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ARTICLE INFO ABSTRACT

Keywords: Metal-matrix composites are of increasing interest in various industrial fields. The graphene
Industrial engineering reinforcement phase within the metal matrix structures makes it possible to enhance their
Coating

properties and, thus, their performance in many contexts of use. Nickel is one of the most widely
used materials to create such composites due to its mechanical and anti-corrosive qualities.

In particular, many nickel and graphene coatings are produced by electrodeposition. Despite
being an extremely mature process, the production of composite coatings is not trivial, as the
morphology of the film and the graphene inclusion and distribution within the bulk depends on
different process parameters. The work aims to produce a self-lubricating composite coating of
nickel and graphene nanoplatelets. Based on an initial implemented process, the layering of the
layers coated and the mechanical agitation of the bath were varied to improve the inclusion of
graphene in the matrix. The results showed that coating morphology is strongly affected by the
process; also, an increment of film roughness and homogeneity does not necessarily translate into
an increase in performance.

Nickel-Graphene
Electroplating
Co-deposition, wear, friction, lubrication

1. Introduction

Composite electrochemical coatings (CECs) are increasingly applied in many practical and research fields [1-3] to improve surface
properties. Specifically, Nickel is one of the most widely used metals for diluting reinforcement [4]. Graphene nanosheets (GnS) and
nanoplatelets (GnP) have been applied for Ni composite coatings production. Single-layer Graphene is a mono-atomic planar Carbon
thin film [5,6] with outstanding physical and mechanical properties [7]. However, GnP presents easier production, storage and
management and, despite containing more planar layers’, it shows similar properties to single-layer materials, making this material the
ideal reinforcement [8]. Many studies have proved how it can be effectively used as Ni matrix reinforcement to improve surface
properties. Szeptycka et al. [9] achieved a composite Ni-Gr coating that increased the Ni wear and abrasion resistance, while Chen
et al. [10] developed a Ni-Gr coating to increase hardness on steel substrates. In general, those coatings outperform the tribological
performance of the CECs produced through other fillers such as chromium, boron nitride, zirconium dioxide, and PTFE [11].
Therefore, it has been extensively applied as a solid lubricant [12-15] and nanomaterial additive for composite films [16-21]. Indeed,
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friction diminishes by interposing lubricant agents at the interfaces between two sliding parts, and lubricating coatings are already
applied in many industrial fields nowadays [22-26]. Two principal types of metal composite have been proposed in the literature to
enhance tribological performance. The composite film can be produced by dispersing graphene evenly within the metal [27-31] or by
alternating metal layers with graphene layers to form a layered structure [32-34]. In any case, the combined structure aims to improve
the mechanical properties according to mixed composition rules by preventing the dislocation from sliding within the lattice structure
due to the Graphene flake embedded [8]. Among the different methods for producing composite coatings, electrodeposition is one of
the most widely exploited electrochemical methods [35,36]. Indeed, electroplating is a cheap and stable process, extensively applied in
industries as it is very mature, especially concerning Ni [37-40]. Also, it has already been applied successfully to produce a low-friction
copper-graphene composite coating with a low friction coefficient and interesting lubricant properties [41]. Many studies have been
presented to investigate how electroplating parameters affect coating properties such as thickness, morphology and mechanical
performance as they change consistently with the process management [42-44]; additionally, these features also affect the graphene
inclusion and distribution within the Ni matrix affecting the tribological performance [45]. The work aim, therefore, at producing a
Nickel and GnP coating capable of exerting a lubricating action and ensuring a low coefficient of friction, implementing a deposition
process for the production of a composite coating. Based on the first coatings and experimental tests, two strategies were developed to
increase the inclusion of graphene in the matrix, the morphology of the layer and its performance. In particular, the stirring rate was
considered along with the film layering by creating a layered structure with the addition of a final pure nickel coating. The results
showed that the coating morphological characteristics can be improved, as well as the inclusion of graphene in the metal matrix.
However, such improvements are not strictly correlated with an increase in performance.

