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Abstract. Polymethylmethacrylate (PMMA) and nanocomposites containing 0.5 wt.% graphene oxide (GO), graphene
oxide-multiwalled carbon nanotubes (NT) or graphene oxide-ionic liquid 1-octyl-3-methylimidazolium tetrafluoroborate
(IL) (PMMA+GO; PMMA+GO-NT; PMMA+GO-IL) were processed by a single step twin-screw micro-extrusion. The
effect of two extrusion temperature profiles and two specific mechanical energy (SME) values has been studied. Results of
Raman spectroscopy, scanning electron microscopy (SEM) and transmission electron microscopy (TEM), energy dispersive
X-ray analysis (EDX), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS) analysis show changes in GO
composition and morphology, and better dispersion due to interaction with IL. Dynamic mechanical analysis shows that extrusion conditions affect storage modulus of hybrid nanocomposites. Rheological measurements show that the complex viscosity of the nanocomposites is higher than that of PMMA at low shear rates for materials processed under the lower value
of SME. A maximum viscosity increase of 62.6% is found for PMMA+GO-NT. The lowest increase found for PMMA+GOIL, is attributed to the better dispersion of the hybrid GO-IL nanofiller.
Keywords: nanocomposites, graphene oxide, microextrusion, dynamic-mechanical properties, rheology

1. Introduction

[20] described the preparation of PMMA/GO nanocomposites with an additive proportion between 0.5
and 10 wt% processed by melt mixing using a twinscrew extruder, but applying repeated extrusion cycles.
PMMA nanocomposite containing 0.5 wt% GO has
been prepared in the present work and compared
with PMMA+GO previously modified by ionic liquid and with PMMA containing a mixture of GO and
multiwalled carbon nanotubes. The main reasons to
choose these materials are summarized below.
While graphene layers in GO are hydrophobic, the
oxygen-containing functional groups present at the
surface of GO are hydrophilic. This amphiphilic nature is an advantage for the dispersion of GO platelets
in the matrix of polymers with polar groups such as
PMMA. Nevertheless it is still difficult to disperse

Polymer/carbon nanofiller nanocomposites are receiving increasing attention [1–8] in the expectation
of improving the stability and mechanical, tribological or degradation resistance of polymer matrices
by the addition of dispersed carbon nanotubes or
graphene nanofillers as neat, modified or functionalized nanomaterials [9–17]. The unique characteristics of carbon nanostructures may considerably enhance the performance of the composite materials
with respect to polymer matrices.
Although numerous thermoplastic matrices have been
modified by the addition of graphene nanofillers [5,
18], only a few of them [19–21] use the melt blending
process without a previous step of mixture in solution. On the other hand, additive proportions are usually higher than 1% [22]. In particular, Vallés et al.
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π-π interactions. Yang et al. [35], used graphene nanoplatelets and multi-walled carbon nanotubes as additives of epoxy resin nanocomposites. Carbon nanotubes inhibit the aggregation of graphene nanoplatelets and, as a result, the nanocomposite materials
reinforced with the hybrid nanofiller show enhanced
mechanical and thermal properties with respect to
those containing just one carbon nanofiller. Recently,
Jyoti et al. [36], reported the improvement of the dynamic-mechanical properties of ABS nanocomposites containing GO-multiwalled carbon nanotubes
hybrid nanofiller. This type of hybrid nanofiller has
also been selected for the present study.
A single step twin-screw co-rotating micro-extrusion
process has been used in the present work to obtain
new PMMA nanocomposites with GO, GO-NT and
GO-IL hybrid nanofillers. Extrusion is a common
process for the preparation of polymers and polymers containing nanofillers such and nanoclays, carbon nanotube or graphene, however, the influence of
the process parameters on the microstructure and
properties of the materials has been scarcely studied
[22, 37–48]. We have studied nanocomposites
processed using two temperature profiles and two
specific mechanical energy values.
Specific mechanical energy (SME) can be defined as
a measure of the mechanical energy which is transferred to the material, per mass unit, during extrusion
[46]. This magnitude has been used to establish the
influence of extrusion parameters (temperature, screw
rotation speed, flow rate, feeding rate, etc.) on the dispersion of nanofillers in polymer nanocomposites.
Domenech et al. [46] have highlighted the importance of SME in melt processing with respect to the
final structure and properties of nanocomposite materials. In particular, a high SME can optimize twinscrew extrusion of nanocomposites. Mechanical and
thermal properties of the extruded polymers are related to SME values.
Rheological properties of polymer nanocomposites
are determined by the structure and morphology of
dispersed nanofillers, their interaction with the polymer matrix and the processing conditions. Rheological studies are particularly relevant in the case of
melt-processed materials [32, 49], as their results are
related both to possible matrix degradation and to
the degree of dispersion of the added nanofillers.
With these precedents, the main objectives of the
present study are to develop new graphene oxide/carbon nanotube or graphene oxide/ionic liquid hybrid

