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Abstract In this study, effects of various types of functional
polyolefin copolymers (FPOCs), poly(isobutylene-a/t-maleic
anhydride), poly(maleic anhydride-alt-1-octadecene) and
poly(ethylene-graft-maleic anhydride), on the microstructure
formation, interfacial interaction and physical properties of
cyclic olefin copolymer (COC)/graphite composites were in-
vestigated. The COC/graphite composites were prepared in a
lab. scale twin screw extruder. Microstructural features of
samples were studied in a field emission scanning electron
microscopy (FESEM). Viscoelastic properties of samples,
obtained from the rheology tests in melt state and the dynamic
mechanical analysis in solid state were used to quantify inter-
facial interactions between the COC and graphite depending
on the types of FPOC. The average aspect ratio (4¢) values of
graphite flakes in the COC phase were determined about 40—
65 by SEM observation and image analysis study on the
samples prepared with different types of FPOC. Based on
the gas permeability measurements, tortuous diffusion model
suggested that the A¢ values of graphite flakes varied between
40 and 80 depending on the amount of graphite. It was shown
that the poly(isobutylene-alt-maleic anhydride) copolymer
provided relatively higher interfacial interaction between the
COC and graphite flakes than the other FPOCs.
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Introduction

Polymer composites reinforced with various types of carbon
fillers have gained a considerable interest due to their supe-
rior physical properties such as high electrical and thermal
conductivity, improvement in mechanical performance, low
weight and excellent resistance to corrosive environments
and chemicals. Most of the relevant studies have focused on
the preparation of electrically conductive composites. Some
possible applications of such composites include electro-
magnetic (EMI) and radio frequency interference (RFI) ma-
terials, parts of electronic devices and batteries, sensors,
actuators and corrosion-resistant coatings etc.

Various forms of carbon such as carbon black (CB), single
or multi-walled carbon nanotubes (SWCNT, MWCNT), car-
bon fibers (CF), fullerenes (FL) and graphite (G) have been
used in polymer/carbon composites. Especially carbon
nanotubes have generated great scientific attention since they
promise excellent physical performance with very low load-
ing amounts compared to other carbon types. But, structural
uniformity, difficulties in mass production and cost of carbon
nanotubes have been considered as serious drawbacks for
their industrial usage in low-cost composites.

On the other hand, graphite, cheap and available in large
quantity, is the practical, cost-conscious material alternative
for the mass production of high performance or conductive
composites [1]. Graphite is a two-dimensional (2D) carbon
filler formed by the stacks of one-atom-thick planar graphene
sheets of densely packed carbon atoms in a honeycomb crystal
lattice [2]. As a 2D filler, it can be used in composite formu-
lations as pristine or modified form. Surface modification of
layered graphite can be performed by several techniques such
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as chemical oxidation, thermal expansion and reduction, co-
valently grafting of different functional groups and electro-
chemical modifications etc. The chemical oxidation followed
by the thermal expansion/reduction is the most attractive
surface modification method to prepare graphene nano-
sheets [3]. This modification allows expansion of interlayer
distance between the graphene nano-sheets, increasing the
surface area and facilitates the dispersion of graphene sheets
in a polymer matrix. For completely exfoliated graphene
sheets, theoretical surface area is predicted about 2,630 m*/g
[4]. But, the conventional expansion routes (chemical or ther-
mal) yield quite lower surface area than the theoretical value
(<100 m*/g). This implies physical difficulty for the disper-
sion and one-sheet-thick exfoliation of a graphite stack.

Physical properties of graphite or expanded graphite (EG)
filled polymer composites have been extensively studied for
many resin based thermoset [5—7] and thermoplastic polymers
[8—15]. Particularly, graphite filled engineering thermoplastics
or high performance polymers such as polycarbonate (PC)
[16, 17], polyamides (PA) [18-20], polyphenylene sulfide
(PPS) [21] and thermoplastic polyesters like poly(ethylene
terephthalate) (PET) [22-24], poly(ethylene-2,6-naphthalate)
(PEN) [25] and polyethersulfone (PES) [26] have offered
innovative applications because such composites can provide
the sufficient electrical conductivity and excellent mechanical
performance. But, dispersion of graphite flakes into a thermo-
plastic matrix by melt processing methods is an important
challenge similarly another layered materials, clays and lay-
ered double hydroxides (LDHs). Modification of graphite
surfaces normally revealed some extra processing steps, diffi-
culties and costs. Hence, using of natural or unmodified graph-
ite flakes and conventional melt processing methods can be
considered the simplest route to prepare composite structures
with enhanced physical properties. On the other hand, natural
or unmodified graphite could lead to formation of some struc-
tural and physical defects in a polymer based composite, for
example, poor dispersion and interfacial adhesion and resulted
deterioration in some physical performances. Therefore, quan-
tifying of interfacial interaction between natural graphite flakes
and polymer phase is an important research area to prepare
high performance composites with enhanced physical proper-
ties, especially for highly hydrophobic and non-polar polymers
like polyolefins.

