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Electroless plating has been receiving a steady progress over the last decade on the modification of the
surface properties of ceramic materials in order to produce composite coatings with unique characte-
ristics for critical tribological systems. In this work, an electroless nickel deposition process was used
to deposit nickel-phosphorous (Ni-P) coating on hexagonal boron nitride (h-BN) particles via hypo-
phosphite-reduced acid bath solution. The substrate particles were initially subjected to series of pre-
treatment operation in order to ensure that the particles are cleaned and catalytically active prior to
electroless plating. The characterization of the as-received and Ni-coated powder was studied through
scanning electron microscopy (SEM), energy dispersive x-ray (EDX) spectroscopy and field emission
scanning electron microscopy (FESEM). The result reveals that the pretreatment of h-BN powder pro-
vides substrate particle surfaces with coarse and roughened structures which are normally considered
suitable for Ni-P deposition. Moreover, the result of the EDX analysis confirms the existence of
nucleating agents and Ni-P coating on the surface of the treated h-BN powder. The cross-sectional
microstructure of the coated powder shows that the h-BN particles were embedded in a continuous
matrix layer of Ni-P deposit. The EDX mapping profiles further indicate that the deposited Ni-P alloy
mass was uniformly distributed on the surface of the Ni-P codeposited h-BN particles (Ni-P-h-BN).
The successful development of Ni coated h-BN powder will raise the potential of h-BN as a high-

performance coating material.
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1. INTRODUCTION

Electroless nickel (Ni-P) plating process is gain-
ing wide acceptance in tribology community as a
surface treatment offering the possibility to produce
a wide range of metal-coated engineering compo-
nents [1, 2]. The potential of this technique has to be
related to its unique quality of combining hardness
and corrosion properties as well as capability to
generate uniformly distributed deposit, regardless of
geometrics, on various metallic and non-metallic
surfaces as demonstrated in pure metals and alloys
[2-3], plastics [4], ceramics [5-7], fibers [8] and
powders [9-13]. The electroless nickel plating pro-
cess basically involves the chemical reduction of
aqueous nickel cation on a catalyzed substrate sur-
face in the presence of a reducing agent [14]. On
comparing with the conventional electroplating
technique, the electroless plating process offers im-
pressive advantages in terms of lower processing
cost since no electricity is involved and the possibil-
ity of obtaining varying deposits with excellent
properties by easy adjustment of the pH, the temper-
atures and the compositions of an electroless bath
[2]. This breakthrough is probably accounted for the
growing importance of electroless plating among the

electrodeposition methods for the generation of
newer electroless composite coating having out-
standing attributes for critical tribological and
mechanical applications [14-15].

Over the years, a wide variety of micro and nano
hard particles (TiC, WC, SiC, SizN,, TiO; etc.) have
been successfully codeposited via the electroless
nickel deposition process to achieve a superior wear-
resistance [16—20]. Besides, some electroless code-
posits containing soft lubricating particles such as
polytetrafluoroethylene  [19-22],  molybdenum
disulphide [5], tungsten disulphide [23-24], carbon
nanotubes [6, 25] and graphite [9, 25] have been
developed to obtain self-lubricating electroless com-
posite coatings. Since most of these solid lubricant
coatings are normally employed for high tempera-
ture lubrication, the survey of the available reports
showed that the tribological performance of these
coatings are limited within the temperature range of
350°C to 500°C. A further increase in wear tempera-
ture will result to unsatisfactory wear performance
characteristics [2, 10, 14].

