from the

X-ray diffraction data using the following equation:*>*

C;=09 X\ /B cos 6 (2)

where, C; is the crystallite size, A is the wavelength of
the incident X-ray beam, B the full width at half maxi-
mum (FWHM) of the X-ray diffraction peaks, and 0 is
the half of the angle 26 corresponding to the peak.
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Surface energy measurements

The surface energy of both unmodified and modified
graphite particles was calculated by measuring the
contact angle using a dynamic wicking method. The
graphite powder was tapped 200 times and packed
in the graduated capillary tube (2-mm inner diame-
ter). The tube was placed vertically and was con-
tacted with liquids (water and formamide) in the
beaker. The liquids penetrated up in to the column
of the powders by the capillary attraction. The
height of the penetration was calculated by fitting
the data of the weight of the penetrating liquid at
regular intervals of time in the following equation:

h=o/pSe (3)

where o is the weight of the penetrating liquid, & is
the height of liquid penetration, p the density of the
filler, S the surface area of the powder in the packed
column, and & the porosity of the packed column,
calculated by the following equation:

e=1 — W,/hSp, 4)

W, is the weight of the powders tapped in the col-
umn.The subscript p indicates penetration of the sol-
vent in the column.

The contact angle of the powder sample was cal-
culated using the Washburn Equation®”

h? = 2Ry cos 0t/n )

where vy, is the surface tension of the liquid used, 6
is the contact angle of the liquid on the graphite
powder, t the equilibrium time taken, n the viscosity
of the liquid, and R.s is effective radius of the
packed column in the capillary tube.

Finally the surface energy of the graphite sample
was calculated by measuring the contact angle with
water and formamide using the following equation.

cos0 = —1 +2(v7y)" Jyp + 2042 V)P /v (6)

where v/ is the dispersive component of the surface
energy of the solid surface and v/ is the dispersive
component of the surface energy of the liquid sur-
face, 7% is the polar component of the surface energy
of the solid surface and v} is the same of the liquid
surface, and vy, is the surface tension of the liquid.

Morphological observation

Atomic force microscopy. The morphological analysis
of the solution cast and molded samples was done
using the Multi Mode Scanning Probe Microscope,
model: MMAFMLN with a Nanoscope Illa controller

Journal of Applied Polymer Science DOI 10.1002/app
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supplied by the Digital Instruments (Veeco Metrol-
ogy Group), Santa Barbara, CA. All the measure-
ments were carried out in air at ambient conditions
(27°C) using tapping mode probes with constant am-
plitude. The scanning was done using 125-um long
single beam etched silicon probe (TESP), square pyr-
amid in shape with a spring constant (k) of 20 N/m
and nominal radius of curvature of 10 nm. Images of
1.5 p x 1.5 p scan area containing 256 data points
were analyzed using a Nanoscope image processing
software.

Transmission electron microscopy. The samples for TEM
analysis were prepared by ultra-cryomicrotomy using a
Leica Ultracut UCT. Freshly sharpened glass knives
with cutting edge of 45° were used to get the cryo-
sections of 50-70 nm thickness. Since these samples
were elastomeric in nature, the temperature during
ultra cryomicrotomy was kept at —50°C (which were
well below glass transition temperatures of EVA).
The cryosections were collected individually on su-
crose solution and directly supported on a copper
grid of 300-mesh size. The microscopy was per-
formed using a JEOL JEM- 2010 (Japan) transmission
electron microscope, operating at an accelerating
voltage of 200 KV.

Dynamic mechanical thermal analysis

Dynamic mechanical thermal characteristics of the
composite films (0.4-0.6 mm thick) were evaluated
by using a DMTA IV (Rheometric Scientific) under
tension mode. All the data were analyzed using RSI
Orchestrator application software on an ACER com-
puter attached to the machine. The temperature
sweep measurements were made over the range of
temperatures from —35 to 20°C. The experiments
were carried out at a frequency of 1 Hz at a heating
rate of 2°C/min. The storage modulus (E’) and the
loss tangent (tan §) data were recorded for all the
samples under identical conditions.

Swelling study

The swelling studies of the rubber specimens were
carried out in toluene at ambient condition (27°C)
for 72 h. Volume fraction of rubber, V,, was calcu-
lated using the following equation:*®

[(D—F Wyp,']

V pr—
" (D —=F W)p, 1 + Aop; !

7)

where, V, is volume fraction of rubber in the swollen
gel, D, the deswollen weight of the composites, F is
the fraction insoluble; W; the initial weight of the
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sample and A, is the amount of solvent imbibed.
The p, is the density of the rubber, while p; is den-
sity of the swelling solvent.