GO in polymer matrices owing to the formation of
large aggregates. In order to avoid this problem, a
common practice is surface modification. Surface
modification to improve dispersion and compatibility with the matrix can be achieved by the addition
of an ionic liquid [23]. The synergy of ionic liquid
and nanofillers has previously shown its efficacy
[24–27].
Ionic liquids (ILs) are molten salts [28] formed by
bulk organic cations and organic or inorganic anions
which are in the liquid state at room temperature, and
show a unique combination of properties such as
their low volatility, non-flammability, and their high
thermal stability which are most relevant for a wide
range of applications.
The ability of ILs to modify, disperse and functionalize [29] carbon nanotubes has given rise to a new
family of nanofluids [30] and nanomaterials.
Zhou et al. [31], showed that graphene layers can
disperse in the ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate through non-covalent
functionalization. Yang et al. [23] have used ionic
liquid-functionalized graphene as nanoreinforcement
of in situ polymerized PMMA matrix increasing electrical conductivity, thermal stability and storage
modulus with respect to the neat polymer. Imidazolium ILs were able to form non-covalent - and
cation- interactions with graphene surfaces, while
ILs containing vinyl groups attached to graphene
oxide sheet edges through ion-exchange.
Recently, Fang et al. [32] have described the effect
of ILs on the rheology of PMMA/carbon nanotube
nanocomposites, showing the effect of ILs on the improvement of carbon nanotube dispersion in the
PMMA matrix.
We have very recently shown the good tribological
performance and even self-healing behaviour of
epoxy resin modified by the addition of high percentages of ionic liquid or low concentrations of graphene
or graphene modified by ionic liquid [33].
In previous works, [34], we have reported the improved scratch resistance of new extruded and injected PMMA nanocomposites containing 1 wt% single-walled carbon nanotubes (SWCNT) or SWCNT
modified by the IL 1-octyl-3-methylimidazolium
tetrafluoroborate. This IL was selected to modify
graphene oxide in the present study.
Another strategy is to use a combination of carbon
nanofiller additives. Recent results have shown that
GO layers and carbon nanotubes can combine through
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with acetonitrile. The solid was dried in a vacuum
oven at 60 °C for 7 days.
PMMA and nanocomposites containing 0.5 wt%
nanofiller were milled in RESTCH ultracentrifuge
mill at 10 000 rpm, and dried in an oven before extrusion.
Thermogravimetric measurements were performed
with a TGA 1HT (Mettler Toledo) equipment (N2
flow 50 ml/min; heating rate of 10 °C/min), in the
temperature range from room temperature to 800 °C.
Dynamic-mechanical properties were determined
with a Q800 dynamic mechanical analyzer (DMA)
from TA Instruments. Cylinders (15 mm length; 1 mm
diameter) were tested under the tensile configuration, between 35 and 170 °C, at a heating rate of
3 °C/min, with a frequency of 1 Hz. Raman spectra
were collected using a Renishaw inVia™ confocal
Raman microscope. A laser of 514 nm was used.
X-ray diffraction patterns were recorded in a Bruker
D-8 Advance diffractometer. Scanning electron microscopy (SEM) micrographs and energy dispersive
(EDX) analyses were obtained using a Hitachi
S3500 N. Samples for SEM observation were sputter
coated with a gold layer.
Surface analysis by X-ray photoelectron spectroscopy (XPS) [50] and binding energy values (precision ±0.1 eV) were obtained with a VG-Microtech
Multilab 3000. Binding energies were referenced to
C1s peak (284.8 eV) as internal standard. TEM micrographs were obtained with a high resolution JEOL
JEM 2100 microscope. Before TEM observation,