Hexagonal boron nitride (h-BN) is another im-
portant solid lubricant which has been proven to of-
fer high thermal stability and chemical inertness
combined with an excellent lubricating property.
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The h-BN lubricant is therefore a promising alterna-
tive candidate material for solid lubrication that
involves high temperature, a vacuum environment
and where it is difficult to use liquid lubricants and
other traditional solid lubricants [26]. However,
reports of relevant studies have shown that h-BN has
been relatively the least explored in tribology for
developing surface tailored composite coatings
owing to the accounts of its poor wettability with
metal/ceramic matrix as well as its inadequate ther-
mo-oxidative performance [27-28]. Moreover, h-BN
coatings have been demonstrated to exhibits poor
frictional control at operating temperature below
400°C which restricts their proposed application to
high-temperature lubrication [27]. Recent research
made by Liu et al [4], indicated that incorporation of
h-BN lubricant particles within matrix layer of
active metal such as nickel could be explored to
improve the wettability performance of h-BN. Based
on this perspective, it is of interest to improve the
physical and chemical behavior of h-BN via electro-
less nickel plating with a view to expanding its per-
formance window for the development of an effi-
cient tribo-composite coating system. Although a
study by Du et al [26] related the use of Ni-coated
h-BN for laser treated composite coating, a detail
insights on the electroless deposition of nickel
deposit on h-BN particles has remained a subject of
vast interest.

In the present work, therefore, electroless plating
technique has been explored to co-deposit h-BN par-
ticles with Ni-P coating. The deposition routes for
the pretreatment of h-BN particles and electroless
nickel deposition were reported in detail. Besides,
the surface morphologies and composition of the
Ni-P coated h-BN powder were investigated. It is
believed that this nickel plating has the potential to
improve the wettability of h-BN particles with
metallic and ceramic matrices.

2. EXPERIMENTAL
2.1. Surface preparation of h-BN powder

The hexagonal boron nitride particles (98% puri-
ty, 5 um) considered for electroless plating in this
investigation were supplied by MK Impex Corpora-
tion, Canada. Table 1 provides the details of the
properties of the h-BN lubricant particles. Since
h-BN particles are non-conductive and lack catalytic
surface, the as-received h-BN powder had to be acti-
vated through a series of pretreatment operation
which includes cleaning, chemical etching, sensitiza-
tion and activation. This step-by-step treatment was
performed to make the surface of the powder clean
and active before the electroless Ni-P deposition
[10]. In this work, the pure h-BN powder was first
ultrasonically soak-cleaned with detergents and fil-

tered using a microfilter paper. The powder retained
on the paper was thoroughly washed with distilled
water to achieve a pH of 7.0, rinsed in ethanol and
then dried in an oven at a temperature of 60°C for 2
hours. This surface cleaning step was considered in
order to remove the dust and any oxide films present
on the surface of the particles. Etching treatment was
subsequently conducted by dispersing the cleaned
powder in a strong oxidizing acid solution contain-
ing 40 ml/L hydrofluoric acid (HF), 80 ml/L nitric
acid (HNOg), 2 g/L ammonium fluoride (NH4F) and
distilled water. The operation was carried out under
an ultrasonic wave stirring for 15 min at 40°C in
order to produce particles with micro-roughened
surfaces. The roughened h-BN particles were then
rinsed with distilled water, which was then followed
by filtering and drying in an oven at a temperature of
60°C for 2 hours. Finally, a two-step sensitization
and activation processes was carried out at room
temperature in order to render the lubricant particle
surfaces catalytically active for the electroless nickel
deposition. The chemically etched samples were
then sensitized in an acid stannous chloride solution
(2 g/L of SnCl,, 40 ml/L of 3M HCI) followed by
distilled water rinse. Duration of 15 minutes was
adopted for the sensitization process. Afterwards,
the sensitized h-BN particles were ultrasonically
treated with palladium chloride solution (0.2 g/L
PdCl,, 40 ml/L of 3M HCI) for activating their sur-
face up to duration of 15 minutes. The palladium
activated h-BN particles were then filtered, rinsed
with distilled water several times and allowed to dry
in an oven at 60°C for 2 hours. The basic stages for
the pretreatment of the h-BN powder are summa-
rized as shown in Figure 1.

