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A facile route to prepare few-layer graphene/polyamide 6

nanocomposites by liquid reactive extrusion

Xubing Fu,* Xingke Zhao,” Dongguang Yan,® Dajiang Zhao,” Jiao Li,* Guisheng Yang®

b,d *1

Abstract: In this work, a liquid reactive extrusion process was developed to prepare
few-layer graphene (FLG)/polyamide 6 (PA6) nanocomposites with low loading of
nanofillers. Mass graphene flakes were fabricated by re-expansion and exfoliation
approach. The structure and morphology of FLG and FLG/PA6 nanocomposites were
characterized by Raman spectroscopy, X-Ray photoelectron spectroscopy,
High-resolution transmission electron microscopy, Field-Emission scanning electron
microscopy and Fourier-transformed infrared analysis. Moreover, the mechanical and
crystallization properties of the PA6 and FLG/PA6 nanocomposites were also

observed.

1.Introduction

There are several allotropes of carbon that have different spatial dimensions,
including 0D (zero dimensional) fullerene, 1D nanotubes, 2D graphene, 3D graphite;
as well as other crystalline and non-crystalline forms.'” In the case of graphene, a 2D
crystalline single layer sheet of spz—bonded carbon atoms are arranged in a
honeycomb lattice, and has attracted great interest because of its unique and
outstanding mechanical, thermal, electrical and chemical properties, such as carrier

mobilities as high as ~200,000cm’v'sec™, a thermal conductivity up to ~5000wm™'k™
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and a Young’s modulus of ~1.1TPa.*"' Since graphene can improve the mechanical,
electrical, thermal and other properties of polymer composites, graphene/polymer
nanocomposites are very promising when graphene is used as nanofillers.'* *

Three main methods are commonly used to prepare graphene/polymer
nanocomposites: in situ polymerization, solvent blending and melt blending.'™ '* *
During in situ polymerization, graphene is mixed with the liquid monomer, then an
initiator is added and the polymerization reaction occurs by heat or radiation.'” For
example, Aidan et al. (2014) prepared graphene/PA6 nanocomposites via in situ ring
opening polymerization of g-caprolactam in the presence of single layer graphene
oxide (GO), and found that this method can yield a good dispersion of GO sheets in
the PA6 matrix.'® Ding ef al. (2014) synthesized reduced graphene oxide (RGO)/PA6
nanocomposite also by in sifu polymerization and found that the thermal conductivity
improved.'” Compared to the in situ polymerization, solvent blending is a simpler
method. In this method, graphene is first dispersed in a suitable solvent, and the
polymer is incorporated secondly, the solvent is later removed by evaporation or
distillation. Tkalya et al. (2010) prepared polystyrene/graphene composites by solvent
blending and studied their conductivity. It was found that this method achieved a fine
dispersion of graphene in the polymer matrices.'® Unlike the above two methods, melt
blending is the most practical approach. This method involves the direct addition of
graphene into the molten polymer using a screw extruder or injection mould. Oana et
al. (2014) fabricated polymer composites reinforced with exfoliated graphene layers
solely via melt blending, and found enhancement in the tensile strength of more than
40% compared to the pristine polymer matrix."” Among these three methods, in situ
polymerization and solvent blending usually lead to a good dispersion of graphene
sheets in the polymer matrices while melt blending causes poor dispersion.”’ Because
of this, most graphene/polymer composites are fabricated by in situ polymerization
and solvent blending. From an industrial point of view, melt blending is more suitable
for large-scale production as it does not require large amounts of organic solvents and
the preparation is simple. However, melt blending results in many cases in an

incomplete dispersion of graphene in the polymer matrix.”"*** Thus, a new approach
2
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needs to be found, which may not only lead a good dispersion of graphene in the
polymer, but will be suitable for industrial production.

