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Abstract

Scalable and ease fabrication of high-performance graphene reinforced poly-

amide 66 (PA66) nanocomposites by melt-mixing were achieved by selecting

ideal graphene reinforcement having high C/O ratio. In this study, single-layer

amine functionalized reduced graphene oxide and multi-layer thermally exfoli-

ated graphene oxide (TEGO) were used to investigate the influence of surface

chemistry and dispersion state on crystallization behaviors, mechanical, and

thermal properties of graphene reinforced PA66 nanocomposites. Both types of

graphenes acted as nucleating agent but TEGO showed the better performance

due to its intercalated structure formation mechanism and efficient viscous

flow during melting. Mechanical results indicated that 0.5 wt% TEGO based

PA66 nanocomposite showed the highest tensile properties by increasing ten-

sile modulus and tensile strength up to 45% and 16.1%, respectively. In addi-

tion, TEGO reinforced nanocomposites showed more stable viscoelastic

behavior by reaching a plateau at high temperatures and restraining long-

range motion of polymer chains.
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1 | INTRODUCTION

Polyamides (PAs) are widely used engineering thermoplas-
tics with various applications due to their high stiffness,
toughness, and resistance to dynamic fatigue, high temper-
ature, and chemical resistance.1–3 However, poor thermal
stability, low electrical conductivity, and high percent of
shrinkage of PAs with growing market needs limit the use
of polymers,4 and thus, recent studies have been focused
on the incorporation of nanofillers, such as, carbon based
nanoparticles and nanoclay that meet the requirements of
the market.5–8 Among carbon based nanoparticles, there

has been a growing interest of using graphene and its
derivatives such as graphene oxide (GO), graphene
nanoplatelet (GNP) as reinforcements for the development
of high performance PA66 based composites.9–12 Herein,
graphene with its high thermal, mechanical, and electrical
properties along with high surface area seems a promising
filler to attain an ideal composite structure.13–15 In the case
of GO, the lateral dimensions graphene sheets in polymer
matrix16 and poor binding affinity between polymer and
graphene cause nonhomogeneous distribution and
agglomeration in the polymer matrix17 that directly affect
the reinforcing efficiency.10
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The interfacial interactions between polymer and
graphene play an important role in order to reveal the
exceptional properties of graphene in composites since
the strengthening mechanism of carbon-based nanofiller
in matrix is fully realized by the successful bonding of
the two materials to each other.18 There are various stud-
ies about the integration of graphene in polyamide matrix
in the literature. For instance, Yesildag et al improved the
Young's modulus up to 20% and tensile strength of the
matrix up to 15% compared with neat PA6 by incorporat-
ing 1 wt% polar graphene into PA6 by using a co-rotating
intermeshing twin screw extruder but also stated that the
Young's modulus did not increased with increasing
graphene content due to the agglomeration of graphene.19

Furthermore, Xu and Gao enhanced the tensile strength
and Young's modulus of PA6 composites by 2.1 and 2.4
folds, respectively, by the addition of 0.1% graphene by in
situ ring-opening polymerization of PA6.20

In addition to the direct usage of neat graphene mate-
rials, surface functionalization has been carried out to
make proper interactions with the selected matrix. Hou
and coworkers reported the preparation of PA6 and
amine functionalized GO by in situ ring-opening poly-
merization of caprolactam resulting in ease dispersion of
GO sheets in organic compounds.21 In another work,
Gong et al provided uniform dispersion with ester
functionalized GO sheets in PA6 matrix by enhancing
the interface adhesion between nanosheets and matrix.22

Furthermore, Steurer et al introduced 10 wt% of ther-
mally reduced graphite oxide into PA6 by twin-screw
extruder and increased Young's modulus of PA6 from
1650 to 2430 MPa.23 While PA66 has better mechanical
performance and abrasive resistance24,25 compared with
PA6, neat PA66 still requires the modification to meet
the demand in the emerging thermoplastic market. In
addition, week interfacial interactions between GO and
PA66, and poor dispersion during in-situ polymerization,
and melt blending processes seem the bottlenecks in the
industrialization of PA66 based nanocomposites.