Table 1.Details of h-BN lubricant particles

Properties Details
Colour White
Chemical formula BN
Crystal structure Hexagonal
Density 2.3
Coefficient 0.15-0.7

of friction (CoF)
Temperature stability

1000°C (air), 1400°C
(Vacuum)
0.08 cal/cm.sec.k

Thermal conductivity

Cleaning

Aetiyation
| sielvalion

Detercent/ Immerse in Immerse in
T8 SnCl/HCI PdCI/HCI
acid wash . .
solution solution
Distilled Distilled Distilled
water rinse water rinse water rinse

Fig. 1. Typical steps during pretreatment of h-BN powder.
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2.2.Electroless plating of h-BN patrticles

After the pretreatment operations, palladium-
activated h-BN particles were introduced into an
acid electroless plating bath. The schematic repre-
sentation of the electroless coating bath system is
shown in Figure 2. The plating solution contains
sodium hypophosphite as the reducing agent and
nickel sulphate as the source of nickel ions. A com-
bination of sodium citrate and glycine was added as
complex agents in order to avoid spontaneous a
decomposition of the bath by exerting buffering
action and retarding the precipitation of nickel phos-
phites. Furthermore, drops of a cationic surfactant in
the form of Cetyl-Trimethyl Ammonium Bromide
(CTAB) were added to the bath solution in order to
ensure a uniform dispersion of the suspended parti-
cles. The plating process was performed for the
period of 3 hours and intermittently, it was agitated
in the present magnetic stirring. During the deposi-
tion process, the bath solution was continuously
monitored and kept at the temperature and pH of 85
(£ 2°C) and 4.6 (+ 0.1) by means of a Solotone pH
meter and a thermometer. The low pH was realized
through the addition of an aqueous solution of 1M
H,SO,. After plating, the electroless h-BN coated
powders were filtered, thoroughly, cleaned with dis-
tilled water and dried at a temperature of 60°C for 2
hours. All the chemicals used in this experiment
were analytical of a reagent (A.R) grade. The details
of the compositions and operating parameters used
for the preparation of the N-P/h-BN codeposited
powder are given in Table 2.

— —

Thermometer

Electroless bath
containing h-BN
powder

Magnetic stirrer

Digital hotplate

Fig. 2. Schematic representation of the electroless deposition
bath.

2.3. Particles characterization

The surface morphologies of the as-received and
the electroless coated powders were observed using
a JEOL-JSM-5410 scanning electron microscope
(SEM). The same equipment was also used to study
the cross-sectional microstructures of the coated par-
ticles. The samples for the cross-section studies were
sprayed on the epoxy, polished and gold sputtered to
reveal the network of the Ni-P around the h-BN par-
ticles. The energy dispersive X-ray (EDX) spectros-

copy was used to analyze the chemical compositions
of the powders. The elemental mapping analysis of
the Ni-P coated h-BN sample was observed by an
EDX attached to a field emission scanning electron
microscope (FESEM).

3.RESULTS AND DISCUSSION

3.1. As-received and pretreated
particles characterization

The surface morphology of the as-received h-BN
powder examined by scanning electron microscopy
is shown in Figure 3a. As can be observed from the
micrograph (Fig. 3a), the as-received h-BN powder
presents a smooth and near-spherical shaped parti-
cles. Figure 3b shows the SEM image of the pure
h-BN after the cleaning treatment. It is evidenced
from the SEM image that all the attached debris
(such as dust, oil, oxide layer) has been removed
when compared to the original powder. This feature
was considered beneficial for the successful surface
activation and plating processes which largely
depends on the removal of all such defects from the
substrate surface to ensure plated layer are absorbed
into the surface of the substrate and not to the
attached contaminations [13]. Figure 3c shows a
typical energy dispersive X-ray (EDX) pattern of the
untreated h-BN powder. The result of the EDX spec-
trum confirmed that the substrate particles mainly
compose of boron and nitrogen, an indication that
the ceramic particles used in this work are boron
nitride.