Analysis of mechanical properties

The mechanical properties of the composites were
evaluated by a universal testing machine (UTM,
Zwick 1445) on dumbell specimens, punched out
from the cast films using an ASTM Die C. All the
tests were carried out as per ASTM D 412-99 method
at (25 *£ 2)°C at a crosshead speed of 500 mm/min.
The average values of three tests for tensile strength,
tensile modulus, and elongation at break are
reported for each sample.

Rheological studies

The melt flow properties of the uncrosslinked nano-
composites and the virgin rubber samples were
measured by means of a Monsanto Processability
Tester (MPT) (barrel radius, 9.53 mm), which is a
fully automated capillary viscometer. The entire bar-
rel and the capillary assembly were electrically heated
with a microprocessor-based temperature controller.
The capillary used had a length to diameter ratio of
30 (length, 30.00 mm; diameter, 1.00 mm). The com-
pound entrance angles of the capillary were 45° and
60°. The apparent shear stress was taken as equal to
the true shear stress. The extrusion study was car-
ried out at 110°C and at seven different shear rates
(12.3, 24.5, 49, 98.1, 147, 196.2, and 2452 s '). The
rate of shear variation was achieved by changing the
speed of the plunger automatically. The apparent
shear stress (t.pp), apparent shear rate (yipp), and
apparent shear viscosity (n.pp) Were calculated using
the following set of equations:

Tapp = AP /4l (8)
Vapp = 32Q/md ©)

where, AP is the pressure drop across the length of
the capillary, d. and [, are diameter and length of the
capillary, respectively, and Q, the volumetric flow
rate of the material.

Measurements of thermal conductivity

The thermal conductivity of the nanocomposite sam-
ples were measured using the instrument DSC204,
NETZSCH Thermal Analyzer of Phoenix, United
States. The experiment was conducted in an inert
atmosphere of nitrogen and the heating was done at
a rate of 10°C/min. Thermal conductivity of the vari-
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Figure 1 FTIR spectra of naturally occurring unmodified
graphite and different modified graphites.

ous samples was calculated using the following
equation

Heat flow,Q = =2y A dT/dx (11)

where, Q is the heat flow obtained from the DSC
curve by taking the amount of heat flow between
two temperatures (here 140-165°C). A; is the thermal
conductivity expressed in W/m/K/g, A is the sam-
ple area (here 3 mm?), and dx the thickness (here
0.5 mm) of the sample respectively. dT is the temper-
ature difference between the two selected tempera-
tures i.e., 165 — 140 = 25°C.

Thermal degradation study

Thermal stability of the composites was investigated
by thermogravimetric analysis (TGA) by using a
Perkin-Elmer TGA instrument [Model: Pyris Diamond
TG/DTA] from ambient to 800°C at a programmed
heating rate of 20°C/min in oxygen. A sample weight
of ~ 10 mg was taken for all the measurements. The
weight loss against temperature was recorded. Differ-
ential thermo gravimetric analysis (DTG) of the com-
posites was represented in terms of the first derivative
plots of the TGA curves. The data points denote the
weight loss/time against temperature at the specified
heating rate.

RESULTS AND DISCUSSION
Characterization of the filler

Fourier transform infrared spectra and
particle size analysis

Figure 1 displays FTIR plots for the unmodified and
the modified graphites along with that of the com-
mercially available expanded graphite, by arbitrary
stacking. Table II records the actual intensity values
(in % absorbance) of important peaks of the unmodi-
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fied and modified graphites. It is observed both
from the stacked figures (Fig. 1) and the table (Table
II), C=O absorption band appears at around
1710 cm ™' on oxidation with mixed acid and with
KMnOy/acid systems (predominant in mixed acid
treated system). Apart from this, mixed acid treated
sample shows highest peak intensities for the OH
(3670 cm™ ') and C=C (1665 cm™ ') stretching vibra-
tions. Surprisingly, amine treated sample is devoid
of these (C=0O, OH and C=C) groups. The treat-
ment of the UG with various reagents like mixed
acid, KMnO,/ acid, and organic amine is principally
aimed at inducing polarity on the graphite surface.
Impregnation of several polar functional groups like
>C=0 and —OH could help in destructuring the
crystallites and increase interlayer spacing. This
would probably improve the dispersion of the filler
within the polymer matrices by predominant interca-
lation. As demonstrated from the FTIR study, treat-
ment of the UG with mixed acid followed by heat
treatment in a muffle furnace produces most effec-
tive oxidation (existence of C=0, OH, and C=C
groups) as compared with other treatments.