Many studies have been published on the enhancement of
interfacial interaction between the polymer phase and
graphite/graphene flakes [14, 27-30]. Many of these studies
have focused on the effects of surface modification of graph-
ite flakes on the graphite dispersion and resulted physical
properties of composites. Recently, Wu et al. studied on a
route to improve interfacial interactions in graphite filled
poly(methylmethacrylate) (PMMA) composites by grafting
of 3-aminopropyltriethoxsilane (APTS) on the expandable
graphite surfaces [28]. Kim and Park prepared aminized
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graphite nanosheets to increase interfacial interactions in
PMMA /graphite composites [29]. Cai and Song suggested
a simple and effective route, creating a crystalline polymer
layer on the surface of graphite oxide nanoplatelets by ther-
mal treatment, to enhance the interface between graphite
oxide nanoplatelets and a semi-crystalline polymer [30].

Only a few studies have been published on the improve-
ment of interfacial interactions in the graphite filled thermo-
plastic based composites by using functional polymeric ad-
ditives. Cerezo et al. investigated morphology, thermal sta-
bility and mechanical behavior of poly(propylene)-grafted-
maleic anhydride (PP-g-MA)/layered expanded graphite ox-
ide (EGO) composites prepared by solution blending [31].
They suggested that hydrogen bonding of polar groups be-
tween PP-g-MA and EGO increased the mechanical properties
of samples. Mirzazadeh et al. studied the effect of interface and
degree of interfacial interaction upon electrical conductivity
and dispersion state of graphite nanosheets in polypropylene
(PPY(EG) composites prepared with melt processing method
and including maleic anhydride grafted polypropylene (PP-g-
MA) and maleic anhydride grafted ethylene-propylene-diene
monomer (EPDM-g-MA) as compatibilizers [32]. They report-
ed that the conductivity threshold was controlled by the extent
of interfacial interaction between PP and EG and higher level
of interaction between PP and EG which refer to better disper-
sion of the EG nanolayers in the polymer matrix and therefore
better conductivity was obtained by using the PP-g-MA as
compatibilizer. On the other hand, they also reported that high
level of compatibilizer could reduce the electrical conductivity
by forming the separated aggregates of EG covered well with
the compatibilizer.

Cyclic olefin copolymers (COCs) are new types of amor-
phous engineering thermoplastics obtained from the copoly-
merization of ethylene and cyclic olefins [33]. The chemical
structure of a COC consisting of ethylene and norbornene
units can be seen in Table 1. The COCs are generally char-
acterized by excellent transparency, superior mechanical
properties and solvent resistance. Depending on the mole
or weight ratio of the ethylene units in the structure, they also
exhibit relatively high glass transition temperatures, ranged
between 80 and 180 °C, compared to other polyolefins and
thus long service life without a loss in physical properties.
Beside the excellent physical properties of COCs, one of the
important advantages of such polymers is their melt process-
ability. There are many actual and promising applications for
the COCs in the medical, optical, film and packaging areas.

Although preparation and physical properties of COC
composites including various types of nano-size inorganic
fillers such as silica [34, 35], titania (TiO,) [36] and polyhe-
dral oligomeric silsesquioxanes (POSS) [37] have been stud-
ied, only few works have been reported on the preparation
and characterization of COC composites filled with carbon
based fillers. Motlagh et al. prepared a series of composites
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Table 1 Chemical structures, commercial names and some physical properties of the materials used in the study

Polymer Functional polyolefin copolymers Filler
. - Poly(isobutylene-alt- Poly(maleic anhydride-alz- Polyethylene-graft- .
Cyclicolefin copolymer maleic anhydride) 1-octadecene) maleic anhydride Graghlte
CcoC Cl C2 C3
®
Commercial name TOPAS® 8007 Aldrich 531278 Aldrich 419117 Aldrich 456632 THE?%X
H3C CHy CHa(CHz)nCHa
Chemical structure m .
" " Sk . S
Density (g/cm’) 1.02 1.30 0.97 224
T,* (°C) 78 141 120-130° 105"
MVR" (ml/10min.) 32 M,,: ~ 6000 M,: 30000-50000 MAR®: 3.0
Surface Area (mz/g) 6.5
Particle size (dy) 55.8um
OAN‘ (ml/100mg) AN°®: 310-315 AN: 32-36 84

 Glass transition temperature measured with DSC method

°Melt volume flow index under the test conditions of 260 °C and 2.16
€ QOil adsorption number (ASTM)

4 Softening point

¢ Acid number (mg KOH/g)

"Melting temperature measured with DSC method

€ Maleic anhydride graft ratio (%)

containing CF and CB by melt compounding and investigat-
ed the electrical and rheological properties of the
COC/carbon composites [38]. In our previous paper, micro-
structure and rheological properties of COC/G and EG com-
posites were reported, in detail [39].

