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Abstract: The use of graphene nanoplatelets for several purposes such as barrier properties and
structural health monitoring is widely studied in polymer-based coating technology. Nevertheless,
their extremely good effect on wear resistance makes them particularly interesting for coating
technology. The effect of graphene nanoplatelets addition on the wear behaviour of an epoxy
resin was analysed. The effects of graphene nanoplatelets content (0–8 wt.%), morphology and
functionalization in wear behaviour were analysed by evaluating the main wear parameters of the
nanocomposites studied. The morphology of the wear surfaces was analysed by scanning electron
microscopy (SEM) and 3D optical profilometry in order to evaluate the mechanism and severity of
wear. The results showed that the wear behaviour of the epoxy resin improved considerably with the
addition of graphene, especially for higher contents. Moreover, as the wear mechanism depends on
the morphology of graphene nanoplatelets, it was concluded that the proper selection of graphene
can be made depending on the chosen application.
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1. Introduction

The wear resistance of polymers is a problem because their properties usually lead to severe and
quick wear while in service. This fact has led to research regarding the possibility of improving this
property by the addition of different discontinuous reinforcements such as short fibres and particles.

Two different approaches are usually explored to reach this objective. On one hand, the improvement
of the mechanical properties may allow an enhancement of the wear resistance, reducing some of the
non-adhesive mechanisms of wear. For example, the addition of short glass/carbon fibres was proved as a
good alternative under certain wear conditions [1,2]. On the other hand, the use of particles that may act
as solid lubricants may also be a good approach to improve the wear behaviour by creating films between
the two counterparts during the test. For example, graphite can be used for this purpose [3,4].

The lubricating properties of graphite have been extensively studied and scientifically
demonstrated [5–7]. The reason for this behaviour may be a structure of C-C covalent bond sheets,
which are joined together by weak Van der Waals forces. Carbon nanotubes (CNTs) and graphene
nanoplatelets (GNPs) are also constituted by one or more of these C-C sheets and should have a
lubricating effect. For this reason, graphene may be an emerging solid lubricant that reduces friction
between contact surfaces. Furthermore, the tribological behaviour of graphene is better than graphite
due to the intercalation of water molecules between carbon sheets, which facilitates movement and
reduces friction. Previous studies have shown that the deposition of a layer from a solution of ethanol
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with a small amount of graphene on a steel surface reduces both friction and wear in humid air and
dry nitrogen [8,9].

The use of graphene and its derivatives as a reinforcement for polymer matrices has attracted a great
interest because of their outstanding properties—not only mechanical but also electrical and thermal
characteristics of the final nanocomposites—which have led to extensive research in electronic industry,
protective coatings and electromechanical sensors, among others [10–15]. Taking the good results of
graphite reinforcement as the basis [16], the addition of graphene should lead to an improvement of
the wear properties at lower concentrations. As the number of particles per mass unit is higher due to
the extremely low thickness of these nanoparticles, its addition could allow the creation of a lubricant
film at the beginning of the material wear, thus reducing the following abrasion. This effect is extended
to other graphene related nanoparticles, such as graphene oxide sheets, functionalized graphene sheets
and so on. Although the presence of experimental studies based on epoxy/graphene are scarce, some
studies have already demonstrated the potential use of this material family (polymer-/graphene-based
nanoparticles). The addition of graphene nanoplatelets to polytetrafluoroethylene (PTFE), one of the
most widely used solid lubricants, reduces the steady state wear rate four orders of magnitude [17].
The addition of graphene oxide nanosheets in a concentration of 0.1 wt.% to 3 wt.% results in a large
decrease in the wear rate of ultra-high molecular weight polyethylene (UHMWPE), which is a material
used for implants for the hip and knee [18,19].

Moreover, the addition of graphene to polymer matrices has an effect on two additional parameters
commonly affecting the wear behaviour of polymers: Mechanical properties and temperature.
The increase of the mechanical properties, mainly hardness and stiffness, due to the addition of
graphene is not always achieved due to the formation of aggregates, weak interface interaction and
poorer quality of the final material due to the increased difficulty of their processing conditions.
Nevertheless, authors have reported increments in these properties when they totally or partially
overcome these inconveniences [19–23]. Finally, the addition of graphene increases the thermal
conductivity of the polymer matrix, improving heat dissipation during abrasion, which improves
the wear behaviour observed and the glass transition temperature of the matrix, thus improving the
thermal stability and retarding softening with temperature, which also depends on the interface and
dispersion [24–26].

