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ation and characterization of
graphite nanoplatelet/poly(ethylene terephthalate)
nanocomposites for construction of melt-spun
fibers

Qiushu Xu, Chaosheng Wang,* Biao Wang, Ye Chen and Huaping Wang

A set of novel nanocomposites based on graphite nanoplatelets (GnP) and poly(ethylene terephthalate)

(PET) were synthesized using an in situ polymerization approach that were subsequently being spun into

fibers on a melt spinning apparatus. The GnP/PET nanocomposites with a filler weight fraction below 2%

showed a homogenous fractured surface as a result of good dispersion of GnP in the PET matrix

through preliminary dispersant treatment coupled with subsequent melt compounding during the

polymerization. Compared to unmodified PET, the GnP/PET nanocomposites were confirmed to

improve thermal stabilities and increase crystallization rates which were capable of facilitating the

downstream procedure of melt spinning. At a low level of GnP loading, the PET matrix nanocomposite

fibers were readily melt-spun without detecting fiber breakage or filament defect and exhibited

mechanical properties similar to unmodified PET fiber as the compact interaction was formed between

GnP and PET matrix. Particularly, the volume resistivity of the resultant nanocomposite fibers was found

to be substantially reduced due to the intrinsic electrical conductivity that the GnP imparts as a filler.

Taken together, our work introduces a simple and environmentally friendly method for melt spinning of

GnP/PET nanocomposite fibers with great potential for applications in antistatic textile and military

industries.
Introduction

Polymer–matrix nanocomposites have recently attracted
attention from researchers owing to their unique chemical
and physical properties. The llers that are oen utilized for
constructing polymeric nanocomposites include exfoliated
nanoclays, carbon-based nanollers, and metal oxide nano-
particles, etc.1–3 Among these carbon-based nanollers, gra-
phene is a newly-discovered carbon nanosheet featuring a one-
atom-thick structure that is composed of sp2-hybridized
carbon atoms densely packed in a hexagonal lattice.4 Particu-
larly, it can serve as a block unit to construct other classica-
tions of graphitic carbon, such as zero-dimension (0D)
fullerene, 1D carbon nanotube (CNT), and 3D graphite nano-
platelet (GnP), etc. Many studies have reported that graphene
nanosheet and CNT improve the mechanical, thermal and
electrical properties of the lled polymer matrix.4,5 For
instance, polyamide-66 (PA66) incorporated with CNTs
increased the tensile strength and Young modulus by 191%
and 294%, respectively.6 The electric conductivity of
l Fibres and Polymer Materials, College of

ua University, Shanghai 201620, P. R.
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hemistry 2017
poly(ethylene terephthalate) (PET) is dramatically reduced
from 2.0 � 10�13 S m�1 to 7.4 � 10�2 S m�1 when graphene
nanosheet is introduced as the ller.7 However, the extensive
applications of graphene nanosheet and CNT are unfortu-
nately limited by their high price and low production capacity.
In recent years, GnP has emerged as an alternative carbon-
based nanoller for polymeric nanocomposites as it displays
more versatile properties and economic benets compared to
other llers.

GnP is a type of carbon generally manufactured with
natural ake graphite and composed of small stacks of gra-
phene nanosheets with dimensions in the order of nanome-
ters thick and sub-micrometer to micrometer long/wide. GnP
exhibits high thermal stability, superior electric conductivity,
long-term chemical stability, and it has rich natural resource
with low production cost and industrially scaled manufac-
ture.8–11 Like other members of carbon-based nanollers, GnP
at the rational amount of addition is also capable of rein-
forcing the correspondent polymer matrix. Polyamide 12
(PA12)/GnP nanocomposites prepared by melt compounding
and injection molding was found that GnP acted as nucleating
agent for PA12 and signicantly altered the physical proper-
ties of the polymers.12 A series of form-stable phase change
materials (PCMs) have been synthesized in which palmitic
RSC Adv., 2017, 7, 33477–33485 | 33477
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acid (PA), polyaniline (PANI) and GnP were applied as solid–
liquid PCMs, the results showed that the thermal conductivity
of the PCM doped with 7.87 wt% of GnP could attain 1.08 W
m�1 K�1, which was 237.5% higher than that of PA/PANI.13 The
study reported by Zhang showed that PET/GnP composites
prepared through melt blending approach displayed
a decrease in electrical resistivity from 3.5 � 10�8 U cm to 2.2
� 10�3 U cm when GnP loading increased from 8% to 12%.14

