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The Ni-W/PTFE co-depositions were successfully prepared on steel via pulse
electrodeposition methods. Electrodeposition was perform by dispersing 5-20 g/L
PTFE particles from Ni-Watt bath. The surface morphology, phase analyses crst-
alytallite size, distorsion and hardness of the samples were characterized by SEM,
XRD, and Vicker's microhardness tester. The friction coefficient of the coatings
were carried out using CSM microtester. As increasing with the concentration of
the PTFE in the solution, the wear resistance properties of theco-depositions were
increased. These experimental results determined that the PTFE concentration of
15 g/L in the electrolyte was the optimum content to obtain the best micro-structure
and wear performance.

Key words: pulse plating, Ni-W/PTFE electrodeposition, microhardness,
tribological behavior

Introduction

The cost of damages caused by corrosion and wear in the material is serious. In recent
years, one of the focal points of materials engineering is the reduction of costs due to wear
and corrosion [1, 2]. There are many ways to increase the wear and corrosion resistance of the
material surface. One of them is to apply a metallic coating to the surface of the material [3, 4].
Although there are many metallic coating methods today, the electrodeposition method is one
step ahead thanks to its high efficiency and practicality in industrial applications [5].

Among electrodeposition, the most popular coatings are Ni-based coatings. In addi-
tion Ni element, it is also possible to carry out binary or ternary alloy coatings with the rein-
forcement of alloying elements such as P, Mo, W, and B [6-9]. It is possible to produce high per-
formance Ni-Watt (Ni-W) coatings, especially with reinforcing elements such as tungsten, with
superior mechanical and physical properties and high melting temperatures. Thanks to the high
wear resistance, chemical stability and superior mechanical properties of Ni-W coatings, it can
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find application opportunities in many industrial areas. In addition, Ni-W coatings have a more
environmentally friendly side, especially when compared to hard chrome coatings [10-13].

Another research topic in recent years is the production and development of composite
Ni-W coatings with the reinforcement of ceramic and polymer materials. It is well known that
the chemical and physical properties of Ni-W plating will improve with these second-phases
reinforcements. It was observed that the hardness and wear resistance of the coatings increased
with ceramic particle reinforcement such as Al,O, SiC, TiO,, SiO,, TiN [14-18]. With the rein-
forcement of materials such as MoS,, Graphene oxide, PTFE, reduces the friction coefficient by
adding self-lubricating properties to the coatings [19-22].

The hydrophobic and self-lubricating properties of PTFE will significantly improve
the corrosion and wear resistance of Ni-W coatings. In this study, Ni-W-PTFE composite coat-
ings containing PTFE at different concentrations were produced. The Ni-W coatings were re-
inforced with PTFE at different concentrations, their wear behavior was investigated and the
optimum concentration was determined. We believe that this study can bring solutions to the
problem of wear and corrosion, especially in oil exploration and drilling equipment, transpor-
tation of oil and corrosive liquids.

Experimental methods

In this study, experiments were carried out on low carbon steel (St 37) substrate
with dimensions of 30 mm x 20 mm x 5 mm. Before the coating process, the substrate ma-
terial has been subjected to several pre-treatments. The surface of the steel substrate was
first sanded, then treated in alkaline cleaning baths, and finally activated in an acidic bath
(50 ml HC1 + 50 ml distilled H,O). The baths set up for the coating consist of NiSO,, Na,WO,,
Na;CsHs0;, NH,Cl, and NaBr. A composite coating bath was established by adding a second
solution containing PTFE at different concentrations to the coating baths. The CTAB was added
as a surfactant to the second solution containing PTFE. The chemical amounts and operating
conditions of the coating bath are given in tab. 1.

Table 1. Composition of bath and deposition parameters

Chemicals concentration Operating conditions
NiSO,-7H,0O 16 g/L pH 8.5
Na,WO,-2H,0 46 g/L Temperature [°C] 75
Na;C¢H50,-2H,0 147 g/L Time [min] 45
NH,Cl 25 g/L Current density [Adm] 10
NaBr 16 g/L ton — Lo [MS] 50-50
CTAB 0.5¢g/L Agitation rate [rpm] 150
PTFE particles 5,10, 15,20 g/L

The surface structure and PTFE distribution of the samples fabricated at different
PTFE content were investigated by SEM. The phase structure of the coatings was determined
by the XRD method using CuK, radiation at a wavelength of 1.54 A. Using the data obtained as
aresult of XRD analysis, the crystal size and lattice distortion of the coatings at different PTFE
concentrations were calculated. The Debby-Sherrer method was used in these calculations, the
method followed was explained in detail in our previous studies [19-24]. The hardness change
in the coatings was determined by the nanohardness method. Five hardnesses were taken for
each sample, and a 50 mN load was applied for 10 seconds in the hardness measurement. While
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calculating the hardness values, the mean hardness and standard deviations were taken into
account. Finally, wear tests were carried out to see the effect of PTFE concentration on the wear
behavior. Wear tests were carried out in a dry environment at room temperature using the ball-
on-disk method. Wear tests were carried out at a speed of 25 cm/s and under a load of 2 N over
a distance of 500 m. Each test was repeated three times.

