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Abstract

Nickel-phosphorus composite coatings embedded with boron nitride (BN(h)) particles were deposited on AlSI 1018 steel
using electroless deposition technique. Then the coatings were heat-treated at 400 °C with an aim to study the role of
heat treatment on the temperature-dependent tribological characteristics. The wear characteristics of the as-deposited
(AD) and heat-treated (HT) coatings were analyzed at ambient as well as at 300 °C temperature. The surface topography
of the wear tracks was studied by using a scanning electron microscope. The hardness of AD samples was measured as
increased up to 40% after the high-temperature sliding test due to the semi-coherent Ni;P phase. High wear resistance
was observed in the case of HT coating tested at ambient temperature, which is attributed to the higher hardness and
lower amount of adhesive wear during sliding. Furthermore, the effect of heat treatment on the wear rate of the coatings

at 300 °C was found to be insignificant.
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1 Introduction

Nickel phosphorous (Ni-P) coatings are adopted in a broad
range of industrial applications due to their superior wear
resistance and inertness in the corrosion environment [1].
Ni-P coatings show remarkable potential in the oil and
gas industry protecting HSLA steels due to excellent cor-
rosion resistance in H,S and CO, environments [2]. Further,
the Ni-P coatings show potential in modern machinery in
chemical plants and marine applications involving wear
and corrosion simultaneously [3, 4]. Ni-P coatings are
commonly produced by the chemical reduction of metal
ions via a reducing agent [5]. The commonly used elec-
troless baths depending on reducing agents are sodium
hypophosphite, amino boranes, sodium borohydride, and
hydrazine baths. Sodium hypophosphite baths are most
widely (almost 70%) used for depositing Ni-P coatings
owing to their higher deposition rates, easy bath control,

and increased stability. Further, for depositing Ni-P alloy
coatings acid and alkaline baths are used. The better qual-
ity thick coatings are deposited on metals and bath stabil-
ity is maintained for a long time by employing acid baths.
The phosphorus content in the deposits can be easily
controlled by varying the pH of hot acid bath (low (3-5%
P), medium (6-9% P), and high (10-14% P) phosphorus
Ni-P coatings). Warm hypophosphite alkaline baths are
employed for depositing Ni-P coatings on plastics and
non-metals [6]. Embedding nano or sub-micron particles
into the Ni—-P matrix to acquire functional properties to
the coated surfaces has been well demonstrated in the
literature [6, 71.

Nickel-based coatings are suitable for elevated tem-
perature tribological applications as they possess a high
melting point (1480 °C) and good oxidation resistance.
Self-lubricating coatings perform relatively better in a
few specific applications where dry sliding conditions are
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demanded at elevated temperatures due to the work-
ing environment. If the friction coefficient is more at the
elevated temperatures, the performance and life of the
surface coatings are severely affected. In order to address
these issues, integrating appropriate solid lubricant parti-
clesinto the Ni-P coatings has been reported as a promis-
ing strategy [8]. Several researcher articles have reported
co~deposition of solid lubricant particles such as MoS,,
PTFE, BN(h), WS,, Ag, carbon nanotubes, and graphite into
Ni-P matrix in order to enhance the tribological character-
istics of the coating [9-13].

Lower shear strength along the sliding direction, opti-
mum mechanical strength, high temperature stability, oxi-
dation, and corrosion resistance are the essential attributes
required for a self-lubricating composite coating targeted
for high-temperature tribological applications [14]. Boron
nitride, BN(h), exhibits high thermal and chemical stability
along with a high melting point (~ 2973 °C) which make
BN(h) a potential material to incorporate in Ni-P matrix
to improve the temperature effected tribological behav-
ior. Similar to graphite, BN(h) exhibits a layered structure
that exhibits a strong covalent bond inside the layer and
weak van der Waals forces among layers [15]. Research-
ers explored oxidation, wear, and corrosion behavior of
Ni-P-BN(h) coatings considering the significance of the
coatings in industrial applications [16-18]. Self-lubrication
and anti-frictional properties make the coating one of a
potential candidate for wide-spread tribological appli-
cations. Some specific applications include components
for dry lubrication (pistons), tooling molds for excellent
release properties, and flat sliding joints in machine tools
for low coefficient of friction. Bello et al. successfully syn-
thesized Ni-P coated BN(h) using electroless deposition
technique, thus enhancing the potential of the material for
tribological applications [19]. Leon et al. [20] investigated
the tribological characteristics of heat-treated Ni-P-BN(h)
composite coatings against alumina ball at high tempera-
tures. The results revealed that the friction coefficient and
wear increases with the increase in test temperature. The
wear mechanism was observed as transformed at elevated
temperatures from mild adhesive wear to combination of
adhesive and fatigue wear when the temperature was
reduced to at ambient temperature.

