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Abstract: The purpose of the study is to assess the influence of SiC particles and heat treatment on
the wear behaviour of Ni-P coatings when in contact with a 100Cr6 steel. Addition of reinforcing
particles and heat treatment are two common methods to increase Ni-I> hardness. Ball-on-disc wear
tests coupled with SEM investigations were used to compare as-plated and heat-treated coatings,
both pure and composite ones, and to evaluate the wear mechanisms. In the as-plated coatings,
the presence of SiC particles determined higher friction coefficient and wear rate than the pure
Ni-P coatings, despite the limited increase in hardness, of about 15%. The effect of SiC particles
was shown in combination with heat treatment. The maximum hardness in pure Ni-P coating
was achieved by heating at 400 °C for 1 h while for composite coatings heating for 2 h at 360 °C
was sufficient to obtain the maximum hardness. The difference between the friction coefficient of
composite and pure coatings was disclosed by heating at 300 °C for 2 h. In other cases, the coefficient
of friction (COF) stabilised at similar values. The wear mechanisms involved were mainly abrasion
and tribo-oxidation, with the formation of lubricant Fe oxides produced at the counterpart.

Keywords: electroplating; Ni-P coatings; SiC particles; heat treatment; wear

1. Introduction

Coatings are often applied to industrial components to enhance the durability of ma-
terials in abrasive conditions or corrosive environments. Nickel-phosphorous (Ni-P) alloys
are one of the most applied alternatives for applications such as aerospace, electronics, ma-
chinery, automotive, oil and gas [1-4]. Ni-P coatings have been mainly obtained through
electroless plating [2]. However, due to the low overall speed (the deposition rate is only a
few micrometres per hour) and continuous maintenance, electroplating could be a valid
alternative [3]. The properties of Ni-P coatings depend on their phosphorus (P) content.
Based on the P content, Ni-P coatings can be classified into low (2 wt.%—4 wt.%), medium
(5 wt. %9 wt.%) and high (>10 wt.%) P coatings, according to the ASTM B733-15 [5] stan-
dard. The increase of P leads to microstructural changes from crystalline to amorphous
structures (P > 10 wt.%) [6,7]. Amorphous Ni-P coatings present good corrosion resistance
with a hardness around ~600 HV. Heat treatment and addition of reinforcing particles (to
produce composite coatings) can be applied to enhance the hardness of these coatings
for the demanding situation. The hardness of the coatings depends on the heating time
and temperature. Biswas et al. [8] studied the effect of heating temperature for 1 h on the
tribological behaviour of Ni-P coatings. They obtained the maximum hardness of ~1085
HVO0.1 at 400 °C, which slightly decreased to 975 HVO0.1 at 600 °C. In the case of composite
coatings, the nature of the reinforcing particles, their size, their percentage, and their distri-
bution within the matrix can affect the hardness of the coatings [9-12]. Metzger et al. [13]
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demonstrated that SiC and Al,O3 particles resulted in better wear resistance of Ni-P coat-
ings than SiO; particles. Sliem et al. [14] co-deposited ZrO, nanoparticles in Ni-P coating
by means of pulse electrodeposition and showed a gradual improvement in the mechanical
properties of the coating. The hardness and modulus of the coating reached to the maxi-
mum value of 6.7 and 21.72 GPa, respectively, by adding 1 g/L ZrO; to the plating bath.
Tamilarasan et al. [15] investigated the effect of surfactant on wear and friction behaviour
of Ni-P/TiO; coatings. They found that by optimum concentration of the surfactants, a
smoother surface with better distribution of TiO, particles were achieved which in turn
resulted to low frictional coefficient, and high wear resistance.