The reaction of UG with mixed acid could be
expressed as follows™

UG-+nH,804 +1/2[0] — n[UG.H,SO4] +1/2H,0  (12)

where [O] is the oxidant moiety generated in situ
from the combination of concentrated H,SO, and
HNO;. The [UG-HySO4] is an intermediate species,
which probably undergoes decomposition at high
temperature (~ 900°C) to emit gaseous products caus-
ing interlayer separation in the graphene sheets.*
This is specifically termed as graphite oxide (GO), as
already mentioned. Here onwards, the mixed acid
treated modified graphite sample would only be
referred to as GO, unless otherwise mentioned. The
FTIR spectra of commercially available expanded
graphite contain no peaks indicating that there are no
surface groups on the graphite platelets. This may be
due to the high temperature treatment of the graphite
done in an inert atmosphere. Table III compares the
results in the form of average particle size and the
specific surface area of different graphite samples

TABLE II
FTIR Peak Intensity of Different Graphite Samples

Peak intensity
(in % absorbance)

—OH Cc=0
Graphite samples (3670 cm ™) (1710 cm ™)
UG 0.130 -
KMnO,/H,S0,/HNOj treated 0.132 0.02
Amine treated 0.078 -
H,50,/HNO;+900°C treated 0.306 0.06
EG 0.058 -

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE III
Characteristics of Different Graphite Samples

Average particle  Specific surface

Dispersive component

Polar component Total Surface

Graphite sample size (um) area (m?/cc) (y‘sj ;mJ/ mz) (Yg; mJ/ mz) energy (y; mJ/ m?)
UG 67.62 0.150 441 13.98 18.39
KMnO,/H,S0,/HNO;

treated UG 63.59 0.144 3.66 17.03 20.69
H,S0,4/HNO; + 900°C

treated UG 36.64 0.225 0.13 38.68 38.81
EG 21.87 0.320 0.31 14.42 14.73

before and after modification. It is clear that, the
treatment with mixed acid (concentrated HNO5; and
H,S0,) and on subsequent heating at 900°C in a
muffle furnace deagglomerates the graphite sample
significantly, more than that with KMnO,/mixed
acid treatment at room temperature. In fact, the av-
erage particle size of the latter is quite close to that
of the unmodified graphite sample (Table III). As
the specific surface area is inversely proportional to
the average particle size, the mixed acid treatment
produces the highest surface area (among the labo-
ratory treated samples) compared with KMnO,/
acid treated sample. The data for the amine treated
sample is deliberately being put off the list, as it
shows very little amination or oxidation not de-
tected in the FTIR study.

Increase in polarity causing some deagglomeration
is further confirmed from the measurements of sur-
face energy through contact angle study. Table III
compares these data on UG and GO samples. Be-
cause of oxidation, the polar component is increased
significantly in the case of GO and as a complemen-
tary fact the dispersion component is low for the
same. This in fact has led to tremendous rise in sur-
face energy of GO as compared with UG and show
absolute parity with the particle nature analysis
data, reported in Table IIIl. The average particle size
of the commercially available expanded graphite is
also compared in the same table (Table III). It shows
that this filler is even more deagglomerated as it
possesses still lower particle size than GO. As a con-
sequence, expanded graphite has greater surface
area as compared with GO.

X-ray diffraction and surface energy measurements

The X-ray diffractogram of the pristine graphite sam-
ple (UG) is displayed in Figure 2(a) along with that
of the GO. The figure shows a very sharp diffraction
peak at 20 = 28.6° [Fig. 2(a)] for pristine graphite,
which indicates high crystallinity and corresponds to
the diffraction of the (002) pleme.39 The interplanar
distance, dyp,, was found to be 3.11 nm (Table IV).
Oxidation via mixed acid treatment, forms graphite—
acid intermediates, which comprises of carbon layers
along with the polar groups-intercalated layers,
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stacked on top of one another. Heating this to suffi-
ciently high temperature causes exfoliation of the
graphite layers, forming vermicular or worm like
shapes known as expanded graphite or thermo
expanded graphite, already mentioned as GO. In GO,
all peaks, including the characteristic peak are
decreased in intensity from that of UG (Table 1V)
indicating the relative reduction in crystallinity after
modification. The d-spacing for GO was calculated to
be 3.16 nm, slightly greater than that of the pristine
graphite sample. These observations corroborate the
results obtained earlier by Uhl et al.* and indicate
the transformation of UG in to a new crystalline form
which may be lamellar, with slightly higher interlayer
spacing. The following model nicely demonstrates
this structural modification:

—
Irestment with acid _a__o o high temperabure
mixiure o treatmenk oA
Ao o B
i R an
Lz
GO with expanded
Inter|ayer spacing

g ——= polar gop

It may be mentioned here that the positions and
the intensity of the diffraction peaks are subject to the
nature of modification of the graphite samples. Figure
2(b) shows the X-ray diffractogram of EG. The crystal-
lization peak for this system has been obtained at 26
= 26.1° corresponding to an interlayer spacing (dog)
of 3.37 nm. This figure is slightly greater than that
being obtained on modification of UG in the labora-
tory, although the crystallite size in both of these
cases (GO and EG) are significantly lower than that
of UG because of more deagglomerated structure. In
addition, the expanded graphite, as is being observed
previously through particle size analysis, possesses
slightly lesser crystallite size than that of GO.