Results and discussion

The surface morphology of co-depositions prepared with different PTFE concentra-
tions in the coating solution is given in fig. 1. In general, the surface of the co-depositions is
without crack and has no defects. It can be observed that many PTFE are incorporated in Ni-W
matrix during coating. Obviously, the PTFE amount incorporated into the matrix increased with
adding PTFE concentration (from 5-15 g/L), but then significantly reduced with further increas-
ing the content of PTFE in the bath. The increase of the PTFE amount in the nickel-tungsten
matrix from 0-9.4 wt.% is related to PTFE content in the solution. With the further increase of
the PTFE in the electrolyte, the amount of PTFE incorporated into matrix reduces due to the
agglomeration of the PTFE result from poor wettability. The incorporating of PTFE using the
pulse electrodeposition method can be related to the addition of PTFE on the cathode, as report-
ed by Guglielmi’s theory [23-25].

Figure 1. The SEM images of samples deposited at various PTFE content;
(a) 5 g/L, (b) 10 g/L, (¢) 15 g/L, and (d) 20 g/L.

Figure 2(a) shows the XRD patterns of co-deposition prepared at various PTFE con-
tent in solution. The XRD spectrum of the Ni-W/PTFE co-deposition gives several peaks at
44.3°,51.2°, and 77.1°, which are correspond the reflections of the Ni matrix phase (111), (200),
and 220, respectively [24-26]. As seen in fig. 2(a), the peaks intensity increases with increasing
PTFE content in the coating solution. The intensity of the diffraction (111) peaks of the samples
is higher than that of the other co-depositions. This is due to the decrases in the crystallite size
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of the coatings by the incorporating of PTFE into the plating bath. It can be determined that the
crystallite size of Ni-W/PTFE composite coatings produced with different PTFE concentrations
(5¢g/L,10g/L, 15 g/L, and 20 g/L) is 17.59 nm, 14.21 nm, 9.44 nm, and 13.62 nm, respectively.
The crystallite size of co-deposition firstly reduced with the increase of PTFE concentrations
into solution from 5-15 g/L, then increased with further incorporating PTFE particles from
15-20 g/L. It indicates that the embedded PTFE have efficiently prohibits the growth of crys-
tallites. The lattice distortions calculated according to the Scherrer equation are shown in fig.
2(b) at various PTFE content in the coating. With the increase of the PTFE particle ratio into
bath, nickel the number of PTFE incorporated in the cage also increases. Thus, the compressive
stress between the coating and the PTFE rises the degradation of the Ni lattice. This rise in Ni
distortion may be due to the alloying of PTFE and W atoms in the coating. The crystallite size
in presence of PTFE of 15 g/L was lower than that of other co-depositions suggesting that PTFE
act as nucleating sites during electrodeposition. The PTFE incorporated to the electrolytic bath
help nucleate the nickel, preventing grain growth, which result in decrasing crystal size and
increasing the compactness of the nickel crystal [21, 27-29].
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Figure 2. (a) the X-ray diffraction patterns and (b) lattice distortion and crystallite size of samples

Table 2 exhibits the hardness of co-depositions deposited at various concentrations
of PTFE in the coating bath. Increasing the PTFE amount incorporated in the coating reduces
the hardness of the matrix because of the soft of the PTFE Ilubricating [30]. Microhardness
values for the samples electrodeposited wit various PTFE concentration (5 g/L, 10 g/L, 15 g/L,
20 g/L) at constant current density of 10 A/dm? was 520 HV, 493 HV, 452 HV, and 417 HYV,
respectively. When the content of PTFE added solution is 20 g/L, corresponding to the much
PTFE content into coating, the microhardness reaches a minimum value of 417 HV.

Table 2. The hardness measurement for samples produced
at various concentrations

PTFE Concentration [gL ']

Sample 5 10 15 20
Hardness (HV) | 520 +28 493 +17 452 £23 417 £35

Figure 3 shows the wear rates and friction coefficients of samples produced at various
PTFE content in the plating bath. The wear resistance of the co-deposition is related to the PTFE
concentrations and roughness of the surface. The calculated wear rates for composite coatings
deposited with 5 g/L, 10 g/L, 15 g/L, and 20 g/L were 3.03x10”7 mm*/Nm, 2.64-10”7 mm*/Nm,
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1.77- 107 mm?*/Nm, and 2.23 - 10”7 mm?*/Nm, respectively. As shown in fig. 3(a), the wear rate
decreases with increasing polymer particle content in the electrolyte, reaching its lowest val-
ue at a PTFE concentration of 15 g/L and then increasing at 20 g/L. This can be attributed
to the agglomeration of PTFE particles into matrix deposition bath, poor interfaces between
PTFE and the coating, and the lowest amount of PTFE incorporated in the Ni-W matrix. This
study shows that Ni-W/PTFE composite coatings produced with a PTFE concentration of
15 g/Lshow the best wear resistance. Figure 3(b) exhibits for the coefficient of friction of PTFE
reinforced composite coatings. As can be seen, increasing PTFE content in the solution caused
a significant reduces in friction coefficient level. While friction coefficient of Ni-W alloy coat-
ed with electrolyte at 5 g/L PTFE concentration is around 0.42, this value decreases to 0.36 at
10 g/L PTFE concentration and 0.24 at 15 g/LPTFE concentration. At 20 g/L PTFE concentra-
tion, this value increases to 0.28. Moreover, as can be seen from fig. 3(b) is that the increase in
PTFE concentration results in a more stable coefficient of friction of composite pavements at
sliding distance. Allahyarzadeh ef al. [31] reported that when there is plastic deformation, the
matrix can carry the load and decreases stresses. According to this information, the increase
in the load-carrying ratio of the co-deposition fabricated with 15 g/L PTFE incorporated to
the solution compared to other samples can be due to the increase in the PTFE concentration
[20, 29, 32, 33].
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Figure 3. (a) Wear rate of coatings produced with different PTFE concentration and
(b) coefficient of friction