2. Materials and methods
2.1. Materials

Nickel and Nickel-graphene depositions were performed on 3x4 cm? samples of DCO1 steel, which composition is shown in Table 1.

The deposition process involves preliminary surface preparation by electrolytic degreasing and pickling; the processes were per-
formed wet, using a commercial solution (Condoroine 155 and Descalinox 744P, purchased by Condoroil Chemical S.r.l.). The
composite coating deposition were carried out through a cathodic deposition. The galvanic bath chosen for deposition is Watt’s bath,
based on nickel sulphate, nickel chloride and boric acid; the composition of the Nickel and Nickel-graphene deposition baths is briefly
shown in Table 2.

The graphene used for the process was purchased by Nanesa and was in the form of graphene nanoplatelets (GnP), whose char-
acteristics are summarized in Table 3; it is worth noting that the lateral dimensions of the reinforcement are high, with values as high as
100 pm, although the thickness is only a few atomic planes. As expressed by the D50 value, only 50% of the particles are below an
average diameter of 42 um.

2.2. Methods

2.2.1. Electroplating process

Ahead of the electrodeposition process, the surface of the DCO1 samples was prepared by electrolytic degreasing and pickling. The
former was performed cathodically with a stainless steel electrode inside a degreasing solution of distilled water and Condoroine 155
8%t (Condoroil Chemical S.r.1.) applying a voltage of 8 V for 3 min; the latter, by immersing the sample for 120 s in Descalinox 744P
(Condoroil Chemical S.r.1.) solution in distilled water 10%.,:. Both processes were followed by rinsing in distilled water. The composite
coating deposition were carried out through a cathodic deposition process with a laboratory set-up inside a 500 ml cylindrical becher,
in which Nickel electrodes (anode) and the deposition substrate (cathode) were housed. The galvanic solution used was mechanically
stirred. The process involves different phases; the first step involves a 5 ym layer coating of pure nickel, followed by 10 ym nickel-
graphene composite coating deposition. However, according to preliminary results, action was necessary to improve the inclusion
of graphene on the surface. For this purpose, two strategies were adopted: increasing the mechanical agitation of the bath (GnP/Ni_s)
or the deposition of a final Nickel layer (GnP/Ni_Ni), as schematically shown in Fig. 1.

The coatings were compared with the non-deposited substrate and a pure Nickel deposit of 15 pm thickness. The duration of the
galvanic process was determined as a function of the current density supplied to the system, according to Faraday’s law. However, in
the case of composite coatings, the thickness may differ considerably from the theoretical value due to different process efficiency and
coating porosity. The process parameters used to produce the coatings are summarized in Table 4.

Table 1
DCO1 steel composition.
Element
Fe C P Mn Ni Cr S Si Mo Cu Al
Weight [%wt] 99.12 0.12 0.045 0.6 - - 0.045 - - - -
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Table 2
Galvanic bath composition for each layer produced.

Bath components

Nickel Sulphate Nickel Chloride Boric Acid Sodium dodecyl sulfate GnP
[g/1] [g/1] [g/1 [g/1d
Layer Ni 225 30 30 0 0
Ni/GnP 225 30 - 0.1 1

Table 3

GnP technical datasheet 2022.
Property Value Unit
Appearance powder -
Carbon content > 97 wt.%
C:0 ratio 49:1
Bulk density 0.07 g/cm®
Specific surface area 56 m?/g
Average flake thickness 8 nm
Layers 17 -

Average particles size (lateral)
D90 96 um
D50 42 pm

Fig. 1. Schematization of the composite coating produced.