Analysis of EVAg-graphite hybrid nanocomposites

FTIR, X-ray diffraction, and microscopy studies

Different analytical techniques described in the pre-
vious section have illustrated that the highly crystal-
line, naturally occurring graphite flakes (UG) has
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Figure 2 (a) X-ray diffractograms of the unmodified
graphite, mixed acid modified graphite, and EVA4-GO
nanocomposite (2 phr GO concentration). (b) X-ray diffrac-
tograms of the commercially available expanded graphite
along with its composite with EVA¢, (4 phr filler concen-
tration).

been transformed in to a polar, relatively amorphous
graphite oxide (GO) with higher surface area. Figure
3 depicts the representative FIIR plots for virgin
EVA (with 60% vinyl acetate content, denoted as
EVAg) and the EVAg-GO hybrid nanocomposite
with 2 wt % GO content, synthesized from solution
intercalation process. There is virtually no difference
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in the nature of the spectra between these two sys-
tems except the appearance of the small band at
1565 cm ™!, which was originally present in the GO
at 1665 cm ™! (Fig. 1). This indicates a stronger shift
in the peak for C=C bond stretch (which was origi-
nally present in GO) towards lower wave number
range, which indicates an increase in energy of the
system. This may be due to stronger adsorption of
the rubber over the GO surface or the stronger rub-
ber-filler interaction. This would be further elabo-
rated through swelling analysis of the samples,
described in the later section.

The X-ray diffractograms of representative EVA-
GO and EVA-EG samples are shown in Figure
2(a,b), respectively. For GO, the experiment has been
carried out with 2 phr of the filler, whereas four
parts of the filler has been used for the latter (as at
these filler concentrations the respective composites
show relatively better mechanical properties given in
the later section). The broad peak at around 20 = 20°
corresponds to the amorphous halo. The principal
crystalline peak in the modified graphite, in both the
cases, does not shift to lower values, but the peak
height reduces significantly.”” Also, most of the
small peaks, which are present in the case of GO dis-
appear, indicating an increase in relative amorphous-
ness in the composite (these small peaks are absent
in the case of commercially available expanded graph-
ite because of variation in treatment of the pristine
graphite sample). Most importantly the crystallite
size of the graphite does not change after the forma-
tion of the composite in either of these cases (Table
IV). This virtually confirms the intercalated EVA-
graphite structure formation using both GO and the
expanded graphite in spite of different modification
techniques adopted for these fillers.

Figure 4(a,b) demonstrates the AFM phase images
of the GO and the UG filled EVA¢y hybrid compo-
sites at 2 wt % filler concentrations, respectively. In
the AFM figures, the harder phase i.e., the graphite
is indicated in white, whereas the softer phase
(rubber phase) is indicated in darker color. These fig-
ures very clearly distinguish between the nature of

TABLE IV
X-Ray Diffraction Data of Modified and Unmodified Graphites
EVA + EVA +
UG EG 2wt % GO 4wt % EG

Area of the characteristic

peak of graphite 759 1,587 11,129 1,230 8,531
26 (degree) 28.62 28.2 26.4 28.62 26.4
FWHM (degree) 0.17 0.24 0.63 0.20 0.38
Height of the characteristic

peak of graphite (counts) 4,346 4,152 10,920 1,610 8,378
d (nm) 3.11 3.16 3.37 3.16 3.37
Crystallite size (nm) 8.42 5.97 2.06 5.97 2.06

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 FTIR spectra of virgin EVA4, and the EVA4;-GO
hybrid nanocomposite filled with 2 phr of GO.

dispersion of GO and UG within the EVA¢, matrix
[Fig. 4(a) for EVA¢-GO and Fig. 4(b) for EVA4-UG].
GO is more uniformly distributed, and the thickness
of the tactoids ranges from 10 to 40 nm [Fig. 4(a)],
whereas the UG shows clear sign of agglomeration
with average tactoid thickness of 50 nm or more in
the rubber matrix, prepared under identical condi-
tions. Furthermore, the GOs are more fribillar in
appearance in Figure 4(a), which forms as a result of
slightly more interlayer separation in GO where the
rubber chains get access. This is further supported
by the TEM image of EVA-GO hybrid nanocompo-
site (2 phr GO concentration) in Figure 4(c) where
the finer distribution of graphite platelets in the rub-
ber matrix is clearly seen (the clay phase is repre-
sented in black).

AFM phase image of the 4 phr EG filled EVA¢
hybrid nanocomposite is elucidated in Figure 4(d). It
can be observed from the figure that a network of
graphite particles is formed in the rubber matrix
leading to higher interaction between the matrix and
the filler particles. The thickness of platelets are
observed to be in the range of 20-30 nm and are
almost comparable with that being obtained with
GO [Fig. 4(a)]. However, there exists much finer
layers (5-6 nm thick ) inside the platelets, as
observed in the magnified TEM image of the nano-
composite [Fig. 4(e)].