Other carbon-based nanoparticles have been studied for the wear behaviour improvement of
polymer matrices. The use of multiwall carbon nanotubes (MWCNTs) allowed researchers to reduce
the friction coefficient and wear rate with different results depending on the morphology (length),
alignment and functionalization of the MWNCTs [27–29].

The addition of GNPs instead of single-layer graphene sheets allowed researchers to reduce the
production costs of nanoparticles, thus reducing final material costs and allowing their use in most
industries. The overall material cost can be increased by less than 0.01–0.05 €/g (depending on the
content selected) while improving the wear and barrier properties, which would increase their service
life, thus reducing maintenance and replacement costs, allowing an effective competitiveness with the
current epoxy coatings used on metal and composite parts.

The present study demonstrates the efficacy of GNP as nanoreinforcements to decrease the
wear of common engineering polymers such as epoxy resin. Moreover, it was demonstrated that
higher contents allow achieving better wear results, which is very promising, as the use of graphene
nanoplatelets instead of CNTs or individual graphene layers makes it possible to increase the content
up to 8–10 wt.% with no severe manufacturing inconveniences, thus leading to nanocomposites
with improved wear behaviour. Finally, the effect of functionalization was analysed for this type
of nanoparticles, as the wear mechanism changed when amine functionalization was added to the
graphene nanoparticle.
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2. Experimental Procedure

2.1. Materials

Nanocomposites were based on a bicomponent epoxy resin (Araldite LY556 + Araldite XB3473,
both from Huntsman, in mass ratio 100:23). As nanoreinforcements, two types of graphene
nanoplatelets were used to study the influence of morphology and functionalization on wear properties.
Nonfunctionalised GNPs (M25 from XGScience) had an average thickness and lateral size of 6–8 nm
and 25 µm, respectively (Figure 1a,b). Amine-functionalised GNPs (f-GNPs), denominated Grade 4 by
Cheaptubes, had an average lateral size of 5 µm and thickness below 4 nm (Figure 1c,d). The percentage
of both types of graphene nanoplatelets was modified between 2 wt.% and 8 wt.%.

Figure 1. Scanning electron microscopy (SEM) micrographs of two types of graphene nanoplatelets:
nonfunctionalised (a,b) and functionalised (c,d).

2.2. Epoxy/GNPs Nanocomposites Preparation

Epoxy/GNPs nanocomposites with different types and contents of graphene nanoplatelets (GNPs)
were prepared using a method that basically consisted of two steps: (1) A mechanical dispersion of
graphene nanoparticles in the epoxy matrix, and (2) curing of the mixtures at 140 ◦C for 8 h. The dispersion
of GNPs in the matrix was carried out using a three-roll-mill machine (mini-calendering) and applying
the parameters optimized in previous research studies [30–32]. After this mechanical dispersion process,
the mixture was maintained by stirring and was heated to a temperature of 80 ◦C to decrease its viscosity
and enhance manufacturability. At this temperature, vacuum degassing was also done to avoid porosity
in the material. Finally, the curing agent was added and mixed for 2 min to ensure homogeneity, and the
mixture was poured into an open mould. The curing cycle was performed inside an oven for 8 h at 140 ◦C.
This procedure was performed both to manufacture the neat epoxy resin (without GNPs) and the epoxy
resins with GNPs percentages of 2 wt.%, 3 wt.%, 5 wt.% and 8 wt.%.

2.3. Characterization and Wear Tests

Microstructural characterization of epoxy/GNPs nanocomposites was done by scanning electron
microscopy (SEM) using a Hitachi S-3400N to evaluate the dispersion of GNPs in the epoxy matrix.
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A Mettler Toledo balance (±0.001 mg) equipped with a density determination kit by means of the
buoyancy technique (Archimedes method) was used to evaluate the change of density in the epoxy
resin by the addition of different GNPs contents. Five measurements were made for each material,
and the average value and standard deviation were determined.

Vickers microhardness measurements were carried out using a microhardness indenter (Micro
Hardness Tester Shimadzu) by applying a load of 300 mN (HV0.3) for 15 s. The results of this test are the
average of at least 10 indentations.

The samples surface preparation was performed prior to the wear tests. They were ground
with different emery papers to obtain a similar surface roughness that would not influence the wear
properties. The average roughness of the samples, determined by a profilometer Mitutoyo SJ-301
Surftest, was 0.37 ± 0.05 µm.

