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Abstract. In this work liquid-crystalline polymer (LCP) nanocomposites reinforced with in-situ reduced graphene oxide
are investigated. Graphene oxide (GO) was first synthesized by the Hummers method, and the kinetics of its thermal reduction was assessed. GO layers were then homogeneously dispersed in a thermotropic liquid crystalline polymer matrix (Vectran®), and an in-situ thermal reduction of GO into reduced graphene oxide (rGO) was performed. Even at low rGO
amount, the resulting nanocomposites exhibited an enhancement of both the mechanical properties and the thermal stability. Improvements of the creep stability and of the thermo-mechanical behavior were also observed upon nanofiller incorporation. Furthermore, in-situ thermal reduction of the insulating GO into the more electrically conductive rGO led to an
important surface resistivity decrease in the nanofilled samples.
Keywords: nanocomposites, mechanical properties, liquid-crystalline polymer

1. Introduction

Since its discovery in 2004, graphene, a one-atomthick planar sheet of sp2-bonded carbon atoms
densely packed in a honeycomb crystal lattice, has
generated intensive research activity in several areas
of science and engineering due to its unique combination of superior mechanical, thermal and electrical
properties [1, 2]. Graphene is a very promising filler
for the preparation of polymer nanocomposites, with
enhanced mechanical [3, 4] and functional [5–9]
properties. On the other hand, dispersion of graphene
layers in a polymer matrix in still a difficult task
[10]. Graphene oxide (GO) has recently attracted
much attention due to its peculiar structure and
properties which favor its dispersion in a wide variety of polymeric matrices, including polar polymers
[11–13]. From a structural point of view, GO consists of a planar sheet of covalently bonded carbon

atoms bearing various oxygen functional groups
(e.g. hydroxyl, epoxide, and carbonyl groups) making it hydrophilic and easily dispersible in water as
single sheets, to form stable colloidal suspensions
[14–17]. Therefore the dispersion of GO in synthetic polymer matrices is an easier task since intercalated or fully exfoliated structures can be obtained
[18–20]. GO can be reduced into graphene through
chemical (e.g. by using hydrazine or hydrazine
derivatives [21–23]) or thermal processes [24–27].
At the actual state of the art, the easiest way to produce bulk quantities of graphene is based on the
reduction of GO [28–30]. Thermal reduction of GO
has been reported to be very effective in restoring
the graphene structure [31, 32], but elevated temperatures (i.e. from 300 to 1000°C) are usually required
to achieve a complete GO reduction in a reasonable
time. When thermally stable polymer matrices are
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considered, an in-situ thermal reduction of GO
nanoplatelets within the polymer matrix can be performed [24, 33, 34]. At this aim, a liquid crystalline
polymer (LCP) matrix, known as Vectran®, was chosen for the present research, because of its extremely
high thermal stability and excellent mechanical
properties [35].
In particular, thermotropic main chain LCP copolyesters represent a class of high-tech polymers which
combine high mechanical performances with low
density, resulting in outstanding specific properties
[35–38]. Their typical applications include electronic devices, fiber optic coupling discs, automotive components, and sport equipment. Because the
crystalline order between LCP polymer chains is
maintained even at elevated temperatures, it is of
great interest to determine how GO layers will disperse in LCP, and how the mechanical properties
and electrical conductivity of the resulting materials
will be modified. To the best of our knowledge, only
limited studies are available on the effect of carbonaceous nanofillers on the physical and mechanical
properties of LCPs [39–42].
Noteworthy, multifunctional materials such as LCP
nanocomposites offer a great potential to enhance
not only the mechanical and thermal properties with
respect to the unmodified polymer, but also functional properties including high electrical and thermal conductivity, providing the opportunity to be
used in different fields such as automotive, electronic
packaging, aerospace, energy storage, etc. [43].
Therefore, the objective of this research is to prepare Vectran-based nanocomposites reinforced with
in-situ thermally reduced graphene oxide, and to
assess the effect played by filler incorporation on
the thermal, mechanical and electrical properties of
the resulting materials.

