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ABSTRACT: Bio-based polyamide 11 (PA11)–graphene nanoplatelets (GNP) nanocomposites with different filler concentrations
were prepared by melt extrusion using a masterbatch dilution process. Graphene platelets are uniformly distributed into the poly-
mer matrix as revealed by scanning electron microscopy. The incorporation of graphene significantly improves the electrical con-
ductivity and dielectric constant of PA11. GNPs favors the matrix crystallization; crystallization temperature and degree of
crystallinity of the nanocomposites tend to increase with increase in graphene loading. Tensile properties (strength and modulus)
are slightly improved by the incorporation of GNP into the PA11 matrix (up to +25% and +56%, respectively, for 5 wt% GNPs) at
the expense of ductility (elongation at break divided by 5 for 5 wt% GNPs). © 2016 Wiley Periodicals, Inc. Adv Polym Technol
2018, 37, 21757; View this article online at wileyonlinelibrary.com. DOI 10.1002/adv.21757
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Introduction

P olyamide 11 (PA11) is a bio-based polymer produced
from renewable castor oil. Its versatility with many dif-

ferent properties such as relatively high thermal stability, very
low moisture pick-up, excellent chemical resistance, and good
mechanical properties makes it outstanding for outdoor appli-
cations, which requires high performances in extreme environ-
ment conditions. Graphene, a two-dimensional sheet
composed of SP2 carbon atoms arranged in a honeycomb
structure, is fundamentally single layer of graphite, found in
nature in the form of natural graphite flakes. Single-layer gra-
phene is the strongest material (Young’s modulus of 1 TPa
and ultimate strength of 130 GPa) with a high thermal and
electrical conductivity, extremely high surface area, and gas
impermeability. It presents therefore a great potential for
improving mechanical, electrical, thermal, and gas barrier
properties of polymers.1–7 Graphene, first produced in 1970
has thus drawn attention in the recent days as filler in con-
ductive polymer nanocomposites.

However, despite the potential properties of graphene
nanoplatelets (GNPs), preparation methods to integrate them
in thermoplastics, such as in situ polymerization, solvent mix-
ing, or melt mixing,8 have low yield and high production
costs9 due to the large amount of solvents and/or energy
required for the dispersion of nanofillers. Thus, there is a huge

demand for a scalable and cost-effective fabrication technique
of graphene-based nanocomposites. From an industrial point
of view, melt compounding is the preferred technique as it is
cost effective, environment friendly, and provides fast and
continuous production.