The results of the h-BN powder after the micro-
etching and activation treatments are presented in
Figure 4. It was found that the morphology of the
h-BN particles was changed from a spherical-like to
irregular sheets after these treatments. The purpose
of pretreatment operations was to achieve a lubricant
powder surface with an increased surface area, plus
good catalytic behavior. As evident from the micro-
graphs in Fig. 4a, the surface of the pretreated pow-
der became roughened through the creation of
desirable pits which by this means exposed their sur-
face area for more catalytic activities. Some
researchers have observed that the presence of these
large roughened surface areas on the pretreated
powder would promote the adsorption process of the
nucleating agents to the substrate as well as the con-
tinuous growth of the Ni-P layer on the substrate
particles during the electroless plating process
[12-13]. An EDX analysis of the tin and palladium
treated h-BN samples were given in Fig. 4b,c
respectively. The results revealed that the major
components in the treated layers are tin and palladi-
um and had no impurities. These finding clearly
demonstrate that the cleaning and chemical etching
stages were successful in allowing the surface
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Table 2. Compositions and operating parameters of electroless Ni-P deposition bath

No Bath Constituents Components Quantity (g/ltr)

1 Nickel sulphate, hexahydrate, NiSO,-6H,0 Nickel ions source 30

2 Sodium hypophosphite, monohydrate, Na,H,PO,-H,0 Reducing agent 20

3 Tri-sodium citrate, hexahydrate, NasC4HgO4-6H,0 Complexing agent 50

4 | Ammonium sulphate (NH,SO,) pH regulator 20

5 Glycin,CsHsNazO; Complexing agent 10

6 Lead nitrate, PbNO; Stabilizer 0.02

7 | Cetyl-trimethyl ammonium bromide, CTAB Surfactant 0.3

8 | Pretreated hBN powder content Substrate powder 5
Operating conditions

9 |pH 46+0.1

10 | Temperature (°C)

11 | Magnetic agitation rate (rpm)

12 | Duration (h)

£» ¢

&

.g =% um

a7

e

LY
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Fig. 3. Scanning electron micrographs of: (a) as-received h-BN powder before ultrasonic-assisted cleaning; (b) as-received h-BN
powder after ultrasonic-assisted cleaning and (c) EDX of as-received h-BN powder.

(b)

(©

Fig. 4. Scanning electron images of: (a) as-pretreated h-BN sample; (b) EDX spectrum result of h-BN sample after sensitization

treatment and (c) EDX spectrum result of h-BN sample after activation treatment.
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Fig. 5. Surface morphologies of h-BN particles after electroless nickel plating: (a) SEM micrograph of Ni-P deposited h-BN parti-
cles; (b) SEM cross-section micrograph of Ni-P coated h-BN particles and (c) High magnification of the marked region in (b).

adsorption of these nucleating agents on top of the
substrate surface. The colour of the substrate powder
changed from white to a brownish colour after the
pretreatment process.

3.2. Characterization of Ni-P coated h-BN particles

Figure 5 shows the SEM morphologies of the
h-BN lubricant particles after an electroless Ni-P
plating process. The appearance of the electroless
Ni-P coated particles in Fig. 5a reveals a uniform
distribution of the Ni-P deposits around the surface
of the h-BN particles indicating one of the best fea-
tures of electroless nickel plating. The area marked
with the arrow pointers in the micrograph (Fig. 5a)
indicates there were traces of some Ni and P parti-
cles freely formed on the surface of the coated parti-
cles. A similar result has been observed by Luo et al.
[13] in their electroless plating of CrsC, powders.
During the electroless deposition, a very vigorous
reaction was found to have occurred at the initial
stage of the plating reaction in the electroless bath.
This observation might be attributed to the evolution
of hydrogen gas which resulted from the catalytic
dehydrogenation of the hypophosphite reducing
agent during the electroless reduction of Ni** species
(from NiSO,4). The summaryof the overall reaction
on the plating process could be expressed by Eq.1
and Eq. 2:

NiZ* +2H,PO; +2H,0
+2H* +H,,
H,PO; +2H,0 + 2H? —Saiesrte b 4 AOH" 4+ 2H,,. (2)

—_—
As indicated in the reactions shown in equation (1),
the catalytic reduction and deposition of nick-

catalytic surface

—caaiesueee sy Nj° + 2H,PO; + 1)

el/phosphorous ions on the activated powder have
been initiated by the adsorbed H* from the aqueous
solution. The presence of Pd deposits on the pre-
treated powder surface serves as catalytic sites for
the initial deposition of Ni-P layers. Owing to the
self-catalytic nature of nickel particles, the just-
deposited nickel films, then acted as a nucleation
centre and catalyst for subsequent electroless deposi-
tion as the plating reaction continues based on the
equation (1) & (2). In this case, the nickel-
phosphorous layers continued to grow until the reac-
tion was completed and thus formed a dense Ni-P
coated layer on the h-BN powder.

The SEM cross-section morphologies of the elec-
troless coated h-BN particles are shown in Fig. 5b,c.
The surface analysis of the cross sectional view re-
vealed that the coated particles were successfully
isolatedwithin the island of cell-like structures which
were analyzed to consist of Ni and P particles
(Fig. 5a). It was observed from Fig. 5b (the high
magnification image of a marked box in Fig. 5a) that
the co-deposited particles are tightly bound to the
Ni-P matrix layers forming a compact structure.
Taking into account the fact that hBN particles
exhibits poor wettability with most metallic and
ceramic matrix to form an effective composite struc-
ture, this new finding therefore suggests that the
electroless plating process was beneficial to improve
the surface functionality of h-BN through the
existence of a highly active nickel deposit on the
substrate particles. The EDX pattern of h-BN parti-
cles after the electroless Ni-P plating is shown in
Figure 6. The spectra depicting the peak of the x-ray
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for nickel and phosphorous were observed other than
boron and nitrogen. This clearly confirms that the
major elements of the as-deposited coatings are Ni
and P. The quantification analysis of the coated
powder surface was estimated to contain approxi-
mately 88 wt.% Ni and 12 wt.% P (as shown in the
spectrum of Figure 6).

Fig. 6. EDX spectrum of Ni-P coated hBN powder.

Fig. 7. Elemental mapping profile of Ni-P coated hBN particles.

The SEM-EDX mapping analysis obtained for
the electroless Ni-P coated powder is given in
Figure 7. The map profile shows the presence of B,
N, Ni and P in the composite coated powder. It can
be observed that these elemental constituents were
uniformly distributed as measured from the respec-
tive colour intensities of each of the elemental con-
stituent. After the electroless plating, a visual obser-
vation showed that the colour of the activated pow-
der turned from brown to black.

4. CONCLUSION

Based on the results obtained in this study, it is
possible to the following conclusions:

1. The step-like pretreatment processes was
demonstrated to be effective in producing catalytic
centres on the surface of h-BN particles favouring
the adsorption of the nucleating agents as well as the
nucleation and growth of Ni-P layer during the elec-
troless plating.

2. Nickel-phosphorous coatings were satisfactori-
ly obtained on the h-BN substrate. The Ni-P deposit
was found to be dense and uniformly distributed on
the h-BN lubricant particles.