A possible solution for this could be in situ polymerization that can also be
performed in an extruder. Nanofillers and other components, such as activators and
initiators, can be mixed into the liquid monomer, and the nanofillers can have a good
dispersion in the polymer matrix by using mechanical stirring, ultrasound or other
dispersion methods.” Molten e-caprolactam (CL) monomer has the ability to dissolve
different kinds of nanofillers, in situ blending via anionic polymerization of CL could
be regarded as a more suitable way to prepare PA6 blends with excellent properties.**
Solid reactive extrusion (where the mixture is blended in solid state) has been
examined as an effective approach to fabricate PA6/polymer blends, such as
PA6/polypropylene and PA6/polyethylene,” but, there are few reports about
PA6/nanofillers composites (especially PA6/graphene) prepared by liquid reactive
extrusion (the mixture is blended as a liquid).

In this work, we report an approach to fabricate PA6/ graphene nanocomposites
by liquid reactive extrusion. The graphene used in this work was few-layer graphene
(FLG), due to the fact that single layer graphene is very difficult to obtain. FLG was
synthesized by a high-volume production method and dispersed in molten
g-caprolactam. The morphology and mechanical properties of FLG/PA6 composites
with different contents of FLG were investigated. It was found that liquid reactive
extrusion was an effective method to prepare graphene/PA6 nanocomposites in
industrial production.

2. Experimental
2.1 Materials

Expanded graphite powder was supplied by Qingdao Nanshu Hongda Graphite
Products Co., Ltd. Commercial grade e-caprolactam (CL, purity = 99.0%) was
obtained from Nanjing Oriental Chemical Co., Ltd. Semiconductor grade-Sodium
hydroxide (NaOH, 99.99% metal basis), ethylene glycol and ethanol were purchased
from Sinopharm Chemical Reagent Co., Ltd. Sulfuric acid (H,SO4, 98.0%), hydrogen

peroxide(H,0,, 30% aq.) and analysis purity toluene-2, 4-diisocyanate (TDI, HPLC
3
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99.5%) was purchased from Shanghai Chemical Reagents Co., Ltd. N-methyl
pyrrolidone (NMP, purity=99.0%) was supplied by Tianjin Guangfu Fine Chemical
Research Institute.

2.2 Preparation of few-layer graphene

A method to prepare large scale few-layer graphene has been reported by Fu et al.

(2014),”* which we improved with a more time-saving process. To produce FLG, a
certain amount of expanded graphite powder was added to ethanol, and the mixture
was dispersed through an ultrasonic cell crusher (JY92-IIDN, 20~25KHZ, 900W,
Ningbo Scientz Co., Ltd, China) for 20 minutes. The solution was then filtered by
vacuum filtration and dried at 70°C for 10 hours in a vacuum oven, and the graphite
nanoplates were obtained. Later, the graphite nanoplates were added to oleum, the
mixture was sonicated for 30 minutes before filtrated and then 10% hydrogen
peroxide was added and sonicated for 25 minutes. After that, the solution was filtered
and washed with deionized water. The samples were dehydrated and dried in a
vacuum oven at 80°C for 10 hours, and the intercalated graphite nanoplates powder
was obtained. Then, the intercalated graphite nanoplates powder was added to
ethylene glycol through the re-expanded process to obtain re-expansion graphite
nanoplates. After this, the re-expansion graphite nanoplates were added to N-methyl
pyrrolidone and the solution was sonicated for about 3 hours the solution was later
filtred and dried to obtain the graphene sheets. Finally, the graphene sheets powder
was purified by protection (nitrogen) and reduction (hydrogen) mixed gas, and the

FLG powder was obtained.

