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Poly(ethylene-g-maleic anhydride) (PEMA)/graphene nanoplatelets (xGn) (PEMA-xGn) compo-
sites were prepared by melt dispersion in an internal shear mixer. By adding dicumyl peroxide
(DCP), cured poly(ethylene-g-maleic anhydride) C-PEMA was also produced. Different amounts
of xGn were introduced into the PEMA in range of 0.5-5 wt. %. The effects of the sequence of
feeding additives into the mixer on gel content, morphology, and mechanical properties allowed
thermal, dynamic mechanical, and rheological behaviors to be studied. Results demonstrated
that the incorporation of graphene into the polymer matrix decreased gel content and the rate of
crosslinking. Scanning electron microscopy micrographs of the PEMA and C-PEMA nanocompo-
sites showed that below 1 wt. % graphene, its dispersion in the matrix was desirable with no
agglomerates.. Crystallization temperature increased due to heterogeneous nucleation by xGn.
By curing the nanocomposites with DCP, crystallization temperatures decrease due to crosslink-
ing and decreased crystallinity. The results of crosslinked nanocomposites revealed that, with
the exception of C-PEMA containing 0.5 wt. % of xGn, mechanical properties decreased as xGn
concentrations increased. Dynamic mechanical analysis showed that the increase of xGn in the
PEMA matrix of up to 1 wt. % led to increased storage and loss modulus values. It was also re-
vealed that a-transitions of the PEMA and a- and y-transitions of C-PEMA were affected by poly-
mer chain branching and graphene nanoplatelets. This could be attributed to interactions and
potential bond formations between xGn and the maleic anhydride of PEMA. Rheological proper-
ties of the PEMA nanocomposites showed a quick change in the xGn fraction at about 1 wt. %.
© 2018 Published by Semnan University Press. All rights reserved.

1. Introduction

Linear low density polyethylene (LLDPE) has
been developed rapidly due to a good balance be-
tween rigidity and strength and more flexible pro-
cessing compared to low density or high density pol-
yethylene (PE) [1]. PE is a commonly used polymer
that can be chemically crosslinked to strengthen it
for high performance applications [2]. The successful
use of dicumyl peroxide (DCP) for crosslinking
PE(XLPE) throughout the world, along with the capa-
bilities of XLPE piping in cold- and hot-water envi-
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ronments, insulation for electrical cables, and for do-
mestic water piping have generated significant inter-
est and growth in the usage of these materials. What
has made XLPE pipes so popular are the advantages
they have over other piping materials, including 25-
year lifespans, easy installation with fewer fittings,
stability in corrosive environments, and resistance to
biofilm build-up [2].

A new class of composite materials based on the
incorporation of nanofillers has been investigated [3,
4]. Nanoscale materials often have unique properties
(such as excellent thermal, electrical, and mechanical
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properties) due to their small size [5]. The good dis-
persion of fillers in the matrix and their strong inter-
facial adhesion with polymers are usually essential
elements needed to improve the mechanical perfor-
mance of composites made from these materials [6].

There are several reports about polymer/gra-
phene nanocomposites in the literature [7-9]. Kim et
al. [1] prepared LLDPE/graphene nanocomposites
and discussed the effect of PE functionalization and
blending methods on graphene dispersion and com-
posites properties. They reported nanocomposites
prepared using a solution method, which provided
better dispersion of graphene nanosheets in the pol-
ymer matrix and superior mechanical properties
compared to nanocomposites prepared by melt mix-
ing. Kim et al. [10] prepared master batch
LLDPE/xGnP nanocomposites using solution com-
pounding, and for better dispersion, compounding
was carried out in a mini twin-screw extruder. The
results showed that the tensile strength and modulus
of composites dramatically increased with xGnP con-
tent.

