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Abstract: Titanium alloys are widely used in many industrial applications, from aerospace to au-
tomotive, and from defense to medical, as they combine superior properties such as high strength
and low density. Still, titanium and its alloys are insufficient in environments with friction and
wear because of their weak tribological properties. In the literature, numerous research works on
improving the surface quality of titanium alloys have been conducted. Electroless coatings, on the
other hand, are one of the most widely used surface improvement methods due to its homogeneous
thickness achievement, high hardness, and good corrosion resistance. The autocatalytic reduction in
the coating process enhances the surface quality of the material or alloy considerably. In addition,
many studies in the literature aim to carry the properties of electroless coatings to a higher point by
creating a composite coating with the addition of extra particles. In this study, graphene-reinforced
nickel matrix Ni-P-Gr coating was applied to the surface of Ti-6Al-4V alloy, in order to enhance
weak tribological behaviors, by the electroless coating method. Moreover, the coated and uncoated,
heat-treated, and non-heat-treated specimens were subjected to abrasion in linear reciprocating
ball-on-plate configuration to observe tribological properties. Microstructure examination of the
samples was performed using a scanning Electron Microscope (SEM), X-ray Diffractometer (XRD),
X-ray Photon Spectrometry (XPS), and Raman Spectroscopy. Specific wear rates of specimens were
calculated using microstructural analysis and the hardness of the produced samples was measured
using the Vickers hardness test. Results indicate that both the coating and the heat treatment im-
proved the microstructure and tribological properties significantly. With the graphene-reinforced
Ni-P coating via electroless coating process, the hardness of the substrate increased by about 34%,
while it increased by approximately 73% using subjected heat treatment. Furthermore, the wear rate
of the Ti-6Al-4V substrate was approximately 98% higher than that of the heat-treated nanocomposite
coating. The highest wear resistance was obtained at the heat-treated nanocomposite coating.

Keywords: graphene; nanocomposite; nickel matrix coatings; titanium coating; electroless nickel
coating; Ni-P electroless coating

1. Introduction

The surface properties of engineering materials directly affect the performance of
applications because most of the failures such as corrosion, fatigue, wear, and friction
occur on the material surface. Electroless Ni-P coating is widely used in many areas
from the automotive to the computer industry since they have properties such as good
corrosion resistance, high hardness, thickness uniformity, and good wear resistance [1,2].
Electroless Ni-P coating is an important surface improvement method to improve the
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physical and chemical properties of materials due to the autocatalytic reduction process.
Many researchers [3–7] have focused on the subject.

It has been stated in many studies in the literature that metal matrix composites are
ahead of monolithic metals in terms of properties such as high strength, high electrical
conductivity, high toughness, and low density [8–10]. In addition, it has been reported that
metal matrix composite coatings can be produced by adding third-phase reinforcements
to increase the properties of the coatings such as corrosion-wear resistance and strength,
provided that they have biological and chemical compatibility [11–13].

It is common practice to obtain composite electroless nickel plating by adding various
particles to electroless nickel plating [14–17]. These particles are completely and evenly
distributed in the electroless nickel matrix and are firmly attached to the substrate, making
electroless coatings more durable and long lasting than other lubrication and wear resistant
alternatives [18]. It is widely accepted in the industry. In this application, it has been
demonstrated that microhardness and tribological properties can be significantly improved
by particle refining mechanism and charge transfer [19].

