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Abstract. New polymethylmethacrylate (PMMA) nanocomposites containing 0.5 wt% graphene oxide (GO), or 1.5 wt%
graphene oxide modified with the ionic liquid (IL) 1-octyl-3-methylimidazolium tetrafluoroborate (GOIL) have been
processed by extrusion and injection molding to obtain PMMA+GO and PMMA+GOIL, respectively. Raman microscopy
and mapping show that the additives align parallel to the flow close to the exterior surfaces, with an almost perpendicular
orientation in the central core region. Reciprocating sliding tests have been carried out on the exterior surfaces and also on
the surface of core sections of the injected parts. GO prevents surface damage, showing negligible wear on both section sur-
faces under sliding parallel and perpendicular to the injection flow. In contrast, the performance of PMMA+GOIL depends
on the sliding direction. Under multiple scratching, both GO and GOIL reduced residual depth values and increased the vis-
coelastic recovery of PMMA, thus reducing permanent surface damage. PMMA+GOIL shows the highest viscoelastic re-
covery and the lowest complex viscosity values. Wear mechanisms are discussed as a function of materials properties,

nanofiller type, and orientation and sliding direction.
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1. Introduction

One of the technological purposes in the research
and development of new polymer nanocomposites
is the reduction of energy loss and material damage
due to friction and wear in sliding applications and
of surface damage produced by abrasion [1, 2]. Car-
bon nanophases are studied as reinforcements of dif-
ferent polymer matrices aimed at reducing friction
coefficients and material loss. Sun and Du [3] have
recently reviewed the state of the tribological studies
of graphene nanocomposites.
Polymethylmethacrylate (PMMA) parts are manu-
factured for applications in many structural, indus-
trial, transport, and even biomedical applications for

“Corresponding author, e-mail: mdolores.bermudez@upct.es
© BME-PT

which tribological performance is critical. PMMA
composites [4] are easily manufactured by melt pro-
cessing techniques, such as extrusion and injection
molding, but their wear and scratch resistance need
to be improved [5]. Carbon nanophase fillers such
as nanotubes, graphene, and graphene oxide have
been added to a PMMA matrix [6—12]. The resist-
ance to damage of the surfaces of the final parts is
influenced by nanophase distribution and orientation
with respect to the melt flow. A very recent review
[13] on fiber-reinforced polymer composites con-
taining graphene reported that they exhibit higher
wear resistance than the corresponding materials
without graphene.
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Song et al. [14] described the preparation of PMMA
nanocomposites by in-situ polymerization, contain-
ing up to 1 wt% of graphene oxide (GO) with respect
to the monomer. A reduction of the running-in fric-
tion coefficient was described for GO content higher
than 0.8 wt% to reach the same steady-state friction
coefficient as pure PMMA after a short sliding dis-
tance. They proposed that the good compatibility be-
tween the functional groups of GO and PMMA en-
hances interfacial strength and improves the tribo-
logical performance.

Ionic liquids (ILs), salts that are in liquid state at
room temperature, have found many applications in
tribology and materials science, including polymer
technology [15]. ILs possess a unique combination
of outstanding properties, such as their high thermal
stability in the fluid state; their ability to act as sol-
vents and surfactants; their plasticizing effect to-
wards thermoplastic polymers; and their curing ef-
fect in the case of thermosets.

The plasticizing effect of imidazolium ILs for
PMMA, when added in very high proportions
(50 vol% ILs), was described by Scott and cowork-
ers [16, 17]. Zhao et al., [ 18] described the multiple
roles of 1-butyl-3-methylimidazolium hexafluoro-
phosphate, which not only acts as a plasticizer and
processing aid additive, but also improves the dis-
persion of multiwalled carbon nanotubes in a PMMA
matrix. Recently, 2 wt% ILs have been added to
PMMA [19], to improve its resistance to deforma-
tion, but no tribological studies were conducted.
Graphene-ionic liquid nanohybrid lubricants have
received much attention in recent times [20-22]. The
synergistic effect between carbon nanophases and
ionic liquids [23, 24] has been demonstrated in lu-
brication [22], both as neat lubricants and as lubri-
cant additives, and also in the reduction of friction
and wear of polymers [3, 25]. IL functionalized GO
reduced the friction and wear of epoxy resin [25].
Thin lubricant films formed by graphene dispersed
in octylmethylimidazolium ILs have been reported
recently [26].