Although significant advances have been made in the
utilization of graphene materials in PA based matrices,
there is no report that investigates the effect of surface
chemistry of graphene with the controlled C/O ratio on
the crystallinity and mechanical and thermal behaviors
of PA66 based compounds. Understanding of chemical
exfoliation and thermal expansion, the steps for the fabri-
cation of GO and rGO, can provide to elaborate the rela-
tionship between the reinforcement and the selected
polymer matrix. Therefore, the aim of this study is to
(a) conduct a comprehensive comparison of two different
types of graphenes, which are thermally exfoliated
graphene oxide (TEGO) and amine functionalized
reduced graphene oxide (rGO) and (b) establish a feasible

approach for the production of high performance PA66
nanocomposites by tailoring their crystallization behav-
ior, mechanical, and thermal properties and viscosity pro-
files. The effect of different functional groups of single
layer rGO with terminal amino ends and multi-layer
TEGO having high carbon functional groups on the char-
acteristics of PA66 were investigated in a systematic man-
ner by spectroscopic techniques. In addition to the
detailed surface chemistry analysis, the influence of
graphene layer number on the performance of PA66 dur-
ing melt mixing was investigated to understand the ideal
composition in graphene intercalated composite structure.

2 | EXPERIMENTAL

2.1 | Materials

The following materials were used in experiments: PA66
polymer (Zytel E51HSB NC010, Dupont), thermally exfo-
liated graphene oxide (TEGO, NANOGRAFEN Co.) pro-
duced by oxidation and thermal expansion steps,
graphite flakes (+100 mesh size, Sigma–Aldrich), hydra-
zine hydrate (N2H4, 50%–60%, Sigma–Aldrich), hydrogen
peroxide (30% H2O2, Sigma–Aldrich), and potassium per-
manganate (KMnO4, Merck & Co.).

2.2 | Synthesis of reduced graphene
oxide (rGO)

Graphene oxide (GO) was synthesized through improved
Hummers' method.26,27 In GO synthesis, graphite flakes
were mixed with the concentrated H2SO4/H3PO4 (v:
v = 9:1) in the presence of KMnO4 as an oxidizing agent
for 1 day at 50�C. Then, the mixture was poured on the
ice bath having 3 ml of H2O2, and filtration and centrifu-
gation processes were applied to separate GO sheets and
remove the unreacted parts. Chemical reduction was car-
ried out by hydrazine hydrate (the weight ratio of hydra-
zine hydrate/GO = 1) as a reducing agent through
refluxing about 3 h. At the final step, reduced graphene
oxide (rGO) powder was immoderately isolated by filtra-
tion, and washed with distilled water for several times,
then dried at 60�C for 24 h to remove residual solvent.

2.3 | Fabrication of graphene reinforced
PA66 nanocomposites

For the fabrication of graphene reinforced PA66
nanocomposites, TEGO, and rGO were dispersed into PA66
matrix at 300�C and 4700 rpm by using custom-made
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Gelimat Thermokinetic Mixer. The contents of rGO and
TEGO in the nanocomposites were adjusted in the range
between 0.25 and 1 wt% to attain an optimum amount and
prevent the agglomeration of graphene sheets. After mixing
process, samples were used in injection molding process to
prepare composite specimens for mechanical tests.

2.4 | Characterization

Surface morphologies of graphene samples and cross-
sections of composite specimens were investigated by Leo
Supra 35VP Field Emission Scanning Electron Micro-
scope (SEM). The surface areas of graphene samples were
measured by the Quantachrome NOVA 2200e series Sur-
face Analyzer. The samples' crystallinity was examined
by Bruker X-ray diffraction (XRD) with a CuKα radiation
source. The number of graphene layers in multi-layered
structures was calculated by Debye–Scherrer equation
(Equation 1) as follows:

t = 0:89λ=βcosθ

n= t=d ð1Þ

where t is thickness, β is full width at half maximum,
and d is interlayer spacing obtained from XRD patterns,
and n is layer number. The structural properties of
graphene samples were characterized by Renishaw
Raman spectroscopy (UK) with the laser wavelength of
532 nm. The surface functional groups of samples were
studied by Thermo Scientific Fourier Transform Infrared
Spectroscopy (FTIR, Germany) and Thermo Scientific
K-Alpha X-ray Photoelectron Spectrometer (XPS,
Germany). Thermal behaviors of composite specimens
were investigated by Mettler Toledo differential scanning
calorimeter (DSC) under N2 atmosphere. Tensile and
flexural properties of composite specimens were investi-
gated by using the Instron 5982 Static Test Machine with
a 5 kN load cell. Rheological characterization of graphene
reinforced composite samples was performed by using
MCR 702 TwinDrive Anton Paar Rheometer (Austria).