Carbon-based materials are the most common reinforcing materials used when creat-
ing electroless composite coatings. There have been several studies [20–30] in the literature
characterizing their performance. Graphene nanoparticles, on the other hand, are one
of the most advantageous carbon-based materials due to their ability to provide fracture
strength up to 125 GPa and Young’s modulus up to 1 TPa [31]. Thanks to its honeycomb-
shaped hexagonal structure, graphene is endowed with numerous strengths such as being
atomically thin, inert, wear-resistant, impermeable, and mechanically durable [23,32,33].
The addition of graphene-based materials to electroless nickel coatings has been a recent
development and the properties of coatings has great attention. For example, Ni-P coatings
prepared by Huihui et al. [20] with graphene oxide reinforcement showed excellent me-
chanical properties and hardness. Similarly, Tamilarasan et al. [21] synthesized Ni-P-GO
with an electroless coating technique, and declared that graphene entering the Ni-P matrix
could improve the wear properties of the coating alloy due to the lubricating effect of the
graphene. Other researchers produced reduced graphene oxide (rGO) doped electroless
Ni-P coating and revealed that the composite coating exhibits a rougher structure [22–24].
On the other hand, in other studies that produced metal matrix composite coatings using
rGO, it was emphasized that the optimum amount of reinforcement should be adjusted, and
it was revealed that adding a very high amount of rGO particles would adversely affect the
hardness [25–27]. Hu et al. [28] used the electroless coating method for the first time for the
synthesis of Ni/Graphene sheets and reported that no aggregates were formed despite ob-
taining a high nickel accumulation rate. Yu et al. [29] produced graphene-doped electroless
Ni-P coatings on stainless steel specimens and reported that the graphene reinforcement
gave higher Young’s modulus and higher hardness.

On the other hand, in some studies in the literature, Ni-P coating and Ni-P-Gr coat-
ings were studied together. The effects of graphene on Ni-P coating were investigated.
Mindivan et al. [32] used St-37 substrate in their studies where they produced Ni-P and
graphene nano-plate-reinforced Ni-P coating by electrolytic coating method. They found
that the lowest wear rate and the highest hardness would be obtained in the composite
coating. As a result of microstructural investigations, they stated that this improvement
was due to the more compact structure of the composite coating. Uysal [26] produced Ni-P
coatings using electroless coating method in his study using mild steel as a substrate. They
investigated the effects of graphene oxide and TiO2 particles on morphology, corrosion
and tribological properties, and as a result, they revealed that the presence of graphene
oxide and TiO2 particles improved the hardness of the coating. Yu et al. [29] prepared
pure Ni-P coating and graphene-reinforced Ni-P coatings by ultrasonic-assisted electroless
plating on mold material (06Cr25Ni20) substrates. In this study, which aims to improve
the mechanical properties, the hardness value of the Ni-P coating increased from 1096.4 to
1184.6 HV, while the Young’s modulus of the composite coating increased by 8.2%. In other
studies using different substrates, it was reported that graphene reinforcement improves
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the properties of the Ni-P coating, and the composite coating is particularly tribologically
advanced compared to the pure Ni-P coating [23,25,28].

Titanium and its alloys have excellent mechanical and physical properties such as
high strength, low weight, and remarkable corrosion resistance, so it is used in many
industries, especially in aerospace. Especially, Ti-6Al-4V is a light but strong alloy and
saves weight in highly loaded structures, so it is extremely suitable for jet engines, gas
turbines, and many airframe components [34–37]. Although titanium and its alloys have
been widely used in many areas due to its advanced physical and mechanical properties,
unfortunately, it is insufficient in areas which require wear and friction resistance due to
electron arrangements and crystalline structures. Many surface improvement methods
have been tested to improve the tribological properties of titanium and its alloys [38–41].

The purpose of this study was to investigate the effects of electroless Ni-P coating with
graphene nanoparticle reinforcement on the microstructure and weak tribological proper-
ties of Ti-6Al-4V. Ni-P-Gr coatings have been produced on different types of substrates by
an electroless-deposition method in many studies in the literature. However, to the best
of our knowledge, there have been no studies on the production of Ni-P-Gr film, which is
associated with the tribological properties of Ti-6Al-4V by electroless deposition method.
In addition, the effect of heat treatment on microstructure and tribological properties of
the uncoated and coated titanium alloys was investigated. It was found that graphene-
reinforced Ni-P matrix nanocomposite coating could be successfully applied on Ti-6Al-4V
substrate. Microstructural properties of heat-treated and non-heat-treated, non-coated, and
nanocomposite layers were investigated by Scanning Electron Microscopy (SEM), X-ray
Diffractometer (XRD), X-ray Photon Spectrometry (XPS), and Raman Spectroscopy. In
addition, tribological and mechanical properties were analyzed by a reciprocating the
ball-on-plate and the Vickers microhardness test devices. It was concluded that graphene
addition and heat treatment remarkably improved the microstructure and tribological
properties.