The ionic liquid selected in the present study has pre-
viously shown its ability to modify carbon nanophas-
es, in particular carbon nanotubes, to develop new
thermoplastic nanocomposites [27, 28] with im-
proved abrasive wear resistance.

The most commonly used processing conditions for
these nanocomposites require the use of solvents in
order to disperse the additives. However, for practical
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applications with a reduced environmental impact,
melt processing is an adequate route. A recently pub-
lished precedent of the present work is the prepara-
tion, characterization, and optimization of extrusion
parameters for extruded PMMA nanocomposites
with graphene oxide and graphene oxide modified
by ionic liquid [29].

In the present work, PMMA nanocomposites con-
taining graphene oxide (GO) or graphene oxide pre-
viously modified by ionic liquid (GOIL) have been
melt-processed by extrusion followed by injection
molding, avoiding the use of organic solvents. The
main objectives are to study the wear resistance of
the new materials under different sliding conditions
and to relate the results with variables such as injec-
tion flow, nanophase type, and distribution. The
main novelty with respect to previous works is the
study of the different tribological behavior of differ-
ent regions of nanocomposite injected parts.

2. Experimental

Injection molding grade polymethylmethacrylate
(PMMA) (8N; Evonik AG, Germany) was selected
for the present study. Graphene oxide (GO) (lateral
size (LD50): 40 um; average thickness: 1-2 nm;
oxygen content (determined by X-ray photoelectron
spectroscopy, XPS): 30% Brunnauer-Emmett-Teller
(BET) specific surface area: approx. 400 m?/g; av-
erage number of layers 1-2) was purchased from
Avanzare S.L., Spain. The ionic liquid (IL) used in
the present study was 1-octyl-3-methylimidazolium
tetrafluoroborate (lolitec GmbH, Germany) (>99%
purity). Graphene oxide modified by ionic liquid
(GOIL) was obtained following a general procedure
similar to that previously described [29]. The first
step was the mechanical mixing of GO and IL (in a
1:2 weight proportion) in an agate mortar. After
10 minutes, the mixture was sonicated for 1 hour,
and the solid residue was then washed repeatedly
with acetonitrile and dried in a vacuum oven for
32 hours at 70 °C.

PMMA pellets were milled using an ultracentrifuge
mill (ZM200; Retsch, Germany) and dried in a vac-
uum oven. A TwinLab 10 mm co-rotating twin-
screw micro-extruder (TwinTech Extrusion Ltd, U.K.)
was used for the first processing step of PMMA and
the new nanocomposites, under a temperature profile
between 205 and 245 °C and a specific mechanical
energy of 1800 kJ/kg. Extrusion processing parame-
ters were selected according to previous optimization



L-F. Minguez-Enkovaara et al. — Express Polymer Letters Vol.17, No.3 (2023) 237-251

works [29]. The extruded materials were then cooled
to 70 °C and pelletized before injection molding in a
DEU (Spain) 250 H55 mini VP machine at 245 °C,
under an injection pressure of 120 MPa, with a mold
temperature of 65°C and an injection speed of
10 cm®/s. The injection molding parameters are
those recommended for PMMA.

In order to observe the presence of the nanofillers
inside the injected parts, images of 1 mm thick sec-
tions were taken with a digital camera and edited
using GIMP image editing software.

Materials were characterized using a Leica DMRX
optical microscope, a Hitachi S-3500N Scanning
electron microscope (SEM), (Hitachi, Tokyo, Japan)
was used to obtain energy dispersive X-ray (EDX)
spectra, and Raman microscopy WiTec Access 300
equipment with a 532 nm laser. X-ray photoelectron
spectroscopy (XPS) was determined by means of a
VG-Microtech Multilab 3000. JEOL JEM 2100
equipment was used to obtain transmission electron
microscopic (TEM) micrographs and a Bruker D-8
Advance diffractometer was used to record X-ray
diffraction (XRD) peaks. Thermal characterization
was performed with a DSC-822¢ type differential
scanning calorimeter (DSC), between 0 and 140 °C,
at a heating rate of 10 °C/min. TGA 1 HT type ther-
mogravimetric analyzer (TGA) (Mettler-Toledo, USA)
was used under a nitrogen atmosphere (50 ml/min)
at a heating rate of 10°C/min, under a nitrogen at-
mosphere (50 ml/min). Q800 (TA Instruments, USA)
equipment was used for dynamic mechanical analy-
sis (DMA), under the single cantilever configuration,
in the temperature range between 30 and 145 °C, at
a heating rate of 3 °C/min, with a frequency of 1 Hz,
in ambient atmosphere.