To the best of our knowledge, no paper has yet been pub-
lished about the effects of functional copolymers on the phys-
ical properties of graphite filled COC composites. In this study,
microstructural, rheological and physical properties of series of
COC/graphite composites including different types and amount
of functional polyolefin copolymers (FPOCs) were investigat-
ed, in detail. Effects of chemical and physical features of
polyolefin copolymers on the interfacial interactions between
COC phase and graphite surfaces were quantified.

Experimental
Materials

The COC used in this study was a commercial grade copoly-
mer, Topas® 8007, kindly donated by Ticona. The FPOCs
used in the study were poly(isobutylene-alt-maleic anhy-
dride), poly(maleic anhydride-alt-1-octadecene) and poly(ethyl-
ene-grafi-maleic anhydride). Commercially available graphite,
TIMREX® KS75, was kindly provided by TIMCAL (Bodio,
Switzerland). Some physical properties of the copolymers and
graphite employed in the study are listed in Table 1.

kg (ISO 1133)

Sample preparation

Composite samples were prepared by the melt processing meth-
od in a lab-scale, co-rotating twin screw extruder (Rondol Micro
Lab., UK, D:10 mm, L/D: 20) with a screw speed of 50 rpm.
Intermeshing screws of the extruder were configured as includ-
ing 3D of 4x60° followed by 2D of 4x90° kneading segments.
A temperature profile of 185-200-220-220 °C was applied
throughout the barrel from the feeding zone to die. A rod die
with the diameter of 2 mm, was used. Extrudates were granulat-
ed and used in the melt rheology tests. Before the melt process-
ing, graphite was dried in a vacuum oven overnight at 70 °C. The
COC, Topas® 8007, was also processed at the same conditions.
Sample compositions are listed in Table 2. The sample abbrevi-
ations directly refers to composition, e.g. the C2-G15 corre-
sponds to the sample prepared with the poly(maleic anhydride-
alt-1-octadecene) as compatibilizer which is defined as C2 in
Table 1, including of 15 phr (part per hundred of polymer) of
graphite. The amount of FPOC was also increased with the
increasing amount of graphite in the samples to keep the
FPOC/graphite ratio, (1:1 in w/w), constant.

Structural and physical characterization of samples

Microstructural features of the graphite and composite samples
were characterized by a field emission scanning electron micro-
scope (FESEM, FEI Quanta FEG 450). Cryo-fractured surfaces
of the samples were directly imaged in the electron microscope
after a proper sample preparation of sputter-coated with gold.
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Table 2 Sample compositions

Series Samples CcoC Cl C2 C3 Graphite
(phr")
G-x GO 100
G5 100 5
G10 100 10
G15 100 15
Clx C1-G5 95 5 5
C1-G10 90 10 10
C1-G15 85 15 15
C2x C2-G5 95 5 5
C2-G10 90 10 10
C2-G15 85 15 15
C3x C3-G5 95 5 5
C3-G10 90 10 10
C3-Gl15 85 15 15

* part per hundred of polymer

Viscoelastic behavior of the samples was analyzed by a
dynamic oscillatory rheometer in the melt state. A controlled
strain theometer (AR-G2, TA Instruments) equipped with
25 mm diameter parallel plate geometry was employed for
the rheology tests. Samples were directly loaded and molded
between the plates and rheological tests were carried out at
200 °C with a gap distance of 1 mm under nitrogen atmo-
sphere. First, strain sweep test was performed from the initial
strain value of 0.01 % to the final strain value of 10 % with
the angular frequency of 1 rad/s to determine the linear
viscolelastic (LVE) region of the samples. Shear strain was
applied in the range of 0.1-100 % for the COC. Storage (G")
and loss (G") modulus of the samples were recorded as a
function of shear strain (y %). In the frequency sweep tests, a
small amplitude oscillatory shear was applied to the samples.
The G', G” and dynamic viscosity (") were measured as a
function of angular frequency (w) in the range of 0.1-
100 rad/s at a strain value in the LVE region (strain magni-
tude of 10 % for the COC and 0.5 % for the composites).

Thermal properties of the samples were analyzed in a
heat-flux type differential scanning calorimeter (DSC), SII
Nanotechnology ExStar 6200. Temperature and heat flow
calibration of the instrument were achieved with high purity
indium (In), tin (Sn) and zinc (Zn) metals. Samples weighing
about 7-8 mg in an aluminum crucible were heated from
0 °C to 200 °C with the heating rate of 10 °C min~' under
nitrogen (N,) atmosphere at a flow rate of 50 ml min™' to
prevent thermal degradation of the samples.

Dynamic mechanical analysis (DMA) of the film samples
prepared in a hot press was performed with a DMA (ExStar
6100, SII Nanotechnology). The height and width of the test
specimens were 20 and 10 mm, respectively. The DMA test
was performed in tension mode at a frequency of 1.0 Hz and
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the temperature range of 20-300 °C with the heating rate of
2 °C/min.