Nevertheless, the compressive and exural strength of the
nanocomposites was observed to sharply decrease when the
content of graphite was beyond 12%, conrming that only
a limited quantity of GnP in the polymer matrix can guarantee
the improvements in mechanical properties for their gener-
ated nanocomposites.

PET, a semi-crystalline polymer, has been considered to be
the rst industrialized linear thermoplastic polymer in the
world.15,16 The melt-spun PET ber is also regarded as the most
common polyester ber in textile industry as its low production
cost and excellent chemical & physical properties and has
widespread applications in many elds, such as costume fabric,
package materials, andmilitary device, etc.17,18 It is reported that
the highest Young's modulus, tensile strain and toughness of
PET ber prepared under the certain processing condition can
reach up to �10 GPa, �1 GPa, and 200 MJ m�3, respectively.
Moreover, PET ber is extremely ductile which can exhibit the
tensile strength at break ranging from 20 to 100%. However, the
application of PET ber is still limited due to its low moisture
regain, undesirable dyeing behavior and poor antistatic prop-
erty, etc.19–21 To increase the antistatic property and further
extend the application of PET ber, many researchers have
developed graphene nanosheet or CNT/PET nanocomposite
bers through blending the llers and PET in double screw
extrusion machine and granulating into particles before melt
spinning.22–24 However, the production of melt-spun GnP/PET
bers using in situ polymerized nanocomposites has not been
explored.

In this work, GnP/PET nanocomposites were synthesized via
in situ polymerization of ethylene glycol (EG) and puried
terephthalate acid (PTA) in the presence of different concen-
trations of GnP. To achieve a good dispersion of GnP in the
nanocomposites, the effects of dispersants on EG/GnP
suspension for the downstream polymerization were investi-
gated. The morphological and thermal properties of GnP/PET
nanocomposites with the GnP loading varing from 0.5% to
4% were examined. On the other hand, the bers were subse-
quently spun with the polymerized nanocomposites through
a double-screw melt spinning machine. The morphologies of
surface and cross-section of the GnP/PET nanocomposite bers
were imaged by FE-SEM. To study whether the incorporation of
GnP could reinforce the melt-spun bers just like the function it
played in the nanocomposites, the tenacity and elongation at
break of the resultant bers with different drawing ratios were
tested in comparison with that of PET ber. Furthermore, the
antistatic property of GnP/PET nanocomposite bers was eval-
uated by measuring the volume resistivity of the bers at certain
humidity atmosphere.
33478 | RSC Adv., 2017, 7, 33477–33485
Experimental
Materials

Puried terephthalate acid (PTA) was provided by Hengyi
Petrochemical Co., Ltd. (Zhejiang, China). Ethylene glycol (EG)
and ethylene glycol antimony (Sb2EG3) were supplied by
Liaoyang Petrochemical Co., Ltd. (Liaoning, China). GnP was
offered by Jinan Shengquan Group Holding Co., Ltd. (Shan-
dong, China), with the average size at 10 to 20 nm in thickness
and 1 to 10 mm in length & width (99%). All the chemicals but
not mentioned above were purchased from Sinopharm Chem-
ical Reagent Co., Ltd. (Beijing, China) and used without further
purication.
Preparation of GnP/EG suspensions with different types of
dispersants

In brief, 1 g of GnP was added into 80 ml of EG to form a coarse
suspension through constant ultra-sonication. Next, 50 mg (5%
of the weight of GnP) of each dispersant including sodium
dodecyl benzene sulfonate (SDBS), sodium dodecyl sulfate
(SDS), polyvinyl pyrrolidone (PVP) (K30 and K90 with different
molecular weights), and sodium carboxy methyl cellulose
(CMC) was dissolved in 20 ml of EG and mixed with the coarse
suspension followed by stirring it at 90 �C for 1 h and sonicating
for 2 h aerwards.
In situ polymerization of GnP/PET nanocomposites