2.3 Preparation of FLG/PA6 nanocomposites

A desired amount of FLG powder was added to molten e-caprolactam, the
mixture was sonicated with the ultrasonic cell crusher mentioned above. Then, the
mixture was vacuumed at 1400 for 30 minutes to remove trace water. After that, the
molten mixture was cooled down to 1207 and divided into two parts of equal weight.
Each part was stored in a stirred tank under nitrogen, and then 5 wt% NaOH was

added into one of the tank, and 0.5 wt% TDI was added into the other one. After
4
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dissolution with NaOH and TDI, the molten mixture was introduced into a twin-screw
extruder from the two tanks by heated gear pumps with the same flow rate at 1200].
The processing temperatures of the twin screw extruder are in the range of 120~240(1,
and the screw rotational speed was 200~300 r/min. The mixture was polymerized,
extruded and granulated, and FLG/PA6 nanocomposites with different FLG content
were obtained (Details of these samples are given in the ESI, Fig. S1). For a
comparison, pure PA6 was also prepared by the same process. The master batches
were dried for injection molding (Fig. S1).

3. Characterization

High resolution transmission electron microscopy (HR-TEM) was conducted
using a 200 kV F20ST (FEI Company).

Raman spectroscopy measurements were obtained using a SPEX-1403 laser
Raman spectrometer with excitation provided in back-scattering geometry by a
532nm argon laser line.

Field-Emission scanning electron microscopy (FE-SEM) images were taken on a
Hitachi S4800 field-emission SEM system.

X-Ray photoelectron spectroscopy (XPS) measurements were performed in a
VG ESCALB MK-II electron spectrometer, using a monochromatic Al Ka X-Ray
source operated at 1486eV.

Fourier-transformed infrared (FT-IR) analysis was conducted using a Nicolet
6700 spectrophotometer (Nicolet Instrument Co., USA), the samples were prepared
by co-compression of KBr powder with other samples.

A waters-991 gel permeation chromatography (GPC) instrument was used to
evaluate the weight-average molecular weight ( M), the number-average molecular
weight ( Mn) and the polydispersities ( M/ M, ) of the PA6 composites. All of the
samples were solved by m-cresol and FLG was filtered off.

X-Ray diffraction (XRD) patterns were employed to characterize FLG and
FLG/PA6 composites using a Rigaku D/Max-Ra rotating anode X-ray diffractometer
equipped with a Cu-Ka tube and Ni filter (A= 0.1542 nm). The scan rate was 4°

/min. The FLG was performed as powder and the composites were performed as thin
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films (thickness: 3 mm).

The melting and crystallization behaviors of FLG/PA6 nanocomposites were

characterized using a NETZSCH DSC 200PC differential scanning calorimeter (DSC).

The pristine PA6 and composites were first heated from 50°C to 300°C at a heating
rate of 20°C/min under a nitrogen atmosphere and kept for 5 minutes to erase the
thermal history. The crystallization behaviors were recorded from 300°C to 50°C at
cooling rates of 20°C/min. Then the samples were second heated from 50°C to 300°C
at a heating rate of 20°C/min. The melting temperature (7)) and the degree of
crystalline (X.) (X.= AH/AH,yF, where AH is the enthalpy of fusion, A4H; is the
enthalpy of fusion for a 100% crystalline PA6 which was taken to be 190Jg™, the
factor F denotes the fraction of polymer present in the composite.) were determined
from the heating scan.

The tensile test of PA6 and FLG/PA6 nanocomposites was performed by using
an Instron 1122 machine at room temperature, according to ASTM D 638 standard at
a crosshead speed of 50mm/min. The flexural strength and flexural modulus were
measured according to ASTM D 790.

4. Results and discussion
4.1 Structural and morphological characterizations of the synthesized few-layer
graphene

TEM was used to determine the layers and quality of the FLG, Fig. 1 A shows a
wide field image for the FLG sheets with thick and wrinkled edges on the surface.*®
The number of FLG sheets can be easily identified from their edges by using
HR-TEM. As it can be seen from Fig. 1 B-D, most of the FLG sheets contained 1 to 5
layers on average, corresponding to few-layer graphene.”” The thickness of a single
layer, four layers and five layers was about 0.339, 1.37 and 1.71nm, respectively,
which corresponds with result obtained in the previous reports.”> Moreover, from the
HR-TEM images, no obvious damages could be observed on the sheets, indicating

that good quality FLG was obtained by our preparation method.
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Fig. 1- HR-TEM images of the FLG powder prepared in this work: A is the wide field image of the

FLG sheets, B-D are the images about the number layers of FLG.

