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Abstract

The present work deals with the formation of Ni–P/Ni–B duplex coatings by electroless plating process and evaluation of their hardness,
wear resistance and corrosion resistance. The Ni–P/Ni–B duplex coatings were prepared using dual baths (acidic hypophosphite- and
alkaline borohydride-reduced electroless nickel baths) with both Ni–P and Ni–B as inner layers and with varying single layer thickness.
Scanning electron microscopy (SEM) was used to assess the duplex interface. The microhardness, wear resistance and corrosion resistance
of electroless nickel duplex coatings were compared with electroless Ni–P and Ni–B coatings of similar thickness. The study reveals that
the Ni–P and Ni–B coatings are amorphous in their as-plated condition and upon heat-treatment at 450◦C for 1 h, both Ni–P and Ni–B
coatings crystallize and produce nickel, nickel phosphide and nickel borides in the respective coatings. All the three phases are formed
when Ni–P/Ni–B and Ni–B/Ni–P duplex coatings are heat-treated at 450◦C for 1 h. The duplex coatings are uniform and the compatibility
between the layers is good. The microhardness, wear resistance and corrosion resistance of the duplex coating is higher than Ni–P and
Ni–B coatings of similar thickness. Among the two types of duplex coatings studied, hardness and wear resistance is higher for coatings
having Ni–B coating as the outer layer whereas better corrosion resistance is offered by coatings having Ni–P coating as the outer layer.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Electroless deposition process experienced numerous
modifications to meet the challenging needs of a variety
of industrial applications since Brenner and Riddell in-
vented the process in 1946[1]. Among the various types of
electroless plating, electroless nickel has gained immense
popularity due to their ability to provide a hard, wear and
corrosion resistant surface[2–4]. Hypophosphite-reduced
electroless nickel plating has proved its supremacy in
providing improved hardness, corrosion and wear resis-
tance. Recently, much attention is being paid towards
borohydride-reduced electroless nickel plating. The prop-
erties of sodium borohydride-reduced electroless nickel
coatings are often superior to those of deposits reduced
with other boron compounds or with sodium hypophos-
phite. The principal advantages of borohydride-reduced
electroless nickel deposits are its hardness and superior
wear resistance in the as-deposited condition[5]. Elec-

∗ Corresponding author. Tel.:+91-44-2254-2077;
fax: +91-44-2254-1027.
E-mail address: tsnsn@rediffmail.com (T.S.N.S. Narayanan).

troless Ni–B coatings are more wear resistant than tool
steel and hard chromium coatings and it can replace gold
in electronic industries. The columnar structure of Ni–B
coatings is useful in retaining lubricants under conditions
of adhesive wear. The rapid changing needs of engineering
industries warrant the development of coatings that possess
high hardness and good wear and abrasion resistance and in
this respect one such coating which seems promising is the
borohydride-reduced electroless nickel deposit. The major
limitation of Ni–B coating is its relatively poor corrosion
resistance compared to electroless Ni–P deposits. The cor-
rosion resistance of electroless Ni–P and Ni–B deposits is
found to increase with the incorporation of an additional
alloying element such as Cu, Zn, W, Mo, etc. or with the
incorporation of second phase particles, such as silicon ni-
tride, ceria and titania in the metal matrix[6–9]. Ni–P–B
alloy deposits are prepared using both the reducing agents
in the same plating bath[10]. As borohydride is stable
only under alkaline condition, Ni–P–B alloy deposits are
generally prepared by the addition of hypophosphite in the
borohydride-reduced electroless nickel bath. Since borohy-
dride is a powerful reducing agent than hypophosphite and
the plating bath is alkaline, the amount of phosphorous in
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the resultant alloy deposit becomes low. Similar is the case
with alloy deposits, namely, Ni–Cu–P, Ni–W–P, etc. where
the incorporation of copper, tungsten, etc. decreases the
phosphorous content of the deposit[11–14]. Ultimately, the
improvement in corrosion resistance is not fully realized. In
recent years, multilayer coatings obtained from single and
dual baths have received considerable attention. The present
work aims to prepare Ni–P/Ni–B duplex coating using dual
bath technique and to evaluate its hardness, wear resistance
and corrosion resistance.