GnP/PET nanocomposites were newly synthesized via an in situ
polymerization method through evenly dispersing GnP in the
monomer reactants of EG. The synthesis was carried out in a 5 L
reactor and the representative polymerization route was
described as follows: rstly, PTA was introduced into GnP/EG
suspension at a 1 : 1.25 of feed molar ratio with EG where the
catalyst (Sb2EG3) and thermal stabilizer (triphenyl phosphate)
were supplemented simultaneously. Aer constant stirring at
room temperature for 0.5 h, the resulting mixture was added
into the reactor which was subsequently heated to 235–245 �C at
a slow rate for allowing the esterication reaction to proceed for
3–3.5 h. Once this reaction step ended, vacuum was applied and
adjusted to gradually decrease the pressure to 500 Pa within
45 min while the temperature of reactor was lied to 265 �C.
Thereaer, polycondenzation process occurred through further
increasing the reactor's temperature to 280 �C and reducing the
pressure to 50 Pa, a reaction step that was required to proceed
for 1.5–2 h to complete the synthesis of GnP/PET nano-
composites. In our study, the unmodied PET was synthesized
under the same conditions only without the loading of GnP. The
nanocomposites with the content of GnP at 0, 0.5, 1, 2 and 4
wt% were labeled as GP0, GP0.5, GP1, GP2 and GP4, respec-
tively. The intrinsic viscosity of GP0, GP0.5, GP1, GP2 and GP4
were measured to be 0.72, 0.74, 0.73, 0.71, and 0.66 dl g�1.
Melt spinning of GnP/PET antistatic bers

All the GnP/PET nanocomposites were pre-crystallized at 130 �C
for 4 h and dried under vacuum at 160 �C for 12 h to evaporate
This journal is © The Royal Society of Chemistry 2017
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Table 1 Parameters for melt spinning of GnP/PET antistatic fibers

Item Parameter

Spinning temperature (�C) 288
Output (g min�1) 30–35
Spinning hole diameter (f, mm) 0.4
Spinning hole number 36
Pressure in the extruder head (MPa) 8–12
Spinning rates (m min�1) 800

Fig. 1 (a) Chemical structures of the applied dispersants. (b) Digital
images of GnP/EG suspensions respectively with free dispersant, SDS,
SDBS, PVP-K30, PVP-K90 and CMC.

Fig. 2 Tapping-mode AFM images of GnP in suspensions respectively
treated with (a) free dispersant (b) SDBS (c) PVP-K30.
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the residue water and promote the crystallization. The GnP/PET
nanocomposite bers were spun by utilizing the double-screw
melt spinning machine (VC-443A, ABE, Japan) at standard
conditions (23� 1 �C and 65� 3% RH). The parameters of melt
spinning process were presented in Table 1. The bers spun
with GP0, GP0.5, GP1, GP2 and GP4 were named as FGP0,
FGP0.5, FGP1, FGP2 and FGP4, respectively, and stretched with
different drawing ratios including 3.5, 3.7, 3.9 and 4.1 times for
the analysis of mechanical properties.

Characterization methods

Intrinsic viscosity [h] was tested by a Ubbelohde viscometer at
25 �C � 0.1 �C with a mixture of phenol and 1,1,2,2-tetra-
chloroethane (1 : 1, w/w) as solvent. Before the intrinsic
viscosity test, the solution was ltered to remove GnP through
polytetrauoroethylene microporous membrane. AFM was
recorded on a Bruker atomic force microscopy (AFM) in tapping
mode. TGA measurements were carried out on a TA Q500
instruments under a dry nitrogen ow at a heating rate of 10 �C
min�1, from room temperature to 600 �C followed by the resi-
dues were naturally cooled down to the normal temperature.
DSC analysis was performed on a TA Q20 instrument under
nitrogen atmosphere at a heating (cooling) scan rate of 10 �C
min�1 (25–285 �C). The morphologies of GnP/PET nano-
composites were observed using a S-4800 eld emission scan-
ning electronmicroscope (FE-SEM) aer coated with conductive
gold. The mechanical property of ber was studied by XL-1
multilament strength machine. Volume resistivity was
measured by XR-1A Fiber Specic Resistance Tester at 25 �C and
RH 60%. Synchrotron X-ray measurements were carried out at
Shanghai Synchrotron Radiation Facility (SSRF) on beam line
(BL16B) at an X-ray wavelength of 0.124 nm. Two-dimensional
(2D) wide-angle X-ray scattering technique (WAXS) patterns
were acquired using a Mar-CCD (165) detector with the distance
of sample-to-detector set at 137.61 mm.