FLG was also characterized by Raman spectroscopy (Fig. 2), The G line
(~1585cm™) corresponds to the first-order scattering of E», phonons, and 2D line
(~27010m’1) corresponds to the second-order of zone boundary phonons.26’ 2
Graphene can also be distinguished from less exfoliated and few-layered graphite by
the intensity ratio between G and 2D peak (Ig/IZD).26 From Fig. 2, the Ig/I;p ratio
decreased from 3.4 for graphite to 2.6 for FLG, implying the good exfoliation of
graphite. Moreover, two apparent peaks were found in the 2D band of graphite, while
there was only one main peak in the 2D band of FLG, indicating the high quality of
the FLG obtained in this work. The apparent difference between graphite and FLG

could be observed from the FE-SEM images too (As can be seen from Fig. S2, ESI).
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Fig. 2- Raman spectra of the graphite and the FLG powder.

XPS offers direct evidence of the elemental composition and bonding of the
graphene.'>?’ As shown in Fig. 3A, the XPS survey scan spectrum of FLG shows two
obvious peaks at 284.40eV and 532.39¢V which can be attributed to C 1s and O 1s.
The atomic composition of carbon and oxygen (97.81%, 2.19%) confirms that some
oxygen still remained in the graphene, which is consistent with other reports.'> '*3°
The C 1s XPS spectrum of graphene can be commonly attributed to five components,
cl (c-sp®), ¢2 (c-sp’), ¢3 (c-0), c4 (c=0) and c5 (n-m).”! Fig. 3B shows the
high-resolution C 1s XPS spectrum of FLG, the peaks at 284.4, 285.3, 286.4 and
291.3eV correspond to cl, c2, c3 and ¢5 components, respectively. The peaks for c3

and c5 were very weak, while the c=o bond of c4 was difficult to be observed,

implying good purity of FLG.
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Fig. 3- XPS spectra of the FLG, where A shows general spectra and B shows the C 1s core-level
spectra.
4.2 Structural and morphological characterizations of FLG/PA6 nanocomposites
The dispersion and interfacial interaction of nanofillers and matrix are two
important factors influencing the macroscopic properties of composites.**>* In order
to understand the dispersion state of the FLG nanoplates in the PA6 matrix, fractured
surfaces of PA6 and FLG/PA6 composites with 0.5 wt% FLG were investigated by
SEM. As shown in Fig. 4B, several FLG sheets could be observed on the fractured
surface and they were relatively well dispersed throughout the PA6 matrix as pointed
by the yellow circles, while neat PA6 exhibited a typical smooth morphology (Fig.
4A). Fig. 4C and 4D shows images with a high magnification of the regions shown in
red in Fig. 4B. It was clearly found that the interfacial interaction between the FLG
sheets and the PA6 matrix were adhered well, similar to the reported interaction
between graphene and other polymers.35 This might be potentially due to the
formation of strong hydrogen bonds between the FLG sheets and the polar PA6
molecular chains.****> Which could be further confirmed by the analysis of FTIR and
Raman spectrum in the below discussion. (The dispersion process of FLG in PA6

matrix is shown in Fig. S3, ESI).
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Fig. 4- FE-SEM images of the PA6 and the FLG/PA6 composites, where A shows the image of the

pure PA6 and B shows the image of the FLG/PA6 composites with 0.5 wt% FLG; C and D show the

high magnification images of points a and b of B.
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Fig. 5- FTIR spectra of FLG, pure PA6 and FLG/PA6 nanocomposite (with 1 wt% FLG).