Besides, the effect of heat treatment on properties of Ni-P composite coatings has also
been investigated. Karthikeyan et al. [16] studied the effect of heat treatment on indentation
behaviour of electroless Ni-P/Al,O3 coating. They reported that incorporation of Al,O3
nanoparticles induces strengthening. They also found that heat treatment results in the
precipitation of NizP intermetallic compound, which was increased with the heat treatment
temperature up to 400 °C. However, the maximum hardness (16.4 GPa) was gained by
heat treatment at 300 °C. Ram et al. [17] studied the wear behaviour of as deposited
and heat-treated Ni-P and Ni-P/Al,O3 coatings in dry sliding conditions. Oxidation
and adhesion in Ni-P coating and a combination of oxidation, adhesion, and abrasion in
Ni-P/Al,O3 coatings were reported as the main wear mechanisms. They demonstrated
that heat treatment enhanced the hardness of both Ni-P and Ni-P/Al,O3 coatings. The
incorporation of Al,O3; nanoparticles reduced the propagation of micro cracks during
the wear test of heat-treated coatings. Thus, maximum wear resistance was achieved for
Ni-P/Al,O3 heat treated at 400 °C. De Hazan et al. [18] investigated three heat treatment
procedures, at 270 °C for 10 h, 390 °C for 2 h, and 480 °C for 1 h. The authors observed a
reduction in hardness HV0.3 of heat-treated Ni-P/SiO, coatings in all cases, while the wear
resistance was improved. Chang et al. [19] annealed the Ni-P and Ni-P/SiC coatings at 200,
400, and 600 °C for 1 h. SiC particles led to increased hardness of minimum 30% compared
to Ni-P coatings, in all the annealing conditions investigated. The authors also found a
decreasing trend in hardness for heat-treated coatings at 600 °C, and they attributed it
to an excessive number of porosities related to NizP precipitation during heat treatment.
Besides, heating at a temperature higher than 450 °C resulted in decomposition of SiC,
which then reacted with Ni to form y-Ni5Si; and 3-Ni3Si phases and produced carbon (C)
precipitation. Apachitei et al. [20] found that the heat treatments at 500 °C changed the
deformation mechanisms in electroless Ni-P and reduced the Ni-P coatings’ abrasive wear
resistance. Besides, Ni3Si formed, and the adhesion between the reinforcement and the
matrix was improved. Aslanyan et al. [21] observed different wear mechanisms in Ni-P
and composite coatings. Although the hardness of the coatings increased by heat treatment,
composite coatings’ wear rate was enhanced with respect to Ni-P one [22].

According to the above information, it is necessary to find a proper heat treatment
procedure that can enhance the hardness and wear resistance of electrodeposited Ni-P and
Ni-P composite coatings. The present study aims to evaluate the effect of SiC particles
in combination with different heat treatment conditions on the wear behaviour of Ni-P
coating. For this purpose, the effect of SiC particles addition on composition, hardness
and wear resistance was evaluated to find out the relation between the composition and
wear behaviour of Ni-P coatings. Besides, heat treatment on Ni-P as well as composite
coatings was carried out and the wear behaviour of the heat-treated samples was studied
to disclose any difference between the wear behaviour of heat-treated Ni-P and Ni-P/SiC
coatings. For wear behaviour studies, the 100Cr6 steel was chosen as the antagonist in the
wear system to describe non-abrasive conditions since the literature of electrodeposited
Ni-P coatings investigated abrasive systems [15-21].

2. Experimental Methods

Ni-P coatings were deposited by direct plating on low alloyed steel (UNI EN ISO
683-4:2018 [22]) pins. The pins with the geometry shown in Figure 1 were machined by
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computer numerical controlled HAAS CNC ST 10 lathe (Haas Automation, Oxnard, CA,
USA). Before deposition, the steel substrates were ultrasonically cleaned in an alkaline
soap and activated by pickling for 8 min in 2.5 M HySOy4, between each step the samples
were rinsed with distilled water.
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Figure 1. Dimensions of the pin in mm.

The electrodeposition was carried out in 2 L modified Watts bath containing NiSO4-7H,0,
NiCl,-6H,0, H3PO3, H3BO3, and two additives (saccharin and sodium dodecyl sulfate).
In the case of composite coatings, 20 g/L of SiC particles (3-SiC provided by Get Nano
Materials, Saint-Cannat, France) were added to the electrolyte 24 h in advance, and they
were stirred by a magnetic stirrer. The particles have an average particle size of 100 nm
and irregular morphology. For better dispersion of the particles, the electrolyte was stirred
ultrasonically for 30 min before plating. For deposition, the pin (cathode) was immersed in
the electrolyte, and two pure bent Ni anode sheets surrounded it. The distance between
anode and cathode was 5 cm. Two different cathode configurations were adopted for
pure (Figure 2a) and composite (Figure 2b) coatings, the latter was chosen to achieve the
maximum SiC particles co-deposition.

cathode cathode

Ni-P/SiC

anodes anodes

(a) (b)
Figure 2. Configurations of the deposition cells for (a) pure coatings and (b) composite coatings.