Surface roughness and wear volumes were deter-
mined by means of a Talysurf CLI 500 (Taylor Hob-
son, U.K.) profilometer. Reciprocating sliding tribo-
logical tests with AISI 316L balls (1.6 mm diameter)
against PMMA injected parts were carried out using
a TRB tribometer (Anton Paar, Switzerland), under
anormal applied load of 1 N, with a sliding frequen-
cy of 2 Hz, and a stroke length of 5 mm. Coefficients
of friction were continuously recorded during each
test. Tests were carried out on both the exterior and
core surfaces under sliding directions parallel or per-
pendicular to the melt flow. Average friction coeffi-
cient and wear values were calculated after at least
three tests.

Abrasion tests under multiple scratching were car-
ried out according to ASTM D7027-05, using an
MTR 3/50-50/NI microscratch (Microtest S.A., Spain)
tester, with a diamond indenter (200 nm sphere ra-
dius) being used for multiple scratch (15 successive
scratches) abrasive wear tests, under a normal ap-
plied load of 10 N, at a sliding velocity of 5 mm/min,
with a sliding distance of 5 mm. Average instanta-
neous penetration (Pd), residual depth (Rd), and vis-
coelastic recovery values were calculated after at
least three tests. All tribological tests were carried
out in ambient conditions, temperature: 25 °C and
relative humidity: 37%.

The rheology of PMMA and of the nanocomposites
was studied with a parallel plate rotational rheometer
(Ar-G2; TA Instruments, USA), at a temperature of
245°C.

3. Results and discussion

3.1. Materials characterization

The results of XPS surface analysis of GOIL show
the characteristic binding energies of Fls from the
tetrafluoroborate anion and N1s from the imidazoli-
um cation, while GO only presents Cls and Ols
peaks, as previously described [29], although in the
present case a lower IL proportion has been used to
obtain the modified graphene oxide nanofiller GOIL
(Figure 1).

X-ray diffraction patterns Figure 2 show the dis-
placement of the maximum diffraction peak for GO
to a lower angle (higher interlayer distance) when it
is modified by IL.

GOIL diffraction pattern also shows the peaks at 22°
and at 5°, which are also present in the IL.
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Figure 1. XPS surface analysis spectra for GO and GOIL.
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XPS and XRD results confirm the presence of the IL
both at the outer surface and at the GO interlayer dis-
tance.
TEM micrographs of PMMA-+GO and PMMA+GOIL
(Figure 3) show the presence of GO or GOIL platelets
inside the PMMA matrix. The presence of folded
multilayers inside both nanocomposites could be a
result of processing conditions.
The SEM micrograph (Figure 4) of the cryofracture
surface of PMMA-+GOIL shows the characteristic
fragile fracture morphology. The presence of the IL
10 20 30 40 50 phase was confirmed by the EDX spectrum of the
2601 selected area (Figure 4), which shows the presence
Figure 2. XRD diffractograms of GO; IL; and GOIL. of fluorine from the tetrafluoroborate anion.
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Figure 3. TEM micrographs of a) PMMA+GO and b) PMMA+GOIL.
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Figure 4. a) SEM micrograph of the cryofracture surface of PMMA+GOIL and b) EDX spectrum of the selected region.
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Table 1 shows that glass transition temperatures (7}),
as determined by DSC, are similar for all materials,
thus indicating no significant changes in chain mo-
bility in the bulk materials induced by the nanofiller
additives. The highest degradation temperature (74)
(determined by TGA) is observed for PMMA+GOIL
nanocomposite, as a result of the higher thermal sta-
bility of IL and GOIL with respect to PMMA [29].
Table 2 shows the values of the storage modulus
onset (£ onser), loss modulus maximum (£"eqx), and
loss tangent (tan ) maximum (tandpcak), and glass
transition temperature values at the onset of storage
modulus (7 (E'onset)), at the maximum peak of loss
modulus (7 (E"peak)) and at the maximum peak of
loss tangent (7 (tan Opeqk)). As observed in Table 2,
DMA results are very similar for all materials. Glass
transition temperatures and tan 6 values are the same
for PMMA and both nanocomposites. Thus, GO and
GOIL additives induce no significant changes in the
viscoelastic behavior of injection molded PMMA, at
least in the proportion added in the present work.
This is also in agreement with the results previously
obtained for similar nanocomposite extruded mate-
rials [29].