Several authors reported considerable enhancement in
the wear characteristics of the Ni-P composite coatings
by implementing a suitable heat treatment cycle [3, 21,
22]. Jiang et al. [23] and Sivandipoor et al [24] observed
that the heat treatment of Ni-P coatings incorporated
with solid lubricant particles has improved the tribological
characteristics. Baibordi et al. [25] showed the enhanced
hardness and wear resistance in duplex Ni-P/Ni-B-BN
composite coatings upon heat-treatment at 400 °C attrib-
uted to crystalline nature and Ni;B phase precipitation.
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From the works of Leon et al.[26], it can be understood
that the wear coefficient of heat-treated Ni-P-BN(h) com-
posite coating has been decreased up to two orders of
magnitude compared with conventional Ni-P coating at
ambient temperature conditions. It can be learned from
the available literature, that the wear characteristics of
Ni-P composite coatings at ambient temperature sliding
conditions can be improved by adopting an appropri-
ate heat treatment process. However, information on the
role of heat treatment on the performance of Ni-P-BN(h)
coatings at high temperature sliding wear conditions is
insufficient. In the current work, the role of heat-treatment
on the temperature dependent tribological characteris-
tics of BN(h) incorporated Ni-P-composite coatings has
been investigated with an aim to understand the wear
mechanisms.

2 Experimental methods and materials
2.1 Ni-P-BN(h) composite coatings deposition

BN(h) reinforced Ni-P composite coatings were depos-
ited on AISI 1018 grade steel substrate of dimensions
20 mmx 20 mm x5 mm using electroless plating tech-
nique. Substrate preparation and electroless nickel plat-
ing details were discussed elsewhere [27]. The proprietary
electroless Ni-P solution comprising of 5-6 g/l nickel (as
a sulfate solution), 27-33 g/l sodium hypophosphite
(NaH,PO,), suitable amounts of stabilizer and complex-
ant was utilized for depositing Ni-P-BN(h) coatings. As a
standard practice, to avoid structural defects and to get
better coating substrate adhesion, initially for 30 min, Ni-P
coating was developed, and then a BN(h) incorporated
Ni—-P composite coating was deposited for 2 h 30 min as
per the following procedure. In the first step, before adding
BN(h) into the electrolyte, BN(h) suspension was dispersed
in 10 ml of electrolyte for 1 h under ultrasonic agitation.
Then, BN(h) was co-deposited into the Ni-P metal matrix
by adding ultrasonicated suspension of BN(h) particles
in the electrolyte under continuous magnetic stirring at
350 rpm to avoid agglomeration of particles. Table 1 shows
the operating parameters for the deposition of electroless
Ni-P-BN(h) coatings.

Based on the available literature, the heat-treatment of
Ni-P coatings at 400 °C resulted in tremendous improve-
ment of hardness and wear resistance of coatings attrib-
uted to the transition from amorphous to crystalline nature
and precipitation of Ni;P phase during heat-treatment.
Several researchers highlighted the importance of heat-
treatment (particularly 400 °C) in Ni-P composite coating
systems for improving wear resistance [21, 28]. Indus-
trially, 400 °C for 1 h heat-treatment cycle is commonly
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Table 1 Operating parameters for deposition of Ni-P-BN(h) com-
posite coating

Deposition parameters Ni-P/hBN coating

Nickel metal 5-6gL”"

Sodium hypophosphite 27-33g L7’

pH 57-6.3

Temperature 87+2°C

Stirring mechanism Magnetic stirring
(350 rpm)

BN dispersion 5% by volume

Deposition time 3h

Bath volume 150 ml

implemented for widespread applications to achieve peak
hardness. By considering all these aspects, in the present
study, heat treatment of as-deposited Ni-P-BN(h) samples
was carried out at 400 °C for 1 h and further annealed in
the furnace.