nanocomposite materials in a simple way, by a single
micro-extrusion step, and to determine the effect of
the additives on their microstructure and on their
rheological, thermal and dynamic-mechanical properties.

2. Experimental
PMMA (Plexiglas®) was supplied by Evonik Industries AG, Germany. 1-octyl-3-methylimidazolium
tetrafluoroborate IL (≥97% purity) (Figure 1), was
purchased from Iolitec GmbH (Germany) Graphene
oxide (GO) (av-GOX-40) was purchased from Avanzare Innovación Tecnológica, S.L. (Spain) (Figure 2)
and presents 1–2 layers (approximate width 40 µm;
approximate thickness 1–-2 nm), with 30% oxygen
content and specific surface of 400 m2/g.
Multi-walled carbon nanotubes (NT) (1204YL), 99%
purity, were purchased from Iolitec GmbH (Germany). The approximate dimensions are: 10–15 nm
external diameter; 5–7 nm internal diameter; 10–
60 μm length and specific surface 350–420 m2/g.
GO-NT hybrid nanofiller was obtained by mixing
GO (3 g) with NT (1 g) in 50 ml ethanol. The mixture was sonicated for 1 hour, the solvent was removed by centrifugation, and the solid residue was
dried in a vacuum oven at 60 °C for 7 days.
IL-modified graphene oxide (GO-IL) was obtained
by mechanical milling GO (0.5 g) with IL (1 g) in an
agate mortar for 10 minutes. The mixture was then
sonicated for 1hour. Excess IL was eliminated by
five successive steps of centrifugation and washing

Figure 1. TEM micrographs: a) hybrid GO-NT nanofiller; b) hybrid GO-IL nanofiller.
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GO, GO-NT and GO-IL samples were dispersed in
ethanol and ultrasonicated, and a drop was deposited
on a 300 mesh copper grid, while thin films (approximately 100 nm thickness) of PMMA and nanocomposite samples were obtained by ultramicrotomy
using a RMC, MT XL model equipment.
Rheological tests were carried out using a AR-G2
rotational rheometer (TA Instruments; USA) of parallel plates at 240 °C, with angular frequency between 0.1 and 200 s–1 under a 1% constant strain
value. The TA Instruments software was used to determine complex viscosity values after the Cox-Merz
transformation.
PMMA and nanocomposite materials were processed
using a TwinLab 10 mm co-rotating twin-screw
micro-extruder from TwinTech Extrusion Ltd, (U.K.),
with a length/diameter (L/D) relationship of 25.

3. Results and discussion
3.1. Characterization of the nanofillers
Figure 1 shows the TEM micrographs of hybrid nanofillers GO-NT (Figure 1a) and GO-IL (Figure 1b).
While the main effect of the GO-NT blend is a certain disentanglement of carbon nanotubes, GO-IL
shows a very relevant modification of GO sheets
with the formation of new nanostructures with a
rounded morphology and a maximum diameter of
around 100 nm.
X-ray diffraction patterns (Figure 2) show the effect
of NT and IL on GO interlayer distance. Results confirm the GO-NT is a blend with maximum diffraction
peaks characteristic of both nanofillers (2θ = 11°;
graphene plane (001) and 2θ = 26°; NT (002) plane),
with no significant changes in the GO interlayer