Figure 5 shows the D, G and 2D regions of the Raman
spectra of the nanofillers and the nanocomposites.
Table 3 reports the position, intensity, the full width
half maximum (FWHM) band width, and areas of
each fitted peak.

A decrease in the intensity and FWHM of the D” band
has been related [31] to a crystallinity increase. Ac-
cording to this, as these values are higher for GOIL
than for GO, (Table 3), the modification with ionic
liquid produces a more amorphous hybrid nanofiller.

Table 1. Glass transition (7,) and degradation (74) tempera-

The position of the 2D band is shifted from 2711 cm™
for GO, to 2705 cm™! for GOIL. This decrease is in
agreement with a lower content of sp” carbon [30].
In the same way, the slight increase in the /p//g ratio
(Table 4), from 0.92 for GO to 1.06 for GOIL shows
a higher proportion of defects and the sp® bonds due
to the presence of the IL [32, 33]. Crystallite size
(La) [34] indicates a decrease in crystallinity or in
sp? carbon [30, 35] and is also lower for GOIL than
for GO (Table 4), in agreement with the reduction
of sp? carbon.

The nanocomposites show the lowest crystallite size
(Table 4) due to the degradation of the nanofillers
after the extrusion and injection processing steps.
The effect of injection flow and nanophase orienta-
tion is also seen in surface roughness values. Surface
topography and average roughness show a signifi-
cant difference between the exterior and core section
surfaces.

Table 5 and Figure 6 show, respectively, average
roughness values and surface topography profiles of
PMMA and the nanocomposite materials, both on
the exterior surface, which has been in contact with
the mold wall [36, 37] and on the core section. The
cutting operation to obtain core sections yields very
similar R, values for all materials (Table 5).

As expected, roughness values are higher on the ex-
terior surface than on the core section, but this dif-
ference is much higher for the nanocomposites than
for neat PMMA, which shows similar surface topog-
raphy and roughness values on both surfaces. The
addition of GO increases surface roughness of the
exterior surface by a factor of 3.8. In the presence of
the IL, in PMMA+GOIL, the roughness increases by
a factor of 3.3 with respect to PMMA at the exterior
surface. The very high exterior surface roughness of

tures. the nanocomposites could increase friction coeffi-
. T, Ty cients and wear rates.
Material [°C] [°C]
PMMA 108.5+0.7 379.9+0.5 . . . 3.
PMMALGO 106026 %1208 3.2. Reciprocating sliding wear tests
—— — In order to study the effect of the nanofiller additives,
PMMA+GOIL 108.3+0.1 385.4+1.3 L :
. — flow injection and surface topography on the tribo-
Glass transition temperature . . . -
**Degradation temperature at 50% weight loss logical performance of PMMA, reciprocating sliding
Table 2. DMA results.
. E'onset Ty (E'onset) E" peax Ty (E" pear) tan dcak T (tan dpear)
Vaterial [MPa I°C] [MPa [°C] Hl [°C]
PMMA 3141.0+89.1 117.9£0.1 258.0+1.6 118.040.1 1.5+0.1 133.540.1
PMMA+GO 3066.0+45.2 118.7+0.6 260.2+0.1 119.1+0.6 1.520.1 134.1£0.6
PMMA-+GOIL 3244.5491.2 117.8+0.4 270.7+1.1 118.1+0.4 1.5+0.1 133.5+0.7
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Figure 5. Raman spectra and deconvolution of D, G and 2D bands (R? > 0.99). a) GO bands D, G; b) GO band 2D; c¢) GOIL
bands D, G; d) GOIL band 2D; ¢) PMMA+GO band D, G and f) PMMA+GOIL band 2G.

wear tests were performed on both the exterior and
the longitudinal core section surfaces, as shown in
Figure 7.