2.2 Characterization

The phase structure of the BN(h) particles, and Ni-P-BN(h)
composite coatings was evaluated using X-ray diffractom-
eter (Bruker XRD, D8 advanced) using CuKa (A=1.5405 A
as a source of radiation in the 26 ranges from 20° to 80°,
Surface topography, cross-sectional, and wear track analy-
sis of the deposited coatings were carried out using scan-
ning electron microscope (JEOL JSM-6380A) attached with
energy dispersive X-ray spectroscopy (EDS) for carrying
out elemental analysis. The microhardness of the coatings
was evaluated using Vickers hardness tester by applying
100 g load for 15 s (Mitutoyo, HM-112).

The friction and wear behaviour of the Ni-P-BN(h)
coatings was evaluated using reciprocating friction tester
(DUCOM India, TR-281). Sliding tests of the coatings were
conducted against AISI E52100 steel ball of 6 mm diam-
eter at ambient temperature and also at high temperature
(300 °C) for 100 m sliding distance. The normal load of 10N
was applied with 10 mm stroke length and a frequency of
3 Hz. Following the wear tests, weight loss was measured
using a weighing balance of 0.1 mg accuracy, and the spe-
cific wear rate was calculated using the following Eq. (1).

wear volume

Specifi te =
pecific wear rate (normal foad x sliding distance) (M

Wear test samples were designated as ADRT and HTRT
for as-deposited coatings and heat-treated coatings for
room temperature (RT) tests, and AD300 and HT300 for
as-deposited coatings and heat-treated coatings for tests
conducted at 300 °C, respectively.

3 Results and discussion
3.1 Structural analysis of BN(h) particles

SEM and XRD analysis of BN(h) particles are presented
in Figs. 1 and 2, respectively. From the SEM micrograph
(Fig. 1), the morphology of BN(h) powder was observed as
flake-like morphology with particle size ranging from 1 to
3 um. Figure 1a, b depicts the BN(h) particles are agglom-
erated and comprises of irregular plate-like crystals. From
the XRD analysis (Fig. 2), sharp and distinct peaks corre-
sponding to hexagonal boron nitride. The peak at 26.6°
in the XRD pattern has been assigned to the (002) reflec-
tion of the graphite-like BN(h) structure [29]. The atomic
plane of crystal BN(h) consists of hexagonal rings formed
with B and N atoms possessing the strong covalent bond
between them and separated by the weak van der Waals
bonding between the atomic planes, thereby offering
lubricating properties [30].

3.2 Surface morphology of Ni—-P-BN(h) deposits

Figure 3 shows the surface morphology of AD and HT
Ni-P-BN(h) coatings. The formation of smooth, defect-
free, and nodular structure is attributed to the uniform,
steady-state reduction and adsorption of nickel ions on
the substrate due to the optimal concentration of reduc-
ing agent in the electrolyte. The average size and bubble-
like features increased in the heat-treated coating (Fig. 3b)
which is attributed to the evolution of entrapped hydro-
gen gas from the coating during heat treatment.

Cross-sectional SEM image of Ni-P-BN(h) coating
(Fig. 4a), clearly demonstrates the defect-free interfacial
integrity of the coating and substrate. Initially, 10-12 pm
thickness (30 min) conventional nickel phosphorous
(Ni-P) coating was grown on the substrate followed by
Ni-P-BN(h) deposition for the next 48 um (150 min), as
seen in the magnified BSE cross-sectional view (Fig. 4b)
of the coating. Figure 4a, b shows the uniform distribu-
tion of BN(h) particles in the Ni-P matrix. Further, Fig. 4c
shows the magnified back-scattered electron (BSE) image
of the polished sample showing the distribution of BN(h)
particles. Spot EDS analysis (Fig. 4d) confirms the presence
of all constituent elements, nickel, phosphorus, boron, and
nitrogen.

3.3 Phase analysis of Ni-P-BN(h) deposits

Figure 5 presents the XRD results of AD and HT Ni-P-BN(h)
coatings. XRD patterns of the Ni-P-BN(h) coatings
revealed that the incorporation of BN(h) particles into the
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Fig. 1 Surface morphology of BN(h) particles at different magnifications a 500x, b 1000%, ¢ 3000x%, and d 10,000x

h-BN powder
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Fig.2 X-ray diffraction pattern of BN(h) particles

Ni-P matrix did not affect the crystal structure of the coat-
ings [31]. BN(h) characteristic peak is not observed in the
XRD patterns, due to the lower volume content of BN(h)
particles and high structure factor of nickel. The broad
peak observed in the XRD pattern of AD coating at 44.5°
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corresponds to (111) diffraction peak of FCC nickel. XRD
peak broadening is usually appeared due to fine crystal-
lite size and/or micro-strain present in deposits [32]. XRD
pattern of HT coating (at 400 °C) shows two phases, i.e.,
Ni and Ni;P. Higher intensity narrow width peaks indicate
the more degree of crystallinity and large crystallite size
of the HT coatings.