2. Materials and Methods

In this study, Ti-6Al-4V titanium substrates were used. All the substrates have
50 mm × 50 mm × 2 mm dimensions at the beginning of the processes. Surface prepa-
ration processes were applied to the Ti-6Al-4V substrates before the coating process. Due to
their thermodynamic behavior, titanium alloys tend to form a passive and persistent oxide
layer, making it difficult to coat. In addition, if electroless nickel coatings are applied to
dirty or oxidized surfaces, desired coating quality cannot be achieved. In order to prevent
the oxidation of the titanium surface, the zincating process was carried out. The surface
preparation, activation, and oxide layer avoidance processes applied for the Ti-6Al-4V sub-
strates in order. The substrates were degreased with acetone and then air-dried. Afterward,
the chemical etching process of the substrates immersed in a 6% hydrogen fluoride (HF)
acid solution was completed and rinsed in deionized water. Afterward, the samples, which
were zincate for 90 s and then dipped directly into the nanocomposite coating solution.
Commercial electroless Ni-P coating solution was used for the coating process. A total
of 2 g/L graphene nanoparticle was added to the solution. The average radius of the
graphene nanoparticle is 1.5 µm. Electroless nickel phosphate graphene coating bath was
mixed with an ultrasonic homogenizer for 1 h in order to prevent the nano powders from
clumping and collapsing during the coating process. The coating process took 60 min, the
temperature was kept at 90–92 ◦C during the process and a magnetic stirrer was used to
ensure homogeneous mixing. It is a well-known fact that the superiority of the Ni-P-Gr
composite coating over the Ni-P coating has already been proven. Therefore, pure Ni-P
coating was not applied and eventually a comparison was not made.

In order to observe the effect of the heat treatment after the coating process, a group
of samples were exposed to heat treatment. After the electroless coating process was
performed, samples were separated into two groups and one was heat-treated for 1 h at
450 ◦C in an argon atmosphere heat treatment furnace and then the samples were left to
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cool down for all night long. The other group was left as non-heat-treated. The wear and
friction tests of the samples were carried out in the linear (reciprocating) module of the
UTS Tribometer T30M-HT (UTS Scientific Instruments, Trabzon, Turkey) wear test device.
The wear tests are based on the ball-on-plate tribo-testing configuration technique and the
schematic view of reciprocating wear mechanism is shown in Figure 1. The experiments
were carried out at room temperature (RT), in an oil-free environment, under a normal load
of 1 N. A ball made of Al2O3 with a diameter of 10 mm was used to wear samples with a
constant sliding speed of 100 mm/s for the total sliding distance of 100 m.

Figure 1. Schematic view of reciprocating wear mechanism.

Surface morphologies were analyzed by Scanning Electron Microscope (Hitachi
SU5000, Tokyo, Japan) and Raman analyses were performed with Jasco NRS-4500 Raman
spectrometer (Easton, MD, USA) in Ankara Yıldırım Beyazıt University (AYBU) Central
Laboratory. The elemental analysis was performed using a PANalytica X’pert Pro MDP
Brand XRD scanning device (Great Neck, NY, USA) with Cu K alpha monochromator at a
speed of 2◦/min. The wavelength of the beam is 1.54059 Å. The analysis of the peaks from
the XRD analysis was conducted with the help of computer software. The crystal structure
characterization of the Ni-P-Gr coating layer produced in the study, the region where 2θ is
between 10◦ and 110◦, was investigated. The chemical composition was investigated by
XPS analysis. In addition, XPS measurements were performed on the PHI 5000 Thermo
Scientific K-Alpha instrument (Waltham, MA, USA) with a 50 W X-ray anode sourced from
monochromatic Al-K (1486.6 eV) beams at a vacuum of 10−10 Torr. X-ray Photoelectron
Spectroscopy (XPS) analyzes were taken on both the normal sample surface and wear
marks. Before starting the analysis, ion beam etching was conducted. This process was
performed in order to clean the surface, in case there was 10 nm of pollution, oxidation, etc.
on this surface. While looking for nickel, carbon, phosphate, and oxygen in the analysis of
normal surfaces, aluminum was also added to the analysis of the wear marks, being the
material of the ball. Vickers microhardness studies were carried out for the nano composite
coatings, and a load of 200 gr was applied for 15 s in the measurements made using the
Matsuzawa HWMMT-X3 brand microhardness test device (Tokyo, Japan). In this study, the
microstructural examination of the composite coating was carried out using SEM images,
while the presence of graphene was investigated using the XPS and the Raman spectrum
analyses. For this reason, the measurement of the coating thickness of the samples was
measured using a Leica CTR6000 microscope (Wetzlar, Germany).