Figure 8 shows the characteristic coefficient of friction
versus distance curve which are obtained for PMMA
and nanocomposites under reciprocating sliding.

Initial or break-in friction coefficient () values of
approximately 0.10 and final or steady-state friction
(ngp) of 0.60 are obtained. All materials show transi-
tion distance values (d) lower than 100 m. Low ini-
tial friction coefficients are only maintained without
transition to higher values during the whole sliding
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Table 3. Raman results.

Nanophase GO Nanophase GOIL
Band D* D D" G D’ Band D* D D” G D’
Wavenumber [cm™']| 1144.2 | 1354.6 | 1526.2 | 1580.1 | 1613.5 Wavenumber [cm™']| 1169.1 | 1345.4 | 1526.7 | 1583.0 | 1613.9
FWHM" [em™]| 68.7 | 122.5 | 123.9 | 623 | 42.6 FWHM" [em ]| 20.1 | 111.2 | 134.6 | 63.7 | 383
Area [%]| 0.7 61.3 7.9 18.7 | 11.3 Area [%]| 0.1 62.9 8.6 20.1 8.3
Relative intensity [-]| 0.025 | 0.922 | 0.153 | 0.540 | 0.636 Relative intensity [-]| 0.017 | 1.077 | 0.161 | 0.619 | 0.549
Nanophase PMMA+GO Nanophase PMMA+GOIL
Band D* D D" G D’ Band D* D D" G D’
Wavenumber [cm™']| 1187.0 | 1356.7 | 1504.4 | 1589.5 | 1618.0 Wavenumber [cm™']| 1170.0 | 1355.6 | 1503.4 | 1588.0 | 1617.1
FWHM" [em™]| 120.5 | 118.7 | 86.5 | 68.5 | 47.0 FWHM" [em]] 262.2 | 939 | 93.0 | 53.1 | 44.6
Area [%]| 1.7 62.3 7.9 20.1 8.1 Area [%]| 3.7 60.0 5.4 239 7.0
Relative intensity [-]| 0.032 | 0.962 | 0.207 | 0.664 | 0.390 Relative intensity [-]| 0.030 | 0.937 | 0.116 | 0.716 | 0.314

“Full width at half maximum

Table 4. Raman bands intensity ratios and sp crystallite size
(La) values.

Material I/l Lp/l [ :;:1 |
GO 0.92+0.02 0.14+0.01 20.9
GOIL 1.06+0.04 0.14+0.01 18.1
PMMA+GO 1.08+0.04 - 17.8
PMMA+GOIL | 1.10+0.08 - 17.5

Table 5. Surface roughness

Roughness, R,
Material [nm]
Exterior Core section
PMMA 0.18+0.01 0.15+0.01
PMMA+GO 0.69+0.05 0.17+0.01
PMMA+GOIL 0.60-+0.04 0.15+0.01

test for the low roughness core section surface of
PMMA-+GO nanocomposite.

Figure 9 shows surface topography images of the
wear tracks on all materials as a function of sliding
direction, either parallel or perpendicular to the in-
jection flow.

Wear volumes were determined from the product of
cross-section worn areas [A1-(A2+A3)] [37] (where
Al is the area below the surface and (A2+A3) are
the areas of plastically deformed material accumu-
lated on the edges of the wear track), along the
length of the wear track (4 mm), without considering
both wear track ends.

On the external surface, PMMA shows similar wear
rates for both sliding directions, of the order of
1073 mm?. In contrast, in PMMA+GO, the addition
of GO reduces wear volume on the external surface
in one order of magnitude, up to 10~ mm? (with
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Exterior surface

Figure 6. Scheme showing exterior and core section surfaces
of injected parts and surface topography for
PMMA, PMMA+GO and PMMA+GOIL on exte-
rior and core section surfaces.