Xu et al. reported preparation of graphene–polyamide 6
(PA6) nanocomposites by in situ ring-opening polymerization
of caprolactam in the presence of graphene oxide (GO). By
condensation reaction, the GO was reduced to graphene and
effectively grafted by macromolecular chains of PA6. A good
compatibility of GO with PA6 matrix was obtained as the
modified graphene acted as great reinforcements to PA6 fibers
due to enhanced interfacial interaction with the matrix. This
might be the reason for the enhancement of tensile strength
(increased by 2.1-fold) and Young’s modulus (increased by
2.4-fold) of produced PA6–graphene nanocomposite fibers,
even at very low content of graphene (0.1 wt%).10 Similarly,
Zheng et al. reported electrically conductive PA6 nanocom-
posites by in situ polymerization. Enhanced conductivity was
achieved due to the exfoliated and dispersed graphene oxide
(GO) nanosheets which were thermally reduced during the
polymerization. In this case, the eclectic conductivity increased
by more than 10 orders of magnitude when the GO critical
contents increased from 0 to 0.41 wt%, the electrical threshold.
No information was given concerning the effect of the addi-
tion of GO on the thermomechanical properties. Nevertheless,
this simple in situ reduction and polymerization process
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opened new way to fabricate graphene-based polymer
nanocomposites cost effectively for a wide range of practical
applications.11 Liu et al. reported significant improvement in
the tensile strength (from 299 to 425 MPa for neat matrix and
nanocomposites containing 0.05 wt% graphene, respectively)
of functionalized graphene–PA6 nanocomposite fibers, but
also a slight reduction in the elongation at break (from 27.1%
to 23.3%). No information was given concerning the electrical
properties.12 Jin et al. prepared functionalized graphene (FG)/
PA11 and PA12 nanocomposites, and found that the vapor
and gas barrier properties were improved by 49% and 47%,
respectively, upon incorporation of a very small amount of
the FG into the polymer matrices. The effect on the mechani-
cal properties was limited (increase in Young’s modulus and
yield stress of 26% and 16%, respectively, and reduction in
elongation at break of 18% in the case of PA12 containing
3 wt% of FG). The electrical properties of these nanocompos-
ites have not been considered.13 Mittal et al. has produced
polymer–graphene nanocomposites based on high-density
polyethylene (HDPE), low-density polyethylene (LDPE),
polypropylene, polystyrene, and polycarbonate by melt pro-
cessing to study the effect of filler amount on final properties
of respective nanocomposites. They found that LDPE-based
nanocomposites has shown significant enhancement in
mechanical and rheological properties with increasing filler
concentration and least enhancement was observed for PS
nanocomposites which is due to processing conditions, poly-
mer nature, and polarity compatibility between polymer and
filler.14 Graphene oxide-reinforced polyvinyl alcohol nanocom-
posites are produced to improve material properties. This
enhancement is ascribed to strong interfacial interactions
between the fillers and the matrix and homogeneous distribu-
tion of fillers.15 One more approach to obtain materials with
tuned properties is to blend immiscible polymers with low
concentration nanofillers.16,17 Finally, existing literature sug-
gests that relatively little work has been published to date on
the influence of graphene on the rheological and mechanical
properties of PA11. This study aims to produce composites
that possess high functional properties by cost-effective and
scalable melt processing method.

It is well known that the dispersion of nanofillers in the
polymer matrix influences the performance of nanocompos-
ites. For other thermoplastic/nanofillers couples, better disper-
sion could be attained using a master batch dilution
technique.18–21 In masterbatch dilution technique, highly filled
(around 15 wt%) masterbatch is to be prepared first and then
diluted with the neat polymer to increase the filler dispersion.
It is well-known fact that a better dispersion is due to the high
shear stress acting on the masterbatch during the second dilu-
tion step. The high concentration of nanofiller in the master-
batch (usually 15 wt%) leading to high viscosity22 associated
with the longer residence time due to the second processing
step is quite helpful to get a uniform dispersion of nanofiller
in polymer matrix. Although a lot of studies have been carried
out on graphene-filled polymer nanocomposites, existing liter-
ature suggests that relatively little work has been published to
date on the influence of graphene on the electrical, dielectric,
thermal, rheological, and mechanical properties of PA11.
Therefore, in this study, PA11/graphene nanocomposites will
be prepared by melt compounding via masterbatch dilution

process. Effect of nanofillers on the morphology, rheological,
electrical, thermal, and mechanical properties of the nanocom-
posites will be investigated.

Experimental

MATERIALS

Polyamide-11 is an injection molding grade (BMNO TLD,
RilsanVR; Arkema, Colombes Cedex, France). Graphene nano-
platelets—grade 3—, have surface areas 600–750 m2 g�1, 4–5
layers, an average thickness of 8 nm, and typical particle
diameters of less than 2 lm (Cheap Tubes, Grafton, VT, USA).
Before processing, PA11 pellets are dried under vacuum at
80°C for 8 h to remove moisture traces. Graphene nanoplate-
lets are used as received.