UHMWPE-GNP nanocomposite films were pre-
pared using an electrostatic powder-coating system
[11]. The Young’s modulus of UHMWPE-GNP nano-
composite films was higher than that of the neat
UHMWPE. Zheng et al. [12] prepared HDPE-
reinforced by expanded graphite and untreated
graphite in a melt compounding process. Analysis of
electrical properties showed that a rapid enhance-
ment in electrical conductivity occurred when filler
content exceeded 2 wt. %. The results also revealed
that expanded graphite had lower percolation
thresholds. Shen et al. [13] reported results associ-
ated with electrically conductive of PE/maleic anhy-
dride grafted PE (g-PE)/EG prepared by solution in-
tercalation and master batch melt mixing. Outcomes
from electrical conductivity tests showed that sam-
ples prepared by solution intercalation had better
electrical conductivity and lower percolation thresh-
olds. In another work, LLDPE/xGnP was prepared by
melt compounding [14], and xGnP was shown to in-
crease the storage modulus and loss modulus over
the entire temperature range. In a review paper,
Morshedian et al. [15] mentioned that the incorpora-
tion of carbon black in the crosslinked PE reduced its
gel content.

The main aim of this work was to discover the in-
fluence of xGn and DCP on mechanical and thermal
properties and dynamic mechanical and rheological
behaviors of dynamically cured PEMA nanocompo-
sites. For this purpose, samples with various
amounts of xGn (0, 0.5, 1, 2, and 5 wt. %) were pre-
pared and cured with 0.5 wt. % of DCP.

Morphology, thermal and mechanical properties,
and dynamic mechanical as well as rheological be-
havior of the uncured and cured nanocomposites
were compared using scanning electron microscopy
(SEM), differential scanning calorimetry (DSC), ten-
sile measurements, dynamic mechanical analysis
(DMA), and dynamic oscillatory rheometer, respec-
tively. To the author's best knowledge, there is no
study available that discusses the effect of graphene
on the curing of PEMA by DCP, and no comparison
has been made between the mechanical and thermal
properties and rheological behavior of dynamically
cured PE/graphene nanocomposites and uncured
nanocomposites.

2. Materials and Methods

2.1. Materials

PEMA was supplied by the Karangin Company
(1.7 % MA, Tm = 120°C, density = 0.92 g.cm3 at 25°C)
and used as the polymer matrix. Graphene nano-
platelets (xGn-C750) with 10% functional groups, in-
cluding ethers, carboxyls, or hydroxyls, were pro-
vided by XG Sciences, Inc., USA. These groups reacted
to atmospheric humidity to form acids or other com-
pounds. DCP with 99% purity was purchased from
Concord Chemical Ind. Co. Ltd (Taiwan).

2.2. Preparation of PEMA/xGn Nanocomposites

The PEMA and xGn were dried at 80°C for 12 h in
a vacuum oven before being mixed. The dispersion of
graphene in PEMA was done in an internal mixer
(Brabender) at 150°C and at a rotor speed of 60 rpm
for 11 min. At first, a master batch containing 5 wt. %
graphene was prepared. The mixture was then di-
luted with a suitable amount of PEMA to prepare the
nanocomposites containing 0.5, 1, and 2 wt. % gra-
phene. The second step was accomplished at the
same temperature and rotor speed but for 5.5 min.
To cure the nanocomposites using a dynamic
method, after mixing of the melt for 5.5 min, 0.5 wt. %
DCP was added, and the nanocomposites cured for 3
min. Afterwards, the samples were compression
molded by a Toyosiki hot press at 150°C at a pressure
of 15 MPa for 5 min. The PEMA/xGn nanocomposites
containing 0.5, 1, 2, and 5 wt. % xGn were designated
as xGn-0.5,xGn-1, xGn-2, and xGn-5, respectively, and
the cured samples were marked with a ‘C".

2.3. SEM

The cryofractured surfaces of unfilled and filled
samples were gold sputter coated and observed us-
ing a VEGA SEM (Tescan Co., Czech Republic).
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2.4.DSC

Thermal behavior of the samples was analyzed
with a Netzsch-DSC 200F in a nitrogen atmosphere.
Samples weighing 5 + 0.1 mg were heated from room
temperature to 170°C at a heating rate of 10°C/min
and held at 170°C for 5 min to remove thermal his-
tory. The samples were then cooled and reheated to
170°C using the same rate.

2.5. Mechanical Properties

Tensile measurements were carried out with a
universal test machine (Santam STM-20, Iran) ac-
cording to the ISO 527-2 standard at a strain rate of
50 mm/min at 25 * 2°C. At least five specimens were
used to obtain an average value and standard devia-
tion for each composition.

2.6. DMTA

Dynamic mechanical properties were measured
by a DMTA (model: DMA 2000 Tritec, England). The
samples were examined in a single cantilever bend-
ing mode at a frequency of 1 Hz, within a temperature
range of -135 to 120°C and at a heating rate of
5°C/min.