Gas permeability tests were performed with a permeabil-
ity testing apparatus, GDP C-2000 (Brugger Feinmechanik
GmBH) working according to manometric method, (ASTM
1434) at 25°C and %50 relative humidity. Thicknesses of the
test specimens, varied in the range of 120-150 wm, which
were measured with a micrometer at 10 points at least, were
within the +£5 %. Samples were masked by an aluminum foil
for exposing the permeation area of 22.9 cm”. Gas perme-
ability tests were performed with an inert gas, nitrogen
instead of oxygen in order to avoid possible effects of oxy-
gen adsorption into graphite micropores and surfaces on the
permeability results. Test gas (purity of 99.9 %) used in the
permeation measurements was obtained from a commercial
supplier. For each sample, three different films were tested
and the average permeability (P) values are reported, as
normalized for the film thickness of 100 pum.

Results and discussion
Microstructure of samples

SEM images of graphite particles and flakes are given in
Fig. 1. In Fig. 1(b), layered and 2D structure of the graphite is
clearly seen. The lateral size and thickness of the flake,
marked with red lines on the images, were found to be about
14 um and 3.5 um, respectively. By using these values, the
average aspect ratio (4g) of the graphite flake can be calcu-
lated. The Ay is defined as the ratio of width to thickness of
the filler (//d) which is an indicative parameter for filler
dispersion in composite systems. The value of Ay is equal
to 1 for spherical fillers. It was found that the A4¢ of the
pristine graphite flake was about 3-5.

SEM images of the COC/graphite and COC/FPOC/graphite
samples including 5 phr of graphite are given in Fig. 2. Fig. 2(a)
and (b) shows the SEM images of G5 samples at different
magnifications. As seen in Fig. 2(a), graphite flakes were
successfully dispersed in the COC phase. By comparing the
SEM image of the G5 sample given in Fig. 2(b) to that of the
pristine graphite flake given in Fig. 1, it is obviously seen that
the graphite flakes in the composite sample are much thinner
than that of the raw-flakes although the G5 sample does not
contain a FPOC.

In this image, lateral size and thickness of the flake were
determined to be 15-20 pm and 0.3 um which correspond to
the average Ar value of 50-65 for the G5 sample. This result
shows that the dispersion of graphite flakes in the COC
matrix is more related to the processing method and equip-
ments rather than the compositional parameters. It can be
concluded that melt blending of the COC and graphite in a
co-rotating twin screw extruder with intermeshing screws
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Fig. 1 SEM images of graphite particles and flakes at different
magnifications

and five parts of kneading segments was sufficient tool to
disperse the graphite flakes homogenously and increase the
aspect ratio.

SEM images of the cross-section of C1-5 sample prepared
with the poly(isobutylene-al/t-maleic anhydride) as function-
al interfacial additive are seen in Fig. 2(c) and (d). One can
notice that the SEM images of the C1-5 sample are quite
different from those of other samples. As seen in these
figures, surface of the graphite flakes which are embedded
in the fractured cross-section of the sample are not smooth
and covered well by the polymer matrix which suggests a
strong interfacial interaction and adhesion between the
graphite flakes and COC phase. Estimated average 4¢ value
for this sample series is approximately 40, based on the SEM
image analysis. The SEM images of the C1-5 sample suggest
that the poly(isobutylene-alt-maleic anhydride) is an effec-
tive additive to increase the interfacial interaction between
the natural graphite flakes and the highly hydrophobic poly-
mer matrix, COC. Despite the slightly lower average A
value of the C1-5 sample than the G5, it can be expected
that the physical properties of the C1-x series of samples
could be significantly improved compared to those of G-x
and other series of samples.

Figure 2(e) and (f) show the SEM images of the C2-5 sample
prepared by using of 5 wt% of poly(maleic anhydride-a/z-1-
octadecene) into the composition. It is seen in these images that
the graphite flakes are dispersed well as thinner sheets than the
pristine form of graphite. The 4 values of the graphite flakes
seen in Fig. 2(f) was determined to be about 60 (/:25 pm/d:400—
420 nm) by the SEM image analysis. But, big voids are present
around the graphite flakes which points out that no interaction
between the COC and graphite surfaces are gained by using of
poly(maleic anhydride-a/t-1-octadecene). Furthermore, white
droplets and spherulitic holes with the average size of 1-2 um
appear in the SEM images which refer to the poly(maleic
anhydride-alt-1-octadecene) phase. This morphology signifies
that the COC and poly(maleic anhydride-alt-1-octadecene) is
highly immiscible.

SEM images of the C3-5 sample prepared with the poly
(ethylene-grafi-maleic anhydride) copolymer are demon-
strated in Fig. 2(g) and (h). Morphology of the sample is
similar to that of the C2-5. The A; values of the graphite
flakes seen in Fig. 2(h) was determined to be about 50 (/:3-

um/d:60 nm) by the SEM image analysis.