Results and discussion
Determination of dispersant for GnP/EG suspension

The key to synthesize homogeneous GnP/PET nanocomposites
through an in situ polymerization is to seek a solution to evenly
disperse GnP in monomer reactant EG as GnP is found dis-
playing a poor dispersion ability due to its high surface area,
layer structure, natural hydrophobic characteristic and lack of
functional groups.25 Although the application of constant string
and ultra-sonication would help to improve the dispersity, GnP/
This journal is © The Royal Society of Chemistry 2017
EG suspension still remained unstable and thus unqualied for
the polymerization. To address this challenging issue, a variety
of dispersants were selected and applied to prepare GnP/EG
suspensions that were expected to maintain the dispersion
being stable for at least 24 h. Fig. 1(a) illustrated the chemical
structures of dispersants including SDBS, SDS, PVP and CMC,
which share common characteristics like low price, extensive
application, and excellent dispersing performance, etc.26 Never-
theless, the digital images of GnP/EG suspensions containing
different dispersants in Fig. 1(b) showed different dispersion
status aer 24 h of standing time at atmosphere. The results
demonstrated that PVP-K30, PVP-K90 and CMC achieved to
evenly distribute GnP in EG at a demanded time without
observing the clear interface separated by GnP and EG. However,
the addition of PVP-K90 or CMC, probably because of the high
molecular weight of K90 and high quantity of hydroxyl groups in
CMC, unexpectedly increased the viscosity of GnP/EG suspen-
sions as observed, which was considered to be an unfavorable
factor for the melt polymerization.27 Moreover, AFM images of
GnP dispersed in different suspensions were recorded and pre-
sented in Fig. 2. It was shown that the vertical distances of the
edge of dispersant-free suspension were 26.847 and 65.504 nm,
RSC Adv., 2017, 7, 33477–33485 | 33479
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Fig. 3 FE-SEM images of cryogenic fractured surfaces of (a) GP0, (b)
GP0.5, (c) GP2, (d) GP4 (the magnified images at the right side were
corresponded to the area circled in the images at 1k of magnification).

Fig. 4 TG curves of GnP/PET nanocomposites in nitrogen.
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respectively, suggesting that the dispersion of GnP in EG was not
uniform. Meanwhile, the vertical distance of the edge of GnP
treated with SDBS was 38.288 nmwhich indicated GnP was partly
Table 2 Results for thermal properties of PET and GnP/PET nanocomp

Sample Td,5% (�C) Td,max (�C) Residue (wt%)

GP0 399.5 435.9 16.1
GP0.5 413.2 447.5 16.7
GP1 417.5 453.9 16.8
GP2 415.8 450.2 18.3
GP4 414.5 445.8 20.9

a Note: Td,5% means the degradation temperature at 5% weight loss. Td,m
melting temperature. Tc means crystallization temperature. DHm means h

33480 | RSC Adv., 2017, 7, 33477–33485
agglomerated in the suspension. In contrast, GnP in K30 con-
taining suspension had the vertical distance read at 16.439 nm,
meaning a desire dispersion form of GnP was observed. Taken
together, PVP-K30 therefore can be applied as an optimal
dispersant to prepare a GnP/EG suspension with long-term
stability for the downstream in situ polymerization.