2. Experimental part
2.1. Materials

Commercially available Vectran® NT fibers having
a linear density of 750 denier and 150 filaments/yarn
and a circular cross-section with an average diameter of 25.5±2.1 µm [38] were provided by Kuraray
America Inc. (Fort Mill, USA). This special type of
LCP is a thermotropic copolyester obtained by polycondensation of p-Hydroxybenzoic acid (HBA) and
6-hydroxy-2-naphthoic acid (HNA) in the molar
ratio 73:27 (Figure 1). Graphite powder (particle
size <20 µm) was purchased from Sigma-Aldrich.

Figure 1. Chemical structure of Vectran NT® repeating unit

All other reagents with analytical grade purity were
used without further treatments.

2.2. Sample preparation
GO was obtained from graphite powder by a modified Hummers method [44, 45]. GO powder was then
dispersed in distilled water by sonication (Hielscher
UP400S, 30 minutes) and centrifuged at 4000 rpm
for 15 min in order to remove unexfoliated graphite
oxide and process residuals. A brownish homogenous suspension of GO with concentration up to
10 mg/mL was obtained.
Vectran fibers were first dried in a vacuum oven at
80°C for 1 h. and then solved in a mixture (70/30) of
chloroform and pentafluorophenol. A solution with a
polymer concentration of 1 wt% was obtained after
stirring for 24 h. GO was dispersed in chloroform by
sonication for 30 min at a concentration lower than
1.2 mg·mL–1 (as determined by thermogravimetric
analysis). Vectran/GO solutions were then prepared
by mixing the chloroform/GO suspension with a
solution of Vectran fibers in chloroform/pentafluorophenol by stirring for 15 min and subsequent bath
sonication (Elma Transsonic T460/H, Singen-Germany) for 15 min. The solution was then cast and
left at room temperature for 24 h to let the chloroform evaporate. Finally, the remaining solution was
mixed with dichloromethane for 24 h at room temperature with subsequent drying in vacuum at 80°C
for 24 h. This final step was necessary to remove
pentafluorophenol and chloroform residuals. In
order to accomplish the in-situ thermal reduction of
GO into reduced GO (rGO), a thermal treatment
was performed on the Vectran nanocomposites in a
vacuum oven (pressure of 25 mbar) at 290°C (heating rate of 1.5°C·min–1) for 4 h. Thin films of Vectran nanocomposites were then obtained by a threestep thermoforming process by using a Carver hot
press (Wabash, USA). Specifically, the material was
first heated on a polytetrafluoroethylene mold at
320°C (heating rate of 5°C·min–1) and kept at this
temperature for 5 min. During the second step, forming of the nanocomposite films was performed by
applying a pressure of 0.2 MPa for 5 min. The materials were then cooled down to 200°C at a cooling
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rate of 5°C·min–1 and were kept at this temperature
for 15 minutes, in order to obtain a complete solidification of the material. After removing the applied
pressure, a further annealing was performed at 290°C
for 3.5 h (heating rate of 5°C·min–1), in order to relax
the residual stresses accumulated during the compression molding stage and to favor a slow recrystallization of the samples [40]. In this way, nanocomposite films with thickness of about 250 µm were
produced with an rGO content of 1, 3 and 5 wt%. The
unfilled matrix was denoted as VECTRAN, while
nanocomposites were designated indicating the
matrix and the filler amount. For instance, a sample
filled with 5 wt% of rGO was indicated as VECTRAN_rGO5%.
In order to investigate the kinetics of the filler reduction, neat GO films with a thickness of about 43 µm
were also obtained by casting a water/GO suspension and drying it at room temperature under vacuum
for 24 h. The resulting films were then thermally
treated at various temperatures and for different times
under vacuum at a heating rate of 1.5°C·min–1.
Untreated GO was simply indicated as GO, while
thermally treated samples were denoted indicating the
treatment temperature and duration. For instance,
GO_300°C!4 h denotes a GO film treated at 300°C
for 4 h.