Viscoelastic properties of samples

Viscoelastic properties of polymer composites can provide
precise and useful information about microstructural features
such as level of filler dispersion, interfacial interaction be-
tween filler and polymer phases, filler-filler interaction
and/or physical percolation and processability of these ma-
terials. Viscoelastic properties of polymer composites de-
pend on the many parameters such as type, size, geometry,
amount, surface area and surface characteristics of filler,
other compositional parameters like using of compatibilizer
or interfacial agents and additives, processing route, thermo-
mechanical history of materials and environmental effects. It
is also well known that the viscoelastic properties of polymer
composites are also time and temperature dependent. There-
fore, quantifying the viscoelastic properties of polymer com-
posites is quite important to understand effect of composi-
tional parameters on the microstructure formation and relat-
ed physical properties of these materials. In this study, vis-
coelastic properties of COC/graphite composites were stud-
ied with the rheological measurements in the melt state and
DMA tests in the solid-state.

Before the rheological measurements, a time sweep test
was performed with the strain amplitude of 0.05 and fre-
quency of 1 rad/s at 200 °C for 30 min to determine the
thermal stability of COC. The shear modulus values of COC
(G" and G") were recorded during the test. In time sweep test,
no change was observed in the G’ and G" curves (not given
here) during 30 min. which implied that the polymer matrix
provided the melt stability for, at least, 30 min. Thus, it was
supposed that the further rheological tests can be safely run
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Fig. 2 SEM images of the
COC/graphite composites of
G5 (a and b), C1-G5 (¢ and
d), C2-G5 (e and f) and C3-
G5 (g and h) at different
magnifications

by neglecting the possible degradation effects of polymer
matrix on the rheological properties of samples.

Then the dynamic strain sweep test was applied to the
samples to characterize strain dependence of the viscoelastic
properties of the samples and determine LVE region. Since the
storage modulus is more sensitive rheological function than
the loss modulus to the structural and mesoscopic changes of
the polymer based composite and hybrid materials, only the
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storage modulus curves are presented here. As an example,
dependence of storage modulus (G") on the shear strain (y%)
are given in Fig. 3 for the some samples.

Figure 3(a) illustrates the G"-y% curves of the COC and
COC/graphite composites prepared with the poly(isobutylene-
alt-maleic anhydride). Storage modulus of the composite sam-
ples exhibits a linear region (Newtonian plateau or plateau
modulus) at low strains and non-linear region at high strain
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amplitudes. As expected, it is clearly appeared that the plateau
modulus (G'p) of the samples increases with the increasing
amount of graphite. A similar trend was obtained for the sample
series prepared with and without the other FPOCs, but not
given here. This result typically indicates the reinforcement
effect of graphite flakes on the shear modulus of COC.
Figure 3(b) compares the G'-y% curves of composites prepared
with different types of FPOCs, including a constant amount of
graphite (15 phr) and FPOCs (15 wt%). As seen in this figure,
the highest modulus was obtained with the poly(isobutylene-
alt-maleic anhydride). The C2-G15 sample prepared with the
poly(maleic anhydride-a/t-1-octadecene) was yielded slightly
higher storage modulus than the sample of G15, prepared with
the pristine graphite and included no FPOCs, but lower than the
C1-G15. Interestingly, the C3-G15 sample, prepared with the
poly(ethylene-graft-maleic anhydride) showed the lowest stor-
age modulus among the composites including the same amount
of graphite. It is well known that the poly(ethylene-graft-maleic
anhydride) copolymers are the most effective and widely used
compatibilizer or interfacial agent in the polymer composites
and blends. But in the COC/graphite systems, it acts quite
different from the other composite systems with various types
of fillers such as, clay/organoclay, natural fibers, glass fibers,
surface modified carbon based materials, natural or synthetic
inorganic materials etc.

a —&—COC
—=—C1-G5
—4—C1-G10
—=—C1-G15

10°4 - S0e0¢

G'[Pa)

107+ T T T

10*

b —&—COC
—=—0G15
—£—C1-G15
—7—C2-G15
—— C3-G15

G'[Pa]

shear strain (%)

Fig.3 Storage modulus (G’) of the some samples as a function of shear
strain (y%), depending on the (a) graphite amount for the sample series
prepared with PiB-a/t-MAh and (b) the types of FPOCs including 15
phr of graphite

Figure 4 shows the dependence of storage modulus on the
angular frequency (w) for the series of composites prepared
with different types of FPOC:s. It is seen in these figures that
the high and low frequency behavior of composites varied
significantly depending on the type of FPOC employed. It is
known that the high frequency behavior of polymer com-
posites reflect the rheological behavior of polymer phase
and/or polymer-polymer interactions while the low frequen-
cy or terminal behavior provides information about filler-
polymer or filler-filler interactions in the modulus (G*, G,
G")-w curves of polymer composites. Therefore, conclusions
about the microstructural features of polymer composites by
the rheological measurements such as level of filler dispersion
and orientation, Ay, percolation threshold and interfacial issues
between polymer chains and filler surface are generally attrib-
uted to the low frequency behavior of samples. But, high
frequency behavior could be sometimes useful, in particular,
to assess the polymer-polymer interactions and processability
of samples at high shear rates for the composites which include
a secondary polymeric component like compatibilizers, inter-
facial agents, additives, processing aids etc. In the present
study, the rheological behaviors of samples were studied in
detail by quantifying the high and low frequency data because
the samples contain a relatively high amount of functional
copolymers, in terms of polymer blend.