Microstructures of GnP/PET nanocomposites

To conrm whether the preparation of homogenous GnP/PET
nanocomposites was achieved through an in situ polymeriza-
tionmethod, the cryogenic fractured surfaces of GP0, GP0.5 and
GP2 were examined by FE-SEM and displayed in Fig. 3. As
shown in Fig. 3(a), the unmodied PET (GP0) was characterized
with smooth and featureless fracture surface. In comparison,
the FE-SEM images of GnP/PET nanocomposites (GP0.5)
revealed rough surfaces with GnP evenly embedded in the PET
matrix. The rough fractured surface might be a result of crack
distortion and thus, absorb more energy during fracturing
according to the explanation described in the previous study.28

Meanwhile, the good dispersion of GnP was likely attributed by
the addition of PVP-K30 in GnP/EG suspension and the appli-
cation of the high shear compounding during the polymeriza-
tion. Moreover, the p–p stacking interaction between GnP
plane and PET matrix could be another reason to facilitate the
even distribution of GnP in nanocomposites.29 On the other
hand, the FE-SEM images of GP2 displayed an increased
roughness of fractured surfaces when the content of GnP in the
nanocomposite lied to 2%, which was explained by the
enhanced crack distortion. Nevertheless, there were no visible
voids at the surface, suggesting the interfacial adhesion
between GnP and PET matrix was still compact even at the high
loading of GnP. However, there were still a small group of
agglomerated GnPs detected in the 5k magnied images,
meaning the dispersion ability of PVP-K30 was weaken along
with the increased content of GnP. A worse agglomeration of
GnPs was also recorded in the FE-SEM images of GP4, shown in
Fig. 3(d). It was demonstrated that the homogenous GnP/PET
nanocomposites with the addition volume of GnP lower than
2 wt%were prepared through the preliminary dispersion of GnP
with PVP-K30 and the downstream in situ polymerization, thus
avoiding the possible spinneret jam during the melt spinning.

Thermal properties of GnP/PET nanocomposites

The thermal behavior of PET and its nanocomposites with the
concentration of GnP varying from 0.5% to 4% was studied by
ositesa

Tm (�C) Tc (�C) DHm (J g�1) Xc (%)

253.5 180.6 42.9 30.6
244.7 204.9 40.2 28.7
245.1 206.1 41.2 29.4
245.7 207.1 40.6 29.0
246.7 210.3 41.8 29.9

ax means the temperature at the maximum degradation rate. Tm means
eat fusion. Xc means degree of crystallinity.

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra04770c


Fig. 5 Comparison of melting (a) and crystallization (b) behaviors
between PET and GnP/PET nanocomposites.
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using TGA. In this study, TGA was performed to investigate the
inuences of GnP on the thermal stability of the resultant
nanocomposites. Fig. 4 displayed TG curves of GnP/PET nano-
composites in nitrogen atmosphere. Table 2 summarized the
results obtained from TGA measurements. It was shown that
the introduction of GnP improved the thermal stability of the
generated nanocomposites, which was evident from the lied
values on Td,5% and Td,max for GnP/PET nanocomposites. As
presented in Table 2, the Td,5% of the nanocomposite samples
was read at around 413.2 to 417.5 �C, approximately a 15 �C of
increase compared to the unmodied PET. The Td,max was also
correspondently increased at the similar level aer incorporating
GnP with PETmatrix via an in situ polymerizationmethod. As the
unique planar structure of GnP can give a good performance on
heat conductivity and thermal diffusivity, it has reportedly
increased the degradation threshold for the GnP-dispersed
nanocomposites.30 In addition, the enhanced thermal stability
could also be associated with the built of an inammable GnP
Fig. 6 FE-SEM images of (a)–(d) surface and (e)–(l) cross section morph

This journal is © The Royal Society of Chemistry 2017
network in PETmatrix, which served as a thermal shield to retard
the emission of decomposition substances during heating
procedure.31 It was noteworthy that the residual weight of the
nanocomposites proportionally increased along with the
increased concentration of GnP being added, which further
conrmed GnP was well-distributed in the PET matrix without
precipitation before starting the polymerization.