2.7. Rheological Properties

Viscoelastic properties of the nanocomposites
were measured using a stress controlled MCR300
rheometer at 150°C in a nitrogen atmosphere. The
samples were tested using parallel plate geometry
(® =25mm) with a gap size of 1 mm. Dynamic strain
sweep tests were first performed at a frequency of 1
rad/s to determine the linear viscoelastic region of
the samples. Dynamic frequency sweep tests were
then carried out within the linear viscoelastic region
to evaluate the dynamic rheological properties of the
samples (strain: 0.5%, angular frequency: 0.01 to
600 rad/s).

3. Results and Discussion

The variation of torque as a function of mixing
time for cured samples containing different graphene
concentrations is shown in Figure 1. The first peak in
the curves corresponds to the melting of PE. The sec-
ond peak is related to the adding of DCP into the PE.
This peak confirms that the curing reaction success-
fully took place [16]. Figure 1 shows that the incor-
poration of graphene reduced curing efficiency, but
that graphene plays two crucial roles in the curing
process. First, DCP attacks on PE chains reduced the
degree of crosslinking due to graphene spatial obsta-
cles. Second, graphene reduced the accessible gel

content, and a direct relationship existed between re-
ductions of torque and gel content (Fig. 1). The meas-
urement of gel content were performed by the xylene
extraction (ASTM D2765) [17]. The obtained values
were 65%, 61%, 59%, 55%, and 53% for neat C-
PEMA, C-PEMA/0.5 wt. %, C-PEMA/1 wt. %, C-
PEMA/2 wt. %, and C-PEMA/5 wt. % xGn, respec-
tively.

3.1. Morphology

Figure 2A-E shows SEM images of fractured sur-
faces of the PEMA and PEMA nanocomposites. Ac-
cording to the datasheet, the average particle diame-
ters of the xGn were calculated as 9.7 pm. In Fig. 24,
pure PEMA film has a smooth and continuous struc-
ture without cracks and pores. However, with incor-
poration of xGn nanoparticles into PEMA films, the
roughness of the surface of the films increased. There
were no significant agglomerates when the xGn con-
centrations increased to 1 wt. %, demonstrating that
good dispersion of xGn can be obtained when lower
concentrations of particles are used. Additionally, in-
creases of more than 1 wt. % of xGn created poor dis-
persion and agglomerate formations of xGn in the
PEMA. These results confirmed the enhancement of
the mechanical performance of the nanocomposites
atxGn concentrations up to 1 wt. % [18]. SEM images
obtained of C-PEMA nanocomposites, presented in
Figure 3A-E, show that a similar trend as uncured
PEMA nanocomposites. Thus, it can be concluded
that the curing process does not affect the dispersion
of xGn in a polymer matrix.
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Figure 1. Variation in torque with mixing times for C-PEMA
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Figure 2. SEM micrographs of (A) PEMA, (B) PEMA-xGn-0.5, (C) Figure 3. SEM micrographs of (A) C-PEMA, (B) C-PEMA-xGn-0.5,
PEMA-xGn-1, (D) PEMA-xGn-2, and (E) PEMA-xGn-5 (C) C-PEMA-xGn-1, (D) C-PEMA-xGn-2, and (E) C-PEMA-xGn-5

Table 1. Crystallization, melting temperature, and degree of crystallinity of unfilled and filled materials

Temperature ('C) Xe
Sample AHi(J.gY)
Te onset Te Tom onset Tm (£2%)
PEMA 113.0 109.1 117.7 125.6 126.7 43.2
PEMA-xGn-0.5 116.0 112.0 115.6 127.1 1219 41.6
PEMA-xGn-1 1175 113.6 116.0 1255 122.6 41.8
PEMA-xGn-2 1175 112.8 115.7 127.1 127.2 43.4
PEMA-xGn-5 118.0 1145 116.0 1255 1141 38.9
C-PEMA 1154 109.9 103.5 125.6 103.8 354
C-PEMA-xGn-0.5 116.0 111.6 101.2 127.6 109.2 37.2
C-PEMA-xGn-1 116.0 111.9 101.4 126.3 110.1 375
C-PEMA-xGn-2 116.7 113.3 101.0 125.7 106.7 36.4
C-PEMA-xGn-5 117.5 114.3 101.9 124.7 105.3 35.9
3.2. Thermal Behavior (Xc) of the samples was also determined using the
following equation:
The heating and cooling thermograms of the AH
PEMA and C-PEMA nanocomposites are presented X, = L «100 69}
in Figure 4A-D. The DSC results for crystallization (1-¢)-AH,
peak temperature (Tc), melting peak temperature where AHyis the theoretical enthalpy of fu-
(Tm), onset temperature, heat of fusion (4Hy), and sion for a 100% crystalline PE with 293 ]/g