2.3. Experimental methodologies
X-ray diffraction (XRD) analyses were performed on
the GO films by a Rigaku® 3D Max X-ray diffractometer (Kent, England) in Bragg-Brentano geometry
operating at the Cu K"1 wavelength (0.154059 nm),
applying a voltage of 40 kV and a current of 30 mA.
The samples were scanned in a 2# range between 5
and 45° at a 2# step of 0.05°.
X-ray photoelectron spectroscopy (XPS) analyses
were carried out on GO films by using a XPS ESCA
200 Scienta spectrometer (VG Scienta, Uppsala,
Sweden), adopting a monochromatic AlK" radiation (h! = 1486.6 eV) with emission angle of 90°
and at a pressure of 10–10 mbar.
Electrical resistance was assessed under the fourpoint configuration according to ASTM D4496-04
standard, in order to evaluate the surface resistivity
of untreated GO and rGO films thermally treated at
180, 220, 260 and 300°C for 4 h. Electrical measurements were carried out at room temperature and
under vacuum applying a potential of 2 V by an electrical generator Isotech IPS 330DD (Champaign,

United States), while current and voltage were monitored through Isotech IDM67 multimeters. Surface
resistivity measurements were also performed on
Vectran/rGO nanocomposites in a two-point resistance configuration, by applying a voltage of 50 V
through an electrometer Keithley 6517A (Cleveland,
USA) and reading the resistance value after 60 s.
Thermogravimetric analysis (TGA) measurements
were carried out by a thermobalance TA Instruments
Q5000 (Waters LLC, New Castle, USA) at a heating rate of 5°C·min–1 from 50 to 900°C under a nitrogen flow of 25 mL·min–1 on samples of about 5 mg.
Cryogenic fracture surfaces of Vectran nanocomposites were observed at various magnifications by
using a field emission-scanning electron microscope
(FESEM) Zeiss Supra 40 (Berlin, Germany) at acceleration voltages between 1 and 1.5 kV. Before the
observation, a thin gold coating was deposited on the
surface of the samples in order to minimize electrostatic charging effects.
Uniaxial tensile tests were performed with an
Instron® 4502 (Norwood, USA) tensile machine, on
rectangular specimens 25 mm long, 2.5 mm wide
and 0.25 mm thick. Tests were carried out at a crosshead speed of 1 mm·min–1 and setting a gauge length
of 10 mm. At least five specimens were tested for
each sample. According to ISO 527 standard, the
elastic modulus was determined as a secant value
between deformation levels of 0.05 and 0.25%.
Creep tests were carried out in tensile mode on a
dynamic mechanical analyzer (DMA) TA Instruments Q800 (Waters LLC, New Castle) at a constant
stress ($0) of 4 MPa for 1 h at 30°C. Rectangular
specimens, 2 mm long, 2.5 mm wide and 0.25 mm
thick, were tested at a gage length of 10.4 mm. The
same apparatus and testing configuration was also
adopted to determine dynamic mechanical thermal
analysis (DMTA) thermograms in a temperature
range from –100 to 200°C, at a heating rate of
3°C·min–1 and a test frequency of 1 Hz.

3. Results and discussion
3.1. Characterization of GO and rGO

3.1.1. X-ray diffraction analyses
XRD spectra of graphite, untreated GO and rGO
treated at 180 and 300°C for 4 hours are reported in
Figure 2 along with fitting lines. Noteworthy, the GO
sample reduced at 90°C for 4 h manifested an XRD
spectrum (not reported for brevity) practically coincident with that of untested GO. Therefore, the sam711
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Figure 2. XRD spectra of graphite and of reduced graphene oxide: (a) graphite and (b) untreated GO, GO reduced for 4 h at
180 and 300°C. Noteworthy, the GO sample reduced at 90°C was treated for 12 h in order to obtain a significantly
different XRD spectrum.
Table 1. XRD parameters of pristine graphite, untreated
GO and rGO samples
d002a
D002b
[Å]
[Å]
Graphite
3.32
279.67
GO
7.51
55.88
GO_90°C!4 h
6.42
50.37
GO_180°C!4 h
3.69
14.48
GO_300°C!4 h
3.76
13.82
aspacing between graphene layers.
bsize of crystals formed by graphene layers.
cExfoliation degree, i.e. D /d .
002 002
Sample