COMPOUNDING OF MASTERBATCHES

Masterbatch containing 15 wt% of graphene is prepared by
dry-blending PA11 with the desired mass fractions of graphene,
at room temperature. The PA11–graphene mixtures are then
melt compounded in a twin-screw extruder (Haake Polylab OS;
Thermoscientific, Waltham, MA, USA). The PA11 matrix is fed
into the extruder barrel at feed port 1. To avoid the high stresses
in the feeding zone, the GNP are fed separately in the melting
zone where the matrix has already melted (Fig. 1). The temper-
ature profile of the extruder is set at 220–235°C from feed zone
to the die, respectively. The screw speed and feed rate are set at
60 rpm and 1 kg h�1, respectively. Masterbatch pellets are then
dried in vacuum oven at 80°C overnight to remove residual
water content for further utilization.

PROCESSING OF NANOCOMPOSITES

The prepared PA11/graphene masterbatch is diluted to 0.5,
1, 3, and 5 wt% graphene-filled nanocomposites by melt com-
pounding with neat PA11 granules in a twin-screw extruder
(Haake Polylab OS; Thermoscientific) with abovementioned
processing conditions with same screw profile (Fig. 1). The
screw speed and feed rate are set at 75 rpm and 2 kg h�1,
respectively, based on our previous study.21 Neat PA11 pellets
are also extruded under the same conditions as a reference
material. Standard test specimens for tensile, dynamic
mechanical analysis, rheological, and dielectric measurements
are molded using an injection-molding machine (Babyplast 6/
10P, Chronoplast SL, Barcelona, Spain). The temperature pro-
file ranges from 225 to 235°C and the mold temperature is
maintained at 35°C with water-cooling system. All the materi-
als are stored at 25°C and 50% relative humidity (RH) for
1 week before testing.

CHARACTERIZATION METHODS

The morphology of injection-molded cryofractured sam-
ples, previously coated with a thin gold layer (Polaron E5100
series II; Watford, Hertfordshire, UK), is observed under high
vacuum with a Scanning Electron Microscope (SEM,
S-4300SE/N; Hitachi, Tokyo, Japan) operating at 5 kV.
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Thermal transitions of the materials are investigated by dif-
ferential scanning calorimetry (DSC 7 Perkin-Elmer, Ithaca,
NY, USA) under nitrogen flow (20 mL min�1). Samples are
crimple sealed in aluminum pans and heated from 30 to
220°C at a heating rate of 10°C min�1 (first heating scan),
equilibrated at 220°C for 2 min, cooled at 10°C min�1 to 30°C,
equilibrated at 30°C for 2 min, and then heated again to
220°C at 10°C min�1 (second heating scan). The first heating
scan is performed to eliminate the sample’s thermal history.
The crystallization temperature (Tc), melting temperature (Tm),
crystallization enthalpy (ΔHc), melting enthalpy (ΔHm), and
degree of crystallinity, vc, are determined.

Oscillatory shear measurements are performed using an
advanced rheometric system (Haake Mars III; ThermoScien-
tific, Karlsruhe, Germany). Samples are equilibrated at 220°C
for 10 min before testing. The measurements are performed at
220°C, under nitrogen atmosphere using plate and plate
geometry (diameter: 35 mm and gap: 2 mm) with frequency
sweep of 0.1–100 rad s�1.

The viscoelastic behavior is studied in tension by dynamic
mechanical analysis (DMA+150; MetraviB, ACOEM-Metravib,
Limonest Cedex, France) on rectangular DMA specimens
(nominal dimensions, 4 � 0.2 9 10 � 0.5 9 30 mm3) cut from
injection-molded impact bar samples. Dynamic strain sweep is
first performed to determine the linear viscoelastic domain of
the materials. The tests are then performed at a strain ampli-
tude of 0.02% and a frequency of 1 Hz. Data are collected
from �50° to 120°C at a scanning rate of 3°C min�1.