Figure 2. XRD difractograms of GO and hybrid nanofillers
GO-NT and GO-IL.
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Figure 3. Raman spectra of IL and carbon nanofillers.

distance. In contrast, treatment with IL clearly displaces the GO diffraction peak from 0.80 nm for unmodified GO, to 0.95 nm (2θ = 9.3°) for GO-IL.
Raman spectra (Figure 3) show D, G and 2D bands
of GO at 1356.5; 1593.6 and 2725.5 cm–1, respectively. The intensity relationship between D and G
bands of GO is only very slightly increased after
modification by NT or IL. In agreement with TEM
and XRD results, the Raman spectrum of GO-NT
shows the presence of both nanofillers, while the intense bands characteristic of C–H bonds in the Raman
spectrum IL are not present in that of GO-IL, thus
showing that no significant amount of free IL remains in the hybrid nanofiller.
XPS analysis (Figure 4) shows the characteristic C1s
(286.8 eV) and the intense O1s (533.9 eV) peaks due
to the presence of the oxygen-containing functional
groups on the surface of GO. The intensity of the O1s
peak decreases with the addition of NTs. GO-IL
shows the same peaks as GO, with the addition of
weak N1s (401.4 eV) and F1s (686.0 eV) peaks due
to the imidazolium cations and the tetrafluoroborate
anions present in IL. This confirms the modification
of the GO surface by interaction with IL molecules.
Thermogravimetric analysis (Figure 5) shows that
GO-IL is the most stable nanofiller up to 230 °C.
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Figure 4. XPS spectra of GO and hybrid nanofillers.

Figure 5. TGA thermograms for GO and hybrid nanofillers.

Figure 6. a) Twin-screw micro-extrusion machine; b) screw
zones with transport (FS) and mixing (block) elements; c) results of the calibration of mass flow
rate with feeder speed.

From this temperature, the highest thermal stability
is obtained for GO-NT, while the highest mass loss
at all temperatures is found for unmodified GO, where
the lack of interaction with NT or IL promotes mass
loss due to decomposition of the oxygen-containing
functional groups.
The results described above show that hybrid nanofillers are more stable than GO. While GO-NT behaves like a mixture, the IL modifies the morphology, microstructure and composition of GO increasing interlayer spacing and giving rise to the formation of IL-containing nanospheres on GO layers.

the extruder from the feeder in powder form, it is
necessary to know, for each thermoplastic to be
processed, the feed rate provided by the feeder as a
function of the feeder screw rotation speed. In order
to achieve this, the pellets are grinded under the same
conditions, then the polymeric material is placed into
the feeder hopper and the feed rate (mass of material
per time unit) is measured at different feeder rotation
speeds (Figure 6b).
This procedure is then repeated three times with
three different samples of each polymer to check if
the feeding process fits a linear regression line. Figure 6c represents experimental results of feed rate
versus feeder rotation speed and the regression line,
equation and the squared correlation coefficient.

3.2. Micro-extrusion feed rate calibration
To reach the steady state processing using the twinscrew micro-extruder (Figure 6a), it is necessary to
achieve a constant flow rate of material input to the
extruder. Since the polymers are going to be fed to
914

Sanes et al. – eXPRESS Polymer Letters Vol.13, No.10 (2019) 910–922

3.3. Micro-extrusion temperature profiles and
processing window
The processing window [39] of pure PMMA was established for two temperature profiles, which will be
called high and low, respectively (Figure 7a). Once
both temperature profiles have been validated, the
micro-extruder conditions for which the extruded
material shows degradation (flows too slowly, or remains unprocessed and raw) are identified.
For each temperature profile, two values of SME
(high and low), for which the material is properly
processed, are selected.
The SME values [kJ/kg] are determined according to
Equation (1):