The deposition was carried out at a current density of 4 A/dm?, for a total time of
105 min at 70 °C with a pH of 2.15. The deposition parameters were kept the same for pure
and composite coatings. The deposited layers have an average thickness of about 38 um,
depending on the current efficiency (CE). Different heat treatments, optimised in previous
work [23] and listed in Table 1, were applied to some coated samples while the remaining
were kept in the as-plated (AP) condition.
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Table 1. Heat treatment conditions.

Heat Treatment Temperature (°C) Time (h)
HT300 300 °C 2
HT360 360 °C 2
HT400 400 °C 1

Surface morphology and composition of the coatings were characterised by a scanning
electron microscope (SEM, JSM-7001F, JEOL, Akishima, Japan) equipped with energy disper-
sive spectroscopy (EDS, Octane Pro, EDAX, Mahwah, NJ, USA). The coatings’ microhardness
was measured on the cross-section of the pin by a Vickers indenter (NanoTestTM Vantage,
40.36, Micro Materials, Wrexham, UK) with a load of 200 mN and dwell time of 10 s. A total
of 15 measurements were carried out on two samples for each investigated condition.

Wear tests were performed at room temperature in a ball-on-disc configuration, with
uni-directional sliding, on a 100Cr6 steel (EN ISO 683-17 [24], AISI 52100) disc. The
tests were carried out on a pin-on-disc tribometer (Pin-on-disc tester TR-20LE, Ducom
instruments PVT LTD, Bangalore, India) with a load of 20 N under dry conditions. The
tribometer tests were run at a constant linear sliding speed of 0.15 m/s and a total sliding
length of 200 m for the as-plated samples and of 1000 m for the heat-treated samples. The
trends of the coefficient of friction (COF) were acquired and registered during the tests. A
minimum of three samples for each condition was tested. The wear debris and the worn
surfaces on the pins were investigated by SEM (Evo MA15, Carl Zeiss Microscopy, Milan,
Italy) coupled with EDS (Oxford Instruments, Abingdon, UK) analysis.

The tip surface of each pin was acquired before (Figure 3a) and after (Figure 3b)
the wear test by a non-contact 3D optical profilometer (Talysurf CCI Lite, Taylor-Hobson
Limited, Leicester, UK) with an optical resolution of 0.76 um.

@) glmmy PO ) ymm ° 0  x(mm)

Figure 3. Point clouds of the pin tip surface from the profilometer acquisitions: (a) unworned;
(b) worned, at the end of the wear test.

The comparison of the point clouds before and after wear enabled us to evaluate the
volume loss with a tailored Matlab® code, integrating the volume under the point clouds
of the surfaces. The wear rate (WR) was defined via Equation (1):

AV mm?3

WR=7 Qxm

) )

where AV (mm?) is the volume loss, F (N) is the applied load, and L (m) is the total sliding
length.
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3. Results
3.1. Coating Appearance and Morphology

Figure 4 shows the coated pin with both Ni-P and Ni-P/SiC. The Ni-P coating
(Figure 4a) had a shiny appearance while the Ni-P/SiC was a matt coating (Figure 4b).

This difference was attributed to the presence of SiC particles, which increased the surface
roughness of the coatings and therefore changed the reflection of the light.

Az

10 mm

(a)f (b)

Figure 4. Coated pins with (a) Ni-P and (b) Ni-P/SiC coatings.

The morphology of the coatings on the surface of the pin can be seen in Figure 5.
Figure 5a demonstrates a nodular morphology for Ni-P coating. In contrast, by adding SiC
particles, the morphology was changed to smaller nodules than those in Ni-P (Figure 5b).
A cross-sectional image of the composite coating (Figure 5c) exhibited the SiC particles
distributed homogeneously along the coating thickness, as highlighted in the EDS map
in Figure 5d. According to the SEM cross-section image, it was evident that SiC particles
agglomerated during the coating process.
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SiC particles (d)

Figure 5. SEM image of (a) Ni-P surface and (b) Ni-P/SiC surface; (c¢) SEM image of the cross-section
of Ni-P/SiC coating; and (d) EDS map of Si element related to (c).