Dynamic mechanical thermal analysis and solvent
swelling properties

Figure 5(a,b) represents the plots of dynamic storage
modulus [Fig. 5(a), in log scale] and the loss tangent
against temperature [Fig. 5(b)] for the hybrid nano-
composites. The experimental temperature ranges
from —35 to +20°C. In the glassy region, the moduli
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show steady increase from the virgin rubber with
the concentration of GO up to 2 wt % beyond which
these decrease. Similar trend exists in the transition
region also. However, these moduli curves intercross
each other at several points beyond this region and
the moduli exhibit almost similar values [Fig. 5(a)].
On the other hand, the expanded graphite reinforced
(4 wt %)-EVAg nanocomposite exhibits quite a large
value of storage modulus as compared with the
other composites probably because of network mor-
phology. Figure 5(b) illustrates the variation in tan 6
values with temperature, demonstrating significant
decrease in the peak height at 2 and 4 wt % of GO
concentrations in the EVA¢, from that of the virgin
rubber. A steady shift in the tan 8.« Which indi-
cates the T, of the system, to higher temperature
regions as a result of addition of GO is also noted.
The expanded graphite reinforced system also shows
reduction in peak height of tan 6 curve. Moreover,
the T, is shifted only by 1°C from that of the virgin
EVA60 sample. Table V denotes the moduli and tan
0 values below, at and above the T, regions, taken
from Figure 5(a,b) for illustration. The T, values are
also included in the table. The increase in modulus
on addition of GO is due to rubber-filler interactions,
which is also evident from the FTIR spectra. Adsorp-
tion of the rubber chains over the GO surface causes
partial immobilization of the rubber chains. This in
turn decreases the vibrational amplitude at the glass
transition and reduces the peak tan 6 values. This is
the case with up to 2 wt % of GO concentration
where fillers are fibrillar and are more uniformly
distributed. But at higher filler loading, say 4 wt %,
some aggregation takes place, which actually
reduces the available surface of the filler to interact
with the rubber. This is reflected in the decrease of
modulus for this system over that of the 2 wt %
loaded EVAgy Furthermore, the peak area of the tan
d plots for the former is significantly lower than that
of the latter, which indicates broader molecular
weight distribution attained with finer particles and
higher interaction with the GO at 2 wt % concen-
tration. This is well supported by the results of
the swelling study, reported in Table VI. More the
volume fraction of the rubber entrapped in the swol-
len gel, higher is the swelling resistance. The nano-
composite filled with 2 wt % of GO shows the high-
est gel formation among all the systems (Table VI)
and hence the maximum crosslink density (as the
rubber-GO interaction points act as temporary fix
points). The gel fraction values are low for 4 wt %
GO loaded EVAg composite as well as for 1 wt %
UG loaded systems. In these cases, the less inter-
active filler surfaces or aggregation leave higher frac-
tion of the rubber chains out of contact causing swel-
ling. For 4 phr expanded graphite loaded sample,
the maximum gel formation is recorded. This is
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(a) (b)

Figure 4 (a) AFM phase image of EVA4-GO (2 phr). (b) AFM phase image of EVA4-UG (2 phr). (c) TEM image of EVAgy-
GO (2 phr). (d) AFM phase image of EVA-EG (4 phr). (e) TEM image of magnified graphite layer of EVA4-EG (4 phr).

virtually due to higher surface area of the graphite  ling phenomenon elucidated for nano silica and
and hence stronger interaction with the rubber ma-  nano clay filled rubber systems reported from our
trix. These observations closely resemble the swel-  laboratory.*
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Figure 5 (a) Storage modulus versus temperature scans
for the virgin EVA4, and EVA¢-GO hybrid composites at
different GO concentrations, along with that of a represen-
tative EVA4-EG (4 phr) nanocomposite. (b) Tan & versus
temperature scans for the virgin EVAg and EVAg-GO
hybrid composites at different GO concentrations, along
with that of representative EVA¢-EG (4 phr) nanocompo-
site.