NGPc
[–]
84.2
7.4
7.8
3.9
3.7

ple was exposed at 90°C for a longer time (12 h) in
order to obtain a significantly different XRD spectrum.
The diffractogram of graphite powder shows a strong
peak at 2# = 26.5° (Figure 2a) which correspond to
the spacing between graphene layers (i.e. (022) crystal orientation [46]). Moreover, according to Bragg’s
law and Scherer’s equation, the distance between
the graphene layers (d002) and their size (D002) were
determined to correspond to 3.32 and 279.67 Å,
respectively (Table 1). In particular, the distance
between the graphene layers is in good agreement
with the value commonly reported in the literature
(3.35 Å), while the high value of NGP evidences an
extended packing of graphene layers.
GO shows an intense peak at 2# = 11.7° (Figure 2b),
indicating a much larger interlamellar distance and
crystal size when compared to pristine graphite.
However, reduced GO samples manifest a less
intense peak shifted towards higher values of 2#. In
particular, the intensity and position of the peak are
proportional to the temperature of treatment, indicating a progressive exfoliation of the GO occurring

upon thermal treatment, as evidenced by the decreasing NGP values. Moreover, the reduced d002 observed
for reduced GO samples can be attributed to the
release of water molecules and loss of oxygen functional groups (i.e. epoxy, hydroxyl and carboxyl).
3.1.2. X-ray photoelectron spectroscopy
XPS chemical analyses were performed in order to
evaluate the oxidation reduction level of films of
both untreated GO and rGO thermally treated at various temperatures and annealing times. A survey and
the C1s and O1s core levels were collected for each
sample. In the used analytical conditions the sampling depth on these samples is around 10 nm.
The core lines of C1s and O1s are reported in Figure 3,
respectively. It is possible to observe that the carbon
core level lineshape of untreated sample shows three
well defined peaks. The peak at higher energy corresponds to C–C/C–H bonds, the second peak,
located around 287.2 eV, is related to C=O bonds and
it is the more intense peak in the untreated sample. A
further peak (C–O–O–H) is also present at higher
energy. In the annealed samples the C1s core level
lineshapes present an evident modification. In fact for
both reported samples the C–C/C–H around a factor
3 and peak corresponding to oxidized carbon is
strongly reduced. The thermal reduction is evident
for both the samples but it is more pronounced when
the annealing temperature is raised up to 300°C.
The O1s core level spectra point out the same behavior. Specifically, the untreated sample exhibits a single peak with a characteristic energy of C=O bonds.
With annealing it is possible to observe a strong
intensity reduction and a peak enlargement proba712
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Figure 3. Comparison of core level (a) C1s peak and (b) O1s peak acquired during XPS analysis on untreated GO, GO
reduced at 180 and 300°C for 4 h
Table 2. XPS parameters: oxygen (O) and carbon (C) content evaluated in untreated GO and GO reduced at
180 and 300°C for 4 h
Sample
GO
GO_180°C!4 h
GO_300°C!4 h

O content
[%]
30.7
19.0
13.6

C content
[%]
69.3
81.0
86.4

C:O ratio
2.26:1
4.27:1
6.35:1

bly due to the formation of suboxide compound. An
estimation of the surface elemental composition
based on XPS atomic sensitivity factors is reported
in Table 2. These data confirm the progressive thermal reduction of GO with also a remarkable difference between the annealed samples.
3.1.3. Surface resistivity
Surface resistivity measurements were performed
both on untreated and thermally-treated GO films to
evaluate the efficacy of the thermal reduction performed for 4 h at 180, 220, 260 and 300°C, and the
main results are summarized in Table 3. In accordance to the literature data [23, 27], untreated GO is
characterized by a relatively high surface resistivity
(i.e. ~1012 %/sq). However, the resistivity decreases
by more than ten orders of magnitude after a thermal treatment at 180°C for 4 h (Table 3), indicating
Table 3. Surface resistivity of untreated GO and GO reduced
at different temperatures for 4 h
Sample
GO
GO_180°C!4 h
GO_220°C!4 h
GO_260°C!4 h
GO_300°C!4 h