The composition of the surface of the coatings was measured by EDS, and the results
are listed in Table 2. Both Ni-P and Ni-P/SiC coating had more than 12 wt.% of P, and they
were categorised as Ni high-P coatings. The addition of SiC particles slightly reduced the P
content of the coating. This reduction was not observed in the previous study [25].

Table 2. Surface composition and current efficiency (CE) of Ni-P and Ni-P/SiC coatings.

Coating P/(P + Ni) (wt.%) SiC (wt.%) CE

Ni-P 13.9 £ 0.08 - 46% £ 8%
Ni-P/SiC 12.6 £ 0.03 11.3 £ 0.05 45% %+ 5%

Table 2 also lists the CE values of the exposition that was not affected by the addition
of SiC particles.

3.2. Coatings Hardness

Coatings hardness was measured by Vickers indenter on the cross-section of the
coatings, and the results are shown in Figure 6. Ni-P coating had 650 £ 30 HV0.02 and
the addition of SiC particles increased the hardness values of 15% to 740 £+ 10 HVO0.02.
However, heat treatment had more impact on enhancing the hardness values of these
coatings. The maximum hardness in Ni-P coating was 1130 4= 30 HV0.02 achieved by
HT400, while HT360 resulted in the maximum hardness of Ni-P/SiC coatings, 1240 £ 130
HV0.02.
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Ni-P [Ni-P/SIC
1400 ' ' ]

HT300 HT360 HT400

1200 ¢
1000
800

600 |
400
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AP

Figure 6. Microhardness valued of Ni-P and Ni-P/SiC coatings before and after heat treatments.

HV0.02

Error bars represent standard deviation.

3.3. Wear

Coefficient of friction (COF) trends and wear rate of as-plated samples are represented
in Figure 7. The COF evolution (Figure 7a) differed significantly with the presence of SiC
particles. The average COF value for the Ni-P coating was 0.4, and it increased to 0.6, with
the presence of SiC particles. Figure 7a shows one curve for each condition, the closest
to the average, representing all tested samples. The wear rates (Figure 7b) did not differ
significantly in the same condition, as all values are ~10~> mm3/Nm for the pure coating
and ~2 x 107> mm?3/Nm for the composite ones. Figure 7b gives the correspondent P
and Si content on the pin tip for each wear rate value, the changes were not significant to
influence the wear rate.
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Figure 7. As-plated samples: (a) coefficient of friction (COF) evolution; (b) wear rate and P and
Si content.

Representative wear tracks of the as-plated samples are depicted in Figure 8a for
the Ni-P coatings, and Figure 8b for the composite ones. The yellow arrow in Figure 8a
points at the residual layers of Fe oxides, coming from the antagonist, that adhere to the
wear track. The representative wear track in Ni-P coating (Figure 8a) has a diameter of
~600 pm, smaller than the one of Ni-P/SiC coating (Figure 8b) with a diameter of ~800 um.
This observation mirrors the comparison of wear rate values in Figure 7b. In all cases, the
substrate was not reached during the wear test.



Coatings 2021, 11, 180 9of 16

L -l

£ Fe oxide fragments © . ¢

— 100 um

Figure 8. Wear tracks of the as-plated samples: (a) Ni-P; (b) Ni-P/SiC.

Figure 9 depicts the COF evolution and wear rate of heat-treated samples. For HT300
samples (Figure 9a), the presence of SiC particles determined a slight decrease in the
average COEF, from ~0.65 to ~0.5. On the contrary, the COF curves reached the stable state at
the same value for pure and composite coating in HT360 (Figure 9b) and HT400 (Figure 9c)
treatments. Figure 9d gives the correspondent P and Si content on the pin tip for each
sample as even small changes could influence the precipitation during the HT.

——Ni-P ——Ni-P/SiC
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0 200 400 600 800 1000
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Figure 9. Cont.
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Figure 9. Heat-treated samples: (a) COF evolution of HT300; (b) COF evolution of HT360; (c) COF
evolution of HT400; (d) wear rate and P content.