2. Experimental details

Mild steel was used as the substrate material for the
preparation of electroless Ni–P/Ni–B duplex coatings. The
bath composition and operating conditions used for prepar-
ing Ni–P and Ni–B coatings were given inTables 1 and
2, respectively. The mild steel substrates were pickled in
dilute hydrochloric acid, rinsed with deionized water and
electrolytically cleaned using an alkaline solution contain-
ing sodium carbonate, sodium hydroxide and sodium dode-
cyl sulfate. The electrolytically cleaned substrates were sub-
sequently given a nickel strike using Wood’s nickel bath.
The Ni–P, Ni–B coatings were prepared using their respec-
tive baths (Tables 1 and 2) whereas Ni–P/Ni–B duplex coat-
ings having different thickness of Ni–P and Ni–B coat-
ings, both as inner and outer layers were prepared using
both the hypophosphite- and borohydride-reduced electro-
less nickel baths. The phosphorous and boron contents of the
deposits were analyzed by atomic absorption spectropho-
tometer (GBC-Avanta). The nickel content was analyzed
gravimetrically after precipitating nickel as Ni–DMG com-

Table 1
Bath composition and operating conditions of hypophosphite-reduced elec-
troless nickel bath

Bath composition
Nickel sulfate hexahydrate 21 g l−1

Sodium hypophosphite monohydrate 24 g l−1

Lactic acid 28 g l−1

Propionic acid 2.2 g l−1

Operating conditions
pH 4.5
Temperature 90± 1◦C

Table 2
Bath composition and operating conditions of borohydride-reduced elec-
troless nickel bath

Bath composition
Nickel chloride hexahydrate 30 g l−1

Ethylenediamine 90 g l−1

Sodium hydroxide 90 g l−1

Sodium borohydride 0.8 g l−1

Thallium acetate 14 mg l−1

Operating conditions
pH 14.0
Temperature 95± 1◦C

plex. The plating rate was assessed by measuring the gain
in weight after plating and using the density of the deposit.
Using the plot of thickness of the deposit vs. time, Ni–P,
Ni–B and Ni–P/Ni–B duplex coatings of varying thickness
were prepared.

The structure of the Ni–P and Ni–B deposits, in as-plated
and heat-treated (450◦C for 1 h) conditions was assessed
by X-ray diffraction (XRD). Scanning electron microscope
(SEM) was used to obtain the cross-sectional micrographs
of Ni–P/Ni–B duplex layers. A Leitz microhardness tester
with a Vickers indenter was used for determining the micro-
hardness of the electroless Ni–P, Ni–B and Ni–P/Ni–B du-
plex coatings both in as-plated and heat-treated (450◦C for
1 h) conditions. All deposits used for microhardness mea-
surement have a thickness of around 20�m. A constant load
of 100 g was applied to cause the indentations in all the de-
posits and the hardness values were averaged out of five
such determinations.

The wear resistance of the coatings of the present study
both in as-plated and heat-treated (450◦C for 1 h) conditions
was evaluated using a pin-on-disc apparatus (DUCOM, In-
dia). In this method the pin and disc are arranged in such a
way that the rotating disc served as the counterface material
while the stationary pin served as the test specimen. Steel
discs (composition conforming to EN 31 specification) of
10 cm diameter and 5 mm thickness were chosen as coun-
terface materials to slide against the test specimens. These
discs were fully hardened (Rc 63) and surface ground to a
finish (Ra) of 0.02�m. During the wear test, a constant load
of 40 N was applied to the pin and the counter disc was ro-
tated at a constant speed (0.5 m s−1). The specific wear rate
was calculated by the expression:ws = w/(lL), wherew is
the wear mass,L is the normal load andl is the siding dis-
tance. In the present study, the sliding distance was calcu-
lated at the mean radius of the disc.