crystallinity (Xc) for PEMA and C-PEMA nanocompo-

sites are summarized in Table 1. The crystallinity [19] and ¢ as the weight fraction of xGn in

the sample.
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Figure 4. (A) DSC heating and (B) DSC cooling of unfilled and filled PEMA; (C) DSC heating and (D) DSC cooling of unfilled and filled C-PEMA

It was observed that, for PEMA and C-PEMA nano-
composites, Tc and Tc onset increased with the increase
of XGn. This increase could be related to xGn generat-
ing heterogeneous nucleating sites for the crystalli-
zation of PEMA. However, Tm for PEMA nanocompo-
sites did not change significantly by changing xGn
content, but Tm onset slightly decreased [20-22].
The onset melting temperature of PEMA decreased
after the formation of crosslinks. As shown in Table
1, the Tm onset decreased from 117.7°C for PEMA to
103.5°C for C-PEMA, possibly due to reduced mobility
of the PE chains [23]. Compared to the pure C-PEMA
polymer matrix, onset melting temperatures of the
nanocomposites were not significantly influenced by
xGn addition, but the xGn slightly decreased the melt-
ing temperature. This could be attributed to the de-
crease of structural regularity of PEMA in the pres-
ence of XxGn [16]. As can be seen in Table 1, the crys-
tallinity of the nanocomposite samples remained ap-
proximately unchanged except for PEMA-xGn-5. The
decrease in degree of crystallization of PEMA-xGn-5
in comparison to other nanocomposites could be re-
lated to the high concentration of xGn that hindered
the chain mobility of crystallization [20].

3.3. Mechanical Properties

Tensile tests were performed to investigate the
effect of nanosheet graphene loading on the mechan-
ical properties of crosslinked nanocomposites and
uncrosslinked PEMA. The variations of Young’s mod-
uli, tensile strength, elongation at break, toughness,
and yield stress as a function of graphene content for
PEMA and C-PEMA are shown in Figure 5A-D. In Fig-
ure 5A, the Young’s modulus of the PEMA nanocom-
posites was significantly higher than that of the un-
filled PEMA matrix.

For example, by adding 1 wt. % of xGn to a PEMA
ma-trix, increased the Young’s modulus from 116 to
180.3 MPa. The large surface area of xGn, good dis-
persion, strong interfacial adhesion, and formation of
hydrogen bonding between the polar groups of
PEMA and xGn are significant parameters [1, 24].
With an increase of more than 1 wt. % of xGn, the
Young’s modulus decreased, possibly due to the ag-
glomeration of xGn in the PEMA polymer matrix. The
peak in the Young’s modulus curve could be seen at
0.5 wt. % for C-PEMA nanocomposites. To validate
this phenomenon, gel content results can be used as
evidence because graphene greatly affects the curing
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efficiency [24, 25]. Figure 5B shows that xGn incor-
poration also led to an increase in the tensile strength
values to a maximum of 19.5 MPa for the PEMA nano-
composite with 1 wt. % xGn. In this case, graphene
nanosheets not only crosslinked to the polymer
chains temporarily but also provided regions of en-
hanced strength that mitigated crack or cavity for-
mation. Energy dissipation could be improved by the
presence of mobile crystallites [26]. With an increase
of more than 1 wt. % xGn, tensile strength started to
decrease. Interfacial adhesion was reduced at 2 and
5 wt. % xGn due to formation of agglomerates, which
in turn decreased tensile strength [27]. Tensile
strength increased from 16.7 to 23 Mpa for C-PEMA
nanocomposites containing 0.5 wt. % graphene. As
the percentage of graphene became greater than
0.5%, a descending trend in tensile strength was ob-
served. The decrease in tensile strength of C-PEMA-
xGn-5 in comparison to other nanocomposites could
be related to the effect of graphene on curing and cre-
ating stress cracks or cavities.