FTIR characterizations of FLG, PA6 and FLG/PA6 nanocomposite were
performed to observe the functional groups. As can be seen from Fig. 5, In the FTIR
spectrum of FLG, the peaks at 1056 and 1625cm™ are correspond to the C-O (alkoxy)
and C=C stretching vibration, respectively; the peak around 3500cm™ which is
attributed to stretching of the O-H band is very unobvious, indicating that the sample
with low water content; the peak at about 1720cm™ (corresponding to the C=0) is

almost can’t be found, which is consistent with the result of the above XPS spectra.

10



Page 11 of 20

RSC Advances

For the FTIR spectrum of pure PA6, the peak at 1639cm™ is corresponds to the C=0
stretching; the peak at 1539cm™ is due to the C-N stretching; the peaks at 2858 and
2930cm™ are correspond to the C-H stretching; the e-caprolactam has been
polymerized to PA6 was suggested by the peaks at 3309cm™ for N-H and 3425cm™
for O-H, respectively.'”*° Compared to the pure PA6, there are no apparent changes
in the FTIR spectrum of FLG/PA6 nanocomposite, which might be because of the low
concentration of FLG. The FLG/PA6 nanocomposite almost has all the absorption
peaks of pure PA6. However, the peaks’ intensity of PA6 becomes increasingly weak
with the FLG content increased. When FLG was added to PA6, the amide II band (at
about 1536cm™) became less intense and subtly shifted, which suggested that FLG
has been interacted with PA6 by hydrogen bonding.’® From Fig. 5, the weaker bands
of asymmetric vibration at the area between 3000 and 3300cm™ stretching in the
spectrum of FLG/PA6 nanocomposite were found, which revealed that the good
dispersion of FLG sheets in the PA6 matrix can destroy the intermolecular hydrogen
bonds of PA6 chains, and form the new hydrogen bonds between FLG sheets and

PA6 matrix.>

Intensity (a.u.)
B

,/\ﬁ-k‘ FLG/PAG /\J-\-—_’_
1352 -ty )

2701

1000 1500 2000 2500 3000 3500
Raman shift (cm™)

Fig. 6- Raman spectra of FLG and FLG/PA6 nanocomposite.

The interaction between FLG and PA6 matrix can also be demonstrated by

Raman spectroscopy. Fig. 6 shows the Raman spectrum of FLG and FLG/PA6
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nanocomposite, the three characteristic peaks at around 1352cm™ (D line), 1585cm™
(G line) and 2701cm™ (2D line) of FLG can still be found in the Raman spectrum of
FLG/PA6 nanocomposite with the same position. However, a clear intensity decrease
in G and 2D peak of FLG/PA6 nanocomposite can be observed when compared to
that of the pure FLG, indicating the existence of strong interaction between FLG and
PA6 matrix. Consideration the results of the FTIR, this interaction force may be
attributed to the hydrogen bonds. Moreover, the intensity ratio between D and G peak
(In/lg) increase from ~0.05 in FLG to ~0.18 in FLG/PA6 nanocomposite, implying
the further reduction of FLG during the polymerization process of PA6, similar results
can be found in other reported works.*>*”** It has been confirmed that the molten
g-caprolactam can act as a reducing agent,”*’ So, the remaining oxygen containing
groups of the FLG may be reduced during the polymerization process, thus resulted in
the high quality of FLG sheets in the nanocomposites, and caused the apparent

changes of Ip/Ig.

4.3 Molecular weight and monomer conversion analysis

Table 1 lists the My, M, and M,/ M, for the PA6 and the FLG/PA6
composites, as well as the monomer conversion data [monomer conversion
percentage= (polymer weight after extraction) / (polymer weight before extraction)].
It can be seen that the My, M, and the monomer conversion of the PA6 composites
showed little changed when the content of FLG increased. These results indicate that
the incorporation of the FLG had no obvious effect on the molecule weight and the

monomer conversion of the PA6 composites.

Table 1- The molecular weight and monomer conversion data of the FLG/PA6 samples.