Table 4
electroplating parameters exploited for the production of the composite coatings.
Parameter
1 T Stirring rate
[A/dm2] [ci [rpm]
Sample GnP/Ni Ni 3 20 250
Ni-GnP 0.3 45 250
GnP/Ni_s Ni 3 20 250
Ni-GnP 0.3 50 1000
GnP/Ni Ni Ni 3 20 250
Ni-GnP 0.3 50 250
Ni 3 20 250
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2.2.2. Morphological analysis

The sample analysis included the analysis of the surface by profilometry, which allowed the profile acquisition to evaluate the main
roughness parameters and the reconstruction of surfaces’ 3D maps; for the former, 30 profiles of 12.5 mm spaced 100 um with a
resolution of 1 ym were acquired while the latter required a 3x3mm? analysis with a spacing and resolution of 2 ym to create the maps.
The roughness parameters evaluated are described as follows, while the respective equations are given in [46]:

e R,, defined as the average absolute deviation of the roughness irregularities from the mean line over the sampling length;

e R,, defined as the difference in height between the average of the five highest peaks and the five lowest valleys along the assessment
length of the profile;

e Ry, which represents the mean for the length of profile elements within the sampling length;

® Ryg, which indicates the root mean square of the local tilt dZ/dX along the sampling length;

e Ry, which is the third central moment of the profile amplitude probability density function, and measured over the assessment
length;

e Ryy, which is the fourth central moment of the profile amplitude probability density function, measured over the assessment length

Also, SEM images were acquired to analyze the coating surface and structures.

2.2.3. Coating mechanical performance

Progressive scratch tests, ruled by the ASTM G171-03 standards, were also performed with a Rockwell diamond tip with a radius of
200 um; the scratch length was equal to 3 mm with a load increasing linearly up to 30 N with a scratch speed of 1 mm/min. Dry sliding
wear tests were performed to assess the friction coefficient through a 6 mm diameter alumina ball as a counterpart; the sliding velocity
was equal to 5 cm/s, and the load was 1 N.

The test lasts up to a distance of 60 m. Finally, SEM images were acquired to highlight the morphology of the coating and wear
trails. SEM-EDS analyses were also performed on the scratch trails to investigate the coating adhesion.

3. Results
3.1. Surface morphological assessment

Fig. 2 shows the 3D maps produced by profilometry for the scenarios investigated.

The nickel layer has a homogeneous morphology with a smooth surface similar to the untreated substrate, as evidenced by the St
parameter on the map side (14.2 and 18.2, respectively); this value stands at 119.2 for the deposition of GnP within the metal matrix
obtained with low mechanical stirring, which presents uniformly distributed peaks resulting from the graphene deposition; the flakes
incorporate within the nickel matrix while the Ni ions reduce onto the substrate.

This mechanism anchors the GnP particles to the surface; however, the large dimension of the graphene flake produces a height
displacement to the flat surface below; additionally, charge accumulation on graphene particles due to their higher conductivity alters
the nucleation of Ni grains onto the surface, exacerbating the Nickel growth on preferential sites. Other works achieved Nickel-
Graphene composites in which the friction experiencing an increase in roughness was found with the addition of reinforcement

Substrate Nichel

1d.2pm

119.2pm

218.4um

1mm

Fig. 2. 3D morphological representation of the coated samples.
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[47,48] up to the creation of large clusters [49,50] of graphene on the surface; however, the extent of roughness is strongly dependent
on the type of reinforcement used.

On the other hand, increasing the stirring rate results in a St reduction; the increased centrifugal force inside the deposition tank
may push the higher mass and size flake away from the surface; therefore, the height displacement to the flat surface is flattened; also,
the Nickel nucleation is more uniform along the whole surface, and the coating is homogeneous with a reduced St value, as highlighted
by the 3D maps.

The Nickel deposition following the GnP/Ni coating is responsible for a severe increase of the St value over 200 pm; due to the high
charge accumulation on the surface peaks, Ni ions reduce preferentially onto them, accentuating the Ni/GnP film morphology.

Fig. 3, which shows a profile for each scenario as an example, confirms this behavior.

The picture highlights the similarity between bare substrate and pure nickel profiles, as the pure Nickel resumes the substrate
profile without altering its geometrical features; the GnP/Ni coating profile shows high peaks reaching over 50 um height, which are
equally distributed and alternate with a few tenths of a millimeter planar sections; in contrast, the increased stirring rate produces a
higher number of surface peak characterized by reduced size and spacing confirming the presence of an increased number of
nucleation site on the surface.