The elongation at break of the nanocomposite
slightly decreased by adding 0.5 wt. % of xGn to
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PEMA (Fig. 5C), which could be related to the layered
nanoparticle surfaces bonding with each other to cre-
ate the entangled surface. Moreover, the small de-
crease in the elongation at break for the PEMA nano-
composites (containing 1, 2, and 5 wt. % of xGn) com-
pared to the pure matrix was noticeable. Decreases
in strain at break was only 1% for the 2 wt. % xGn
sample compared to the PEMA. For the 5 wt. % xGn
sample, decrease in strain at break was about 12%.
Most of these results show that the small decreases
in failure strain do not significantly affect the
strength of the PEMA-xGn nanocomposites when us-
ing graphene loading [28]. A significant decrease in
elongation at break was observed from 1060% in
PEMA to 380% in the C-PEMA as a result of crosslink
formation between the chains of PEMA as shown in
Figure 5C. With the exception of C-PEMA containing
0.5 wt. % of xGn, the strain at break of C-PEMA nano-
composites decreased as xGn concentrations in-
creased, which coincided with the results obtained
from the SEM images [29].
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Figure 5. Mechanical properties of uncrosslinked and crosslinked nanocomposites: (A) Young’s modulus, (B) tensile strength, (C) elongation
at break, and (D) yield stress of unfilled and filled PEMA and C-PEMA with different xGn content
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Figure 5D shows that the yield stress had a similar
trend as the Young’'s modulus. The yielding process
was extremely material dependent, being related di-
rectly to molecular mobility [30]. The maximum im-
provementinyield stress was 7.3 MPa at 1 wt. % xGn,
compared to 3.25 MPa in PEMA. This can be at-
tributed to the strong interactions between the ma-
trix and the graphene nanosheets that reduced mo-
bility of polymer segments and increased the re-
sistance to motion of the polymer chains under
stress. Increased graphene, especially at 5 wt. %, due
to the reduction of interfacial interactions between
the polymer matrix and graphene nanosheets,
caused resistance polymer chain movement, leading
to decreased yield stress. A significant enhancement
to yield stress was observed in C-PEMA compared to
PEMA, attributed to the creation of crosslinks be-
tween the C-PEMA chains and hardening of the
movements of the polymer chains. For 0.5 wt. %
loading of xGn, yield stress reached a maximum of 15
MPa, compared to C-PEMA (11.7 MPa) and then de-
creased

3.4. Dynamic Mechanical Properties

Dynamic mechanical properties for PEMA and C-
PEMA nanocomposites were obtained in terms of
storage modulus (E") and loss modulus (E") which
are shown in Figs. 6A-B. Figure 6A shows that the E’
increased with the increase in xGn up to 1 wt. %,
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which could be due to the large surface area of xGn,
good interfacial adhesion, and the formation of hy-
drogen bonding between the polar groups of PEMA
and xGn. With an increase of graphene of more than
1 wt. %, the E’ decreased, and its value for PEMA-
xGn-5 was lower than that of PEMA at the studied
temperature range. The observed phenomenon
could be related to the existence of higher amounts
of graphene particles in comparison to that of MA
groups in PEMA [31, 32]. This could have a negative
effect on the adhesion of graphene to PEMA and its
dispersion in the matrix.

Figure 6B shows that the E” increased with the in-
crease of XGn content in PEMA nanocomposites. For
the composites filled with the particles, the matrix
can be divided into two parts: the free part, in which
the state of molecular chains is the same as in the
pure matrix and the bound part, namely the
mesophase, which is formed by the physical or chem-
ical adsorption of the chains and transcrystallization
on the filler surface [25]. When the composites are
subjected to external stress, the external energy is
dissipated by particle-particle and particle-matrix
friction in the mesophase, in which the loss modulus
increased [25]. The lowest E” value was obtained for
PEMA-xGn-5 and attributed to higher amounts of xGn
compared to those of the MA groups in PEMA. This
decreased particle-particle and matrix-particle in-
teractions [25].
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Figure 6. Dynamic mechanical curves for PEMA-xGn (A) E’, (B) E” and C-PEMA-xGn, (C) E’, and (D) E”
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Figure 6C shows the storage modulus of the C-
PEMA nanocomposite, which was higher than that of
PEMA at -135°C because of crosslinking. By the addi-
tion of only 0.5 wt. % of xGn, the storage modulus of
the nanocomposite at -135°C increased from 2634 to
2891 Mpa, which is attributed to the large surface
area to volume ratio of xGn, good interfacial adhe-
sion, and creation of hydrogen bonds between polar
groups of PEMA and xGn. With the increase of gra-
phene over 0.5% a decline in the storage modulus
was observed, caused by the influence of graphene
on curing [25]. The E” of the C-PEMA nanocomposite
increased with the increase of xGn up to 0.5 wt. %
(Fig. 6D). With an increase of graphene more than 0.5
wt. %, the E” decrease because of higher amounts of
graphene particles that decrease the crosslink den-
sity (Figure 1) and particle-particle and matrix-par-
ticle interactions.