Figure 10 depicts the representative wear tracks for pure and composite coatings in each
heat-treated condition: HT300 (Figure 10a,b), HT360 (Figure 10c,d) and HT400 (Figure 10e,f).
In some cases the substrate steel was reached during wear, as visible for example in Figure 10a;
in others, the wear track presented a mixed surface, characterised by substrate, coating
residuals and Fe oxides originated from the antagonist (Figure 10d).

No specific trends were evident, as summarised in Table 3, although the substrate was
reached more times with the pure coatings than with the composite ones. The different
occurrence can be ascribed to local features, like the local thickness of the coating.
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Figure 10. Wear tracks, after acetone rinsing, of the heat-treated samples: for HT300 treatment,
(a) Ni-P and (b) Ni-P/SiC; for HT360 treatment, (c¢) Ni-P and (d) Ni-P/SiC; for HT400 treatment,

(e) Ni-P and (f) Ni-P/SiC.

Table 3. Wear rate and surface condition of the wear track of Ni-P and Ni-P/SiC coatings.

HT300 HT360 HT400
Coating Repetition Wear Rate Surface Wear Rate Surface Wear Rate Surface
(mm3/Nm) (mm3/Nm) (mm3/Nm)
i 3.6 x 10°° substrate 45 % 1076 substrate 59 x 1077 mixed
Ni-P i 3.3 x 107 mixed 24 x107° mixed 85 x 107° mixed
iii 3.7 x 107 substrate 5.8 x 10°° substrate 57 x 107° mixed
i 12 x 107° substrate 9.4 x 1076 mixed 7.9 x 1076 substrate
Ni-P/SiC ii 29 x 10~° mixed 9.0 x 10~ mixed 2.7 x 107 mixed
iii 29 x 107° mixed 1.0 x 107> mixed 6.2 x 107° mixed
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4. Discussion
4.1. As-Plated Coatings

Addition of SiC particles reduced the P content of the coating by 10%, although
this reduction was not seen in the previous study [25]. This decrease can be related to
the significant amount of co-deposited SiC, around 11 wt.% in this study. It has been
reported that for Ni plating at low pH, SiC particles enhance the hydrogen (H;) evolution
by absorbing protons on their surfaces [26,27] and consequently, results in increased
hydrogen evolution. Therefore, the nascent H, required for reducing P source to phosphine
(according to the indirect reactions) [28] is decreased, hence reducing the P content in the
coating. Besides, a CE reduction is expected by the P decrease in the coatings due to the
Hj catalysis by SiC particles. In this study, the CE for Ni-P and Ni-P/SiC coatings were
comparable, as seen in Table 2.

The wear mechanism involved in these coatings consisted of abrasion and tribo-
oxidation. Abrasive wear was dominant in the early stages of contact. Then, the formation
of Fe-based oxides led to tribo-oxidation. According to EDS measurements, the oxide layers
were present in both pure and composite coatings, with no significant difference in the
composition. The presence of the Cr signal confirmed that these oxides formed at expenses
of the 100Cr6 antagonist. The COF evolution stabilised at a higher value for the composite
coatings than the pure ones, as represented in Figure 7a. These results were mirrored by
the wear rates in Figure 7b and suggested that the SiC particles determined an increase of
friction in the system. Comparing the two wear tracks in Figure 8a,b, the SiC particles also
acted as the third body in abrasive wear. They determined a rough appearance of the wear
track. The SiC agglomerations are exposed by coating wear and can be easily disrupted
during the sliding under load, leading to a spread of particles between the coating and
the antagonist. In this case, the presence of Fe oxides mitigated the abrasive action of
the ceramic particles, without fully compensating it. The steady-state COF values did
not align with the results from Aslanyan et al. [21] that obtained similar COF trends for
both Ni-P and Ni-P/SiC coatings in a system with corundum (Al,O3) as the antagonist.
Nevertheless, the difference between these results can be expected, given the significant
role of the antagonist. Similar observations hold for the work by Aghaie et al. [29], that
tested as-plated Ni-P/SiC against copper (Cu). The authors reported a COF in the 0.5-0.7
range for the initial 200 m, with fluctuation peaks, and these values align with the present
study despite the different wear system. They also observed the pull-out of SiC particles
from the matrix as wear proceeded, and those particles determined abrasion at expenses of
the coating. Chang et al. [19] compared Ni-P and Ni-P/SiC coatings against zirconium
oxide (ZrO,), observing a higher volume loss for the composite coating than the pure one,
as well as a higher COF. These results are comparable with what reported in the present
study with a different wear system. In summary, different coupling systems can lead to
different wear mechanisms, and in the present study the formation of Fe oxides coming
from the antagonist influenced the response of coatings to wear.