3 | RESULTS AND DISCUSSION

3.1 | The characteristic properties of
rGO and TEGO

It is well known that the performance of graphene-based
composites strongly depends on the variety and content
of functional groups present on the edge and basal plane
of graphene.28 Thermal and chemical modifications

increase the carbon/oxygen ratio of graphene, which
greatly affects the dispersion state of graphene in poly-
meric matrix.29 In the present study, two different
graphene types were selected to monitor the effect of
layer number and surface oxygen and nitrogen functional
groups on the performance of PA66 based nano-
composites. Figure 1(a) shows the SEM image of rGO
with smooth layers of graphene. In contrast, TEGO has
the accordion-like morphology indicating the separation
of GO layers during thermal treatment as seen in
Figure 1(b). BET surface areas of TEGO and rGO are
11 m/g2 and 483 m/g,2 respectively.

XRD and Raman spectroscopy are efficient characteri-
zation tools in order to understand the differences in the
layer number of each graphene sample. Figure 2(a)
exhibits XRD patterns of TEGO and rGO which both of
them have the (002) characteristic graphitic peak. How-
ever, the position of this peak in rGO slightly shifted
toward lower angels and became broaden since the
chemical reduction by hydrazine causes the complete res-
toration of the aromatic carbon sp2 lattice spacing30 when
compared with XRD pattern of GO given in Figure S1a.
On the other hand, TEGO has graphitic peak supporting
its multi-layered structure and the number of graphene
layers in TEGO was calculated as 25 based on (002) peak
by using Debye–Scherrer equation. Furthermore, Raman
spectroscopy analysis was carried out to further under-
stand the defects and disorders in each graphene. The
Raman spectrum of TEGO has three main characteristic
peaks of graphene having D, G, and 2D bands are seen at
1355, 1582, and 2721 cm−1, respectively, in Figure 2(b).
The intensity of D band indicates the disorderness and
defects in the structure whereas G band attributes to the
vibrational mode of carbon sp2 crystallites.31,32 The inten-
sity ratio of D/G (ID/IG) is a relative analysis tool to quan-
tify the defects in the graphitic structures.33 According to
Figure 2, ID/IG ratio of rGO was calculated as 1.15, which
is much higher than that of TEGO (0.26). This difference
stems from the destruction of graphene planes by break-
ing down a large amount of sp2 carbon atoms during the
chemical reduction of GO. The details about Raman peak
intensities and peak ratios are given in Table S1 in the
supplementary document.

Chemical composition has a significant influence on
the interfacial interactions between polymer chains and
reinforcement. Therefore, surface functional groups of
rGO and TEGO were investigated to understand their dis-
persion behavior in PA66 matrix. Regarding XPS analyses
of rGO and TEGO given in Table 1 and Figure 3, TEGO
and rGO contain 2 and 20.4 at% oxygen, respectively. In
the C1s XPS spectrum of TEGO, C C bonds with large
intensity implied the sp2 arrangement of hexagonal rings
of six carbons in the structure (Table S2). On the other
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hand, the presence of nitrogen in the XPS survey of rGO
indicated the covalent attachment of amine group of
hydrazine hydrate to GO during the reduction process.34

In conclusion, TEGO has high carbon content and com-
parably lower amount of oxygen when compared
with rGO.