Figure 7. Scheme showing AISI 316L ball reciprocating
sliding directions on PMMA and nanocomposites.

standard deviations lower than 10%). Moreover,
PMMA+GO shows negligible wear volume on the
core section surface, under both sliding directions,
in agreement with the extremely mild surface dam-
age shown in Figure 9. For PMMA+GOIL, surface
damage is also minimized, but only under sliding
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COF

Distance [m]

Figure 8. Representative coefficient of friction (COF) vs
sliding distance record, under reciprocating slid-
ing, showing transition distance from running-in
(ko) and steady-state (Lf).

parallel to the injection flow, in agreement with the
longer transition distance of friction coefficients.
Under sliding perpendicular to the flow, the wear
volume of PMMA+GOIL is of the same order of
magnitude as that of PMMA.

Wear scars on the different materials after recipro-
cating sliding tests were also studied by SEM mi-
Croscopy.

Figure 10 shows SEM micrographs of the wear scars
on core section surfaces. PMMA presents the same
surface damage after sliding parallel and perpendi-
cular to flow. Plastic deformation produces smooth

Parallel to flow

PMMA+GOIL T MMA+GO
PMMA+GO PMMA+GOIL
[um]
PMMA \
] : ] 370
360
\ 350

340

€
Extenol surfe
a)

Figure 9. Profilometer surface topography of wear tracks after reciprocating sliding in the directions a) parallel to flow and
b) perpendicular to flow.

grooves with an accumulation of wear debris particle
powder on the edges and at the ends of the scar.
Figure 10 shows very mild surface damage on
PMMA-+GO for both sliding directions. Wear debris
is only observed in a very small amount compared
to PMMA.

Figure 10 also shows the influence of sliding direc-
tion on PMMA+GOIL. Whilst in the parallel direc-
tion, the surface damage is very mild, similar to that
observed for PMMA+GO. The wear damage in the
perpendicular direction is more severe but shows a
stick-slip effect, and some wear debris along the
edges of the groove.

SEM micrographs in Figure 11 show the very mild
abrasion wear parallel marks on PMMA+GO cross-
section surface after reciprocating sliding in the di-
rection parallel to flow.

A Raman study was carried out for a selected region
inside the wear path (Figure 11). Raman mapping
enables rich GO regions to be identified inside the
PMMA matrix, as confirmed by their respective
Raman spectra. GO-containing particles (in red), are
randomly oriented inside the PMMA matrix (in blue).
In order to study the distribution of the nanophases in-
side the colorless PMMA matrix, different cross-sec-
tions of the injected parts were obtained. Figure 12
(top) shows the results of an image composition of
digital photographs along the longitudinal cross-sec-
tions of PMMA+GO, and PMMA+GOIL. Figure 12

Perpendicular to flow

PMMA+GO

PMMA+GOIL PMMA+GOIL
PMMA+GO

PMMA,
e

[um]
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Figure 10. SEM micrographs of wear tracks under sliding parallel and perpendicular to injection flow for PMMA,

PMMA-+GO and PMMA+GOIL.

also shows a front view of the apparent GO distri-
bution inside PMMA+GO, and a composition of
photographs of cross-sections perpendicular to the
injection flow in the Gate region (closer to the mold
feeding gate) and parallel to the injection flow in the
End region.

Apparently, an expansion of the region occupied by
the nanophase takes place inside the central channel.
According to Dericiler ef al. [38], the maximum ve-
locity in injection flow samples of PA66 with
graphene nanoplatelets is reached inside the narrow-
er central channel. Results showed a variation in the
orientation of graphene nanoplatelets along the length
of the injected part.

As the weight percentage of the nanophases is the
same along the injected part (as determined accord-
ing to the ASTM D1603 standard), the optical ob-
servations in Figures 13 and 14 could be due to a dif-
ferent orientation and distribution of GO or GOIL
along the injected parts geometry. Previous studies
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on the orientation of carbon nanophases, in particular
carbon nanotubes in molded polyvinylfluoride [39],
have shown that the nanotubes are oriented parallel
to the injection flow close to the mold wall but adopt-
ed a disordered orientation in the central core region.
A Raman microscopy study was carried out in order
to confirm the evolution of the orientation, at least of
micron-size agglomerates, inside the injected parts
section.