The surface electrical conductivity at room temperature is
measured by the four-point probe method in van der Pauw
configuration on 1 mm2 plate (Using a Keithley 220 Pro-
grammable Current Source, a Keithley 2010 Multimeter as a
voltmeter and a Keithley 705 Scanner equipped with a Keithley
7052 Matrix Card; Keithley Instruments, Beaverton, OR, USA).
The dielectric characteristics of the materials are measured at
1000 Hz by using an impedance bridge (HP Agilent 4284A
LCR meter; Agilent Technologies, Santa Clara, CA, USA). The
accuracy of the dielectric measurement is confirmed by mea-
suring the permittivity and tan d of a standard polytetrafluo-
roethylene sample provided by the manufacturers. For each
filler concentration, at least five samples are tested. All the
measurements are performed at 25°C and 50% RH.

The mechanical properties are evaluated from injection-
molded specimens. Tensile strength and elongation at break
are measured at a crosshead rate of 3 mm min�1 and Young’s
modulus at 1 mm min�1, using a tensile machine (Lloyd LR

50K, Largo, FL, USA) equipped with an extensometer at 25°C
and 50% RH according to ISO 527 standard. At least five spec-
imens of each composition are tested.

Results and Discussion

MORPHOLOGY

The homogeneous dispersion of fillers in the polymer
matrix is one of the most important criteria to achieve optimal
properties of nanocomposites. In case of GNPs, additional
interplanar p–p interactions make it even more challenging to
disperse them in the polymer matrices. Moreover, their
hydrophobic nature is not favorable to their dispersion within
the hydrophilic PA11 matrix. Nevertheless, Figs. 2a–2c show
that GNPs are well dispersed in the PA11 matrix after dilution
process, up to a GNPs concentration of 3 wt%. GNP’s high
aspect ratio and its relatively high population density facili-
tated it to form an interconnected filler network throughout
the PA11 matrix during the masterbatch fabrication. The high
shear forces induced during melt compounding in the extru-
der helped in breaking the agglomerates. However, at higher
GNP concentration there is a high chance of re-agglomeration
in the composites. As seen in Fig. 2d (at 5 wt%) there are
GNP agglomerates in the matrix which could not be avoided
during processing and few aggregates can be seen in
nanocomposites bearing 5 wt% GNPs. The typical sizes of the
agglomerates are in the range of 5 lm or smaller. Nilsson
et al.4 observed that solid-state mixed materials contain a sig-
nificantly higher amount of laterally agglomerated (stacked)
GNPs, whereas in our case, platelet-like structures are well
dispersed in the matrix, probably because of low concentra-
tion of fillers. Jin et al.13 observed that the graphene sheets
were well dispersed and embedded in the polyamide matrices
in nanocomposites prepared using a microextruder with low
concentration of filler. Interestingly, in this study the use of a
semi-industrial extruder and a masterbatch dilution process
produces nanocomposites with a reasonably good dispersion
at lower filler concentration.

CRYSTALLIZATION BEHAVIOR

DSC was employed to investigate the crystallization behav-
ior of the PA11. The degree of crystallinity, vc, was calculated
using Eq. (1):

FIGURE 1. Extruder screw configuration showing feed ports for matrix (feed zone 1) and graphene (feed zone 2) with different mixing zones.
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vc ¼
DHm

DH0
mð1� wtÞ � 100 ð1Þ

where ΔHm is the melting enthalpy, DH0
m the melting enthalpy

for 100% crystalline sample (DH0
c = 206 J g�1), and ‘‘wt’’ the

filler weight fraction in the nanocomposites. Figure 3 presents
DSC thermograms of the PA11/GNP nanocomposites during
the second heating (Fig. 3a) and cooling (Fig. 3b) at different
filler concentrations.

Melting and crystallization temperatures (Tm, Tc), melting
and crystallization enthalpies (ΔHm, ΔHc), and degree of crys-
tallinity (vc) of PA11 nanocomposites as a function of GNP
are shown in Table I. The addition of filler does not alter
Tm, whereas vc increases from 15.5% to 22% with increase in
GNP content. Also, a significant increase in Tc from 159 to
168°C is observed with increasing GNP content, meaning
that GNPs in the PA11 matrix act as nucleating agents. This
indicates that activation energy for crystallization is
increased, due to the addition of GNP into PA11 matrix.
Similar trends were reported by Jin et al.13 for PA11/gra-
phene nanocomposites.