3.4 Microhardness

Microhardness of AD and HT coatings were measured as
383+18HV,,and 720+ 12 HV, ,, respectively (Fig. 6). The
reinforcement of BN(h) particles into the coating have
not shown any significant effect on the hardness, which
can be attributed to the relative softness of the BN(h)
particles. The hardness of as-deposited Ni-P-BN(h) coat-
ing is dependent on the BN(h) particles and phosphorus
content in the coating. Hsu et al. [33] reported the hard-
ness of Ni-P-BN(h) coating decreases with an increase in
BN(h) content from 8.61 to 11.74 vol.%, whereas above
11.74% the hardness increases attributed to variation
in the phosphorus content in the coating. The hardness
of as-deposited Ni-P-BN(h) reported at optimum BN(h)
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Fig.4 SEM images of Ni-P-BN(h) composite coatings, a SE image and, b BSE image, showing the cross-section and ¢ polished sample show-
ing the distribution of BN(h) particles. d Spot EDS analysis (in b, plus symbol)

concentration is 442 HV. Ni;P phases were formed dur-
ing the heat treatment (confirmed from XRD analysis) is
found to be responsible for increased hardness for HT
Ni-P-BN(h) coating. Several authors reported that the
peak hardening effect in Ni-P composite coatings is
achieved at 400 °C ascribed to the crystallization of Ni

and precipitation of Ni;P phase [34-36]. As known, the
hardness is a measure of material local resistance against
plastic deformation. The Ni;P phase precipitated during
heat treatment, acts as a barrier for dislocation motion,
thus resulting in restrained plastic deformation, thereby
resulting in enhanced hardness.
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Fig.5 XRD patterns of as-deposited and heat-treated Ni-P-BN(h)
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Fig.6 Vickers micro-hardness of Ni-P-BN(h) as-deposited and
heat-treated coatings

3.5 Friction curves and wear characteristics

Figure 7 compares the variation in friction coefficient for
AD and HT Ni-P-BN(h) composite coatings at ambient
temperature and 300 °C. AD coating presents two friction
stages at ambient temperature sliding conditions. In the
first stage, a low and stable friction coefficient (from ~ 0.25
to 50 m sliding distance) is observed, which is attributed to
the coating lubricity obtained by incorporating BN(h) par-
ticles. In the second stage, i.e., after 50 m, a sudden rise in
friction coefficient value was observed which is attributed
to the increased contact area between the coating and
steel ball during sliding. The friction coefficient value of
the HT coating has been observed to be stable compared
to AD coating over the entire sliding duration; attributed
to the low contact area between coating and steel ball
tested under the same loading conditions. Similar kind of
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e Mode: Linear reciprocating == ADRT
Normal load: 10 N e HTRT
Stroke length: 5 mm AD300
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Sliding distance: 100 m
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Fig.7 Frictional characteristics of as-deposited and heat-treated
Ni-P-BN(h) coatings tested at ambient and 300 °C temperatures

performance was also reported for Ni-P-BN(h) coating
heat-treated at 400 °C, Ni-P-WS, coating, and Ni-P-PTFE
autocatalytic coatings [24, 26]. Goettems et al. [37] inves-
tigated the tribological characteristics of Ni-P coatings
with hard-chromium coatings using a ball and flat con-
figuration tribometer. Friction coefficient values reported
at the end of wear tests for as-deposited, heat-treated (at
400 °C) Ni-P coatings and hard chromium coating are 0.8,
0.55, and 0.6, respectively. The friction coefficient observed
at the end of wear tests for AD, and HT Ni-P-BN(h) coat-
ings are 0.4 and 0.3, respectively, which are considerably
below the reported values. Friction coefficient values of
AD and HT coatings at 300 °C were observed to fluctuate
between 0.21-0.35 over the entire sliding distance. This
phenomenon of friction coefficient fluctuations can be
understood by considering the intermittent formation and
infringement of the tribo-chemical layer at the contact sur-
face. Mukhopadhyay et al. observed similar behavior i.e.,
higher instability in friction coefficient of Ni-P-Mo coat-
ing at 300 °C sliding conditions attributed to continuous
formation and breakage of tribo-oxide layer [38].