The melting and crystallization behaviors of GnP/PET
nanocomposites were examined through DSC measurements
and presented in Fig. 5. The correspondent data including Tm,
Tc, DHm, and Xc was summarized in Table 2. As listed in Table 2,
the Tm values of the nanocomposites were ranged from 244.7 to
246.7 �C along with the increasing content of GnP, which was
about 8 to 10 �C lower than that of unmodied PET. The results
suggested that the presence of GnP produced positive inu-
ences on changing the melting behavior of GnP/PET nano-
composites and thus decreased their melt temperature for melt-
spinning of bers. The crystallization patterns compared the
crystallization behavior between PET and GnP/PET nano-
composites, showing the nanocomposites exhibited higher Tc at
204.9 to 210.3 �C than the unmodied PET which was recorded
to crystallize around at 180.6 �C. Moreover, the crystallization
rate was also faster on the nanocomposites, which was evident
from the narrow and sharp peaks observed in the patterns. The
data demonstrated that the dispersed GnP in the nano-
composites served as a nucleating agent to accelerate the crys-
tallization of PET. Xc was calculated by dividing the recorded
heat fusion of the nanocomposites by the theoretical value of
fully crystallized PET homopolymer.32 From the data shown in
Table 2, it displayed that GnP/PET nanocomposites showed
ologies of FGP0, FGP0.5, FGP2 and FGP4.

RSC Adv., 2017, 7, 33477–33485 | 33481
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slightly lower Xc compared to the unmodied PET, meaning the
addition of GnP could impede the formation of large PET
crystalline grain and increase the amorphous region of the
nanocomposites as its unique structure. Altogether, the
improved thermal properties of GnP/PET nanocomposites have
provided the guarantee to proceed the melt spinning
aerwards.

Morphologies of melt-spun GnP/PET nanocomposite bers

Unmodied PET ber and its nanocomposite bers containing
different contents of GnP (undrawn yarns, UDY) were successfully
spun by melt spinning technique. Melt spinning of GnP/PET
nanocomposites has faced many challenges mostly due to the
fact that bers with small cross sectional area are quiet sensitive
to agglomerated GnPs, impurities and voids, consequently
affecting their properties and causing ber breakage. To prevent
the occurrence of these unexpected results, homogenous GnP/
PET nanocomposites were prepared by an in situ melt polymeri-
zation method accompanied with the preliminary PVP-K30
treatment to GnP/EG suspensions. However, the maximum
content of GnP in the nanocomposites limited to 2% as aggre-
gated domains were observed at a higher level of GnP addition.

The surface and cross sectionmorphologies ofmelt-spun GnP/
PETbers of UDYwere imaged by FE-SEMand displayed in Fig. 6.
As shown in Fig. 6(a), the unmodied PET ber (FGP0) exhibited
an even and smooth surface. By contrast, the bers spun with the
GnP/PET nanocomposites showed continuous but relatively
rough surface that was shaped by the dispersed GnP in Fig. 6(b)–
(d). It was also observed that the surface roughness of bers
increased along with the increasing GnP content in the nano-
composites, which might explain the reason that FGP4 was
occasionally found having ber breakage and lament defect
during the melt spinning process. Fig. 6(e)–(h) showed FE-SEM
images of the cross section morphologies of FGP0, FGP0.5,
Fig. 7 2D-WAXS patterns of (a) GnP, (b) FGP0-4.1, (c) FGP0.5-4.1, and
(d) FGP2-4.1.

33482 | RSC Adv., 2017, 7, 33477–33485
FGP2 and FGP4, revealing that the increase in the content of GnP
raised the roughness of cross section of the nanocomposite
bers, which was consistent with the results observed on the
surface. The magnied FE-SEM images assigned to the cross
section of each ber were further recorded to investigate the
effects of GnP on the axial orientation of bers which were known
being critically related to their nal mechanical properties. As
seen in Fig. 6(j), FGP0.5 showed an uniform dispersion of GnP in
PET matrix. However, the GnP in FGP2 and FGP4 appeared to be
buckled, deformed and folded in Fig. 6(k) and (l). We speculated
that, GnP exhibited a certain degree of axial orientation on FGP0.5
but weaker one when the content of GnP was added up to 4%,
indicating the presence of overloaded GnP was likely to produce
negative effects on the axial orientation of the nanocomposite
bers and thus may weaken the mechanical properties.
2D-WAXS patterns of melt-spun GnP/PET nanocomposite
bers