RHEOLOGICAL PROPERTIES

Figure 4 shows the plot of storage shear modulus, G0

(Fig. 4a), and complex viscosity, g* (Fig. 4b), as a function of
angular frequency for neat PA11 and its nanocomposites pre-
pared with GNP loadings of 0.5–5 wt%. PA11 shows a classical
polymer melt behavior with G0 decreasing when lowering the
frequency and a clear terminal zone in the low-frequency range.
GNP-filled PA11 nanocomposites show an increase in G0

compared with neat PA11 and also as the graphene percentage
increases. The reason for the increase in G0 might be the confine-
ment of polymer chains within the graphene layers. Appearance
of a pseudo-plateau in the low-frequency region for concentra-
tions larger than 1 wt% is observed (Fig. 4a), i.e., elastic modulus
and viscous modulus become nearly independent of frequency,
which is consistent with the transition from liquid-like to
pseudo-solid-like behavior of polymer melt with increasing GNP
loading due to formation of polymer–graphene network.20

Comparing the present results with the literature, Nilsson
et al.4 observed that both viscosity and storage modulus were
lower for the GNP-filled melts compared to the neat PP melt
till 10 wt% GNP. Li and Zhong9 reported a similar trend for 5
and 10 wt% GNP in PP melt. Kalaitzidou et al.23 saw a
slightly decreased viscosity at 2 wt% GNP and a moderate
increase in viscosity for 6–20 wt% GNP in PP/GNP nanocom-
posites. The reduced viscosity compared to neat PP was
referred to PP–GNP interlayer slipperiness due to a low sur-
face friction. But, in this study both storage modulus and
complex viscosity are higher than that of neat matrix indicat-
ing an absence of interlayer slipperiness. Also, the viscosity
effect may thus also depend on the dispersion of GNP and
preparation method.

VISCOELASTIC BEHAVIOR

Until glass transition temperature, the tensile storage mod-
ulus (E0) of PA11 also logically increases upon addition of
GNP and all the more that GNP content increases. However,
above the glass transition, E0 increase is no more significant
(Fig. 5).

FIGURE 2. SEM images of polyamide 11 (PA11)/graphene nanoplatelet (GNP) systems (a) 0.5 wt% GNP, (b) 1 wt% GNP, (c) 3 wt% GNP, and
(d) 5 wt% GNP.
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The tan d peak is commonly referred to relaxations of the
polymer related to the glass transition temperature (Tg) (see
Table I). For neat PA11, the loss factor (tan d) shows a peak at
54°C. This transition is shifted to the higher temperatures with
increase in GNP content. Tg increases from 54.3 to 59.4°C at
low filler content (i.e., at 0.5 and 1 wt%), and afterward

FIGURE 3. Differential scanning calorimetry (DSC) thermograms of
polyamide 11 (PA11)/graphene nanoplatelets (GNPs) during second
heating (a) and cooling (b).

TABLE I
Thermal Properties of polyamide 11 (PA11)/graphene nanoplatelet
(GNP) Systems

Material Tm (°C) DHm Tc (°C) DHc Χc (%) Tg (°C)

Neat PA11 190 30 159 39 14.56 54.3
PA11+ 0.5 wt%

GNP
190 34 163 22 16.58 56.8

PA11+ 1 wt% GNP 190 39 165 25 19.12 59.4
PA11+ 3 wt% GNP 189 40 167 26 20.01 60
PA11+ 5 wt% GNP 189 43 168 28 21.97 60.7

FIGURE 4. Storage shear modulus (G0) (a) and complex viscosity
(g*) (b) of polyamide 11 (PA11)/graphene nanoplatelet (GNP)
nanocomposites with frequency sweep as a function of GNP content
at 220°C.