Wear tests were carried out on a pin-on-disc tribometer in dry conditions and with the same
environmental conditions. The main wear parameters affecting the test were optimized in previous
research [18]: A 6 mm diameter alumina ball, 10 N load, 0.09 m/s speed and test distance of 1000 m.
Five wear tests were made for each material, and the average value and standard deviation were
determined. The tribological behaviour was evaluated by measuring the mass loss, friction coefficient
(µ) and wear rate (Q) of the epoxy/GNP nanocomposites. The wear testing machine continuously
recorded the friction coefficient. Mass loss was determined by weighing the samples before and after
the wear test and volume lost was calculated from the same value using density properties previously
determined. Moreover, Archard’s law was applied to determine the wear rate, as it was linear with the
sliding distance [33].

Finally, worn surfaces were analysed by SEM and 3D optical profilometer to define the main wear
mechanisms. The width of the wear track was measured by optical microscopy using digital image
analysis software included in the profilometer. These measurements allowed us to assess the severity of
the wear.

3. Results and Discussion

3.1. Characterization of Nanocomposites

Figure 2 shows the microstructure of epoxy/GNPs nanocomposites. It can be observed that
the achieved nanoreinforcement distribution was quite homogeneous. The disaggregation of the
agglomerates and good dispersion of the two types of graphene nanoplatelets in the resin were
reached using the calendering process. This homogeneous dispersion was achieved even for the higher
percentages of 8 wt.% (Figure 2b). The graphene was homogeneously distributed throughout all the
resin, and no areas free of nanorefoircement or porosity were observed.

Figure 2. SEM images of the dispersion achieved in the epoxy/graphene nanoplatelets (GNPs)
nanocomposites: (a) With 5 wt.% of nonfunctionalised GNPs and (b) 8 wt.% of functionalised GNPs.
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The density values and Vickers microhardness of epoxy/GNPs nanocomposites as a function of
GNP content are shown in Figure 3. The density values (blue circles in Figure 3) increased slightly
as the content of GNPs in the epoxy resins increased. However, it can be considered that density
remained roughly constant. For the material with 8 wt.% of GNPs, the density only increased from
1.17 g/cm3 to 1.19 g/cm3. For the potential applications of these materials, density values are important.

Microhardness was evaluated to study its possible effect on the wear behaviour of materials.
When the content of the two types of GNPs increased (columns in Figure 3), the microhardness values
enhanced slightly. However, these differences were very small. This increase was only greater (around
25%) for percentages of 8 wt.% of GNPs. Comparing the influence of the type of GNPs, it can be
observed that the microhardness values were similar for the same content of graphene nanoplatelets.
In summary, as the microhardness values obtained were similar for all epoxy/GNP nanocomposites
studied, we can conclude that this variable had no influence on wear properties, at least for contents
lower than 8 wt.%.

Figure 3. Variation of microhardness (columns) and density (blue circles) of epoxy/GNPs nanocomposites
as a function of GNPs content.

3.2. Tribological Properties

Figure 4 presents mass loss (Figure 4a) and wear rate (Figure 4b) for the epoxy/GNPs nanocomposites
studied. Both wear parameters decreased when GNPs were added to the epoxy resin, regardless of the
type. This decrease was more pronounced for materials with 5 wt.% and 8 wt.% of GNPs. When analysing
the nanocomposites with 8 wt.% of the two types of GNPs, the mass loss and the wear rate were in values
of 0.2 mg and 0.1·10−3 mm3/m, respectively. Also, Figure 4 shows the differences between the two types of
GNPs. It can be observed that the analysed values were slightly lower when f-GNPs were used. However,
considering the error of measurements, these differences were insignificant. In view of these results,
it can be concluded that the increase of GNPs content in the epoxy resin, regardless of the type of GNPs,
significantly reduced its mass loss and wear.

The effect of graphene nanoplatelets content on the friction coefficient is presented in Figure 4c.
It can be observed that at a low GNP percentage, the friction coefficient was similar to the neat epoxy
resin with values near 0.5. However, when the percentages were higher (8 wt.%), a sharp drop in the
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friction coefficient occurred, reaching values near 0.25 for the two types of GNPs. This low friction
coefficient observed in the materials containing 8 wt.% of GNPs can be related to the lubricating effect
of the GNPs. They facilitated a relative movement between surfaces, i.e., they reduced the friction
force needed to overcome the friction generated between the pin and the material with respect to the
unlubricated surfaces. Other authors have already confirmed this effect of graphene on the friction
coefficient decrease. Saurin et al. [34] showed that the addition of 0.1 wt.% of graphene particles to
epoxy resin reduced the friction coefficient by 70.26%, and Berman et al. [7] demonstrated that the
lubrication of a steel surface with a layer of liquid ethanol with graphene also reduced the friction
coefficient by four orders of magnitude.