Figure 13 shows optical micrographs and Raman
spectra of PMMA matrix and GO nanophase.
Figure 14 shows the corresponding Raman study for
PMMA+GOIL.

In both cases (Figures 13 and 14), it can be observed
that the orientation of GO and GOIL additives is
parallel to injection flow inside the regions closer
to both exterior surfaces (top and bottom magnifi-
cations), and changes to a higher angle, including
perpendicular orientation, with respect to the injec-
tion flow direction, inside the center region (central
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Figure 11. Raman micrograph of the wear scar after sliding parallel to the flow on PMMA+GO core section surface. Mag-
nification of the selected area and Raman map and spectra of PMMA matrix (in blue) and GO nanofiller (in red).
Highlighted in grey are the Raman bands used to obtain the Raman map.

magnification image) across the thickness of the in-
jected part.

In all cases, the Raman spectra are in agreement with
PMMA matrix (shown in blue) and GO or GOIL
nanofillers (shown in red), respectively.

3.3. Abrasive wear tests under multiple
scratching

Multiple scratch tests were performed in order to
study the abrasion resistance of the new nanocom-
posites and their ability for viscoelastic recovery.
The results of the oscillatory tests described in the
previous section have shown the influence of sliding
direction with respect to the injection flow, with
higher resistance to surface damage under sliding in

the parallel direction. Previous results on the resist-
ance of nanocomposites to abrasion under multiple
scratching have also shown a similar effect [40].
With these precedents, the multiple scratch tests for
the new nanocomposites were performed on the core
section surfaces of the injected parts (see Figure 6),
in the direction parallel to flow.

Figure 15 shows the Raman microscopy study of
scratch grooves [41] on PMMA+GO. The magnifi-
cation in Figure 15 shows the presence of very scarce
surface defects and microcracks. Finally, GO particles
(in red, in Figure 15) show a non-parallel alignment
with respect to the injection flow or to the indenter
pass at the core section level. These results show that
the original orientation of the additives through the
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PMMA+GOIL

End

Figure 12. From top to bottom: longitudinal cross-section of
PMMA+GO and PMMA+GOIL; front view of
the longitudinal cross-section showing thickness
of more transparent regions, and perpendicular
cross-sections along the Gate region, and parallel
core section along the End region. The arrows
show the injection flow direction.

thickness of PMMA composites (Figure 13) is not al-
tered under multiple scratching conditions.

Table 6 shows the results of instantaneous penetration
(Pd), residual depth (Rd), and viscoelastic recovery

PMMA+GO

500 um
—>

percentage (calculated as [(Pd — Rd)/Pd]-100) for
each material. The best performance is found for the
material containing graphene oxide modified by ionic
liquid. Thus, although instantaneous penetration is
higher for PMMA+GOIL than for PMMA+GO,
PMMA+GOIL presents a higher viscoelastic recov-
ery. This gives a final permanent damage (Rd) for
PMMA+GOIL 21% lower than that for PMMA+GO.
This behavior is attributed to the presence of the IL
fluid phase and is in agreement with previous results
[37]. The fluid ionic liquid phase increases polymer
chain displacement and plastic deformation under
load but also eases the viscoelastic recovery of the
material.

The reinforcing effect of the addition of GO reduces
plastic deformation and material loss under all slid-
ing configurations and sliding directions studied
here.

The results of multiscratch tests have shown that the
mechanism in the case of the hybrid GOIL nanofiller
is not the same. Although plastic deformation under
load is higher than that of PMMA, the final surface
damage is lower. This could be explained by an

1000

1500 2000 2500 3000 3500
Wavenumber [cm™]

@ Pvva

1500 2000 2500 3000 3500
Wavenumber [cm™]
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Figure 13. Optical microscopy (100%) images through the thickness of an injected part of PMMA+GO and Raman spectra

of the matrix (in blue) and nanofiller (in red).
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PMMA+GOIL

500 um

Figure 14. Optical microscopy (100x) images through the thickness of an injected part of PMMA+GOIL and Raman spectra
of the matrix (in blue) and nanofiller (in red).