FIGURE 5. Storage tensile modulus E0 of polyamide 11 (PA11)/gra-
phene nanoplatelet (GNP) nanocomposites with temperature sweep.
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remains constant at higher concentration (>3 wt%). The
increase in Tg from the pure PA11 system to the system filled
with 1 wt% of GNPs is due to the fact that presence of the
GNPs hinders the movement of the PA11 molecules and the
interactions between PA11 and GNPs surfaces are expected to
slow down the molecular dynamics of the composite system
and therefore Tg of the nanocomposites has been shifted to
higher temperatures.24 At high filler loading (>3 wt%), since
the free volume increases at higher filler content, the molecu-
lar mobility of the chains is only moderately slowed down by
the interactions promoted between the GNP fillers and the
PA11 matrix molecules leading to no change in the Tg.

25,26

ELECTRIC AND DIELECTRIC PROPERTIES

Electrical conductivity of the nanocomposites is presented
in Table II. Nanocomposite containing 0.5 wt% GNP shows
conductivity of 2.2 9 10�6 S m�1 which indicates formation of
good percolation network in the nanocomposites. Electrical
conductivity increases slightly with growing filler concentra-
tion and the highest conductivity of 5.2 9 10�6 S m�1 is
observed for 5 wt% GNP-filled nanocomposites. However, no
visible electrical percolation is noticed in the studied sample
due to the presence of saturated electrical tunneling network
in the investigated composition range. Similarly, Lan et al.17

observed conductivity of ~10�6 S m�1 for 0.5 wt% of reduced
graphene oxide (RGO) in the thermoplastic polyurethane/
polypropylene composites. Nilson et al. has measured electri-
cal conductivity on samples prepared with two processing
methods: solid-state mixing (SSM) and melt mixing (MM).
The two methods affect significantly the electrical conductivity
of extruded strands (7.9 9 10�6 S cm�1 for the SSM while the
MM material shows 3.8 9 10�2 S cm �1 at 20 wt% GNP).4

Dielectric characterization can provide information on the
molecular dynamics of polymer systems, monitoring the relax-
ation processes. It is determined by the ability of a material to
polarize in response to the applied field. Owing to its fre-
quency dependence, the permittivity of a material is often rep-
resented by the complex permittivity e* and is defined as

e� ¼ e0 � e00

where e0 is the real part or dielectric constant and e″ is the
imaginary part of the dielectric permittivity. The dielectric
constant for a polymer depends on the polarizability of its
molecules. High molecular polarizability leads to high e*. As a
heterogeneous system, a composite has also its dielectric

properties influenced by interfacial polarization, that is, charge
buildup at the interfaces.

The real permittivity e0 increases with growing GNP con-
centration. This is ascribed to the polar characteristics of the
fillers and thus to the increase in the number of charge carri-
ers in the PA11 matrix. The increase in dielectric constant is
attributed to the stronger dipole orientation polarization abil-
ity of PA11 caused by the disruption of hydrogen bonds of
PA11 due to the homogeneous dispersion and compatibility of
fillers in the PA11 matrix. Similar observations were made for
grapheme/polyurethane nanocomposites.27

MECHANICAL PROPERTIES

The typical tensile stress–strain curves of the neat PA11
and PA11/graphene nanocomposites are shown in Fig. 6.
Table III presents the corresponding tensile properties. The
incorporation of GNPs into PA11 has a significant influence
on the mechanical behavior of nanocomposites. Addition of
GNP to polymer matrix increases tensile strength (up to 25%
for 5 wt% of GNP) and Young’s modulus (up to 56% for 5 wt

TABLE II
Electric and Dielectric Properties of polyamide 11 (PA11)/
graphene nanoplatelet (GNP) Systems