3. Results and Discussion

The sectional images taken using a microscope are displayed in Figure 2a,b for the
titanium alloy substrate and the nanocomposite coating, respectively. In Figure 2b, the
substrate, the substrate-coating interface, and the coating are clearly visible. The interface



Coatings 2022, 12, 1827 5 of 15

lies homogeneously on the substrate. Different studies have stated that, since the electroless
coating process takes place in the bath solution, the homogeneous coating thickness was
obtained regardless of the substrate shape, and Figure 2b supports this information [42–45].
Also, with the use of the microscope’s own scale, ten different measurements were taken
on the coating. These measurements yielded a mean coating thickness of 12.47 µm. In a
study by Meshram et al. [46], Ni-P and Ni-P-Gr coatings were successfully deposited on
the substrate via the electrodeposition method for 1 h. As a result, the coating thickness
for Ni-P coating was approximately 3.30 µm, while the coating thickness was found to
be approximately 7 µm for each ratio with graphene reinforcement at different ratios.
Graphene added to the Ni-P matrix provides more surface area for the reduction in nickel-
phosphorus, which may increase the deposition rate leading to the observed increase in
the thickness of the graphene-reinforced coatings [46]. Although the coating time of this
study is the same, the reason for obtaining a higher coating thickness than that in the
Meshram’s study can be explained by the addition of graphene at a higher rate. As a matter
of fact, the volume of graphene entering the structure increases due to the increase in the
graphene added to the bath composition by weight [47]. Likewise, Yasin et al. [47] aimed
to produce graphene-reinforced Ni-P coating at different rates using the electrochemical
coating technique in their study and obtained the maximum coating thickness at the
maximum graphene ratio (0.4 g/L).

Figure 2. Section from (a) Ti-6Al-4V, (b) coated sample.

After the successful coating operations, the surfaces were investigated. Figure 3
shows SEM and EDS images of the graphene-doped nickel matrix nanocomposite of
Ti6-Al-4V alloys. When the surface morphology of the Ti-6Al-4V alloy was examined, it
was clearly seen that there were surface segregations. These segregations were caused by
the coaxial α phase and the intergranular β phase in the Ti-6Al-4V alloy microstructure [48].
In the EDS elemental analysis, the elements on the surface of the Ti-6Al-4V alloy are as
shown in Figure 3b; after the coating process was applied to the substrate, both the surface
morphology and the elemental composition were completely changed and this change is
shown in Figure 3c,d, respectively. A homogeneous, crack-free, non-porous, and spherical
microstructure was obtained with the coating process. In many studies in the literature,
it was pointed out that this nodular microstructure is the characteristic feature of nickel
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phosphate coating [49]. On the other hand, when the elemental analysis of the coating is
examined, as shown in Figure 3d, it can be understood that the elements belong to the
coating on the surface instead of the Ti-6Al-4V alloy. These results prove that the composite
coating layers were successfully deposited on the substrate.

Figure 3. Surface morphologies and SEM, EDS images of the substrates (a) SEM image of Ti-6Al-4V;
(b) EDS image of Ti-6Al-4V; (c) SEM image of Ni-P-Gr; (d) EDS image of Ni-P-Gr.