SME =

2r $ x $ N
Q

(1)

where N is the screw speed [rpm] and τ is the torque
[Nm], while Q is the mass flow rate [kg/hour] of the
extruded material [41, 44].
Figure 7b shows the processing window, with high
(1800 kJ/kg) and low (720 kJ/kg) SME values for
both temperature profiles.
For the low temperature profile, PMMA is adequately extruded under the whole range of processing conditions, except for a low extruder speed of 50 rpm
and a high feeder speed of 20 rpm (Table 1). In this
case, the conditions are above the security level of

Figure 7. a) High and low temperature profiles at the different screw zones; b) SME values for both temperature profiles
(Q – mass flow rate).
Table 1. SME values obtained for PMMA under different extrusion conditions.
Feeder speed
[rpm]

5

10

15

20

Mass flow rate
[kg/hour]

0.043

0.097

0.151

0.205

SME
[kJ/kg]

Torque
[N·m]

Extruder speed
[rpm]

Temperature profile
Low

High

Low

High

50

2.23

1.82

973.0

794.1

100

2.11

1.71

1841.3

1492.3

150

2.07

1.66

2709.6

2172.9

200

1.96

1.75

3420.8

3054.3

50

2.65

2.14

513.9

415.0

100

2.51

2.05

973.5

795.1

150

2.44

2.03

1419.5

1181.0

200

2.40

2.04

1861.7

1582.4

50

3.24

2.52

403.9

314.2

100

2.91

2.39

725.6

595.9

150

2.75

2.27

1028.5

849.0

200

2.57

2.22

1281.6

1107.0

50

–

2.81

–

258.1

100

3.16

2.57

580.6

472.2

150

2.96

2.36

815.7

650.4

200

2.77

2.25

1017.8

826.7
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Table 2. SME values obtained for PMMA nanocomposites
under different extrusion conditions.

PMMA chain mobility is not significantly altered either by the addition of the nanofillers or by the processing conditions studied here.
The storage modulus (E′) of the nanocomposites
processed at high temperature and high SME is displaced to lower values with respect to PMMA. The
opposite effect is observed for nanocomposites
processed at high temperature and low SME which,
in all cases, present higher storage modulus values
than PMMA.
PMMA and PMMA+GO show similar storage modulus values, with maximum variations (under different extrusion conditions) lower than 10%.
All nanocomposites show the highest E′ values for
high temperature and low SME conditions. Processing under higher temperature would decrease polymer viscosity and improve the dispersion of the
nanofillers in the PMMA matrix of the extruded
composite material. The most significant influence
of extrusion conditions is found for hybrid nanocomposites PMMA+GO-NT and PMMA+GO-IL, which
show maximum storage modulus differences of 19.9
and 17.8%, respectively
This results show that the selection of processing parameters is more relevant for hybrid nanocomposites.
In all cases, variations of loss modulus of nanocomposites follow the same trend as that described for
storage modulus and finally, no variation is found
for the loss factor (tan δ) for the whole set of experimental conditions and materials.

PMMA+GO
Feeder
speed
[rpm]

Temperature
profile
High

7
Low
High
10
Low

Extruder
speed
[rpm]

Torque
[N·m]

SME
[kJ/kg]

149

2.10

1820

150

2.08

1815

120

2.60

1815

132

2.35

1804

85

2.20

725

87

2.16

729

61

3.08

728

62

3.01

721

172

1.82

1821

160

1.95

1815

120

2.60

1815

120

2.59

1808

87

2.20

729

91

2.05

723

64

2.92

725

63

2.05

723

187

1.66

1806

171

1.81

1800

135

2.30

1806

132

2.35

1804

98

1.92

729

85

2.20

725

69

2.70

722

64

2.90

720

PMMA+GO-NT
High
7
Low
High
10
Low

PMMA+GO-IL
High
7
Low
High
10
Low

the microextruder and it stops automatically, so SME
could not be determined.
Under the high temperature profile conditions, PMMA
shows good processability. As it can be observed in
Table 1, for a constant mass flow rate, SME values
decrease with temperature increase. This behaviour
could be related to the reduction in the viscosity of
the melt at high temperature, as will be discussed in
Section 3.5.
Table 2 shows that the experimental SME values for
nanocomposite materials are close to the selected
high (1800 kJ/kg) and low (720 kJ/kg) values.