The corrosion resistance of Ni–P, Ni–B and Ni–P/Ni–B
duplex coatings in 3.5% sodium chloride solution was as-
sessed by polarization and electrochemical impedance stud-
ies performed using a potentiostat/galvanostat/frequency re-
sponse analyzer (Gill AC) of ACM Instruments, UK. Dur-
ing these studies, the coated specimens were masked with
lacquer so that only a 1 cm2 area was exposed to the elec-
trolyte solution. A saturated calomel electrode was used as
the reference electrode whereas a platinum electrode served
as the counter electrode. The corrosion potential (Ecorr) and
corrosion current density (icorr) were determined using the
Tafel extrapolation method. The charge transfer resistance
(Rct) and double layer capacitance (Cdl) were determined
from the Nyquist plot by fitting the data as a semicircle us-
ing the built-in analysis software of ACM Instruments.

3. Results and discussion

The plating rate of the electroless Ni–P and Ni–B de-
posits is evaluated by measuring the gain in weight after
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Fig. 1. Plating rate of electroless Ni–P and Ni–B deposits as a function
of plating time.

plating and using the density of the deposit. The thick-
ness of the Ni–P and Ni–B deposits increases with increase
in plating time. However, the extent of increase in thick-
ness is not linear throughout the entire duration of plat-
ing and it saturates after some time. This is due to the
accumulation of oxidation products of hypophosphite and
borohydride in their respective baths. A plot of thickness
of the deposit versus plating time is obtained (Fig. 1) to
prepare Ni–P and Ni–B coatings having varying thickness
so that they can be used for preparing Ni–P/Ni–B duplex
coatings.

The chemical composition of the Ni–P and Ni–B de-
posits is given inTable 3. The Ni–P deposit contains 9 wt.%
phosphorous and 91 wt.% nickel, whereas the Ni–B de-
posit, besides 6.5 wt.% boron and 93.2 wt.% nickel, contains
0.3 wt.% thallium. The incorporation of thallium in the Ni–B
deposit is unavoidable since thallium acetate is used as the
stabilizer and without the addition of thallium acetate it is
not easy to prepare Ni–B deposits with higher film thickness.

The XRD patterns of Ni–P and Ni–B deposits, in
as-plated and heat-treated (450◦C for 1 h) conditions are
shown in Figs. 2 and 3, respectively. It is evident from
Figs. 2 and 3that both Ni–P and Ni–B deposits are amor-
phous in as-plated condition (Figs. 2(a) and 3(a)). Upon
heat-treatment at 450◦C for 1 h, both Ni–P and Ni–B de-
posits crystallize and produce, nickel and nickel phosphide
(Ni3P) in Ni–P deposit (Fig. 2(b)), and, nickel and nickel
borides (Ni2B and Ni3B) in Ni–B deposit (Fig. 3(b)). Ob-
viously, one would expect that the duplex coating should
possess Ni3P and Ni3B phases upon heat-treatment. The

Table 3
Chemical composition of the Ni–P and Ni–B deposits

Type of
deposit

Nickel
content
(wt.%)

Phosphorous
content
(wt.%)

Boron
content
(wt.%)

Thallium
content
(wt.%)

Ni–P 91.0 9.0 – –
Ni–B 93.2 – 6.5 0.3

Fig. 2. X-ray diffraction pattern of electroless Ni–P deposit in (a) as-plated
and (b) heat-treated (450◦C for 1 h) conditions.

XRD pattern of Ni–P/Ni–B duplex coating heat-treated
at 450◦C for 1 h confirms the presence of Ni, Ni3P and
Ni3B phases (Fig. 4). Hence it is evident that in Ni–P/Ni–B
or Ni–B/Ni–P duplex coatings it is possible to impart the
qualities of both Ni–P and Ni–B coatings.