3.2 | Mechanical properties of rGO and
TEGO based PA66 nanocomposites

In order to observe the effect of graphene layer number
and surface functional groups and get an ideal graphene
amount in PA66 nanocomposites, three different
graphene ratios of 0.25, 0.5, and 1 wt% were adjusted for
dispersion process by high shear thermokinetic mixer.
Figure 4 exhibits stress–strain curves of neat PA66 and its
nanocomposites obtained from tensile and flexural tests.
In tensile tests, the best results from the integration of
rGO in PA66 were obtained with 0.25 wt% additive load-
ing, and tensile modulus and strength increased up to

FIGURE 1 SEM images of (a) rGO and (b) TEGO

FIGURE 2 (a) XRD patterns

and (b) Raman spectra of rGO and

TEGO [Color figure can be viewed

at wileyonlinelibrary.com]

TABLE 1 XPS results of rGO and TEGO

Samples C (at%) O (at%) N (at%)

rGO 74.1 20.4 5.5

TEGO 98.0 2.1 —
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10% and 5.2%, respectively. However, there is no big differ-
ence in mechanical properties of 0.25 and 0.5 wt% rGO
reinforced PA66 nanocomposites as shown in Tables 2 and
3. In terms of TEGO, the loading amount of 0.5 wt% pro-
vided significant improvement in tensile modulus and
strength values, which were improved about 45% and
16.1%, respectively. On the other hand, maximum
improvement in flexural properties of TEGO based
nanocomposites was attained by the addition of 1 wt%
nanofiller since the enhancement in flexural strength indi-
cates the better dispersion of graphene sheets resulting in
the reduction in stress concentrations in composite struc-
ture.29 In rGO based nanocomposites, amino based func-
tional groups on the surface of graphene causes covalent
interactions with polymer chains during melt com-
pounding process. Hence, this prevents the role of additive
as a reinforcement in the matrix and thus does not allow
efficient stress transfer at high applied loads when com-
pared with TEGO reinforced nanocomposites.35,36

In Table 2, the values of tensile strain at break of
composites by incorporating graphene reinforcements
were decreased since graphene leads to a decrease in duc-
tility resulting in an increase in brittleness of composites
and thus the formation of fractures in TEGO and rGO
based composites before deforming much under a tensile
load of neat PA 66.37

Furthermore, it is well known that the dispersion
state of graphene in the matrix greatly affects the
mechanical performance of graphene based polymeric
composites. Covalent functionalization between
graphene and polymer matrix leads to the disruption of
the sp2-hybridized network whereas noncovalent interac-
tions of weak CH − π and/or π − π provide to control
interfacial interactions between matrix and reinforce-
ment.29 During melt compounding, the external forces
generated by viscous flow have ability to separate the
weak agglomerated graphene sheets.35,38 However, the
addition of rGO having high surface area resulted in a
system with low viscosity matrix when compared with
that of TEGO. Therefore, the viscous forces were insuffi-
cient to break down the tight rGO agglomerates and
aggregates. The strongly associated agglomerates in the
rGO-PA66 composites and inefficiency of viscous flow
matrix resulted in a low improvement in the tensile mod-
ulus of PA66 in comparison of TEGO based
nanocomposites.

3.3 | Crystallization effect of rGO and
TEGO on PA66 nanocomposites

The presence of a foreign substrate in the microstructure
of a melt semicrystalline polymer initiates the nucleation
of crystalline phases, as a result of an increased surface
energy at their interface. Therefore, the integration of
graphene as a nanofiller into the PA66 matrix brings
about the enhancement in the crystallization of
nanocomposites.39 Figure 5 represents XRD patterns of
PA66 nanocomposites having 0.5 wt% rGO and 0.5 wt%
TEGO. In the diffraction pattern of PA66, the broad XRD
peak at around 2ϴ = 21� attributes to the inter-chain
hydrogen bonded (100) plane of amide groups of PA66.40

This peak has small shoulder at around 2ϴ = 23� indicat-
ing the overlapping diffraction peaks for (010) and (110)
planes of PA66.40 After the integration of TEGO or rGO
in PA66, the peak intensity of (100) was decreased and
the peak of (010/110) became more distinguishable due
to the changes in d-spacing of intersheets.41 It should be
noted that the position of (100) peak in TEGO-based
nanocomposites was shifted toward lower 2ϴ values
when compared with the neat and GO-based PA66s. The
reason behind this change lies in the accordion-like mor-
phology of TEGO, which leads to higher interlayer spac-
ing of PA66. Moreover, graphene sheets with high aspect
ratio could easily penetrate through polyamide chains
resulting in the appearance of a broad and comparably
intense peak of kinetically favored γ(002) phase at
around 2θ = 10�.42 In case of rGO, the intensity of γ(002)
is slightly higher owing to the nature of its structure,