Sample
Dielectric

Constant at 1000 Hz
Conductivity

(S m�1) 9 10�6

Neat PA11 3.0 –
PA11+ 0.5 wt% GNP 4.2 2.2 � 0.01
PA11+ 1 wt% GNP 5.6 3.2 � 0.03
PA11+ 3 wt% GNP 7.0 4.4 � 0.07
PA11+ 5 wt% GNP 9.2 5.2 � 0.09

FIGURE 6. Tensile stress–strain curves of polyamide 11 (PA11)/
graphene nanoplatelet (GNP) nanocomposites

TABLE III
Mechanical Properties of polyamide 11 (PA11)/graphene nanopla-
telet (GNP) Systems

Sample

Young’s
Modulus
(MPa)

Tensile
Strength
(MPa)

Elongation
at Break (%)

Notched
Impact
Strength
(kJ m�2)

Neat PA11 1126 � 17.0 31.7 � 1.1 249 � 15.1 17.6 � 0.4
PA11+ 0.5

wt% GNP
1524 � 13.4 36.2 � 0.2 137 � 14.1 18.4 � 0.3

PA11+ 1
wt% GNP

1630 � 17.2 37.1 � 0.2 88 � 15.2 19.2 � 0.2

PA11+ 3 wt%
GNP

1689 � 11.1 38.7 � 0.4 64 � 10.3 12.8 � 0.1

PA11+ 5 wt%
GNP

1756 � 8.1 39.5 � 0.5 50 � 7.2 10.6 � 0.1
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% of GNP) but decreases drastically elongation at break of the
nanocomposites (divided by 5 for 5 wt% of GNP). Impor-
tantly, all the nanocomposites retain a yield point and a small
plastic deformation without showing any brittle behavior with
increase in GNP concentration. Nanocomposites with 0.5 wt%

GNP loading show 14% increase in tensile strength compared
to that of the neat PA11. Further addition of GNP (1, 3, and
5 wt%) does not increase tensile strength significantly, proba-
bly because of the occurrence of GPN aggregation due to the
van der Waals forces at the highest concentrations of GNP in

FIGURE 7. SEM images of tensile fractured polyamide 11 (PA11)/graphene nanoplatelet (GNP) samples at low and high magnification: (a and a0)
0.5 wt% GNP, (b and b0) 1 wt% GNP, (c and c0) 3 wt% GNP, and (d and d0) 5 wt% GNP, respectively.
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the polymer matrix. Liu et al.12 also observed increase in ten-
sile strength at very low loading of graphene oxide (0.1 wt%)
but a decrease at higher loading. The reason of this difference
may be due to the different fillers used and also to the fillers
orientation in fibers. The elongation at break of nanocompos-
ites decreases with the increase in GNP loading. Neat polymer
shows elongation at break of 249% ,whereas it is divided by
~2 for 0.5 wt% GNP loading, and by 5 for 5 wt% of GNP
loading. Young’s modulus increases by 35% with 0.5 wt%
GNP loading compared to neat PA11, whereas further addi-
tion of GNP increases Young’s modulus steadily. Generally,
the mechanical properties of graphene polymer nanocompos-
ites are strongly affected by the dispersion, aspect ratio, plate-
lets/polymer interface, and the crystallinity of the polymer
matrix. As we can see from Table I, increase in crystallinity of
PA11 upon incorporation of graphene was observed and these
crystalline properties of the nanocomposites may also con-
tribute to the enhancement in the mechanical properties of the
nancomposites at low filler loading.