Figure 8 represents the wear rate of AD and HT
Ni—-P-BN(h) coatings at the ambient temperature and
300 °C. At ambient temperature, wear rate of the HT coat-
ing (4.49 x 107> m3/N-m) was observed as lower (3 orders
of magnitude) compared with the as-deposited coating
(1.45x 107 m3/N-m). This behavior can be attributed
to the effect of higher hardness and enhanced shear
strength in HT coatings. Leon et al. demonstrated simi-
lar kind of behavior for Ni-P-BN(h) composite coatings
that are heat-treated at 400 °C due to Ni;P phase precipi-
tation [26]. Sribalaji et al. reported the enhanced shear
strength in the heat-treated Ni-P coating attributed to the
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Fig. 8 Wear rate of as-deposited and heat-treated Ni-P-BN(h) coat-
ings at ambient temperature and 300 °C

hindrance of dislocation motion by the Ni;P precipitate
subsequently resulted in high scratch resistance [32]. At
300 °C, wear rate of AD and HT coatings were measured as

X188 186nm 8813

2.24x10™* m3/N-m and 1.90 x 10~* m3/N-m, respectively.
The higher wear rate observed for Ni-P-BN(h) coatings at
300 °C compared to ambient temperature, which is attrib-
uted to the malleable and ductile nature of the coatings
at high temperature, irrespective of the coating condition.
On the other hand, the variation in the wear rate was not
significant for AD and HT coatings tested at 300 °C due to
in-situ temperature-induced Ni;P phase formation in AD
coatings. This is similar to the findings of Franco et al. [39],
due to slight crystalline nature resulted from in-situ heat
treatment while conducting the wear experiments.

3.6 Wear mechanisms

Figure 9 shows the wear track (conducted at the ambi-
ent temperature) image and elemental analysis of AD
Ni-P-BN(h) coating. The sliding track width of AD coat-
ing is measured as 428 um, as shown in the SEM image
(Fig. 9a). The magnified view of wear track (Fig. 9b)
revealed the shearing of as-deposited coating along
with the sliding direction under the continuous action
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Fig. 9 Wear analysis of as-deposited coating at ambient temperature a SEM image showing sliding track width, b enlarged view, and c ele-

mental analysis of the marked region
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of cyclic loading. During reciprocating sliding under nor-
mal load, sub-surface layers are subjected to cyclic shear
stresses and results in micro-crack formation. Coating
ductility and mutual solubility between the AD coating
and steel ball contribute to material transfer and resulted
in layered wear track morphology. The adhesion is attrib-
uted to the ductile nature of the coating and low sliding
speed, resulting in the formation of temporary adhe-
sion bonds under high stress sliding test conditions. If
the surfaces are separated by any barrier such as oxide
layer or surfaces possess lower solubility, the obtained
adhesion bond strength is usually observed as lower
for the contacting pairs. Therefore, tearing arises at the
interface, and a minimum material loss appears. How-
ever, in the present work, the surface coating acts as soft
material compared with the AISI E52100 steel ball and
the tearing happens inside the softer material. Then a
fraction of coating material is drawn towards the AlSI
E52100 steel ball and deformed under the continuous
sliding conditions. Furthermore, the presence of oxy-
gen (5.30 wt%) along with Ni and P from the elemental

X188 188mm 8813 15 62 SEI

analysis on the wear track of AD coating (Fig. 9c) con-
firms the occurrence of triboxidation.

Figure 10 shows the sliding track width and elemental
analysis of HT Ni-P-BN(h) coating at ambient temperature
sliding conditions. The width of the wear track on HT coat-
ing (172 um) has been measured as lower compared with
the wear track on AD coating (428 um) suggests the higher
load-bearing capacity of AD coating. Figure 10b reveal the
smooth wear track with a mild degree of material flow and
minimum wear debris. Heat treatment along with BN(h)
incorporation reduced the adhesive wear, which can be
attributed to the decreased mutual solubility between
coating and steel ball. Wear track features at higher mag-
nification revealed no considerable deterioration and/or
longitudinal grooves, thus confirming the lower abrasion
when sliding against hardened steel ball. Further, elemen-
tal analysis of the sliding track (Fig. 10c) confirmed no sig-
nificant presence of oxygen, thus signifying less oxidative
and adhesive wear. Sivandipoor et al. [24], also observed
similar kind of wear behavior in the HT Ni-P-WS, coatings,
when sliding against pin made of hardened steel.
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Fig. 10 Sliding track details of HT coating at ambient temperature a micrograph showing sliding track width, b enlarged view, and c ele-