Samples My M Mo/ M, Conversion
(%)

PAG6 ~49800 ~21700 2.29 99.32

FLG/PAG6 0.1 ~49600 ~21200 2.34 98.52

FLG/PAG6 0.5 ~48200 ~20600 2.34 99.21

FLG/PAG 1 ~48100 ~20500 2.35 98.47

12
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4.4 Crystalline properties

The crystalline structures of the FLG and the FLG/PA6 were assessed by using
XRD. As shown in Fig. 7, the diffraction peaks located at about 26=20.1° and 24°
correspond to (200) and (002, 202) reflections of the a-form crystals of the PAG,

: 17, 41, 42
respectively. ”

When 0.5 wt% FLG was incorporated, the representative
diffraction peak located at 260=26.2° was found, which can be attributed to the (002)
crystalline plane of the graphene.* When the FLG content increased to 1 wt%, the
diffraction peak of the graphene became clear, indicating that the FLG sheets were
well dispersed in the PA6 matrix. No changes in the typical structures were produced,
while some changes were found in the intensity of al when the FLG loading

increased, implying that the crystallization behavior of the polymers will be affected

44, 45
when nanofillers are added.™

(200) (002, 202)

Relative intensity {a.u.)

15 20 25 30

26 (degree)
Fig. 7- XRD patterns of the pure PA6 and FLG/PA6 composites with various loading of FLG (from
bottom to top): (a) PA6; (b) FLG/PA6 0.1; (c) FLG/PA6 0.5; (d) FLG/PA6 1.0. The curves are
vertically offset for clarity.
The effect of FLG on the melt and crystallization behavior of the pure PA6 and
FLG/PA6 composites were also investigated by DSC. The cooling second heating
curves are shown in Fig. 8, and the data is summarized in Table 2. It can be seen from

Fig. 8A that the incorporation of FLG led to an obvious increase in the crystallization
13
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temperature (7;), indicating that the FLG acted as a nucleation agent during the
crystallization of the PA6. It is well known that PA6 has three crystals forms: the more
thermodynamically stable a-form, y-form and the unstable p form.'” Fig. 8B presents
the DSC second heating scans of the PA6 and the composites. It can be observed that
there was one apparent melting peak and an obscure shoulder peak in the PA6 and the
composites spectra. As the y-form was not found in the XRD patterns, the peaks found

here should correspond to the a-form crystal.

A B
(d)

Heat flow (J/g)
Heat flow (J/g)

] g A ) I P TP S |1 R [

120 140 160 180 200 220 170 180 190 200 210 220 230 240 250
Temperature ('C) Temperature (C)

Fig. 8- DSC cooling scan (A) and second heating scan (B) of the PA6 and the FLG/PA6 composites
(from bottom to top): (a) PA6; (b) FLG/PA6 0.1; (¢) FLG/PA6 0.5; (d) FLG/PA6 1.0. The curves are
vertically offset for clarity.

From the data listed in Table 2, it can be seen that the melting temperature (7},),
crystallization temperature (7;) and the crystallinity (X.) of the composites increased
in comparison with that of the pure PA6, further confirming that the well dispersed

FLG sheets can promote the crystallization by acting as a nucleating agent.

Table 2- The DSC data for the PA6 and the FLG/PA6 samples.

Samples Ta (C) AHn (J/9) Xo(%) Tc (C)
PA6 209.84 48.58 25.57 171.03
FLG/PA6 0.1 211.06 50.50 26.58 175.88
FLG/PAG 0.5 213.18 51.52 27.12 180.66
FLG/PAG 1 214.17 60.83 32.02 182.64

14
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4.5 Mechanical properties