The pure Ni layer plated on the GnP/Ni replicates the underlying coating surface; the Ni ions reduction occurs at the surface as-
perities, increasing its height and width.

However, the increased peak cross-section decreases the space between two consecutive ridges; as a result, narrower and deeper
valleys are visible.

The roughness parameters in Fig. 4 obtained from the surface analysis confirm what the qualitative morphological investigation
suggested.

As expected, the DCO1 substrate shows the lowest roughness parameters since being produced through a rolling process; however,
pure Ni deposition does not substantially afflict the surface morphology and negligibly increases the roughness parameters.

On the other hand, the introduction of graphene deeply affects the surface morphology, increasing the roughness parameters
measured.

The GnP/Ni and GnP/Ni_Ni samples exhibit the highest Ra and Rz values; the latter, which presents a nickel layer on top, shows
slightly higher values.

On the other hand, the sample produced with a high stirring rate displays significantly lower values; a high roughness has already
been associated with the filler presence inside a metal matrix, forming preferential nucleation zones [31]; however, it seems that the
increased mechanical agitation of GnP/Ni_s forces the larger particles to move away from the electric double layer and thus reduces the
size of the embedded reinforcement.

Also, it is worth noting that the spacing value (Rsm) obtained for this sample is also the smallest of all the scenarios; as the size of
GnP on the surface reduces, the probability of lying between consecutive peaks increases, contributing to a decrease in the Rsm pa-
rameter’s value.

Conversely, GnP/Ni and GnP/Ni_Ni have higher and similar values; this parameter considers homologous points on the profile, and
the two scenarios have the same composite layer.

However, the latter has profiles with higher slopes compared to GnP/Ni because Ni deposition occurs preferentially on the as-
perities of the surface ridges, creating a non-constant coating thickness along its flank; in any case, the nickel end-coverage improves
the reinforcement covering and coating continuity.

The GnP/Ni and GnP/Ni_s composite films have positive Rsk values, as opposed to GnP/Ni_Ni; this value indicates that, despite
deposition occurring preferentially on the clusters, the increase in their size goes so far as to fill the existing gap, reproducing and

Fig. 3. Surface profiles derived from 3d maps.
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Fig. 4. roughness parameters measured on deposited surfaces.

Fig. 5. SEM images at different magnifications of the composite coatings obtained.
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exasperating the underlying morphology but creating a profile with a predominance of peaks and narrow valleys, albeit very deep.

The SEM images in Fig. 5 highlight these morphologies.

As expected, the Ni coating has a compact and homogenous structure; even at higher magnifications, the lack of discontinuities and
surface defects is evident, as well as a homogenous nucleation of the metal on the surface; in contrast, the graphene introduction
significantly modifies the coating morphology, which shows a highly uneven and non-homogeneous surface.

The presence of columnar structures characterizes these three scenarios, with irregular shapes that rise from the surface inter-
spersed with planar areas where the film is not deposited; these structures, due to the shape irregularity, create a coating with high
porosity.

However, the extent of these features is highly dependent on the process implemented, as shown in the low-magnification SEM
images; while the film voids are evident in the GnP/Ni sample, which exhibits large uncoated areas, they are no longer present as far as
GnP/Ni_Ni and GnP/Ni_s samples are concerned; in addition, the latter display a uniform coating with small adjacent cluster whereas
the former highlights more spaced columnar structures like in GnP/Ni.

Nonetheless, higher magnifications show that the composite coating structure remains mostly unaffected and characterized by
columnar structures, although in GnP/Ni_s the scale of their dimension is lower.

The dense GnP/Ni_s structure, although showing small surface clusters, leads to a porous layer that includes the graphene thor-
oughly; the increased agitation prevents the large particles from being deposited as the centrifugal force pushes them apart from the
sample surface.