For the sample series of G-x and C2-x given in Fig. 4(a)
and (c), respectively, the high frequency modulus of com-
posites (only except of G15) are the same with the G’ of
COC. This result implies that the rheological behavior of
such series of composites was determined by the rheological
behavior of COC. This also indicates that the introducing of
poly(maleic anhydride-al/t-1-octadecene) and graphite into
the COC phase did not affect the rheological behavior of
composites at high frequencies or shear rates. On the other
hand, the G’ values of the samples series of C1-x, given in
Fig. 4(b), increases with the increasing amount of graphite
and poly(isobutylene-al/t-maleic anhydride) at high frequen-
cy region. On the other hand, the G’ values of the samples
series of C1-x, given in Fig. 4(b), increases with the increas-
ing amount of graphite and poly(isobutylene-a/t-maleic an-
hydride) at high frequency region. For this series of sample,
the composites exhibit higher G’ values than the COC in the
entire range of frequency employed and the G’ value in-
creases with the increasing amount of graphite at a given
frequency. Frequency dependence of G’ for the sample series
of C3-x prepared with the poly(ethylene-graft-maleic anhy-
dride) is seen in Fig. 4(d). These samples show different
behavior at high and low frequency region depending
on the composition. Interestingly, introducing the more
poly(ethylene-grafi-maleic anhydride) into the composition
slightly reduced the high frequency modulus of the composite.
Furthermore, increasing amount of 2D, layered filler, graphite,
cannot compensate this decrease in modulus. This behavior
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Fig. 4 Storage modulus (G') as
a function of angular frequency
(w) for the samples series
prepared with (a) no FPOCs, (b)
PiB-alt-MAh, (¢) PMAh-alt-1-
OD and (d) PE-g-MAh

—a—COC

—=—C1-G5
—£—G10 ——C1-G10
—7—G15 —5—C1-G15

G'[Pa)

—4—C2-G10
—=—C2-G15
10° : " : T T T T T
0.1 1 10 100 0.1 1 10 100
angular frequency (rad/fs) angular frequency (rad/s)

could be attributed to the fact that no interaction is present
between the COC and poly(ethylene-graft-maleic anhydride)
and these polymers are partly immiscible.

Figure 5 shows the values of high and low frequency
modulus (G'1o9 and G’y 1) to compare the effect of copolymer
type on the relative change in G', more precisely. Variation in
both G'1o09 and G’y ; contingently exhibit zig-zag plots since
the x-axes of the curve was constituted by the sample de-
notations. Peak and pit points of the plots pertain to the
samples of C1-x and C3-x, respectively. Values of the G';¢g
and G’y increases with the increasing amount of graphite
and poly(isobutylene-a/t-maleic anhydride) whereas the
values of G';¢p slightly decrease with the increasing amount

—©— 100 rad/s
—5-0.1 rad/s

G, [Pal
G, [Pal

0
rrrrrrrrrrrrrrrrrrrrrrrooTr T 10
O Vv v v v O O O O v u u u
SeZ8d8350z: 45
i i
© o O O o O O

Fig. 5 Values of low and high frequency modulus (G') of samples
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of graphite and poly(ethylene-grafi-maleic anhydride) for
the samples series of C3-x.

Another rheological parameter is the low frequency or
terminal regime exponent (I') for comparing the filler-filler
or polymer-filler interactions of various composite systems.
This parameter has been frequently used to determine the
rheological percolation threshold of the polymer composites
depending on the volume fraction of filler [40—42]. Percola-
tion threshold is physically defined as the critical volume
fraction of fillers for the formation of a three-dimensional
network [43]. Rheological approaches used to determine the
percolation threshold are generally based on the contribu-
tions of hydrodynamic volume occupied with an individual
filler particle or aggregates. But, in this study, we used the
parameter, I', to compare the effects of type and chemical
structure of FPOCs on the interfacial interactions between
the graphite and COC. Figure 6 illustrates the experimental
values of terminal regime exponent (I'), determined in the
frequency range of 0.1-0.5 rad/s, for the different series of
samples. Lower I' values could be attributed to the higher
interfacial interaction between the COC and graphite flakes.
Considering the I plots of the series of samples given in
Fig. 6, it can be concluded that the interfacial interaction
between the COC and graphite flakes decreased in the order
of C1-x>C2-x>C3-x. This relationship also indicates that
the poly(isobutylene-al/t-maleic anhydride) is the most effec-
tive polymeric additive as clearly observed in the SEM
analysis of the samples. This analysis also implies that all
compositions were below the rheological percolation since
the I plots showed a single slope for the amount of graphite
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Fig. 6 Dependence of slope of storage modulus (G’) curves at low
frequency region (I') as a function of graphite amount for the sample
series