To further study the orientation of GnP in its PET matrix
nanocomposite bers, the amorphous and crystalline structure
of GnP, unmodied PET ber and GnP/PET nanocomposite
bers with the melt-drawing ratio of 4.1 in nanometer scale
were analyzed by WAXS and shown in Fig. 7. The WAXS pattern
of GnP exhibited a strong concentric circle, indicating that GnP
only possessed an isotropic crystalline phase. Instead, the
WAXS pattern of GnP-free FGP0-4.1 showed a typical diffraction
arcs of PET, which revealed that the amorphous and crystalline
phases simultaneously existed in the FGP0 with a certain degree
of orientation acquired.33 By comparison, FGP0.5-4.1 gave an
identical WAXS pattern with FGP0-4.1 when having 0.5% of GnP
loading, which might be due to the small quantity of GnP that
was insufficient to display the signals. However, with the
content of GnP further increasing, the WAXS pattern of FGP2-
4.1 exhibited a weak diffraction arc that was corresponded to
GnP along with strong characteristic diffraction arc assigned to
PET, suggesting a small group of isotropic GnPs could regularly
arrange along the ber axis to achieve a certain level of orien-
tation aer the spinning and stretching processes were applied.
Fig. 8 Tenacity of melt-spun PET and GnP/PET nanocomposite fibers
with different draw ratios.

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Elongation at break of melt-spun PET and GnP/PET nano-
composite fibers with different drawing ratios.
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But it had to note that the exact orientation value of GnP was
unable to be given as the weak diffraction arc of GnP closely
overlapped with the one of PET in the pattern.
Mechanical properties of melt-spun GnP/PET nanocomposite
bers

The mechanical properties of the melt-spun PET and GnP/PET
nanocomposite bers at different drawing ratios were shown
in Fig. 8 and 9 where the correspondent results were summa-
rized in Table 3. Generally, increasing melt-drawing ratios
would lead to the improvement on tenacity but the reduction on
elongation at break for the bers.34 As observed in Fig. 8, the
unmodied PET and all the GnP/PET bers, only except FGP4,
conrmed the fact that their tenacity indeed shied to higher
values aer the melt-drawing ratios were risen up. The
Table 3 Data for the mechanical properties of all melt-spun fibers with

Sample Drawing ratio
Linear density
(dtex)/36f

Tena
(cN/d

FGP0 3.5 140.7 2.4
3.7 132.8 2.6
3.9 125.6 3.0
4.1 120.1 3.4

FGP0.5 3.5 145.9 2.5
3.7 136.8 2.7
3.9 130.3 2.9
4.1 125.5 3.2

FGP1 3.5 145.7 2.4
3.7 137.4 2.6
3.9 131.9 2.8
4.1 126.8 3.1

FGP2 3.5 156.2 2.4
3.7 148.5 2.5
3.9 140.8 2.6
4.1 133.6 3.0

FGP4 3.5 159.7 2.2
3.7 150.8 2.3
3.9 142.3 2.4
4.1 133.4 2.4

This journal is © The Royal Society of Chemistry 2017
exception occurred on FGP4 might be due to the presence of
massive agglomerated GnPs that thereby hampered the rein-
forcement to the ber. Nevertheless, the elongation at break
was expectedly decreased with the increased melt-drawing
ratios in all the tested bers. Theoretically, an appropriate
quantity of GnP added in the polymer matrix normally results in
improved mechanical properties. Compared to FGP0, FGP0.5
displayed similar tenacity at low melt drawing ratios (3.5 and
3.7) but decreased values at higher ones, suggesting 0.5% of
GnP gave little assistance in reinforcing its melt spun ber in
the current system and was also limited by the melt drawing
ratio which likely destructed the interfacial interaction between
GnP and PET matrix. As the content of GnP further increased,
the GnP/PET bers with different drawing ratios continued to
reduce tenacity. Specially, the tenacity of FGP4 containing 4%
GnP reached the lowest value at the highest drawing ratio,
suggesting the presence of higher level of GnP would magnify
the negative effects on the strength of its bers as the large
content of GnP could create more breaking points when bers
were stretched. The elongation at break of the melt-spun GnP/
PET bers, however, increased as compared with that of
unmodied PET ber, which might be explained by the bumper
function that GnP acted in PET matrix as it was particularly
constructed by multilayers of graphene.
Antistatic properties of melt-spun GnP/PET nanocomposite
bers