To understand the fracture behavior, the fractured tensile
specimens were characterized using SEM. Figure 7 shows rep-
resentative SEM images of the fractured surfaces in both low
and high magnification. There were many dimples (marked as
A) on the fracture surfaces of the nanocomposites containing
0.5 and 1 wt% GNP and these nanocomposites showed a duc-
tile fracture with plastic deformation and drawing of the
matrix under tensile stress (Figs. 7a and 7b). Images taken at
high magnification indicated that prominent deformation is of
cavitational in nature (Figs. 7a0 and 7b0). Nanocomposites
loaded with 3 and 5 wt% of GNP (Figs. 7c and 7d) clearly
showed large dimples (marked as A) whose density and the

size were much higher than 0.5 and 1 wt% GNP-filled
nanocomposites, where presence of higher filler concentration
rapidly led to microvoids, and thus crack initiated with large
dimples (Figs. 7c0 and 7d0), which spoiled the plasticity of
material.28

During impact testing all the specimens under study broke
in an unstable manner. Table III shows the notched impact
strength as a function of the GNP content. It can be seen that
impact strength is slightly increased by the addition of 0.5
and 1 wt% of the GNP then decreases with increasing GNP
content. Good dispersion of GNPs at lower concentration (0.5
and 1.0 wt%) marginally increase impact strength of PA11
matrix in comparison with neat matrix. This increase in tough-
ness may be due to microplastic deformation with elongated
crack patterns as shown in Figs. 8a and 8b. This elongated
crack patterns possess higher crack growth resistance of the
composites.29 Nanocomposite filled with higher GNP concen-
trations (3 and 5 wt%) showed the decrease in notched impact
strength in comparison with neat matrix. Reason for unfavor-
able impact properties is due to the presence of GNP agglom-
erates (marked as B) in PA11 at higher concentration (Figs. 8c
and 8d).

Conclusions

The potential of using graphene nanoplatelets (GNP) as
reinforcement for producing efficient polyamide 11 (PA11)-
based nanocomposites by melt extrusion through masterbatch
approach has been explored. Tensile strength, modulus,

FIGURE 8. SEM images of impact fractured surfaces of polyamide 11 (PA11)/graphene nanoplatelet (GNP) samples: (a) 0.5 wt% GNP, (b) 1 wt%
GNP, (c) 3 wt% GNP, and (d) 5 wt% GNP, respectively.
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thermal, and electrical properties are improved by the incor-
poration of GNP into the PA11 matrix. Scanning electron
microscopy confirmed that fillers are well dispersed in PA11
matrix. GNPs act as nucleating agents in the PA11 matrix,
crystallization temperature and degree of crystallinity of the
nanocomposites tending to increase with increase in graphene
loading. Rheological study highlighted improvement in stor-
age modulus and complex viscosity with increase in graphene
weight percentage. Low-frequency plateau is observed at high
graphene loading because of the pseudo-solid-like behavior of
polymer melt. The dielectric constant and electrical conductiv-
ity of the nanocomposites also significantly increase with
increase in GNP concentration, but without visible electrical
percolation threshold. Besides, the tensile strength increases
by ~14–25% and modulus by ~35–56%, for 0.5–5 wt% GNP,
respectively, however, at the expense of the material ductility
(elongation at break divided by 2–5, respectively). The wide-
spread usage of carbon-based nanofillers in industrial work-
shops will cause emissions to the environment and result in
an increase in human exposure to nanofillers. Upon exposure,
these nanofillers may reach the lungs where they can exert
serious toxicity by inflammatory and fibrotic reactions. There-
fore, handling of carbon-based nanofillers in plastic parts
manufacturing workshops is, however, often a key issue. Pro-
duction of a GNP masterbatch in polyamide is an attractive
alternative as it offers a dust-free processing method with
lower health and safety risks compared to the bulk carbon
nanofillers dispersion process and the solution casting meth-
ods used for the production of graphene-based polymer
nanocomposites. Other benefits of using a masterbatch include
elimination of dispersion difficulties and the need for formula-
tion development, as well as an easier method for handling
the material. Therefore, the masterbatch processing route is
attractive for most polymer nanocomposites manufacturing
industries where the carbon-based nanomaterials are bound in
a polymer or are a polymer component, which makes them
easier to handle.
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