As shown in Figure 4, the effects of both the coating and heat treatment on the crystal
structure of the samples were investigated by the XRD. Figure 4a shows the crystal structure
of Ti-6Al-4V, while Figure 4b belongs to the Ni-P-Gr composite coating. The blue lines in
the figures are for the samples that are not heat-treated and the orange lines are for the
samples that are heat-treated. Evans et al. [50] stated that crystallinity decreased at the XRD
profiles where wide, low, and smooth domes replaced with sharp peaks. The crystalline
structure shown with the blue line in Figure 4a undergoes a change and an amorphous
structure occurs due to the coating process. This transformation is an expected change since
it is known from the research in the literature that the micro structure of the Ni-P coating is
also amorphous [51–53]. On the other hand, the blue line indicates the amorphous structure
in Figure 4b which is transformed a crystalline structure by heat treatment indicated by the
orange line. Amorphous materials are metastable and become stable by heat treatment [18].
A careful examination of the XRD of the Ni-P-Gr coating shows that there is a large peak
of face-centered cubic (FCC) Ni (111) at the point where the amorphous and crystalline
structures coexist and 2θ equals 45◦.

Figure 5 demonstrates the average Vickers hardness values. The highest hardness
value was measured at the heat-treated nanocomposite coating. An increase in the mi-
crohardness value was observed due to the coating process. It is based on the grain size
reduction which generates the crystalline strengthening mechanism and also graphene can
avoid dislocation movement in the nickel matrix [32,54–58]. The heat treatment significantly
changes the hardness of the Ni-P coating [3,43,59]. As a matter of fact, while the average
hardness of the nanocomposite coating was 438.52 HV, it increased by approximately 29%
during the heat treatment and became 566.9 HV.
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Figure 4. XRD patterns of (a) Ti-6Al-4V and (b) the coated sample, the blue lines show the non-heat-
treated samples, while the oranges are for the heat-treated samples.

Figure 5. Average micro hardness values.

After the linear reciprocating wear process, wear traces were formed, and the high
magnification of SEM photographs of these wear traces are shown in Figure 6. The red
arrow in the figure indicates the sliding direction of the abrasive ball. Figure 6a, b are
images of untreated and heat-treated Ti-6Al-4V substrates, respectively. During the linear
reciprocating motion of the abrasive ball, slip lines parallel to the ball movement were
formed due to the plastic deformation on both surfaces. Based on the studies in the
literature, this can be interpreted as the occurrence of abrasive wear [58,60,61]. In Figure 6a,
partial eruptions are also visible on the worn surface of the samples that are non-heat-
treated. Since Xu et al. [59] stated that the adhesive wear mechanism could be seen as
eruptions in SEM images. These eruptions are associated with the predominant wear
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mechanism being the adhesive wear mechanism. In Figure 6b, however, the dominant
wear mechanism underwent abrasive wear, as the debris resulting from this adhesive wear
decreased.

Figure 6. Wear traces of substrates: (a) non-heat-treated and (b) heat-treated Ti-6Al-4V; (c) non-heat-
treated and (d) heat-treated Ni-P-Gr.

Figure 6c,d shows SEM images of non-heat-treated and heat-treated Ni-P-Gr nanocom-
posite coatings, respectively. As can be seen from the microstructure in Figure 6c, plastic
deformation occurred because of the abrasive forces acting on the substrate, and micro-
cracks turned into debris. Similar wear mechanism has been observed in studies in the
literature and this wear mechanism has been associated with delamination. [26,32,60,62].
In addition to this, the presence of abrasive wear traces is also seen in the samples that are
non-heat-treated. On the other hand, when the microstructure of the heat-treated coating
was examined, it was observed that microcracks formed due to the loads on the substrate
during the wear tests, but these cracks did not progress enough to cause delamination.
When considered together with the hardness results presented above, the failure of the
cracks to progress and the minimum amount of wear can be associated with the highest
hardness in this sample. As a matter of fact, it is the subject of many studies that hardness
and wear resistance are directly proportional [63–65]. When the figures are examined, it can
be seen that the most wear traces are observed in Ti-6Al-4V samples, and as a result of the
heat treating and coating, partial spills occur in the Ti-6Al-4V heat- treated sample, while
only micro-cracks occur in the heat-treated coating. Abrasive wear resistance decreases
with increasing hardness, which proves the change in the dominant wear mechanism in
the composite coating. When the hardness increases, abrasive wear resistance decreases;
therefore, regarding the change of the dominant wear mechanism, it can be proven that the
hardness increases regarding both the heat treatment and coating [61].