The scanning electron micrographs of the cross-section
of electroless Ni–P/Ni–B and Ni–B/Ni–P duplex coatings in
their as-plated conditions are shown inFigs. 5(a) and 6(a),
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Fig. 3. X-ray diffraction pattern of electroless Ni–B deposit in (a) as-plated
and (b) heat-treated (450◦C for 1 h) conditions.

respectively. It is evident from these figures that these du-
plex coatings are uniform and the compatibility between the
Ni–P and Ni–B layers is good. The compatibility between
these layers is found to be good even after heat-treatment at
450◦C for 1 h (Figs. 5(b) and 6(b)). However, some cracks
are formed in heat-treated duplex coatings due to the brit-

Fig. 4. X-ray diffraction pattern of Ni–P/Ni–B duplex coating heat-treated
at 450◦C for 1 h.

tleness of electroless Ni–B coating (Fig. 5(b)).
The microhardness of Ni–P, Ni–B and the duplex coatings,

in as-plated and heat-treated (450◦C for 1 h) conditions, is
given in Table 4. For all the coatings studied, the micro-
hardness is higher for coatings subjected to heat-treatment
(450◦C for 1 h) than those in as-plated condition. This is
due to the formation of hard nickel phosphide phase (Ni3P)
in Ni–P coating, nickel boride phase (Ni3B) in Ni–B coating
and both nickel phosphide and nickel boride phases (Ni3P
and Ni3B) in duplex coatings. The formation of such phases
is confirmed by XRD measurements (Figs. 2(b), 3(b) and
4). The microhardness of duplex coatings is higher than
that of Ni–P and Ni–B coatings of similar thickness, both

Table 4
Microhardness of electroless Ni–P, Ni–B and duplex coatings in their
as-plated and heat-treated conditions

Type of
coating

Thickness
(�m)

Treatment condition Microhardness
(HV100)a

Ni–P 20 As-plated 497± 22
Ni–B 20 As-plated 570± 18
Ni–B/Ni–P 10+ 10 As-plated 596± 24
Ni–P/Ni–B 10+ 10 As-plated 652± 27
Ni–P 20 Heat-treated 450◦C/1 h 770± 21
Ni–B 20 Heat-treated 450◦C/1 h 908± 19
Ni–B/Ni–P 10+ 10 Heat-treated 450◦C/1 h 945± 27
Ni–P/Ni–B 10+ 10 Heat-treated 450◦C/1 h 1062± 22

a Average of five determinations.
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Fig. 5. Scanning electron micrographs of the cross-section of electroless
Ni–P/Ni–B duplex coatings (a) as-plated and (b) heat-treated at 450◦C
for 1 h.

in as-plated and heat-treated (450◦C for 1 h) conditions.
Between the two types of duplex coatings, the coating having
Ni–B outer layer exhibits a higher hardness. The difference
in microhardness between these duplex coatings will have a
definite impact on the wear resistance of these coatings.

The specific wear rate of electroless Ni–P, Ni–B and the
duplex coatings, of similar thickness, at an applied load of
40 N, in as-plated and heat-treated (450◦C for 1 h) condi-
tions, is given inTable 5. A comparison of the specific wear
rate of all the coatings studied reveals that coatings that are
heat-treated offer better wear resistance than the as-plated
ones. The formation of hard Ni3P and Ni3B phases following
heat-treatment, presents a virtually incompatible surface for
the counterface material as there exists very little solubility
between iron and these hard phases, leading to a decrease in
specific wear rate. Besides, following heat-treatment, there
is a considerable increase in the hardness of the coatings.
Hence when the counterface material comes in contact with
the matrix, because of the high hardness, the matrix expe-
riences lesser wear. The specific wear rate of duplex coat-
ings is lesser than that of Ni–P and Ni–B coatings of similar
thickness, both in as-plated and heat-treated (450◦C for 1 h)
conditions. Between the two types of duplex coatings, the
coating having Ni–B outer layer exhibits a lower specific
wear rate. This could be attributed to the higher hardness

Fig. 6. Scanning electron micrographs of the cross-section of electroless
Ni–B/Ni–P duplex coatings (a) as-plated and (b) heat-treated at 450◦C
for 1 h.

of Ni–B coating, which facilitates the coating to experience
lesser wear.