As visible at higher magnifications, in GnP/Ni the graphene is not fully included within the metal structure; although anchored to
the sample surface by the Ni ions’ reduction, the GnP flakes in the surface clusters are not covered thoroughly.

The Nickel covering the GnP/Ni_Ni sample allows the filling of the planar spaces between the columnar structures, completing the
inclusion of the reinforcement within the matrix and creating a more homogeneous coating on the substrate. In addition, the Nickel
deposited in GnP-functionalized substrates has a higher nucleation during the electrodeposition process, which results in the forming
of an increased number of grains along with a general reduction in their size, as shown in Fig. 6, despite this does not lead to the
development of a consistent layer for the reasons discussed above.

Fig. 7 shows the EDS investigations performed on the GnP/Ni sample in distinct areas of its surface; in particular, the analysis was
performed on the clusters (Fig. 7a) and the planar space (Fig. 7b).

The measured spectra display a clear difference in composition; the latter shows significantly higher percentages of carbon and
oxygen than the investigated planar space, whose composition is predominantly Nickel.

This difference suggests that the coating obtained is not actually continuous, but the graphene deposit on the surface above which
the deposition of Nickel occurs embedding the graphene flake; as the reduction of Ni ions continues, the clusters enlarge, touching each
other to create a coating characterized by high porosity.

With a decrement in the size of the surface reinforcement, more preferential nucleation sites are present, leading to the formation of
a more compact film.

3.2. Mechanical performance evaluation: Scratch and wear test

Fig. 8 shows the scratch curves obtained to assess the coating’s adhesion to the substrate.

The chart highlights the similar trend that characterizes DCO1 and Nickel in terms of Pd and Rd, with the lower values. Both show a
linearly increasing trend with the applied load. Nickel, which has higher hardness than the substrate, shows slightly lower Pd values;
both DCO1 and Ni Rd curves, on the other hand, exhibit a sharp reduction at higher loads. Pure Nickel displays a higher Rd value

Fig. 6. SEM images at different magnifications of the composite coatings obtained.
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Fig. 7. EDS analysis of the GnP/Ni sample (a) in the planar zone between contiguous clusters and (b) within a cluster.

Fig. 8. Penetration and friction curves as a function of load obtained in the scratch test.

towards the end of the trace than the substrate; this behavior is caused by the coating compaction at the end of the track following the
action of the indenter after 20 N. Also, it is worth noting that around 27 N, in both scenarios, the residual depth decreases sharply for
both the Ni coating and the non-deposited substrate; the material in front of the indenter tip undergoes compressive stress, and if the
film has good cohesion and adhesion to the substrate, it accumulates at the end of the scratch track, and the indenter detects the build-
up material when measuring the residual depth, producing negative values of this parameter.
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Conversely, the Pd and Rd values of composite coatings are significantly higher, and the curves show a steep initial section followed
by a similar trend in Ni and DCO1. The graphene inclusion increases the surface roughness, producing columnar and irregular
structures that result in porous film. Therefore, the indenter encounters an initial phase where the coating feasibly penetrates; as it
advances, it exerts compressive stress on the underlying layer and produces film compaction o. In general, a correspondence emerges
between the values of Rz and maximum penetration; therefore, the smoother and more homogeneous the film with close surface ridges
of reduced height, the lower the penetration depth. It appears that the indenter, during its run, homogeneously flattens the coating.
This behavior is evident in the final segment of the Rd curves; flattening of the composite film, along with possible partial damage and
coating delamination, results in a limited pile-up, with the Rd value remaining lower than zero at the end of the trace. This trend also
seems to be confirmed by the Pd-Rd values, a springback index, which is lower for the composite coatings. However, it is worth noting
that in all scenarios, GnP/Ni is the only one capable of exerting an effective lubricating action, as highlighted in the friction curves of
Fig. 8. In general, the coefficient of friction increases with load as the indenter increases the contact area with the coating as it
penetrates the surface, and the tangential force increases accordingly. However, in the case of GnP/Ni, the coefficient of friction is
around 0.1, with a slightly decreasing trend with the applied load. Despite having a high Pd value, the action of the tip will probably
dislodge the graphene lying between the indenter and the surface.