Analysis of mechanical properties

Table VII reports in-detail mechanical properties of
the cured EVAgy-graphite hybrid nanocomposites in
terms of tensile modulus (at 50, 100, 200, and 300%
elongations), tensile strength, and elongation at
break (%) values. With increasing concentrations of
the GO up to 2 phr, the strength and the modulus of
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EVAg, increases because of effective rubber-filler
interactions evident from the higher value of volume
fraction of rubber. Maximum strength is obtained at
2 phr concentration, which is in line with the
dynamic mechanical and swelling properties. At 4
phr GO concentration, these values are lower, indi-
cating the effect of aggregation of the filler. A maxi-
mum of around 55% increment in the tensile
strength with reference to the virgin EVAy4 is
attained. The lowering of strength beyond a critical
value is due to the fact that there is aggregation of
the nanographites and that higher surface area of the
GO may also absorb some portion of the peroxide,
thereby affecting the crosslinking reaction adversely.
Although the tensile strength and modulus increase,
the elongation at break does not decrease in the
present system. This is possibly due to the slippage
of the rubber chains over the fibrillar GO platelets,
imparting some plasticizing effects within the sys-
tem. In all the cases, this effect is evident but with
different degrees (i.e., extent of increment varies),
depending up on the state of dispersion of the GO.
With UG, the mechanical properties are significantly
lower than those obtained with similar doses of GO
(Table VII) and even lower from those of the virgin
EVAg sample in the crosslinked nanocomposites.
GO is comparatively more polar than UG, which
facilitates better compatibility with the polar rubber-
like EVA (polar—polar interaction) and hence pro-
motes dispersion of the former. The UG phase,
therefore, is more agglomerated [Fig. 4(b)] and is the
point for stress concentrations and flaws, which
cause lower strength and early failure of the hybrid
composites. This behavior has been further con-
firmed by taking EVA having different vinyl acetate
contents (not shown in the article). The expanded
graphite filled EVA samples also exhibit a steady
increase in mechanical properties with increasing fil-
ler content (Table VII). Up to 4 phr concentration
studied, it shows an increasing trend. These nano-
composites show slightly higher modulus than that
of the GO filled samples at similar GO concentra-
tions, which may be due to network structure within
the rubber matrix [Fig. 4(d)] and higher surface area
of the filler (Table III). Contrastingly, the tensile
strength values are slightly lower for these samples

TABLE V
Storage Modulus and Tan & Values at Different Temperatures and T, Values of the Hybrid Nanocomposites
At T, At 0°C At 20°C
Samples T, (°C) Log E' (Pa) Tan 3 Log E' (Pa) Tan 3 Log E' (Pa) Tan 3
EVA —26.5 6.45 1.45 5.70 0.17 5.66 0.12
EVA + 1GO —24.8 7.21 1.17 5.98 0.17 5.85 0.14
EVA + 2GO —22.8 7.02 0.77 6.07 0.14 591 0.15
EVA + 4GO —23.0 7.40 0.79 6.04 0.15 571 0.12
EVA + 4EG —25.4 7.72 0.71 6.38 0.19 6.24 0.22
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TABLE VI
Solvent Swelling and Thermal Conductivity Data of
EVA-Graphite Hybrid Composites

Thermal conductivity

Volume fraction of from DSC

Sample rubber in swollen gel (W/m/K/g)
EVAg 0.071 0.23
EVA4 + 1GO 0.118 0.58
EVA4 + 2GO 0.126 0.60
EVA4+4GO 0.112 0.42
EVA4 + 2UG 0.103 041
EVA4 + 4EG 0.138 -

than the corresponding GO filled samples, probably
because of lesser technical compatibility of the filler
with the polar rubber matrix (as the expanded
graphite does not show the presence of any polar
groups on its surface). Unlike GO filled samples, the
elongation at break value decreases constantly on
increasing the filler concentration. Higher concentra-
tion of the filler may have caused some aggregation
in the bulk and thereby causes early failure and also
minimizes the plasticization effect at the same time
in the composite.

Studies on rheological behavior

Studies on the melt flow property of rubber nano-
composites are of particular interest, as it gives an
impression about the processability of the system.
Figure 6(a) describes the variation in apparent shear
viscosity at different shear rates for the virgin EVAg,
and EVAg - GO hybrid nanocomposites. In all the
cases, the shear viscosity drops nonlinearly on
increasing the rate of shear, exhibiting the pseudo-
plastic nature of both the gum rubber and its nano-
composites. Moreover, addition of GO increases the
viscosity of the system as noted from the figure [Fig.
6(a)]. Increase in viscosity of a polymeric system on
addition of inorganic and organic fillers has been
explained by Einstein*' and Guth.*? In the present
investigation, the viscosity does increase on addition
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of GO, but not in an uniform fashion i.e., the viscos-
ity values are almost similar for 1,2, and 4 wt % GO
concentrations. This is probably due to the combined
effect of finely dispersed fibrillar GO platelets, acting
as dead rocks and allowing the slippage of the rub-
ber chains (similar effect that delays the tensile fail-
ure of the hybrid nanocomposites) and some interac-
tion between GO and the polymer. This result is
quite similar to the earlier investigation on nanosilica
and epoxy system where they displayed similar vis-
cosity values for a range of shear rates.*> Nitrile rub-
ber-clay hybrid nanocomposites, reported from our
laboratory** exhibited a completely different behav-
ior. In those cases, the viscosity decreased with the
concentration of clay platelets. Increasing viscous na-
ture of the nanocomposites consequently improves
the die swell behavior of these systems. The varia-
tions in die swell at different shear rates are dis-
played in Figure 6(b). All the systems have exhibited
an overall increase in die swell on increasing the
shear rate. Addition of small amount of GO
decreases the die swell significantly. This is again
explained on the basis of greater rubber-GO interac-
tion in the previous case.