studied. Mirzazadeh et al. reported that PP-g-MA yielded
higher level of interaction between PP and EG than EPDM-g-
MA as compatibilizer [44]. But in this study, it was found that
the maleic anhydride grafted polyethylene (PE-g-MA) did not
yield an effective interaction between the COC phase and
graphite flakes on the contrary to other polyolefin systems.
DSC curves of the samples are illustrated in Fig. 7. It is seen
in the Fig. 7(a) that the glass transition temperature (7,) of COC
was found to be 78.0 °C as declared by the producer. It was
found that the T, values of COC/graphite samples prepared
without a compatibilizer slightly increased by introducing of
graphite sheets into the composition as given in Fig. 7(a). This is

probably due to the restriction effect of graphite sheets on the
mobility of COC segments. On the other hand, different rela-
tionship was observed in the variation of the values of 7,
depending on the sample composition for the series of samples
prepared with various types of FPOCs. Figure 7(b), (c) and (d)
show the DSC curves of the sample series prepared with the
poly(isobutylene-a/t-maleic anhydride), poly(maleic anhydride-
alt-1-octadecene) and poly(ethylene-graft-maleic anhydride),
respectively. In all sample series, the T, of COC decreased with
the increasing amount of filler. But, it can be assumed that this
effect was originated from the increasing amount of FPOC into
the composition. This influence is more pronounced for the
sample series prepared with the PE-g-MA. The T}, of the C3-
G15 sample was found to be about 6 °C lower than that of COC.
In Fig. 7(d), the melting endotherm of PE-g-MA are also seen in
the temperature range of 90-110 °C.

Dynamic mechanical analysis results, changes in the stor-
age and loss modulus (E’, £") and loss factor (Tand=E"/E") of
the COC and the sample series of Cl-x as a function of
temperature are given in Fig. 8(a) and (b), respectively. It is
well known that DMA is a widely used and rapid tool for
precisely probing relaxation issues in polymers, blends and
composites and characterization of their viscoelastic proper-
ties in the solid state. The glassy plateau and glass transition
region are clearly seen in these curves. It was obtained that the
storage modulus (E£") of the composites below the glass tran-
sition temperature (7,) increases substantially with the in-
creasing amount of graphite and FPOC due to the stiffening

Fig. 7 DSC curves of the series

of samples at the glass transition a - gg b . g::g?o
region of COC. Samples 3 e —G10 ——C1-G15
prepared with (a) no % = ——G15
compatibilizer, (b) © NS/G_\ 78.8
poly(isobutylene-a/t-maleic 8 '
anhydride), (¢) poly(maleic s 80.4 T
anhydride-alt-1-octadecene) bE -
and (d) poly(ethylene-graft- E 80.4
maleic anhydride) b T ez 76.2

2

heat flow (endo. down)

——C2-GS d ——C3-G§
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Fig. 8 DMA curves of the sample series prepared with the PiB-alt-
MAM. (a) Dependence of storage (£') and loss modulus (E”) and (b)
phase angle (Tand) on the temperature

effect of layered graphite flakes. Similar trend was obtained
for the other series of samples but not given here. Although
peak maxima of Tand [Fig. 8(b)] can be generally regarded as
the glass-transition (7,) temperature, in the present study
transition temperature from the glassy plateau to rubbery
region in the E' curve was taken as the T, because this
transition is consistent with the reported value in the data sheet
of COC and the measured one with the DSC analysis
(78.0 °C). Based on the DMA tests, the T, values of the G5,
C1-5, C2-5 and C3-5 were found to be 81.0, 77.6, 75.6 and
78.0 °C, respectively. It can be generally said that the com-
posite samples prepared without FPOC exhibited higher 7,
values than the COC whereas the composites including
various types and amounts of FPOCs showed lower T,
values. The DMA analysis implied the same trend with
the DSC results for the 7, values of samples depending on
the composition. The T, values of the composites varied in
the temperature range of 76—81 °C in the DMA analysis. It
was also observed that the T}, values were more influenced
by the types and amounts of FPOCs rather than the filler
amount as well as mentioned in the part of DSC analysis
before.

Improvement in the storage modulus (£") of the samples is
given in Fig. 9 depending on the type and amount of FPOC and
the amount of graphite. The £’ values, compared in this figure,

@ Springer
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Fig. 9 Improvement in storage modulus (£') values of the samples at
30 °C depending on the amount of graphite and the type of FPOCs

are the modulus values of the samples at the temperature of
30 °C. Storage modulus of polymer matrix, COC, was 1.1 GPa
at this temperature. It was found that the poly(isobutylene-a/z-
maleic anhydride) yielded higher E" values than the samples
prepared without a copolymer, G-x, at a given graphite amount.
On the other hand, the series of samples prepared with the
poly(maleic anhydride-alt-1-octadecene) and poly(ethylene-
graft-maleic anhydride) copolymers showed lower E' values
than the G-x. Storage modulus values of the series of samples
decreased in the order of C1-x>G-x>C2-x>C3-x.