The mechanism of wear of electroless Ni–P, Ni–B and the
duplex coatings depends on the attractive force that operates
between the atoms of nickel from the coating and iron from
the counter disk (hardened steel of EN 31 specification). Ad-
hesive wear is most likely to occur under the experimental

Table 5
Specific wear rate of electroless Ni–P, Ni–B and duplex coatings in their
as-plated and heat-treated conditions at an applied load of 40 N

Type of
coating

Thickness
(�m)

Treatment
condition

Specific wear rate
(kg N−1 m−1 × 10−10)a

Ni–P 20 As-plated 4.60
Ni–B 20 As-plated 2.45
Ni–B/Ni–P 10+ 10 As-plated 1.93
Ni–P/Ni–B 10+ 10 As-plated 1.74
Ni–P 20 Heat-treated

450◦C/1 h
1.62

Ni–B 20 Heat-treated
450◦C/1 h

0.88

Ni–B/Ni–P 10+ 10 Heat-treated
450◦C/1 h

0.58

Ni–P/Ni–B 10+ 10 Heat-treated
450◦C/1 h

0.44

a Average of two determinations.
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Fig. 7. Optical micrograph of the wear track pattern of coatings of the present study in their as-deposited condition (a) Ni–P coating; (b) Ni–B coating;
(c) Ni–P/Ni–B coating; and (d) Ni–B/Ni–P coating.

conditions used, which induce a substantial attractive force
between these mating surfaces, leading to a high mutual sol-
ubility of nickel and iron. The optical micrographs of elec-
troless Ni–P, Ni–B and the two types of duplex coatings
subjected to pin-on-disc wear test clearly indicate the pres-
ence of torn patches and, in some places even detachment of
the coating, in their as-plated condition (Fig. 7(a)–(d)). This
type of morphological feature, commonly called as “prows”
is reported for adhesive wear failure of electroless Ni–P coat-
ings, by several researchers[15–19]. Hence adhesive wear
appears to be the most likely mechanism during the wear
process of electroless Ni–P, Ni–B and the duplex coatings in
their as-plated condition. Though the wear mechanism is the
same, the adverse effects due to wear is observed to be less
in the case of duplex coatings (Figs. 7(c) and (d)). Between
the two types of duplex coatings, coating that has Ni–B as
the outer layer exhibits lesser wear due to the higher micro-
hardness of the Ni–B coating (Fig. 7(d)). In contrast to the
as-deposited coatings, heat-treated coatings, after wear ex-
hibit a bright and smooth finish with fine grooves along the
sliding direction (Fig. 8(a)–(d)). Though this trend is com-
mon for electroless Ni–P, Ni–B and the duplex coatings, the
extent of adhesive wear is less pronounced in the case of
duplex coatings (Fig. 8(c) and (d)).

The electrochemical parameters derived from potentiody-
namic polarization and electrochemical impedance studies,

such as, corrosion potential (Ecorr), corrosion current density
(icorr), charge transfer resistance (Rct) and double layer ca-
pacitance (Cdl), for all the coatings systems studied, both in
as-plated and heat-treated conditions, are presented inTable
6. There observed to be a significant decrease in corrosion
current density and increase in charge transfer resistance
for electroless Ni–P/Ni–B and Ni–B/Ni–P duplex coatings,
compared to those obtained for electroless Ni–P and Ni–B
coatings. The loss in protective ability of the coatings upon
heat-treatment at 450◦C for 1 h is clearly evident from the
low values of charge transfer resistance, higher corrosion
current densities and the cathodic shift in the corrosion po-
tential.

The polarization curve obtained for electroless Ni–P/Ni–B
duplex coating that is heat-treated at 450◦C for 1 h and,
the Nyquist plot obtained for electroless Ni–B/Ni–P duplex
coating in as-plated condition, at its open circuit poten-
tial, are given inFigs. 9 and 10, respectively. The Nyquist
plots obtained for electroless Ni–P, Ni–B and, Ni–P/Ni–B
and Ni–B/Ni–P duplex coatings, both in as-plated and
heat-treated conditions, at their respective open circuit po-
tentials, in 3.5% sodium chloride solution, exhibit a single
semicircle in the high frequency region. However, these
curves differ considerably in their size. This indicates that
the same fundamental process is occurring on all these
coatings but over a different effective area in each case. To
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Fig. 8. Optical micrograph of the wear track pattern of coatings of the present study in their heat-treated condition (a) Ni–P coating; (b) Ni–B coating;
(c) Ni–P/Ni–B coating; and (d) Ni–B/Ni–P coating.