Asmentioned previously, one of the primary purposes of adding
GnP in the polymer matrix is to enhance the electric conduc-
tivity of their generated nanocomposites. To test whether GnP
was achieved to change the antistatic ability of its nano-
composite bers in the current system, the volume resistivity of
the melt-spun bers with or without GnP was measured and
different drawing ratios

city
tex)

Tenacity CV
(%)

Elongation
(%)

Elongation
CV (%)

4.5 55.9 5.4
3.1 47.8 3.9
3.9 37.5 3.9
3.7 26.9 4.1
4.4 54.8 9.4
3.6 47.1 7.6
4.6 37.3 8.0
2.0 25.5 9.7
3.7 55.5 6.0
3.3 47.5 5.8
3.5 37.6 4.0
2.9 27.7 9.2
3.6 63.9 8.1
4.3 51.2 6.3
4.0 37.9 4.0
3.8 31.6 6.6
3.4 69.2 4.9
4.2 54.9 9.1
4.4 40.1 13.0
3.9 33.8 8.6
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Fig. 10 Volume resistivity of PET and GnP/PET nanocomposite fibers.

Table 4 Detailed values for volume resistivity of PET and GnP/PET
nanocomposite fibers

Sample Volume resistivity (U cm)

FGP0 1.8 � 1014

FGP0.5 5.7 � 108

FGP1 2.4 � 108

FGP2 1.1 � 108

FGP4 6.7 � 107
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depicted in Fig. 10 where the detailed values were summarized
in Table 4. Through observing the plotted curves in Fig. 10, it
was clearly shown that the volume resistivity of the bers varied
with the content of GnP. As presented in Table 4, the volume
resistivity of unmodied PET ber at 25 �C and RH 60% was
about 1.8 � 1014 U cm. In comparison, GnP/PET bers exhibi-
ted substantially decreased volume resistivity from 5.7 � 108 to
6.7 � 107 U cm with an increase of GnP loading from 0.5 to 4%
under the same testing condition. The obtained results indi-
cated that the p–p stacking interaction built between the p-
orbitals of conjugated PET chains and the sp2-orbitals in the
dispersed GnP plane could form an electrical conduction path
in the nanocomposite bers and thus reduce the barriers for the
electron transport amid the bers.

Conclusions

GnP/PET nanocomposite bers were successfully spun with in
situ polymerized GnP/PET nanocomposites by melt spinning
technique. The homogenous PET matrix nanocomposites
containing the content of GnP below 2%were generated due to
the application of preliminary PVP-K30 treatment to GnP/EG
suspensions and melt compounding during the in situ poly-
merization. As featured with good heat conductivity and
thermal diffusivity, GnP improved the thermal properties of its
PET nanocomposites, which thereby favorably proceeding of
the melt spinning of bers aerwards. Although the surface
roughness of the melt-spun nanocomposite bers increased
with an increase in GnP loading, there was no ber breakage
33484 | RSC Adv., 2017, 7, 33477–33485
or lament defect observed on FGP0.5, FGP1 and FGP2. In
addition, the incorporation of GnP at the content of 0.5% had
similar tenacity with unmodied PET ber but reversely
reduced the tenacity when the loading further increased. Most
importantly, the melt-spun GnP/PET nanocomposite bers
exhibited much lower volume resistivity compared to
unmodied PET ber, reinforcing its potential to be used in
antistatic textile and military industries.
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