An improved interfacial interaction between the nanosheets and the matrix in the
FLG/PA6 composites has been observed by the SEM and the XRD data shown earlier.
A considerable reinforcement in the mechanical properties of the PA6 can be expected
by incorporating FLG sheets into the PA6 matrix.*' The tensile and flexural samples
of FLG/PA6 composites and pure PA6 were prepared by injection molding. It can be
seen in Fig. 9 that the tensile and flexural strength of the composites showed a trend
of first increasing and then decreasing. By including 0.1 and 0.5 wt% FLG, the tensile
and flexural strength increased ~10.08%, ~12.66% and ~18.95%, ~42.99%,
respectively (Fig. 9A and 9B). When 1 wt% FLG was added the tensile and flexural
strength decreased. The increase in the strength of the composites with low FLG
content might be because of the superior mechanical properties showed by the FLG
sheets or their high surface area and the good dispersion of FLG sheets in the PA6
matrix.” ** When the loading of FLG continuously increased, a reduction of strength
was observed, which has also been observed in previously reported work where
graphene-based nanofillers were used.*’”! The lower strength at high graphene
content can be ascribed to the follow reasons:** (1) Owing to the m-m interactions
between graphene sheets and strong Van der Waals forces, FLG sheets tending to
aggregating when its content reaching to a relative higher level; (2) The aggregated
FLG sheets may act as micrometer-size fillers with very smaller interface area, so, the
mechanical strength of FLG will diminish gradually; (3) The uncoiling and
straightening of polymer macromolecules will be restricted because of the steric
hindrance made by the aggregated FLG at high portions; (4) The relative big
aggregations of FLG may act as stress-concentration points in the nanocomposites
and resulted in the bad strength of the composites.” This also can be approved by the
FE-SEM images of composites with high volume of graphene in Fig. S4 and Fig. S5.
(ESI)
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Fig. 9- Mechanical properties testing: (A) Tensile strength; (B) Flexural strength; (C) Elongation at

break; (D) Flexural modulus.

Generally speaking, the elongation of composites will be reduced when fillers
with higher stiffness than the matrix.” It is apparent that the stiffness of graphene is
higher than that of the PA6 matrix, so, a clear tendency for a decreasing in elongation
at break with the increasing amount of FLG has been observed. As can be seen from
Fig. 9C, the average values of elongation at break decreased to 5.74% for FLG/PA6
nanocomposite with 1 wt% FLG from 13.82% for pure PA6. The reason can be
attributed to the improved interfacial interaction between the graphene and matrix
which reduced the PA6 chain mobility.*’

Fig. 9D shows the flexural modulus results of pure PA6 and the composites. An
obvious increase of the modulus was observed comparing to pure PA6. When
incorporating 0.1, 0.5 and 1 wt% FLG, the flexural modulus was enhanced by
~13.22%, ~41.74% and ~78.10%, respectively. Clearly, this trend of the modulus was
different than that observed for the flexural strength, which may be attributed to the
factors like these: with the FLG loading increased, the toughness of the

nanocomposites decreased, thus improved the ability to resist the flexural deformation
16
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of nanocomposites, and resulted in the increase of the flexural modulus. While the
measurement standard on the modulus and strength is different, the flexural strength
is main related to the tensile and compression resistance. Therefore, it is not strange to

find the different trend between the flexural strength and the flexural modulus.

5. Conclusions

High quality few-layer graphene was produced using a re-expansion and
exfoliation method. Then, FLG/PA6 composites were prepared through a liquid
reactive extrusion process. FE-SEM results demonstrated that the FLG sheets were
well dispersed in the PA6 matrix. An obvious reinforcement of the mechanical
properties of the composites were obtained by incorporating low contents of FLG, the
tensile and flexural strength of the composites with 0.5 wt% FLG loading were
enhanced by ~12.66% and ~42.99%, respectively, compared to that of the pure PA6.
The flexural modulus of the composites was improved by ~78.10% when 1 wt% FLG
was added. Moreover, incorporating low content of FLG could improve the
crystallization rate and the crystallization temperature of the composites as the
graphene can act as a nucleate. FLG/PA6 nanocomposites were successfully
fabricated by liquid reactive extrusion, and it has been showed that liquid reactive
extrusion was a continuous, facile and effective method to prepare graphene/polymer
nanocomposites. Therefore, this approach will lead to the commercial production of
graphene/polymer nanocomposites with low content of nanofillers and with

satisfactory mechanical properties.
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