4.2. Heat-Treated Coatings

The hardness values in Figure 6 support the hypothesis that crystallisation and pre-
cipitation happened at a lower temperature in Ni-P/SiC coating than Ni-P one. Since all
the tested samples had similar composition (similar P and SiC wt.%), the hardness of the
coatings in Figure 6 was related to the different heat treatments. At 400 °C, after reaching
the maximum hardness, grain growth started, and so hardness was reduced. Hence, SiC
particles did not influence the grain boundaries migration in this case.

The wear mechanisms consisted of abrasion and tribo-oxidation for the heat-treated
coatings, similarly to the as-plated coatings. The presence of SiC particles determined a
slight difference in the COF evolution for the HT300 samples (Figure 9a). At the same time,
it did not influence the COF values for HT360 (Figure 9b) and HT400 (Figure 9c) samples.
Nevertheless, the composite coatings presented noisier curves because of the presence of
reinforcing particles acting as third body once exposed and pulled-out from the matrix.
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For what concerns wear rates, it is necessary to distinguish the samples with wear tracks
that reached the substrate (solid circles in Figure 9d) from the ones that presented a mixed
surface (empty circles in Figure 9d).

The wear tracks of HT300 pure coatings showed the substrate presented a wear rate
of ~3.5 x 107 mm3/Nm. Micro-plough traces were evident on the surfaces, and due to
the fragmentation of coating during sliding (Figure 10a). The lubricant role of Fe oxides
did not compensate for the abrasive action of such fragments on the substrate. In the cases
with substrate exposed, the thickness of the coating was ~26 and ~34 pm, respectively.
These values were estimated from the dimension of the annular section of the coating that
characterised the wear track. The sample that presented a mixed surface also presented a
slightly lower P than the other samples. For the HT300 composite coatings, the wear track
presented a mixed surface, with the simultaneous presence of substrate, Fe oxides, and
residual coating in the centre (Figure 10b). The higher hardness of composites (Figure 6)
and SiC particles” presence as the third body was mitigated by the Fe oxides. The one
sample that showed the substrate had a thickness of ~27 pm. The substrate surface was
smooth and regular, resulting from a homogeneous abrasion due to the action of SiC
particles. It was also the sample that showed the higher content of P with respect to the
other ones. These observations align well with the COF trends of Figure 9a since the
presence of Fe oxides did not prevent micro-ploughing mechanisms in pure coatings but
showed a beneficial effect for the composite coatings. Kong et al. [30] also reported similar
COF values for electroless Ni-P coatings treated at 300 °C and observed abrasive wear
mechanisms, although the antagonist material was not stated.

Moving to the pure coatings after HT360 treatment, the substrate emerged in the wear
track for two samples, and the wear rate values are in the 4.5x 1070-5.8 x 107® mm?/Nm
range. The centre of wear tracks appeared uniform and regular (Figure 10c), thanks to the
Fe oxide’s presence that mitigated the damaging effect of coating fragments. In these cases,
the coating thickness was estimated at ~35 and ~48 pm. One sample presented a mixed
surface. In composite coatings, all samples presented a mixed surface on the wear track,
with the co-presence of residual coating and Fe oxides. In all these cases, the wear rate
was ~107% mm3/Nm, higher than the average value obtained for the pure ones. These
results accord well with the hardness values, significantly higher for the Ni-P/SiC coating
than the pure ones after the HT360 treatment (Figure 6). Nevertheless, these results are not
mirrored by the COF trends in Figure 9b, comparable for both pure and composite coatings.
Kong et al. [30] investigated electroless Ni-P coatings and in particular the influence of the
heat-treatment on the wear response. They reported that the coatings treated at 350 °C
present the maximum hardness of ~6100 MPa. The friction coefficient is 0.8. This is also the
condition that determines the change from abrasive wear, for temperatures below 350 °C,
to adhesive wear for temperatures higher than 350 °C.