The wear trace SEM images of Ni-W/PTFE co-deposition deposited at various PTFE
content in the bath are displayed in fig. 4. The wear width of samples deposited at 5 g/Lis also
noticed that it is higher than that of other PTFE reinforced Ni-W co-depositions. For the sample
produced at 5 g/L, its wear scar displays a large width of about 408 mm and is characterized by
plastic deformation. On the contrary, for the sample fabricated at 15 g/L, the width of the wear
scar is narrow, which is 182 mm, and the surface is smooth.

Figure 5 display SEM images (high magnification) of the wear tracks of samples
deposited at various PTFE content. The wear track of sample fabricated at 5 g/L was observed
high plastic deformation, which indicates the main wear mechanism is adhesive wear [34]. It
was observed that as the PTFE concentration embedded into the coating increased, the plas-
tic deformation that occurred at the interface decreased significantly. The furrows and cracks
were observed on the Ni-W/PTFE composite coating’s worn surface produced at 10 g/L,
fig. 5(b), revealing fatigue wear. This suggests that the PTFE concentration of 10 g/Lis low for
load-carrying capacity. On the contrary, for the coating fabricated at 15 g/L, the width of the
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Figure 5. The SEM images of wear track of samples fabricated at various
PTFE content; (a) S g/L and (b) 10 g/L, (¢) 15 g/L, and (d) 20 g/L

(c)

wear track is narrow, and the appearance of the wear track is smooth with only a few plough-
ing, suggesting low abrasive wear. The homogeneous distribution of PTFE in the coating also
ensures homogeneous load-bearing behavior due to plastic deformation decreases on the sur-
face. Further increasing PTFE concentrations, the coating fabricated at 20 g/L was observed the
severe delamination wear. As seen in fig. 5(d), the big parts of delamination and some micro-
cracks are occurred on the wear track, increasing wear rate. This may be attributed to formed
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surface roughness because of particle aggregation and poor hardness. The results suggested that
an excellent surface protective layer formed at the interface between ball and coating, which is
in agreement with the low friction coefficient for sample prepared at 15 g/L.

The 3-D topographies of the wear traces of the samples fabricated in the profilometer
are exhibited in fig. 6. The surface roughness of coatig is high and coating compatible with
micro-structural results were observed for sample fabricated at 5 g/L. The PTFE reinforced
coating fabricated at 15 g/L was observed a very smooth surface compared to other samples.
Also, the scar depth and width of sample fabricated at 15 g/L are much smaller than the wear
track other samples. This observation may be due to the fine-grained surface morphology of the
coating and the uniform distribution of PTFE within the Ni coating. As for 20 g/L, it observed
from fig. 6(d) that the width and depth of the wear marks on the coating surface also increase,
and serious surface damage occurs on the surface. As a result, sample fabricated with a PTFE
amount of 15 g/L shows the best tribological properties, which consistent with the wear test
results.
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Figure 6. The 3-D profilometry results of samples; (a) 5 g/L, (b) 10 g/L, (¢) g/L, and (d) 20 g/L

Results

Surface morphology, hardness and friction properties of coatings deposited using the
pulse electrodeposition were investigated. It was observed that the PTFE incorporated in the
Na,WO, coating were homogeneously distributed on the matrix and an intense without crack
structure was obtained. The higher amount of PTFE increases the wt.% of sample deposited
PTFE up to 15 g/L. The change in the content of incorporated PTFE resulted in changing the
crystallite size, distortion hardenes and wear properties of the coating. Compared with other
composite coating, sample prepared at 15 g/L has a lower crystallite size, surface roughness.
The main wear mechanism for sample produced at 5 g/L was adhesive, while for sample pro-
duced at 5 g/L main wear mechanism was abrasion. For coating fabricated with a PTFE content
of 15 g/L, wear track has smoother surfaces with less plastic deformation and without crack.
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At 20 g/L, the wear mechanism transformed to severe plastic deformation and formation crack,
which is result in delamination. Therefore, the wear rate increased but the friction increased.
The co-deposition fabricated with a PTFE content of 15 g/L displayed the best wear perfor-
mance than other composite coatings, and accordingly the lowest coefficient of friction.
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