Dynamic mechanical analysis of PE prior to melt-
ing showed three peaks, termed o-, 8-, and y-transi-
tions [33]. The a-peak appeared between 20 and 60°C
for the studied PE [34], which is usually representa-
tive of the crystalline phase [34]. The -peak was ob-
served between -5 and -35°C. Khanna et al. [35]
demonstrated that the -peak in PE is the glass tran-
sition temperature (Tg). The ¥-peak is observed be-
tween -100 and -125°C and includes motion of the
short segments (three to four methylene groups) of
the amorphous phase [35]. Figure 6B indicates that
the a-transition peak of the PEMA nanocomposites
filled with xGn shifted to lower temperatures in com-
parison to PEMA alone. It was observed that the peak
temperature of the a-transition decreased 15°C for
PEMA-xGn-5 compared to the pristine matrix, which
could be related to the reduction of crystallinity for
the nanocomposite [25]. However, the position of the
- and y-transition peaks of the PEMA nanocompo-
sites remained unchanged. From the DMTA thermo-
grams, the y- and a -transitions for C-PEMA nano-
composites were influenced by distribution of xGn in
the surrounding matrix. The vy-transition peak
shifted to higher temperatures with increases in the
graphene content and reached a maximum at a gra-
phene content of 2 wt. % before decreasing. This was
attributed to the motions of the CH2 units in the
amorphous region [36]. The a-transition peaks in the
C-PEMA nanocomposites shifted to lower tempera-
tures with increases in graphene content, which was
attributed to the integrity loss of C-PEMA crystallites
that resulted in more crystal defects [37]. Therefore,
the y-transition for C-PEMA nanocomposites were -
1235, -122.5, -122.3, -119, and -126°C, and the a-
transition were 35, 35, 31.7, 31, and 30.5°C for neat
C-PEMA, C-PEMA-0.5 wt. % xGn, C-PEMA-1 wt. %
xGn, C-PEMA-2 wt. % xGn, and C-PEMA-5 wt. % xGn,

respectively. The position of the - transition peak
remained unchanged.

3.5. Rheology

Dynamic rheological measurements were also
used to investigate the rheological behavior of the
PEMA and C-PEMA nanocomposites with various
xGn loadings. The storage modulus (G") and loss mod-
ulus (G”) of the PEMA and C-PEMA nanocomposites
with different xGn content as a function of frequency
are shown in Figure 7A-D. G’ of PEMA and C-PEMA
nanocomposites increased with an increase in the
angular frequency. When xGn content was equal or
more than 1 wt. %, the flow regime of PEMA-xGn
nanocomposites was significantly altered at low fre-
quencies in terminal regions, and a pseudosolid like
behavior was observed [18, 38]. The G’ of C-PEMA
nanocomposites decreased with increases of xGn
loading, due to the hindering effect of graphene on
curing efficiency. The loss modulus (G”) of the PEMA
and C-PEMA nanocomposites showed a similar tend
as G’, and Figures 7A and 7B show that the increase
in the G’ of the PEMA-xGn nanocomposites was
greater than that of the G” in the specified frequency.
Thus, the effect of xGn on rheological behavior of
PEMA is more sensitively reflected on the G’ com-
pared to the G”. Figures 8A and 8B show complex vis-
cosity |n*| of the PEMA and C-PEMA nanocomposites
with different xGn loadings. PEMA-xGn-5 nanocom-
posites exhibited a very strong shear thinning behav-
iour, whereas PEMA behaved like a Newtonian fluid.
These observations indicate the transition from a lig-
uid-like to a solid-like viscoelastic behavior [38, 39].
The effect of xGn on the rheological behavior of the
nanocomposites was studied using the power-law
relationship [19];