Fig. 9 shows the SEM images of the trace morphology. The pure nickel trace shows no delamination or coating breakage; as Fig. 9
highlights, the coating is subject to a micro ploughing mechanism and flows plastically to the sides of the indenter, creating a lateral
pile-up, in addition to the one at the head of the wear track as deduced from the wear curves.

On the opposite, the GnP/Ni and GnP/Ni_Ni samples show clear signs of coating detachment at the scratch track sides; the conical
shape of the indenter, as the test progresses, exerts shear stresses on the columnar structures adjacent to the track, which detach from
the substrate as they are shear-stressed; in the former, however, the extent of the delamination is greater, affecting a broader coating
portion; on the contrary, in the GnP/Ni_Ni sample the final metal covering seems to increase the coating cohesion, preventing the
process from expanding outside the scratch trace; within the scratch trail, on the other hand, the compressive stresses are such as to
compact the porous coating, which therefore does not accumulate at the end of the scratch trace but remains adherent to the surface,
interposing itself between the tip and the substrate and exerting, in the case of the GnP/Ni sample, a lubricating action. The film
compaction is particularly noticeable in GnP/Ni_s, which presents a homogeneous wear track with well-defined edges.

The images in Fig. 10 achieved by EDS analysis allow an in-depth analysis of the scratch trails. The EDS maps show that the Nickel
coating does not suffer any damage, flowing plastically to the sides of the tip and suffering no delamination. In contrast, the GnP/Ni
sample breaks up, producing a delamination of the coating that goes well beyond the edges of the trace, revealing the underlying
Nickel substrate. The presence of prominent asperities on the surface accentuates the stress concentration factor, and the graphene
particles subjected to shear tensions during the indenter’s run do not retain their adhesion to the substrate. However, no Iron is
detected in the spectrum, indicating that the coating remains adhered and does not expose the DCO1 steel substrate; in contrast, the
final Nickel coating reduces the delamination experienced by the film, which is instead compacted within the trace, as shown by the
high Nickel concentrations detected. This compaction allows the graphene to stay inside the trail, in contrast to what happens in GnP/
Ni; in the latter case, in fact, high amounts of GnP (Carbon) are not detected, which, under the action of the indenter, detach
themselves from the coating. By interposing itself between the base Nickel and the indenter, it manages to exert a lubricating function,
unlike the GnP/Ni_Ni scenario. In GnP/Ni_s, the presence of narrow asperities close to each other allows the formation of a film with
greater compactness and consistency, preventing delamination without an additional nickel coating, with the film compacted as the tip
travels. As with GnP/Ni_Ni, the graphene remains encapsulated within the track due to the compression of the coating, thus being
unable to exert a lubricating action; furthermore, as the high stirring draws the heavier reinforcements away, the carbon signal is
lower.

The wear tests, whose curves are shown in Fig. 11, confirm the above in relation to the friction coefficient. As expected, the
substrate has the highest coefficient of friction, varying between 0.5 and 0.6 during the test. The specimen coated with Nickel, which
has a higher hardness than the substrate, presents a significantly lower friction coefficient after an initial stretch when the contact
between counterpart and sphere settles. The composite coatings show highly different behavior.

As highlighted in the literature, the test generates an oxide tribofilm which is broken producing debris [51]; due to the discon-
tinuity a metal-to-metal contact is created, producing a slight adhesive wear, as well as triboxidative wear. The same mechanism was
found in [47], where the presence of reinforcing particles within the oxide layer is highlighted, which, although discontinuous, are able
to reduce friction and wear, also highlighting the formation of a carbon-rich lubricating surface layer.