Surface resistivity
[!/sq]
2.33·1012
6.72·101
5.64·101
4.57·101
3.40·101

an effective removal of most of the oxidized functional groups which allows the material to re-establish the sp2 configuration and to increase its surface
conductivity [24]. At higher treatment temperatures
a further slight resistivity decrease down to
~3.4·101 % /sq can be observed.
3.1.4. Thermogravimetric analysis
The oxidation treatment of graphite introduced large
amount of oxygenated moieties on lamellae surface, therefore the thermogravimetric curve of GO
films (reported in Figure 4) is characterized by various degradative steps, each of them representing a
specific event. A first step (S1) occurring between 50
and 140°C is attributed to the release of moisture
adsorbed on the GO surfaces. Moreover, a second
step (S2) observable in the temperature range of 140
to 200°C is characterized by the maximum degradation rate (total mass loss ~25 wt% for neat GO), that
indicates the loss of oxygen containing functional
groups (i.e. epoxy, hydroxyl and carboxyl) upon
reduction. A third step (S3) can be detected between
200 and 300°C, and can be attributed to the further
loss of epoxide groups. Finally, the steps S4 and S5
occur in a temperature range of 300 to 560°C and 560
to 800°C, respectively, and can be attributed to the
further loss of hydroxyl, carboxyl and ketone groups
[47]. The TGA curve relative to GO films treated at
90°C for 12 h shows a lower mass loss during the first
step due to the partial moisture evaporation occurring during the thermal treatment. Moreover, GO
films treated at 180 and 300°C for 4 h evidence a significantly lower mass loss taking place upon the
reduction steps S2 and S3, concurrently with a
reduced degradation rate, indicating that GO has been
713
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Figure 4. TGA curves of untreated GO, GO dried at 90°C
for 12 h and GO reduced at 180 and 300°C for 4 h
(nitrogen environment, heating rate = 5°C·min–1)

reduced to a much higher extent during the previous
thermal treatment. Therefore, the TGA analyses performed on GO films indicate that (i) the thermal
reduction performed at temperatures as high as 180
and 300°C is able to reduce GO to a very high extent
(as confirmed by the surface resistivity results presented earlier) and (ii) a thermal treatment performed
on Vectran_rGO nanocomposites at around 300°C
should be appropriate to greatly reduce GO and
limit the matrix degradation.

3.2. Characterization of Vectran/rGO
nanocomposites
3.2.1. Microstructure
SEM micrographs of the cryofractured surfaces of
Vectran_rGO nanocomposites were acquired in order
to assess the dispersion of GO lamellae achieved
during the nanocomposite preparation. Figure 5a
shows a micrograph of the unfilled matrix, evidencing the peculiar fibrillar morphology of Vectran [48,
49]. Because this morphology is preserved also when
the nanofiller is present in the polymer matrix, the
evaluation of the filler dispersion and distribution
within the matrix is a rather difficult task for filler
amount of 1 wt% (Figure 5b). However, micrometric-size structures with lamellar morphology can be
recognized in the sample at filler loading of 5 wt%
(Figure 5c), probably attributable to the adsorption
of polymeric chains onto the planar filler surfaces.
3.2.2. Thermal degradation behavior
TGA analyses were performed in order to investigate
the thermal degradation behavior both under inert
and oxidative environment (nitrogen and air fluxes,
respectively). According to the information reported

Figure 5. SEM micrographs of cryofractured surfaces of
VECTRAN (a) and Vectran/rGO nanocomposites
with a filler amount of (b) 1 wt%, (c) 5 wt%

in the open scientific literature, the degradation products of Vectran mostly consist of CO2, while aromatic compounds are supposed to evolve more intensively starting from 460°C. Finally, phenolic groups,
aryl ester groups and ketone groups should be
released above 500°C [50]. TGA curves under inert
environment (not reported for brevity) display a sin714
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Table 4. TGA results of Vectran and Vectran/rGO nanocomposites (nitrogen environment, heating rate =
5°C·min–1)
Sample
VECTRAN
VECTRAN_rGO1%
VECTRAN_rGO3%
VECTRAN_rGO5%