7 =mlaft @

where n* is the complex viscosity, w is the angular
frequency, n is the power-law index, and m is a con-
stant. Table 2 shows that the value of n for uncross-
linked PEMA nanocomposites is lower compared to
that of PEMA. A vice-versa trend was observed for
the crosslinked samples. The slopes of the terminal
zones of the G’ and G” and power-law index (n) are
also given in Table 2, and G’ and G” of the PEMA-xGn-
5 nanocomposites nearly become independent of fre-
quency in the low w region. The rheological measure-
ments for crosslinked samples over the studied range
of frequencies showed less variation of G’, G”, and |n*|
compared to w in the uncross-linked samples. This
conflict was caused by increasing xGn, which led to
increased interfacial adhesion and formation of H-
bonding between the xGn and polymer. The increase
of graphene nanosheets reduced the curing efficiency
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and percentage of crosslinking and decreased melt
strength.
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Figure 7. (A) G'and (B) G" of unfilled and filled PEMA; (C) G' and (D) G" of unfilled and filled C-PEMA with different xGn contents at 150°C

Table 2. The slopes of terminal zones for G' and G" and the power-law index for the unfilled and filled materials

slope of G’ slope of G~ power law
Sample vs.o (+ vs. o (£ 0.02) index (+ 0.01)
0.02)
PEMA 1.71 1.53 0.51
PEMA-xGn-0.5 1.77 1.55 0.51
PEMA-xGn-1 1.59 1.33 0.44
PEMA-xGn-2 1.56 1.33 0.41
PEMA-xGn-5 1.21 1.16 0.28
C-PEMA 1.22 1.12 0.15
C-PEMA-xGn-0.5 1.13 1.07 0.15
C-PEMA-xGn-1 1.20 1.14 0.19
C-PEMA-xGn-2 1.32 1.21 0.21
C-PEMA-xGn-5 1.36 1.24 0.22
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Figure 8. (A) Complex viscosity of unfilled and filled
PEMA; (B) complex viscosity of unfilled and filled C-
PEMA with different xGn contents at 150°C

4. Conclusion

Nanocomposites of PEMA-xGn and cured PEMA-
xGn were prepared using a melt-mixing method. The
morphology, thermal, and mechanical properties, as
well as dynamic mechanical and rheological behav-
iour, of the PEMA-xGn and cured PEMA-xGn nano-
composites with different amounts of xGn were in-
vestigated. The results showed that the increase of
graphene decreased gel content. Mechanical tests
showed that incorporation of xGn significantly im-
proved the Young's modulus, tensile strength, and
yield stress of the PEMA matrix up to 1 wt. %. The
elongation at break was not significantly changed;
however, the mechanical properties of C-PEMA
nanocomposites decreased as xGn concentration in-
creased except for C-PEMA containing 0.5 wt. % of
xGn. SEM observations showed uniform dispersion of
xGn throughout the matrix up to 1 wt. %, and a stark
fractured nanocomposite surface, which were evi-
dences of the remarkable enhancements in overall
mechanical properties. The crystallization behavior

of PEMA in the presence of xGn showed that it be-
haved as a heterogeneous nucleating agent. DMTA
results for PEMA nanocomposites showed a similar
trend to mechanical properties. The substantial rein-
forcing effect of xGn up to the optimal loading (1
wt. %) were observed, possibly due to interactions
between xGn and the polymer. Meanwhile the E" and
E" of C-PEMA/xGn nanocomposites both decreased
with the increase of xGn, except for C-PEMA contain-
ing 0.5 wt. % graphene. Dynamic rheological meas-
urements revealed that storage and loss modulus of
PEMA as a function of angular frequency increased
with increased xGn loading. The PEMA-xGn nano-
composites containing 5 wt. % of xGn exhibited a
very strong shear thinning behavior whereas the
PEMA almost behaved like a Newtonian fluid. Fur-
thermore, reduced rheological parameters of C-
PEMA nanocomposites (G, G, and n*) compared to
that of C-PEMA were achieved by addition of xGn.
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