3.5. Rheological behaviour of PMMA and
nanocomposites
Complex viscosity values after Cox-Merz transformation are represented in Figure 8. Nanocomposites
processed under the high temperature profile with
high SME (Figure 8a) show lower viscosity values
than those processed with low SME (Figure 8b). This
viscosity decrease is an effect of nanofiller dispersion,
as it can not be attributed to polymer chains degradation or fracture, as PMMA shows the same viscosity
for both SME values.
A shear thinning effect takes place as shear rate increases, as a result of the alignment of polymer chains.
Finally, at maximum shear rate, all samples show the
same viscosity as the neat polymer, as the rheological behaviour depends on the matrix rather than on
the additives.
Under low shear rates, the added nanofillers increase
the viscosity of the polymer. Under these conditions,

3.4. Dynamic-mechanical properties of
PMMA and nanocomposites
Glass transition temperature values determined from
DMA analysis (Table 3), are very close for neat
PMMA and for the nanocomposites, for the different
temperature profiles and SME values. This shows that
916
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Table 3. DMA results for all materials and processing conditions (average values of at least 6 tests, with standard deviation
lower than 10%).
High temperature profile
High SME
Material

E′onset
[MPa]

Tg
[°C)

E″max
[MPa]

Tg
[°C)

Low SME
tan δ

Tg
[°C)

E′onset
[MPa]

Tg
[°C)

E″max
[MPa]

Tg
[°C)

tan δ

Tg
[°C)

PMMA

3087

119.4

241.3

119.2

1.6

138.0

2958

118.8

241.7

119.0

1.6

137.0

PMMA+GO

2956

119.0

233.3

118.4

1.6

137.0

3222

119.1

250.4

118.7

1.7

138.2

PMMA+GO-NT

2869

119.5

240.2

119.4

1.6

138.1

3266

119.2

252.1

119.2

1.6

137.2

PMMA+GO-IL

2558

119.3

236.8

119.2

1.7

137.5

3112

118.7

245.2

118.1

1.7

136.7

E′onset
[MPa]

Tg
[°C)

E″max
[MPa]

Tg
[°C)

tan δ

Tg
[°C)

3162

118.1

235.8

118.5

1.7

137.1

Low temperature profile
High SME
Material
PMMA

Low SME

E′onset
[MPa]

Tg
[°C)

E″max
[MPa]

Tg
[°C)

tan δ

Tg
[°C)

3138

119.3

240.8

119.3

1.6

137.6

PMMA+GO

3199

119.5

255.8

119.7

1.7

137.5

3011

119.2

236.1

119.1

1.7

137.2

PMMA+GO-NT

3163

120.0

241.4

120.7

1.6

137.2

2617

119.6

229.7

119.8

1.7

137.5

PMMA+GO-IL

2953

119.6

230.0

120.3

1.7

137.7

2836

119.2

233.5

119.2

1.7

137.7

E′ – storage modulus;
E″ – loss modulus;
tan δ (dissipation factor or loss coefficient) – E″/E′;
Tg – glass transition temperature.

the viscosity values depend on the dispersion of the
nanofillers in the polymer matrix [49, 51].
A high SME value slightly improves the dispersibility of GO-NT. For both SME conditions, a better dispersion and lower viscosity is found for GO-IL.
After the properties reported in sections 3.4 and 3.5,
nanocomposites processed under high SME were selected for further microstructural characterization,
which shall be discussed in the following section.