Td,onseta
[°C]
489
492
499
498

Td,maxb
[°C]
501
502
505
506

Residual mass
[%]
38.5
42.9
44.0
44.3

a

Onset degradation temperature.
Maximum degradation rate temperature.

b

gle degradation step occurring at temperatures higher
than 450°C, with a shift towards higher temperature
for Vectran_rGO nanocomposites. As documented
in Table 4, this shift corresponds to an increase of
both the onset degradation temperature and the maximum degradation rate with the filler content. Therefore, filler incorporation results in a better thermal
stability of the nanocomposites. In fact, exposure to
elevated temperatures may cause the formation of
filler agglomerates on the surface of the molten polymer, thus creating a protective barrier that may hinder the volatilization of molecular species formed
during the thermal degradation process [51]. This
could be also the reason why residual mass of nanofilled samples is higher than that of neat Vectran (see
Table 4). Quite differently from TGA analyses conducted in inert environment, two main mass losses
can be distinguished on TGA curves under oxidative
conditions (Figure 6a), characterized by a distinct
peak observable on the derivative mass plot (Figure 6b). The first degradation step occurring at temperatures over 475°C is mainly due to evolution of
CO2, while the second degradation step recorded at
temperatures above 525°C is characterized by the
evolution of both CO2 and CO [50] until complete

material’s degradation, and no residual mass is
recorded above 600°C. Most importantly, not only the
onset temperature but also the temperature of maximum degradation rate of both degradation steps significantly increased with the filler content, evidencing the beneficial effect of filler incorporation on the
degradation behavior of the material. Noteworthy,
the TGA analyses on Vectran and relative nanocomposites confirm that no significant degradation
occurs during the process of in-situ reduction of GO
(as performed at 320°C for 5 min followed by annealing at 290°C for 3.5 h, see Paragraph 2.2).
3.2.3. Surface resistivity
Neat Vectran exhibits very high surface resistivity
value typical for an insulating polymer (i.e.
~1013 %/sq). Vectran_rGO composites show a
remarkable decrease of the surface resistivity down
to 3.7·107 %/sq with a filler content of only 3 wt%
(Table 5). Since the resistivity decreases less than one
order of magnitude as the filler amount rises from 3
to 5 wt%, a percolation threshold can be estimated
between 1 and 3 wt%. Therefore, resistivity data
clearly evidence that GO reduction can effectively
take place also in a solid polymer matrix at a relatively mild temperature. Specifically, the selected
treatment temperature is supposed to be higher
Table 5. Surface resistivity of Vectran and Vectran/rGO
nanocomposites
Sample
VECTRAN
VECTRAN_rGO1%
VECTRAN_rGO3%
VECTRAN_rGO5%

Surface resistivity
[!/sq]
3.85·1013
2.40·1013
3.74·107
2.09·107

Figure 6. (a) TGA curves and (b) derivative TGA curves of VECTRAN and Vectran/rGO nanocomposites (air environment,
heating rate = 5°C min–1)
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enough to favor diffusive phenomena and the reaction kinetics. Concurrently, no significant matrix
degradation occurs during treatment, as confirmed
by TGA analyses.
3.2.4. Mechanical response
The typical stress-strain curves obtained under ramp
tensile tests are reported in Figure 7, while the main
parameters measurable from these tests are summarized in Table 6. The nanofiller induces an increase of
the elastic modulus, with an improvement of 22%
for the system filled with 1 wt% of GO compared to
unfilled Vectran. The reinforcing effect provided by
nanofiller incorporation could be explained by the
reduction of macromolecules mobility constrained
within filler agglomerates [52, 53]. Moreover, it has
also been proved that the formation of a certain fraction of constrained matrix in proximity of the filler
surfaces (i.e. interphase region) can significantly
contribute to the stiffening effect [54]. Incorporation
of a filler amount of 3 wt% results in further increase
of the material stiffness. However, the progressive
nanofiller agglomeration at elevated filler amounts
leads to a decrease of the strain at break. On the other
hand, the tensile strength does not seem to be appreciably affected by the presence of the nanofiller.