Figure 15. Optical microscopy image of wear scar on the
core section surface of PMMA+GO after scratch
test, magnification of the selected area and
Raman map showing graphene oxide (red) in the
PMMA matrix (blue).

Table 6. Abrasive wear resistance under multiple scratching
on the core section surface (after 15 successive
scratches on the same groove, parallel to flow).

. Pd Rd Recovery

Material [um] [pm] 1%l
PMMA 68.6+2.7 24.5+0.9 64.3+2.4
PMMA+GO 49.8+2.5 19.2+1.3 61.5+£2.6
PMMA+GOIL 75.5+£5.5 15.2+1.2 79.7£2.4
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internal effect of GOIL that induces localized mo-
bility of PMMA chains under applied load. This mo-
bility is mainly favored in the direction parallel to
injection flow, as pointed out by the reciprocating
sliding tests (section 3.2).

3.4. Rheological behavior

The rheological behavior of the materials in the soft-
ened state was studied in order to establish the influ-
ence of the additives on the resistance to flow of
PMMA.

Complex viscosity values for PMMA+GO are very
similar to those of PMMA (Figure 16), up to the high-
est angular frequency values, where PMMA+GO
presents a sharp transition to higher viscosity values.
PMMA+GOIL presents the lowest complex viscos-
ity values (Figure 16) in the whole range of angular
frequency. This confirms the ability of GOIL to im-
prove the relative displacements of the polymer
chains.

As complex viscosity is a measure of resistance to
flow, the results shown in Figure 16, indicate that the
ionic liquid phase could act as a processing aid, and
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Figure 16. Variation of complex viscosity with angular fre-
quency at 245 °C.

enhance viscoelastic recovery, as we have seen in
multiple scratch tests.

4. Conclusions

Extrusion+injection molding melt processing has
been used to obtain new PMMA nanocomposites
with graphene oxide (GO) or graphene oxide modi-
fied by a room-temperature ionic liquid (GOIL),
without the use of organic solvents.

Raman characterization of the new nanocomposites
shows that modification with IL increases the defects
and sp® bonds and reduces crystallinity in GO. The
crystallite size of the nanophases is reduced when
added to the PMMA matrix as a result of degradation
induced by the extrusion+injection processing stages.
Raman microscopy shows the heterogeneous orien-
tation of the additives inside the polymer matrix,
from predominantly parallel to the injection flow at
both exterior surfaces, close to the injection mold
walls, to a higher angle, including perpendicular ori-
entation, inside the core section furthest from the
mold walls.

The wear resistance of the new nanocomposites has
been studied under reciprocating sliding both on the
exterior and on the core section surfaces of the in-
jected parts.

On the exterior surface, the tribological performance
of PMMA+GO and PMMA+GOIL is similar to that
of PMMA. This is attributed to the high surface
roughness of the surface of the nanocomposite with
respect to that of unmodified PMMA.

On the core section surface, with low surface rough-
ness values, similar for all materials, PMMA+GO
shows outstanding tribological performance with
non-measurable wear under reciprocating sliding

both parallel and perpendicular to the injection flow
due to the reinforcing effect of graphene oxide.

For PMMA+GOIL, negligible surface damage is
only observed under sliding parallel to the flow,
when the enhanced chain displacement ability of the
IL fluid phase can be more effective.

In abrasion tests under multiple scratching on the
core surface, in the direction parallel to flow, the nano-
composites reduce permanent surface damage of
PMMA. In agreement with the reinforcing effect of
GO, the highest resistance to instantaneous damage
is reached for PMMA+GO, although the maximum
viscoelastic recovery is observed for PMMA+GOIL.
This is also attributed to the higher chain mobility
induced by the presence of the fluid ionic liquid
phase, which enhances instantaneous deformation
under load but also viscoelastic recovery after the
load is removed.

The ionic liquid modified graphene oxide additive
could also act as a processing aid due to its ability to
lower the complex viscosity of PMMA in the soft-
ened state.

The results presented herein highlight the different
antiwear mechanism induced by each nanofiller and
the relevance of processing parameters on the tribo-
logical behavior of the different regions of nanocom-
posite injected parts.
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