FIGURE 3 XPS survey scan spectra of rGO and thermally

exfoliated graphene oxide [Color figure can be viewed at

wileyonlinelibrary.com]
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which has single graphene sheets.31 This led to the for-
mation of exfoliated structure. On the other hand, TEGO
has multi-layer structure which promotes the generation
of the intercalated structures.27,28 In addition, Table 4
provides crystallinity index values of 0.5 wt% loaded
PA66 nanocomposites. The results showed that rGO has

slightly higher crystallinity than TEGO, but both these
reinforcements acted as nucleation agents in com-
pounding process. Therefore, the differences in the dis-
persion states of rGO and TEGO affected the mechanical
performance of nanocomposites as previously discussed
in the previous section. The results indicated that

FIGURE 4 (a, b) tensile stress–strain curves and (c, d) flexural stress–strain curves of nanocomposites by different reinforcement

loadings [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Tensile properties and their improvement percentages of PA66 nanocomposites reinforced by rGO and TEGO

Specimens

Tensile
modulus
(MPa)

Tensile
modulus
improvement (%)

Tensile
strength
(MPa)

Tensile
strength
improvement (%)

Tensile
strain at
break (%)

Neat PA66 2400 — 69.8 — 150

PA66 + 0.25 wt% rGO 2647 10 73.5 5.2 110

PA66 + 0.5 wt% rGO 2587 8 71.8 2.9 39

PA66 + 1 wt% rGO 2614 9 70.4 0.9 28

PA66 + 0.25 wt% TEGO 3195 33 78.7 12.8 94

PA66 + 0.5 wt% TEGO 3473 45 81.0 16.1 21

PA66 + 1 wt% TEGO 2984 24 79.0 13.2 16
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intercalated structure formed by TEGO provided better
improvement in mechanical strength in PA66 matrix in
comparison of rGO based nanocomposites.

The influence of two types of nano additives on the
crystallinity of PA66 nanocomposites was also examined
by FTIR shown in Figure 6 and Figure S3. Pristine
PA66 and 0.5 rGO and 0.5 wt% TEGO reinforced
nanocomposites have two temperature-dependent crys-
talline peaks at 934 and 1198 cm−143 while the peak at
1630 cm−1 is temperature-independent and considered as
the reference peak.44,45 The transmittance ratio of these
dependent and independent bands (T1198/T1630) provides
the changes in the crystallinity of nanocomposites as
given in Table 5. These results indicated that the

incorporation of rGO and TEGO into the PA66 matrix
enhanced the crystallinity, which was also verified by
XRD characterization.

For the detailed investigation of nucleation effect,
DSC analysis was applied to analyze the crystalline
behavior of PA66 nanocomposites. Table 6 summarizes
DSC results of neat PA66 and 0.5 wt% graphene based
PA66 nanocomposites. There is no notable difference in
melting temperature of the fabricated nanocomposites.
However, there are variations in the percent crystallinity,
which is calculated by using the equation as follows:

Xc = ΔHm=ΔHm
100%

� �
× 100% ð2Þ

where Xc is the degree of crystallinity, ΔHm is enthalpy
of melting, and ΔHm100% is enthalpy of purely crystal-
line (J/g). ΔHm100% is a reference for neat crystalline
PA66 as about 188.4 J/g.46 There was a sharp increase in
Xc values by the addition of each type of graphene addi-
tive. However, as the amount of graphene increased, the
strong interactions between the graphene sheets and
matrix led to the reduction in the polymeric chain mobil-
ity and thus hindered the crystal growth.47 In case of
TEGO, the smaller reduction rate in crystallinity could be
attributed to the multi-layer structure of TEGO and the
absence of amine groups since the amine functional
groups terminates the polymeric chains of PA66 and thus
led to a sharp decrease in the crystallinity.21,48 Considering