3. The existence of Ni layer on h-BN particles
would improve their wettability for efficient metal-
ceramic adhesion.

4. The success of Ni-P/h-BN codeposition could
be regarded as a stimulus to develop advanced tribo-

composite materials suitable surface-reinforced
coatings and powder metallurgical processes.
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B TedeHme mociemHEero NecATUIICTUS HaOronacs
YCTOHYMBBEIA MPOrpecc NMPUMEHEHHS XHUMHYECKOro oOca-
KIOCHUSA TOKPBITHH IJIs PelleHus 3ajad MoAM(PHMKALUN
MIOBEPXHOCTHBIX CBOHCTB KEPaMHYECKHX MAaTepHajloB ¢
LENbIO MOJYYEeHUs] KOMITIO3UIIMOHHBIX TMOKPBITHI C YHH-
KaJIbHBIMH XapaKTEePUCTUKAMHU Uil KPUTHYECKHX TPUOO-
JIOTMYECKUX cUcTeM. B 3Toll paboTe ObLI MCHONB30BaH
MPOLIECC XMMHYECKOTO OCKIEHHs HUKENs Uil HaHece-
Hus Hukenb-hocopubix (Ni-P) mokpeiTHii Ha yacTHIBI
reKkcaroHanpHoro Hutpuma 6opa (r-BN) u3 kucnoTHOTO
pacTBopa BaHHBI C HOHM)KCHHBIM COJEP)KaHHEM THIIO-
¢dochura. Yactumpr cyOcTpaTa OBUTH TIEPBOHAYAIBHO
TOABEPTHYTHI PsIy ONEpalMil MpeABapUTENIbHONW 00pa-
00TKH 11 00ecIedeHHs] OYUCTKU YaCTHIl U X KaTaJIUTH-
YeCKOH aKTHBHOCTH Iepell XHMMHYECKUM OCaKICHUEM
HOKPBITHA. XapaKTepu3alys YacTHI] MOPOLIKa B HUCXOJ-
HOM COCTOSHHM W C HUKEIEBBIM IOKPBITUEM IPOBOJIH-
JIaCh METOAAMM CKAaHUPYIOILEH 3JEKTPOHHOM MUKPOCKO-
mud  (SEM), peHTreHOBCKOH 3HEpro-IuCIepCHOHHON
crnektpockori  (EDX), aBTOIMHCCHOHHO# CKaHHpPYIO-
et anekTporHoi mukpockoruu (FESEM). Pesynpratst
WCCIIEJOBAHMS ITOKA3bIBAIOT, UTO MpeaBapHUTeIbHas 00pa-
00TKa MOpPOIIKa reKcaroHaJbHOro HUTpHIa Gopa obecre-
YHBAET MOIYyYCHHE YaCTHI] C IOBEPXHOCTSIMHU € TpyOOH 1
LIEPOXOBATOM CTPYKTYpO#l, KOTOpBIE, KaK MpaBWIO, CUU-
TAIOTCS MOAXOMSAIINMHE JUlsl HaHeceHus: mOKpeituii Ni-P.
Kpowme Toro, EDX ananm3 moarsepkaaeT CymecTBOBaHUE
3apozsiineodpasosareneit 1 Ni-P mokpeITust Ha TOBEpX-
HocTH oOpaboranHoro mnopouika r-BN. Anamm3 Mukpo-
CTPYKTYpBI HONEPEYHOT0 CEYEHUsI IMOPOIIKA C MMOKPBITH-
€M Tokazaj, 4ro 4acTuisl I-BN Obum BCTpoeHBI B He-
npepbiBHBIA MaTpuyHblii cioit ocamka Ni-P. TIpodunn
pacnipeneneHus aneMeHToB mno EDX-anammzy Ttaroke
TOKa3bIBAIOT, 4TO Macca ocaxzaeHHoro Ni-P cmaBa pas-
HOMEpHO pacIpelielieHa Ha noBepxHocTH r-BN wactui ¢
coocaxxneHHpiM Ni-P. YcmemHoe passutie mpomecca
nosydenus mopomika r-BN ¢ Ni mokpsitremM mo3Bosut
HOBBICUTh IIOTEHLMA] IPHMEHCHUS MNOpOIIKAa TI'eKcaro-
HaJBHOTO HUTpHAA Oopa B KauecTBE MaTepuaia AJs II0-
KPBITHH BBICOKOTO KaueCTBa.

Knouesvie crosa. xumuueckoe ocascoenue, 2-BN ua-
cmuywt, mpasienue, Ni-P cnoil, moougpurxayus nosepxmo-
cmu.



