


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

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 ().

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-
CToScopy.

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

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

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

b) perpendicular to flow.

244



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

)
B —

i

PMMA (perpendicular)

PMMA+GO (parallel)

PMMA+GO (perpendicular)

r

PMMA+GOIL (parallel)

PMMA+GOIL (

s

»

900 um

900 um

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
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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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