3.6. Microstructural characterization of the
nanocomposites.
Micro-extruded materials were studied, in the first
place, by TEM microscopy. Figure 9a shows the presence of very large GO agglomerates in PMMA+GO
processed with high SME. The size of the agglomerates is somewhat reduced for low SME. However,
in both cases, large areas of the PMMA matrix remain free from GO. Addition of NT produces a more

Figure 8. Complex viscosity vs shear rate for PMMA and nanocomposites processed at a) high and b) low SME.
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Figure 9. TEM micrographs of: a) PMMA+GO; b) PMMA+GO-NT.

homogeneous distribution of the GO-NT hybrid
nanofiller in the PMMA matrix (Figure 9b), both at
high and low SME.
After treatment with IL, IL-containing nanospheres
present in GO-IL (Figure 1b), are also found into the
PMMA matrix of PMMA+GO-IL (Figure 10a).
Higher magnification (Figure 10b) shows the fluorine-containing (see EDX spectrum) nanospheres associated with GO layers.
SEM micrographs of the cryofracture surfaces show
the expected fragile behaviour of PMMA (Figure 11a).
Although SEM microscopy is not able to detect GO
nanofillers, fluorine element map of PMMA+GO-IL
(Figure 11b) confirms the homogeneous distribution
of fluorine from the tetrafluoroborate anion of the IL,

without large agglomerates or large regions free
from fluorine.
These results confirm the modification of GO by interaction with IL, and the good dispersibility of the
hybrid GO-IL nanofiller with respect to unmodified
GO (Figure 9a), and are in agreement with the lower
viscosity values obtained for PMMA+GO-IL.
X-ray diffractograms of neat PMMA (Figure 12) is
in agreement with its amorphous nature, showing an
intense broad peak at 2θ = 13.3°. However, two weak
sharp peaks at 2θ = 26.4° and 2θ = 29.2° show the
presence of some ordered crystalline domains. These
peaks are very weak or disappear in PMMA+GO
and PMMA+GO-NT nanocomposites. In contrast,
PMMA+GO-IL shows a more intense diffraction at

Figure 10. a) TEM micrographs of PMM+GO-IL; b) magnifications showing GO-IL nanospheres and EDX spectrum.
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Figure 11. PMMA+GO-IL: a) SEM micrograph of the cryofracture surface and b) fluorine element map.

than unmodified graphene oxide. Modification with
ionic liquid changes the morphology, structure and
surface composition of graphene oxide.
The twin-screw micro-extrusion of PMMA and
nanocomposites with low 0.5 wt% concentration of
graphene oxide or hybrid nanofillers has been studied under different processing parameters such as
feed rate, extruder speed, temperature profiles and
specific mechanical energy.
Hybrid nanofillers decrease the size of aggregates
and improve the dispersion of graphene oxide in the
polymer matrix, without altering the glass transition
temperature of the polymer.
Processing parameters such as temperature profile
and specific mechanical energy show a stronger influence on the dynamic mechanical properties and
rheological behaviour of hybrid nanocomposites,
than on the neat polymer.
The lowest viscosity is found for the polymer containing graphene oxide modified by ionic liquid,
which is attributed to the good dispersion of the
modified nanofiller.
The results described here show the relevance of
modification of the nanofillers and selection of
process parameters on the final properties of extruded nanocomposites, even for a low concentration of
added nanofillers.
The combination of microstructure and properties
found for the nanocomposite containing graphene
oxide modified by ionic liquid make it a suitable
candidate for in-progress current studies on mechanical and tribological behaviour of final parts melt
processed by extrusion and injection molding.

Figure 12. XRD diffractograms of IL, PMMA and nanocomposites.

2θ = 26.4°, together with the new peak at 2θ = 20.6°,
which could be assigned to IL, as it corresponds to the
2θ value of the broad diffraction found for neat IL.
The less ordered material is the nanocomposite containing the mixture of graphene oxide and carbon
nanotubes (PMMA+GO-NT), which shows no sharp
diffraction peaks.

4. Conclusions
Hybrid nanofillers by mixing graphene oxide with
multiwalled carbon nanotubes or treatment with
ionic liquid have been obtained and characterized.
Both hybrid nanofillers show higher thermal stability
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[10] Papageorgiou D. G., Kinloch I. A., Young R. J.: Mechanical properties of graphene and graphene-based
nanocomposites. Progress in Materials Science, 90, 75–
127 (2017).
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