Regarding the influence of the type of GNPs, it can be observed that the friction coefficient of the
materials containing f-GNPs was slightly higher than that of the materials with GNPs. As discussed in
the analysis of the worn surfaces, a tribological layer (debris) was formed on these materials. The epoxy
resin detached with graphene nanoplatelets torn during the test due to the higher interface resistance
created between amino functionalised GNPs and the matrix. The epoxy resin constituted this debris.
The debris can act as a third body in the wear mechanism, thus increasing the real contact surface and
producing this slight increase in friction coefficient [35,36].

Figure 4. Mass loss (a), wear rate (b) and friction coefficient (c) of epoxy/GNPs nanocomposites with
different contents and types of GNPs.

3.3. Characterization of the Wear Surfaces

The wear mechanisms were studied by analysing the wear track surfaces using SEM and 3D
optical profilometry. Although the type of GNP did not seem to have a great influence on the wear
behaviour (mass loss, wear rate and friction coefficient), the analysis of the worn surfaces indicates
that the wear mechanism was very different.
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Figure 5 shows the track width value and profilometer images of the wear track for different
nanocomposites. As depth values of wear tracks were very low, the discussion was based on track
wideness. For both types of graphene, at higher GNPs contents (5 wt.% and 8 wt.%), width and
roughness of the wear surfaces decrease considerably compared to epoxy resin (Figure 5b). In the case
of materials with 8 wt.% of graphene, the wear track width was reduced by approximately reduced
with respect to that of the neat resin (from 1194 µm to 520–540 µm). In the case of materials containing
8 wt.% f-GNPs, despite the 1000 m track made by the alumina pin on material, the wear track generated
on the filled resin was very small in terms of depth. In fact, the track depth could not be evaluated, as it
was in the same range as the part surface roughness, whereas for neat resin, the track depth was in the
range 75–100 µm. The material with 8 wt.% GNP behaved as if the pin slid on the material (Figure 5e).

Figure 5. Wear track width (a) and 2D Profilometer images of wear track of neat epoxy (b),
and epoxy with 3 wt.% non-functionalised GNPs (c), 3 wt.% amino-functionalised GNPs (d) and 8 wt.%
amino-functionalised GNPs (e).

However, for low percentages of graphene (2 wt.% and 3 wt.%), the value of wear track width
of materials with non-functionalised GNPs was similar to neat resin and remained almost constant.
On the other hand, it can be observed that the wear track width was lower than the reference one,
even at low contents when f-GNPs were used (Figure 5d). According to this result, the damage or
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wear made by the pin on the surface was less for graphene functionalised with the amino group.
This effect has been observed in previous studies that were carried out on nanocomposites with carbon
nanotubes (MWCNTs). In this study, for nanocomposites with nonfunctionalised MWCNTs, the wear
track width was not strongly affected by the increase of MWCNT content. However, for nanocomposite
with amine functionalised MWCNTs, the track width decreased considerably, even at the lowest
percentages (2 wt.%) [18]. This improvement of the interface, which leads to a strongly attached resin
layer covering the GNPs when they are amine-functionalised, has been already reported for the same
epoxy/GNP system used for the current research. Thus, it is the effect found in the debris generated
when amine-functionalised GNPs were used [37]. Moreover, the lower thickness and lateral size could
better enhance this interface between the resin and the f-GNPs.

Wear surfaces have been also analysed by scanning electron microscopy to evaluate the wear
mechanisms (Figures 6 and 7). In general, the wear damage decreased when GNPs were added to
the epoxy resin for both types of GNPs. However, the morphology of the wear surfaces depended
on the percentage of graphene. For low contents, they were similar for the two types of graphene,
but at higher percentages, they were very different. In the case of the epoxy resin (Figure 6a,c) and the
nanocomposite with 2 wt.% of graphene (Figure 6b,c), the observed wear track had higher width and
roughness, indicating mainly abrasive and adhesive wear mechanisms. In these materials, two different
wear zones could be distinguished. In the first wear zone, the material was torn out during the test
(abrasive wear mechanism), and in the other wear zone, the removed material from the track (debris)
was crushed during ball movement (adhesive wear mechanism). This adhesive wear caused by the
crushing of the removed material was more evident at the edges of the wear track where the material
crushed had accumulated due to cyclic alumina ball movement in the wear test. This wear mechanism
is the same as that observed in epoxy/MWCNT nanocomposites [18].

Figure 6. SEM images of worn surfaces of neat epoxy (a,c) and 2 wt.% of non-functionalised GNPs (b)
and 2 wt.% amino functionalised GNPs (d) nanocomposites.