Thermal conductivity study

Figure 7 compares the heat flow curves of the virgin
EVA and its representative hybrid nanocomposites
from GO, determined by differential scanning calo-
rimetry. The endotherm, as displayed by all the sam-
ples within the experimental temperature range of
140-165°C (25°C variation) is due to the intake of
heat, which has been conducted through the sample.
The experimental temperature range has been delib-
erately kept at such higher values to obtain substan-
tial numerical values of the thermal conductivity, as
the polymeric systems are common heat insulators.
Thermal conductivity data (Aq) calculated by
employing Eq. (11) are reported in Table VI. The
thermal conductivity increases on addition of graph-
ite to EVA, which is quite expected. Interestingly,

TABLE VII
Tensile Properties of the Cured Nanocomposites

Modulus (MPa)

Sample Tensile strength (MPa) Elongation at break (%) 50% 100% 200% 300%
EVAg 5.56 = 0.20 335 £ 10 0.78 = 0.05 1.21 = 0.05 2.70 = 0.10 5.35 = 0.20
EVA4 + 1GO 7.10 £ 0.20 330 = 10 0.78 = 0.05 1.24 = 0.05 2.75 £ 0.10 5.66 £ 0.10
EVAq + 2GO 8.63 £ 0.25 340 + 10 0.80 = 0.05 1.27 = 0.05 2.80 = 0.10 6.38 = 0.15
EVA¢ + 4GO 6.14 = 0.25 330 = 10 0.79 * 0.05 1.19 + 0.05 2.34 = 0.10 475 = 0.15
EVA4 + 1UG 5.18 = 0.20 320 = 10 0.74 = 0.05 1.13 = 0.05 2.20 £ 0.10 4.01 £ 0.10
EVAq + 2UG 4.83 +0.20 310 + 10 0.68 + 0.05 0.98 = 0.05 1.82 = 0.10 3.55 = 0.10
EVAg + 4UG 459 *0.20 310 = 10 0.66 = 0.05 0.94 = 0.05 1.68 = 0.10 3.20 = 0.10
EVA¢ + 1EG 6.03 = 0.20 345 + 10 0.86 = 0.05 1.28 + 0.05 2.92 = 0.10 523 = 0.15
EVAgo + 2EG 6.58 + 0.20 330 £ 10 0.95 = 0.05 1.54 = 0.05 3.44 * 0.10 6.24 = 0.15
EVAg + 4EG 7.51 = 0.20 320 = 10 1.26 + 0.05 2.05 + 0.05 414 = 0.10 7.20 + 0.20
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TABLE VIII
TGA and DTG Data of the Hybrid Composites

Temperature of

Onset of  maximum rate of  Residue
degradation degradation(°C) at 600°C
Samples  (°C) (from TG)  (from DTG) (%) (from TG)

EVAg 250 480 0.16
EVAq + 1GO 254 482, 494 0.96
EVAgq + 2GO 257 480, 498 2.10
EVAg + 4GO 252 480 4.16
EVAg + 4EG 270 497 429

the A; value reaches maxima at 2 phr (160% of
increase) of GO concentration, whereas it is low for
both 1 and 4 phr. Finer dispersion in fibrilar form of
GO at 2 phr concentration enhances interaction with
EVA and favors better heat transfer of the nanocom-
posites. With 1 phr of GO concentration, this effect
probably has not been optimized because of smaller
concentration of the filler, while at 4 phr, aggrega-
tion of the filler decreases the rubber-filler interac-
tion and demonstrates adverse effect on the thermal
conductivity of the hybrid composites.