TABLE 3 Flexural properties and their improvement percentages of PA66 nanocomposites reinforced by rGO and TEGO

Specimens
Chord modulus
(MPa)

Flexural modulus
improvement (%)

Flexuralstrength
(MPa)

Flexural strength
improvement (%)

Neat PA66 2570 — 102 —

PA66 + 0.25 wt% rGO 2878 12.0 111 8.8

PA66 + 0.5 wt% rGO 2885 12.3 113 10.8

PA66 + 1 wt% rGO 2810 9.3 109 6.9

PA66 + 0.25 wt% TEGO 2833 10 110 7.8

PA66 + 0.5 wt% TEGO 2898 13 110 7.8

PA66 + 1 wt% TEGO 2996 17 118 15.7

FIGURE 5 X-ray diffraction patterns of PA66 composites

having 0.5 wt% rGO and 0.5 wt% TEGO [Color figure can be viewed

at wileyonlinelibrary.com]

TABLE 4 Crystallinity index of 0.5 wt% loaded PA66

nanocomposites

Crystallinity index Crystallinity (%) Amorphous (%)

Neat PA66 34.1 65.9

PA66 + 0.5 wt% TEGO 35.9 64.1

PA66 + 0.5 wt% rGO 37.2 62.8
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both XRD and DSC results, increasing nanofiller content
reduces the crystallinity of composites.21 DSC curves of
PA66 nanocomposites with different rGO and TEGO load-
ings are given in Figure S2a and b in supporting

document, respectively. Crystallinity index of rGO based
nanocomposites have slightly higher values in comparison
of TEGO reinforced ones. An increase in TEGO concentra-
tion did not change the crystallinity index values signifi-
cantly. This might come from the multi-layered structure
of TEGO and their alignment in polymer matrix. On the
other hand, there is a slight difference in 0.25 and 0.5 wt%
rGO loadings, but a decrease in crystallinity is observed as
rGO content increases. This might stem from the aggrega-
tion of rGO layers and the formation of crosslinks between
amine groups of rGO and PA66.2

3.4 | Rheological behaviors of rGO and
TEGO based PA66 nanocomposites

The steady shear viscosity is an important parameter to
estimate the processability of composites and this data

FIGURE 6 Fourier Transform Infrared Spectroscopy spectra of (a) crystalline band and (b) C O stretching vibration modes of neat

PA66 and nanocomposites [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 5 The intensity values of crystalline and reference peaks and their ratios

Samples T1198 (a.u.) T1630 (a.u.) T1198/1630

Neat PA66 86.6 72.2 1.20

PA66 + 0.25 wt% rGO 72.1 27.3 2.64

PA66 + 0.5 wt% rGO 83.6 54.8 1.53

PA66 + 1 wt% rGO 85.9 62.7 1.37

PA66 + 0.25 wt% TEGO 71.6 44.1 1.62

PA66 + 0.5 wt% TEGO 68.3 46.4 1.47

PA66 + 1 wt% TEGO 77.4 60.8 1.27

TABLE 6 Melting temperatures and crystallinity index values

of pristine PA66 and its nanocomposites

Samples Tm (�C) ΔHm (J/gr) Xc (%)

Neat PA66 262 48.2 25.6

PA66 + 0.25 wt% rGO 263 70.5 46.4

PA66 + 0.5 wt% rGO 263 70.4 46.2

PA66 + 1 wt% rGO 263 68.5 42.8

PA66 + 0.25 wt% TEGO 261 76.9 40.6

PA66 + 0.5 wt% TEGO 261 76.0 40.3

PA66 + 1 wt% TEGO 261 74.7 39.7
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are obtained from the complex viscosity (η*).49 The
change in the viscosity by the addition of graphene
directly affects storage modulus (G') of the composite.50

Figure 7 compares rheological properties of rGO and
TEGO based PA66 nanocomposites in terms of G' and
η* as a function of time and temperature by three differ-
ent graphene loadings. When compared with the
changes of η* as a function of time in terms of rGO
based nanocomposites, the viscosity values of neat and
rGO based samples decrease as time increases at the
melting stage but after a while, the viscosity of all rGO
based samples has been started to become stable.
Herein, reaching the plateau in the viscosity curves
means the restraints of the long-range motion of PA66
macromolecular chains.51 The same behavior was also
detected in the viscosity behaviors of TEGO based

nanocomposites as seen in Figure 7(b). Especially 1 wt
% TEGO reinforced PA66 specimen showed more stable
viscoelastic behavior and a plateau at high tempera-
tures indicating the existence of percolation of
graphene particles and the formation of interconnected
graphene network.