On the other hand, the wear scar widths formed after the wear tests are shown in
Figure 7. Trace widths were measured using the ImageJ software program and found
to be 1.226 mm for Ti-6Al-4V (Figure 7a). The effect of heat treatment on the wear scar
width is seen in Figure 7b and the scar width with heat treatment decreased slightly to
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1.127 mm. Moreover, the wear scar width was measured as 0.367 mm for the Ni-P-Gr
nano composite coating and 0.342 mm for the heat-treated coating. This reduction in
track width can be interpreted as the composite coating, significantly increasing the wear
resistance of the surface. As a matter of fact, it has been mentioned in many studies in
the literature that the Ni-P-Gr coating improves the tribological properties of different
surfaces. Mindivan et al. [32] and Algul et al. [58] produced graphene-reinforced Ni-P
coatings by electroplating and found that the wear marks on the composite coated surface
were reduced. The main reason is the fact that the composite coating increases the hardness
and graphene has solid lubricating properties [66].

Figure 7. SEM morphologies of the wear tracks of substrates: (a) Ti-6Al-4V (b) Heat-treated Ti-6Al-4V
(c) Composite coating (d) Heat-treated composite coating. The orange lines show the wear mark
width and the yellow lines are the parallel lengths calculated by the ImageJ program.

The volume of wear loss was calculated geometrically using the wear scar width data
measured with ImageJ V 1.8.0 software in Figure 7a–d. The calculated wear scar geometry
is presented in Figure 8. Then, the specific wear rate was calculated using Equation (1) [67],

Wr = W/NL (1)

where Wr is the specific wear rate [mm3/(Nm)], N is the normal load, L is the sliding
distance, and W is the calculated wear volume [67]. Specific wear rates were calculated
as shown in Figure 9. The wear rate decreased significantly with the electroless coating
process, this rate increased even more with the effect of the heat treatment, the lowest
specific wear rate was obtained in the heat-treated coating. The calculated wear rates
were 8.22, 6.38, 0.24 and 0.19 (×10−9) mm3/Nm, respectively. The specific wear rate for
Ti-6A-4V reduced by approximately 22% due to the effect of heat treatment. The wear
rate was reduced by approximately 98% by the graphene enhanced nickel-phosphorus
coating of Ti-6Al-4V. In addition, the heat treatment negatively affected the wear rate of
the coated sample, and a 21% reduction was achieved in the wear rate. As a result, it
has been observed that both the heat treatment and the composite coating increase the
wear resistance of the Ti-6Al-4V material. The highest wear resistance was observed in the
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heat-treated Ni-P-Gr nanocomposite coating. In other studies in the literature, it has been
emphasized that the wear resistance increases, especially with graphene reinforcement [62].
During the tribological test, the temperature rises at the contact surface due to frictions.
Graphene is not stable at high temperatures; therefore, graphene converts to graphite on
nanocomposite surfaces. The converted graphites significantly reduce the coefficient of
friction due to the high temperature generated on the friction surfaces, another factor that
reduces wear loss [68].

Figure 8. The wear scar generated by reciprocating sliding motion of the ball on a flat specimen;
(a) 2D view of the wear scar [67] (b) 3D view of the wear scar [62].

Figure 9. Specific wear rates.

The chemical composition of the Ni-P-Gr composite coating was investigated using the
XPS analysis and the spectra obtained from the coating surface are given in Figure 10a–d.
The Ni2P spectrum of the Ni-P-Gr composite coating was characterized by a highly intensity
peak at 853.3 eV. This spectrum could be related to the nickel element [69,70]. Moreover,
graphene’s chemical state is sp2 and the binding energy for this state is approximately
284 eV [71]. A C1s peak was observed on approximately 284 eV in Figure 10a,b. In
Figure 10c,d, an Ni2P spectrum was observed about 854 eV. These peaks indicate the
presence of nickel and graphene in chemical composition.