Thermoxidative degradation

Figure 8(a,b) demonstrates the TGA and DTG plots
of the virgin EVA and its hybrid nanocomposites,
carried out under oxygen. Thermal degradation
studies under oxygen furnish near-practical data of
the composites and express the oxidative stability
under drastic external conditions. Virgin EVAg
shows two-stage degradation probably because of
the oxidation of side chains and main chains, respec-
tively. Addition of GO to EVA¢, does not change the
nature of degradation as observed from the TGA
plots in Figure 8(a). The temperatures corresponding
to the onset of degradation (Ti) of these samples are
reported in Table VIII. There is a slight shift in T;
towards higher temperature for the hybrid compo-
sites from that of the virgin EVA¢,. The T; for the
hybrid composites as reported in Table VIII reveals
the highest value at 2 phr of GO concentration and
has complemented the thermal conductivity data
(enlisted in Table VI) very nicely. Finer dispersion of
GO could act as “efficient heat sinks,” which con-
sumes more heat than the matrix and does not allow
the accumulation of heat within the latter and
thereby prevents oxidation at the early stages of deg-
radation. The rate of degradation in the second
phase, which is observed in the principal degrada-
tion range (from 450 to 550°C) of EVA is signifi-
cantly improved with the incorporation of GO in the
rubber matrix [Fig. 8(b), the DTG plots] in compari-
son to the first phase of degradation (from 300 to
400°C). The peak heights of the DTG plots at the
higher temperature range (second phase degrada-
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tion) is dropped noticeably at 2 phr GO concentra-
tion, while for other GO concentrations, this drop is
slightly less. This shows a reduction in the maxi-
mum rate of degredation with the addition of GO.
Also, the peak degradation temperature is shifted to
higher values for 1 and 2 phr of GO concentrations.
With 4 phr of GO, this value is not much higher
than that of the neat rubber sample. The residue
obtained at the end of the degradation increases
with the increase in GO concentration as usual (Ta-
ble VIII). These values are slightly less for the hybrid
composites when these are compared with the theo-
retically calculated values. This may be due to slight
oxidation loss of the GO at higher temperatures. The
expanded graphite-EVA4, nanocomposite exhibits a
tremendous increase in thermal stability when com-
pared with the virgin EVA, and also with GO filled
EVAg nanocomposites. With 4 wt % of expanded
graphite, the onset of degredation showed a 20°C
shift towards higher temperature region, whereas
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Figure 6 (a) Apparent shear viscosity versus shear rate
plots for neat and GO loaded EVA¢, nanocomposites. (b)
Die-swell versus shear rate plots for neat and GO loaded
EVAg nanocomposites.
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gl graphite also shows finer dispersion with some
7 TmCaaiieD network formation. In both the cases the inter-
g m;j;g v oo ea, TEAHE S * calated nanocomposites have been obtained.
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Ak aa A, R Lt = morphology within the rubber matrix.
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. , at this concentration. The glass-rubber transition
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Figure 7 DSC scans for virgin EVA¢ and its hybrid com-
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higher glass-rubber transition temperature than

those of the virgin rubber sample. The rubber-

the temperature of maximum rate of degradation filler interaction at different level of filler con-
exhibits more than 15°C shift. This may be due to

network structure of expanded graphite within the
matrix and also better interaction with rubber.
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Thorough investigation on the modification of natu-
rally occurring graphite and characterization of the
novel EVAg-graphite hybrid composites have been
reported extensively in this article. The elaborate dis-
cussion on the experimental findings ultimately 40
leads to the following conclusions:
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1. Treatment with mixed acid (H,SO, and HNOs) ]
and subsequent heating at higher temperature T
causes most effective oxidation of the graphite 300 a00 500
as compared with other reagents. This has been
inferred from FTIR spectra and size of the par-
ticles. XRD study on this modified graphite has (b)
illustrated slight increase in the interlayer spac- iy
ing in the graphene layers from that of the Al
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any polar groups on its surface but are slightly

more deagglomerated (possess smaller particle 1000

size and higher average surface area) with
higher intergallery distance compared with the
acid treated GO.

2. At similar concentration, the modified graphite
shows better dispersion in the EVA matrix hav-
ing 60% vinyl acetate content (than the unmodi- Figure 8 Thermo oxidative degradation plots for EVAg

fied sample), as illustrated from the AFM and its GO loaded hybrid composites along with that of
(phase image) and TEM studies. The expanded EVA4-EG (4 wt %) nanocomposite: (a) TGA and (b) DTG.
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centrations receives further confirmation from
the solvent swelling study.

4. The tensile properties of the hybrid composites

are superior to those of the virgin rubber sam-
ples, showing the reinforcing action of the
modified graphite. Again, the maximum rein-
forcing action has been displayed by the sample
having two parts of GO concentration due to
highest rubber-filler interaction. The reinforcing
action decreases at higher filler concentration
due to aggregation. These effects have been fur-
ther demonstrated in the rheological studies of
the hybrid composites. The expanded graphite
on the other hand displays a gradually increas-
ing trend in tensile strength and modulus of the
composite up to four parts loading. The modu-
lus values at a particular filler concentration are
higher for the commercial filler which may be
due to relatively more rubber intercalation and
higher surface area.

5. All the EVA-GO hybrid composites have

higher thermal conductivity as illustrated from
the DSC experiment. They are also thermally
more stable under oxygen, than the virgin rub-
ber sample. Because of better dispersion of the
modified graphite at 2 wt % concentration, all
these properties show maxima at this composi-
tion, once again illustrating the effect of better
rubber-filler interaction.

The thank Mr. Anirban Ganguly and Ms. Madhuchanda
Maiti for AFM measurements.
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