Storage modulus indicates the elastic portion of the
viscoelastic behavior in the composite specimens and
the stored deformation energy. Figure 7(c) and (d) show
the storage modulus of rGO and TEGO based nano-
composites at different loadings as a function of the
temperature. In rGO nanocomposites, as rGO content
increases, storage modulus decreases whereas the cur-
ves become linear by increasing temperature meaning
typical fluid behavior. On the other hand, the rheologi-
cal behaviors of TEGO reinforced nanocomposites

FIGURE 7 Complex viscosity of (a) neat PA66 and rGO loaded nanocomposites, (b) neat PA66 and TEGO loaded nanocomposites as a

function of temperature and time, and storage modulus of (c) neat PA66 and rGO loaded nanocomposites, (d) neat PA66 and TEGO loaded

nanocomposites as a function of temperature [Color figure can be viewed at wileyonlinelibrary.com]
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showed that there was a linear decrease in their storage
modulus as a function of temperature and also the
samples showed stable plateau at high temperatures.

3.5 | Morphological differences in cross-
sections of graphene reinforced PA66
nanocomposites

In order to understand the dispersion quality of
graphene sheets in the PA66 matrix, the morphological
differences of freezed-fracture surfaces of neat PA66,
rGO, and TEGO reinforced nanocomposites were ana-
lyzed by SEM. As shown in Figure 8(a), pristine PA66
has fragmented structure and the freezed-fracture sur-
face of composite became smoother, and roughness was
significantly reduced after the dispersion of single-layer
rGO as shown in Figure 8(b). In case of multi-layer
TEGO, which has worm-like structure, the surface
roughness of nanocomposites was increased as seen in
Figure 8(c).

4 | CONCLUSIONS

In summary, graphene sheets with different C/O ratio
and layer number were distributed in PA66 matrix in
order to prepare mechanically improved
nanocomposites by tailoring crystallization and rheo-
logical behaviors. TEGO with high C/O ratio and
multi-layered structure showed better mechanical
improvement in PA66 based composites in comparison
of rGO since the oxygen contents of TEGO and rGO
obtained from XPS characterization are between 2 at%
and 20.4 at%, respectively. Strong interfacial interac-
tions were achieved with TEGO based nanocomposites
owing to its intercalated structure formation. There-
fore, the significant improvement in tensile modulus
and strength was observed for 0.5 wt% TEGO
reinforced PA66 nanocomposites. On the other hand,
single sheet rGO did not impart convincing mechanical
enhancement due to the presence of amino functional
groups that might lead to covalent interaction with the
polymer backbone of PA66 and thus the reduction in
the efficiency of reinforcing capability. In other words,
the high oxygen content in rGO led to the disruption
of the π-conjugated system and thus resulting in the
performance loss of PA66 based nanocomposites. In
addition, crystallization behavior of graphene based
PA66 nanocomposites carried out by DSC and the ther-
mal behavior analysis indicated that rGO had slightly
higher crystallinity than TEGO, but both types of
graphene based reinforcing agents also acted as nucle-
ating agents during the integration of nanofiller in
PA66 matrix by thermo-kinetic mixing. Both TEGO
and rGO showed ease processing behavior with low
viscosity profile compared to neat PA66's properties.

FIGURE 8 Scanning electron microscope images of (a) neat

PA66, (b) PA66 + 0.5 wt% rGO, and (c) PA66 + 0.5 wt% TEGO
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SEM images provided the differences of surfaces rough-
ness by freeze-fracture surface analysis. To conclude,
the results showed the importance of surface chemis-
try, dispersion state, and interfacial interactions
between graphene and polymer matrix to attain an
ideal composition for the fabrication of high perfor-
mance PA66 nanocomposites with a scalable and fast
production technique.
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