Gas permeability

Nitrogen permeability (P) values of the film samples are listed
in Table 3. It is seen that the addition of 5 phr of graphite
reduced the P value of COC about 4248 %. This improvement
is almost independent from the type of polyolefin copolymer
which indicates that the gas permeability of COC/graphite

Table 3 Gas perme-

ability values of the Samples P (cc.100 pw/m? day.bar)

COC and COC/graphite

composite films GO 134
G5 78
G10 57
Gl15 54
C1-G5 70
C1-G10 53
C1-G15 51
C2-G5 75
C2-G10 55
C2-Gl15 52
C3-G5 78
C3-G10 61
C3-Gl15 57
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composite is more related to the dispersion of graphite stacks
into the COC phase than the interfacial interactions.

Therefore, it is obviously inferred that the improvement in
barrier performance of the COC/graphite films only originated
from the amount of filler and level of dispersion and thus the
tortuosity approach can be applied to the permeability data.

One of the most widely used approaches for quantitatively
predicting the decrease in permeability of a diffusing mole-
cule in a polymer containing impermeable fillers, is the
Nielsen model [45]. The Nielsen model assumes that a two
dimensional diffusion occurs through a polymer containing
infinitely long, rectangular-cross-section plates that were
uniformly dispersed in the matrix but were placed normal
to the direction of gas transfer path. Because a diffusing gas
molecule cannot permeate the graphite platelets, it must go
around them thus leading to a tortuous path.

Nielsen model is defined as;

P 1-

P__ 179
Py 1+(Af/2)¢

where P is the permeability value of composite, P, is the
permeability value of polymer, ¢ is the volume fraction of
filler and A¢is the aspect ratio of filler. Model parameters are
only the amount of filler and degree of dispersion. It can be
clearly predicted from the equation that the relative perme-
ability (P/P,) decreases with the increasing of aspect ratio
(level of dispersion or exfoliation) and amount of filler.
Relationship between the relative permeability and volume
fraction of graphite is given in Fig. 10. By applying the
Nielsen model to the experimental nitrogen permeability
data, it was found that the Ay values of the graphite flakes
reduced with the increasing amount of filler and FPOC for
the all sample series. The highest A values (approximately
60-80) were obtained with the 5 phr of graphite. Nielsen
model suggested the average 4 values in the range of 50-60
and 40-50 for the series of samples including 10 phr and 15
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0,84
06 al
Q_° ] 20
=
o
0,4 - 40
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0,2 100
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Fig. 10 Nielsen model applied to the gas permeability data of samples
for estimating the average aspect ratio of graphite flakes

phr of graphite, respectively. For a given amount of graphite,
the C1-x samples possesses slightly lower P values than the
other series of samples which suggests higher aspect ratio.
Estimation of aspect ratio for the graphite flakes is very
consistent with those obtained from the direct observation
in the sample morphology and SEM images analysis.

Conclusions

In this study, it has been shown that the interfacial interaction
between a hydrophobic polymer matrix and natural graphite
surfaces was quite different from other composite system.
The most commonly used compatibilizer, poly(ethylene-grafi-
maleic anhydride), in the polymer blend and composite systems
was found to be an inefficient additive for the COC/graphite
composites whereas the poly(isobutylene-alt-maleic anhydride)
yielded a strong interfacial interaction and adhesion between the
graphite flakes and COC phase. This can be attributed to the
differences in molecular structure of copolymers. Functionality
of a POC mainly depends on the content or the graft ratio
(W/W%) of co-monomer. The poly(isobutylene-alt-maleic anhy-
dride) and poly(maleic anhydride-a/t-1-octadecene) are alternat-
ing copolymers while the poly(ethylene-grafi-maleic anhy-
dride) is graft copolymer. It is well known that the maleic
anhydride groups are generally grafted on chain ends of poly-
ethylene. Considering the acid number values given in Table 1,
one can normally expect that an alternating copolymer includes
more maleic anhydride groups than a graft copolymer. On the
other hand, poly(isobutylene-a/-maleic anhydride) yielded a
strong interfacial interaction and adhesion between the graphite
flakes and COC phase. But, the poly(maleic anhydride-alt-1-
octadecene) also yielded poor interfacial adhesion and immis-
cible structure with the COC which could be originated from
relatively long chain branching of octadecene groups. On the
other hand, it was found that the poly(isobutylene-a/t-maleic
anhydride) copolymer yielded a significant interfacial adhesion
in the COC-graphite interface and showed no clear immiscibil-
ity. These could be attributed to the relatively low molecular
weight and high glass transition temperature of this copolymer.
Consequently, the poly(isobutylene-alt-maleic anhydride) co-
polymer can be used to prepare high performance COC/natural
graphite composites with improved mechanical properties.
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