The results for the HT400 treated samples were different. The Ni-P coatings presented
a mixed surface on the wear track in all cases, as depicted in Figure 10e. The wear rate
values are lower than ~10~° mm3/Nm, and values in the same range were found for the
composite coatings, as represented in Figure 10f. One sample presented the substrate, and
the estimated thickness was ~38 um. The appearance is comparable with the other samples
that reached the substrate because similar Fe oxides originated from the antagonist. The
mechanism is still abrasive, and this result differs from what reported by Kong et al. [30]
on electroless Ni-P treated at 400 °C. Prabu Ram et al. [17] also tested electroless Ni-I after
heat treatment performed at 400 °C against AISI 440C steel. They observed the formation
of an iron oxide layer that adheres on the coatings and has a strong influence on the wear
mechanism. Delamination of the coating was not observed, and these results are in line
with the present study. The wear system is different, but the similarities are due to the
nature of the Fe-based antagonist materials. The overlapping of wear rate values for the two
conditions mirrors the COF trends in Figure 9c and the similar hardness values measured
for the HT400 samples (Figure 6). The presented results for the HT400 treatment agree with
Aslanyan et al. [21] despite the different coupling system. They reported similar COF trends
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for both pure and Ni-P/SiC coatings after 1 h at 420 °C. Using corundum as the antagonist,
the authors reported a wear volume loss higher for the composite coatings than the pure
ones. They attributed it to the pull out of SiC particles during wear, that contributed to the
abrasion of the material. The same observations apply to the non-abrasive coupling of the
present study with 100Cr6 steel. On the other hand, Chang et al. [19] reported different
results with zirconium oxide as antagonist. After the heat treatment carried out at 400 °C
for 1 h, the pure coating presented a higher volume loss than the composite one. Similarly,
the average COF was slightly higher for the Ni-P coating. The authors attributed these
results to the formation of NisSiy during heat treatment, that increases ductility due to the
small angle phase boundary. A similar behaviour was not observed with the samples of
the present study.

The presence of reinforcing particles did not alter the COF values for HT360 and
HT400 conditions; however, it affected the wear rate, particularly for the HT360 samples. It
is critical to underline that the influence of heat treatment is determined by the P content
within the high-P family. Ahmadkhaniha et al. [23] recently clarified that small variations
in the P content, within 10 wt.%-16 wt.%, led to different mechanical properties after heat
treatment. Thus, the P content is the dominant variable, yet it cannot be controlled during
the production process, either electrodeposited or electroless. Nevertheless, the samples of
the present study are of interest because they represent the real condition in production
systems, with P content in the 10 wt.%—-16 wt.% range. The difficulties in optimising specific
heat treatments stem from the variation of composition obtained in real production.

5. Conclusions

The present work investigated the wear behaviour of Ni-P and Ni-P/SiC coatings in
the as-plated condition and after different heat treatments. The antagonist was a 100Cr6
steel, representative of non-abrasive systems. The interest of the present study was the
representation of the real industrial production of Ni-P coatings and the related variations
in P content. The aim of the present work was to differentiate the contributions of SiC
addition and heat treatment on the wear properties of Ni-P coatings, to find the optimum
condition that minimizes the wear rate.

The presence of SiC particles significantly influenced the COF and the wear rate of the
as-plated coatings, despite the limited influence in increasing hardness. The presence of Fe
oxides, originated in the tribo-oxidation wear mechanisms on the antagonist side, did not
completely mitigate the ceramic particles” abrasive action in the composite coatings. These
presented higher COF and wear rate than the pure ones.

After heat treatment, the maximum hardness of pure coatings was after 1 h at 400 °C
(HT400), while the maximum hardness of composite coatings was after 2 h at 360 °C
(HT360). During wear tests, the COF trends reported a difference between pure and
composite coatings only in the HT300 condition (300 °C for 2 h). In other cases, the COF
stabilised at similar values. The wear mechanisms involved were mainly abrasion and
tribo-oxidation, with the formation of lubricant Fe oxides at expenses of the antagonist
steel. Micro-plough also occurred for the pure HT300 samples, and Fe oxides combined
with SiC particles mitigated it in the composite coating. The COF trends were not mirrored
by hardness and wear rates in the HT360 condition, that shown distinct values.
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