Figure 7. Stress/strain curves of VECTRAN and Vectran/
rGO nanocomposites
Table 6. Quasi-static tensile properties of Vectran and Vectran/rGO nanocomposites
Sample*
VECTRAN
VECTRAN_rGO1%
VECTRAN_rGO3%
*The

Tensile
modulus
[MPa]
1483±76
1805±50
1851±21

Tensile
strength
[MPa]
42.7±3.9
41.2±2.6
40.2±3.7

Strain at
break
[%]
7.7±1.2
6.4±1.7
4.8±0.7

sample VECTRAN_rGO5% was not tested due to problems
with the specimens’ preparation.

Figure 8. Creep compliance (D(t)) of VECTRAN and Vectran/rGO nanocomposites (T = 30°C, $0 = 4 MPa).
Experimental data were fitted applying the Findley model [55] (continuous lines).

In Figure 8 the isothermal (30°C) creep compliance
curves under a constant stress of 4 MPa are reported
for both unfilled Vectran and relative nanocomposites. Noteworthy, an accurate fit of the experimental
data was achieved applying the Findley model [55]
(continuous lines). According to these results, nanofiller incorporation results in an improved creep stability with respect to the neat Vectran. In particular,
the elastic component of the creep compliance was
significantly reduced, while only a slight effect can
be noticed on the viscoelastic component.
A further investigation on the viscoelastic behavior
of the prepared samples was carried out through
DMTA analyses. The storage (E&) modulus increases
with the filler loading (Figure 9a) over the whole
range of testing temperatures. The enhancement of
the thermo-mechanical properties upon nanofiller
introduction can be explained considering three factors: the high intrinsic stiffness of the nanofiller, the
good level of filler dispersion within the matrix and
the degree of filler-matrix interfacial interaction
[56]. However, while the first factor seems to have
a significant impact on the stiffness of the prepared
nanocomposites, the second factor was not properly
investigated due to difficulties in the morphological
analysis. The filler-matrix interfacial interactions
can be further investigated by an accurate analysis
of tan' plots. In particular, tan ' plots show three
distinct peaks attributed to the material’s characteristic ", ( and ) relaxations (Figure 9b). The " relaxation is associated to the thermal relaxation of the
whole polymeric chains corresponding to the glass
transition temperature (Tg). In the specific case of
LCP, this relaxation is attributed to the transition from
716
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Figure 9. DMA tests on VECTRAN and Vectran/rGO nanocomposites (frequency =1 Hz): (a) storage modulus (E&), (b) loss
factor (tan ').

a quenched nematic phase to a thermally relaxed
nematic phase. On the other hand, ( and ) relaxations
are associated to the C–O chemical bonds distributed along the polymeric chains, specifically the rotation of naphthalene and phenylene rings, respectively [40]. The filler incorporation results in a slight
increase of Tg (from 109 to 113°C for VECTRAN
and VECTRAN_GO3%, respectively), indicating a
certain restriction of the segmental motion of the
polymeric chains located in proximity of the filler’s
surfaces, while no clear change is observed on the (
and ) relaxation temperatures. Therefore, taking into
account that filler incorporation results in a limited
Tg increase without any effect on the viscoelastic
creep compliance, it can be hypothesized that the prepared materials are characterized by a relatively weak
filler-matrix interaction degree. This conclusion can
be explained considering that (i) the thickness of the
physically absorbed Vectran layer on the surface of
the filler surfaces is limited due to agglomeration
and/or (ii) that the filler-matrix interfacial adhesion
is restricted by the poor chemical affinity between the
two phases. Both these aspects can affect the viscoelastic behavior of the resulting materials, and further efforts will be required in the future to reach a
deeper comprehension of the obtained results.

induced an extended reduction of GO nanoplatelets
with an increase of the C/O ratio content by a factor
of 2.8. A decrease in resistivity (i.e. from 3.9·1013 to
3.7·107 %/sq) can be achieved at a filler amount of
3 wt%. Improvements in the elastic modulus, creep
stability and thermo-mechanical behavior were also
related to nanofiller incorporation. Also the thermal
degradation behavior was enhanced. On the other
hand, the slight increase in the glass transition temperature in the nanomodified samples indicated that
probably a poor filler dispersion was achieved.
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