Raman spectroscopy plays an important role in the structural characterization of
graphene-based materials, and Figure 11a–d show the Raman spectroscopy of the non-
heat-treated and heat-treated composite coatings. Raman spectroscopy provides important
information about graphene defects and stacking. Graphene can be clearly distinguished
from graphite by the Raman spectrometry [72]. The main features in the graphite/graphene
Raman spectrum are represented by the D, G, and 2D peaks. A G peak at approximately
1580 cm−1 and a 2D peak at approximately 2700 cm−1 is observed on graphite samples.
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It was seen that the 2D graphite tape always has a shoulder of about 2650 cm−1 and this
shoulder represents graphite. The D band was found at about 1330 cm−1 and is indicative
of defects in the sample [1,73,74]. As seen in the figure, each sample has a D peak at
approximately 1370 cm−1, a G peak at 1590 cm−1, and a 2D peak at 2790 cm−1, and there
was no shoulder on the 2D peak in any of the samples. The Raman spectra obtained
from composite coatings confirm that graphene was successfully reinforced into nickel-
phosphorus obtained by the electroless coating method. In Figure 11a,b, the peak densities
decreased a little bit with the effect of heat treatment, and in Figure 11c, it underwent a
great change with the effects of wear and heat treatment. In Figure 11d, the peak intensities
have approached zero. After searching the literature, we found that it has been concluded
that structural defects occur in graphene structures due to the mechanical loads occurring
during wear and the high-temperature effect caused by friction, and due to these defects, the
graphene structure deteriorates and transforms into a graphite-like structure [61]. Graphite
is known to be one of the most widely used lubricants. In this case, when the wear and the
Raman analysis results were examined together, it was determined that these graphite-like
structures reduce the wear loss at the interface.

 

Figure 10. C1s and Ni 2p3/2 regions of high-resolution XPS spectra obtained with carbon and Ni in the Ni-

graphene nanocomposite coating: (a) C1s on surface; (b) C1s on scratch; (c) Ni2P on surface; (d) Ni2P on 

scratch. 

 

 

Figure 10. C1s and Ni 2p3/2 regions of high-resolution XPS spectra obtained with carbon and Ni in
the Ni-graphene nanocomposite coating: (a) C1s on surface; (b) C1s on scratch; (c) Ni2P on surface;
(d) Ni2P on scratch.
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Figure 11. Raman spectroscopy of composite coating: (a) coated surface; (b) coated scratch; (c) coated
heat-treated surface; (d) coated heat-treated scratch.

4. Conclusions

In this study, graphene-reinforced nickel matrix Ni-P-Gr coating was applied to the
surface of Ti-6Al-4V alloy using the electroless coating method. The effects of composite
coating and heat treatment on microstructure and tribological properties were investigated.
Following conclusions were drawn:

• The Gr-Ni-P coating was successful. The microstructure of titanium alloy turned into a
nodular structure. In addition, a 12.47 µm coating thickness was achieved on titanium
alloy substrates.

• The crystal structure of the Ti-6Al-4V material turned into an amorphous structure
with the composite coating process.

• The heat treatment applied to the composite coating caused the phase transformation
and made the crystal structure more stable.

• The heat treatment had a positive effect on the wear resistance in both coated and
uncoated structures.

• Both coating and heat treatment had a positive effect on the microhardness values. The
highest hardness value of 566.9 HV was achieved at the heat-treated Ni-P-Gr coating.

• It was observed that the wear was higher in uncoated samples. The lowest wear scar
width was obtained in the heat-treated graphene-reinforced nanocomposite coating.

• The highest wear resistance was obtained in the heat-treated nanocomposite coating.
• In the XPS analysis, binding energies of approximately 284 and 853 eV were obtained,

revealing the presence of Gr and Ni in the coating structure, respectively.
• Raman spectrometry analysis revealed that the lubrication property was increased

with the heat treatment.
• The wear rate of the Ti-6Al-4V substrate is approximately 98% higher than that of the

heat-treated nanocomposite coating. The highest wear resistance was observed on the
heat-treated nanocomposite coating.
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