However, at higher percentages of GNPs (5 wt.% and 8 wt.%), wear surfaces were different
depending on the type of graphene, indicating that the wear mechanism was different (Figure 7).
For the nanocomposites with non-functionalised graphene, an increment of GNP content up to 5 wt.%
and 8 wt.% resulted in a wear track that was almost imperceptible (Figure 7a,b). For these materials,
the wear track had no roughness, almost no tearing of material took place during test, and even the
initial surface preparation of the sample was distinguished. This observation confirms that, in the case
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of the epoxy resin filled with 5–8 wt.% of non-functionalised GNPs, the graphene acts as a lubricant
inside of the epoxy resin. The lubricating effect of the graphene inside the resin favoured the pin
sliding and, consequently, almost no wear track was observed and no debris detached during the test.

Figure 7. SEM images of worn surfaces of nanocomposites with 5 wt.% (a) and 8 wt.% (b) of
non-functionalised GNPs and 5 wt.% (c) and 8 wt.% (d) of amino-functionalised GNPs.

In the case of nanocomposites with amino-functionalised GNPs, the surface was less smooth
and debris were deposited (Figure 7c,d), while these debris were not observed in samples containing
non-functionalised GNPs. In nanocomposites with amino-functionalised GNPs, a film was formed
between the pin and surface, which acted as a lubricant. Other studies on the mechanism by which
graphene acts as a lubricant and reduces friction between surfaces have shown that it was associated
with the formation of a graphene uniform layer within the area of track wear [10].

This difference in the wear mechanism, according to the type of graphene, was mainly observed
at higher magnification (Figure 8). For low percentages of GNPs, material with non-functionalised
GNPs had a rough surface, indicating an abrasive wear similar to that of the epoxy resin (Figure 8a).
On the other hand, for amino-functionalised graphene, it was observed that for the same percentage,
the surface was smoother and there was less abrasive wear. Although the percentage of graphene was
also low, debris particles (GNPs + epoxy) detached and adhered to the surface, acting as a third body,
which was the lubricant (Figure 8b).

At higher percentages (8 wt.%), the difference in wear mechanism was even greater. The material
surface of non-functionalised graphene was practically smooth, that is, there was almost no wear
track and no material was detached on the surface (Figure 8c). However, in the wear surface of the
nanocomposite with amino-functionalised GNPs, material detached during the test, which acted
as a lubricating layer (Figure 8d). The debris deposited on the surface are shown in Figure 8e,f.
It can be observed the debris was a mixture of epoxy resin and graphene because the bonding of this
functionalised graphene with the resin was higher, thus they detached together. This stronger interface
between f-GNP and the epoxy resin resulted in the presence of nanocomposite-based debris instead
of single GNPs. As explained when discussing the friction rate, the lower size of the f-GNPs when
compared to non-functionalised ones and/or the chemical interaction between amine groups and epoxy
monomer resulted in stronger interfaces that promoted the detachment of resin and f-GNPs together.
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Figure 8. SEM images of worn surfaces of nanocomposites with 3 wt.% and 8 wt.% of non-functionalised
GNPs (a,c) and amino-functionalised GNPs (b,d), respectively. SEM images of the debris particles
detached during test (e,f).

4. Conclusions

The addition of graphene nanoplatelets up to contents of 8 wt.% almost did not modify the density
and hardness of the epoxy resin. Therefore, the improvements in the wear behaviour of the epoxy/GNP
nanocomposites observed were not due to hardness increase by the addition of GNPs.

The wear behaviour of the epoxy resin improved with the addition of two types of graphene
nanoplatelets tested. The mass loss, wear rate and friction coefficient decreased with the increasing
graphene contents. This effect was more marked for nanocomposites with 5 wt.% and 8 wt.% of GNPs.

The incorporation of high percentages of the two types of graphene nanoplatelets provoked a
decrease in the width and depth of wear track surfaces. Nevertheless, the wear mechanism depended
on the GNP type.

When using non-functionalised GNPs, the improvement in the wear behaviour was due to the
fact that graphene acted as a lubricant from inside the epoxy resin. This effect was observed mainly at
higher percentages of graphene, since at low contents, the behaviour was similar to that observed in the
neat epoxy resin. Almost no wear was observed in resin reinforced with 8 wt.% of non-functionalised
GNPs, in which the wear track was smooth, justifying the lubricant effect.

However, in the materials reinforced with f-GNPs, the improvement in the wear behaviour was
due to its detachment from the material and subsequent adherence to the surface acting afterward as a
lubricating layer. The smaller size and/or functionalization promoted the detachment of epoxy and
f-GNPs together.
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The main conclusion is that the addition of 5–8 wt.% of the two types of graphene nanoplatelets
to the epoxy resin improved its tribological properties due to the lubricant effect of graphene that
decreased friction with ceramic alumina bearings.
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