mental analysis of the marked region
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Figures 11, 12 show the sliding track morphology
and elemental analysis of AD and HT coatings tested at
300 °C. The wear track widths of both AD and HT coat-
ings were measured as similar, i.e., 780 um and 782 ym,
respectively (Figs. 11a, 12a), which is ascribed to the
in-situ phase transformations during high-temperature
sliding. During high temperature (300 °C) wear test, the
as-deposited coatings gained significant hardness, up
to 40%, which is attributed to in-situ heat treatment
as explained by Kundu et al. [40]. Other studies also
demonstrated structural changes in as-deposited coat-
ings when the wear tests were conducted at elevated
temperatures [39, 40]. In the present work, wear tracks
(Figs. 11b, 12b) shows the formation of linear grooves
along the direction of sliding. The ductility of AD and
HT Ni-P-BN(h) composite coating at high temperatures
is responsible for the higher amount of plastic deforma-
tion and formation of more wear debris. Wear debris
that is produced during sliding undergoes localized
hardening, and tend to entrap between coating and
counter-body. The abrasive action of these particles

16868mm BB13

results in groove formation in the wear track, which is
evident from the macrographs of the wear tracks. Deep
scratches observed in Fig. 12b indicates the transfer of
material from coating to the counter-body during slid-
ing. Elemental analysis of the wear track of AD and HT
coatings at 300 °C (Figs. 11¢, 12c) revealed no consider-
able presence of oxygen on the wear track.

Elemental analysis of wear tracks of AD and HT
Ni—P-BN(h) coatings at ambient and 300 °C revealed the
presence of Ni, P, and O, whereas there was no presence
of Fe on the wear track thus confirming that the coating
sustained the failure under the test conditions of high
contact stresses. Hence, from the results, it can be under-
stood that the combined effect of higher hardness due
to Ni;P phase precipitation and lubricity due to the pres-
ence of BN(h) particles resulted in better wear resistance
for HT coatings tested at ambient temperature. Whereas,
the higher amount of wear rate was observed at high
temperature (300 °C) sliding conditions because of the
high adhesive wear.

(C) cps/eV
50
2 2
] Fe %
40— Ni
30
20
10
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Fig. 11 Sliding track details of AD coating at 300 °C, a micrograph showing sliding track width, b enlarged view, and ¢ elemental analysis of

the marked region

SN Applied Sciences

A SPRINGERNATURE journal



Research Article

SN Applied Sciences (2020) 2:1101 | https://doi.org/10.1007/s42452-020-2920-z

1SkU

X1, 888

Fig. 12 Sliding track details of HT coating at 300 °C, a micrograph showing sliding track width, b enlarged view, and ¢ elemental analysis of

the marked region

4 Conclusions

Nickel phosphorus coatings containing BN(h) solid lubri-
cant particles were successfully deposited on AISI 1018
steel substrate using electroless deposition technique.
Heat treatment of Ni-P-BN(h) composite coatings resulted
in crystallization of the amorphous Ni phase and precipi-
tation of Ni;P phase, as confirmed from the XRD analy-
sis. The semi-coherent Ni;P phase is found to be respon-
sible for the higher hardness of heat-treated coatings
(720+£ 12 HV, ), whereas as-deposited coatings exhibited
the hardness of 383+ 18 HV, ;. Under ambient tempera-
ture sliding conditions, heat-treated coatings exhibited
high wear resistance (4.49 x 10~ m3/N-m), about 3 orders
magnitude in comparison to that of the as-deposited coat-
ings (1.49x 107* m3/N-m). The better wear performance is
attributed to the synergetic effect of self-lubrication and
the high hardness of the heat-treated coatings. Whereas,
under high temperature (300 °C) sliding conditions, higher
wear rates were observed for both the as-deposited
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(2.24x 10" m3/N-m) and heat-treated (1.90 x 10~ m*/N-
m) coatings. Also, the role of heat treatment on the sliding
wear performance of Ni-P-BN(h) coatings is found to be
insignificant at high temperature sliding conditions.
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