The GnP/Ni sample shows the lowest coefficient of friction, with a stable and constant value of about 0.15 throughout the test. In
spite of a high roughness, there is not a high resistance to advancing as the pin causes the clusters to break due to the high porosity. In
the authors’ opinion, the flakes breaking are interposed between the pin and the surface, avoiding the metal-to-metal contact and
mitigating the tangential force required for motion, which is proportional to the friction coefficient measured, as shown in [47] and
[48]; a slight increase in the friction coefficient is observed as the test continues, which may be due to the consumption of the graphene
particles not anchored to the surface and the progressive widening of the track and thus of the contact surface with the counterpart.
Nickel deposition, however, worsens the friction value, which is higher than Nickel and fluctuates during the duration of the test. The
graphene remaining within the coating fails to act as an interface element and to balance the effect of the high roughness produced.
During the experiment, just part of the included graphene was exposed and interposed between counterpart and surface, achieving
partial and discontinuous lubrication over time.

Increased agitation reduces the size of the embedded reinforcements and, consequently, worsens the value of the friction coeffi-
cient. In the case of GnP/Ni_s, although a uniform distribution of the nanosheets should improve the behavior [50,52], the lower
amount of graphene is not such as to allow the formation of a tribofilm [53]. Therefore, friction increases due the high surface
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Fig. 9. SEM images of scratch marks on coatings.

Fig. 10. EDS maps of the scratch trails.

roughness [53], which is higher than that of pure nickel. In any case, the homogenous and compact structure of the coating, which also
has the lowest roughness, makes it possible to obtain a more constant course of this value over time.
Fig. 12 shows the SEM images of the worn trail. Of all the coatings, Nickel has the narrower wear trace; the hardness of the material,
in addition to a smooth surface and the high film density, leads to reduced wear, maintaining the coating adhered to the substrate.
Conversely, the traces produced on GnP/Ni and GnP/Ni_Ni show traces of comparable size as the composite layers are similar. The
trail of the former, however, seems to be slightly larger; as the coating is less compact, the sphere gradually penetrates, wearing it down
but, at the same time, revealing the graphene inside that acts as a lubricant. The final Ni coating appears to reduce the wear of the film

10
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Fig. 11. Friction coefficient VS sliding distance.

Fig. 12. SEM images of the trails obtained from the dry sliding test.

slightly, increasing its cohesion. However, this does not allow the trapped graphene to reach the surface, leaving it embedded at the
bottom of the trace. On the other hand, the sample produced with the higher stirring has a wear trace of intermediate size. While the
inclusion of graphene is not such to allow efficient lubrication, the film structure is such that it compacts under the action of the
counterpart without suffering delamination or excessive damage, unlike the GnP/Ni sample.

4. Conclusion

This paper investigated the self-lubricating properties of a composite coating in which graphene is dispersed within a pure nickel
matrix by electrodeposition. In particular, the work studied how different processing parameters impact the morphology and effec-
tiveness of a nickel-graphene composite coating produced on a steel substrate. To this end, the layering and mechanical agitation of the
bath were varied on the basis of preliminary Nickel-graphene coating. The main results achieved are listed as follow:

e Graphene acts as a preferential nucleation site for nickel during ion reduction, leading to a rough deposit with large GnP particles.

e The nickel-graphene composite coating is partly non-continuous, with GnP particles partially uncovered, and requires proper
interposition for effective lubrication.

e Stirring in the bath helps create a more homogeneous film by pushing larger particles away, resulting in a coating where smaller
flakes are more evenly distributed.

11
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e The final nickel coating allows graphene to embed and enhances the underlying morphology, contributing to a more effective and
consistent structure.

e Wear tests show that GnP/Ni composite achieves the lowest friction coefficient (0.15), forming a lubricant layer during the test.
Other composite coatings perform worse than pure Ni.

e Large clusters in the coating lead to cracking under shear and compressive stresses, causing delamination and exposing the
substrate.

e Films with higher stirring and nickel top coatings exhibit a more homogeneous and consistent structure, indicating the importance
of optimizing processing parameters for enhanced structural integrity and lubricating properties.

e The study highlights the intricate relationship between processing parameters, coating morphology, and lubrication effectiveness
in nickel-graphene composite coatings on steel substrates.
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