account for the corrosion behavior of these coatings, at their
respective open circuit potentials, an equivalent electrical
circuit model consists of solution resistance, double layer
capacitance and charge transfer resistance, in which theCdl
andRct are parallel to each other, is proposed. Lo et al.[20]
and Balaraju et al.[8] have also used a similar model to
study the electrochemical impedance behavior of electroless
Ni–P coatings in 1 M NaOH at−1.2 V and in 3.5% NaCl
solution at−0.32 V, respectively. The occurrence of a single
semicircle in the Nyquist plots indicates that the corrosion
process of electroless Ni–P, Ni–B and, Ni–P/Ni–B and
Ni–B/Ni–P duplex coatings involves a single time constant.

Table 6
Corrosion resistance of electroless Ni–P, Ni–B, Ni–P/Ni–B and Ni–B/Ni–P duplex coatings in as-plated and heat-treated conditions in 3.5% sodium
chloride solution evaluated by potentiodynamic polarization and electrochemical impedance studies

System studied Thickness (�m) Ecorr (mV vs. SCE) icorr (�A cm−2) Rct (� cm2) Cdl (F) (×10−4)

Ni–P as-plated 20 −354 3.62 7960 1.85
Ni–P heat-treated 20 −492 6.89 6498 2.36
Ni–B as-plated 20 −508 9.15 3844 3.53
Ni–B heat-treated 20 −519 14.60 1232 4.22
Ni–P/Ni–B as-plated 10+ 10 −386 3.86 7638 1.89
Ni–P/Ni–B heat-treated 10+ 10 −432 4.93 5339 2.44
Ni–B/Ni–P as-plated 10+ 10 −311 2.46 10130 1.61
Ni–B/Ni–P heat-treated 10+ 10 −356 3.24 7024 1.96

The appearance of a single inflection point in the plot of
log f versus logZ and a single phase angle maximum in the
plot of logf versus phase angle (figure not shown), further
confirm that the process involves only a single time con-
stant. Hence it is evident that the coating-solution interface
of electroless Ni–P, Ni–B and, Ni–P/Ni–B and Ni–B/Ni–P
deposits exhibit charge transfer behavior.

In general, the corrosion resistance of borohydride-reduced
electroless nickel coatings is less than that of electroless
nickel coatings reduced with sodium hypophosphite. The
results obtained in the present study also confirm this fact
(Table 6). The difference in corrosion resistance between
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Fig. 9. Polarization curve obtained for electroless Ni–P/Ni–B duplex coating heat-treated at 450◦C for 1 h, in 3.5% sodium chloride solution.

Ni–P and Ni–B coatings is due to the difference in their
structure. Since borohydride-reduced electroless nickel de-
posit is not totally amorphous, the passivation films that
form on its surface are not as glassy or protective as those
that form on high-phosphorous coatings. The phase bound-
aries present in these deposits also produce passivation

Fig. 10. Nyquist plot obtained for electroless Ni–B/Ni–P duplex coating in as-plated condition, in 3.5% sodium chloride solution.

film discontinuities, which are preferred sites for corrosion
attack to begin. Also, boron and thallium are not homoge-
neously distributed throughout the coating, areas of different
corrosion potential are produced on the surface, leading to
the formation of minute active/passive corrosion cells and
accelerated attack. Hence in duplex coating systems, when
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Ni–B coating is used as the outer layer, the corrosion resis-
tance is decreased (Table 6). On the other hand, when Ni–P
coating is used as the outer layer, the ability of the Ni–P
coating to impart passivity helps to increase the corrosion
resistance significantly (Table 6).

4. Conclusions

The study reveals that electroless Ni–P/Ni–B duplex
coatings could be prepared using dual baths (acidic
hypophosphite- and alkaline borohydride-reduced electro-
less nickel baths). The Ni–P and Ni–B coatings are amor-
phous in their as-plated condition. Upon heat-treatment at
450◦C for 1 h, both Ni–P and Ni–B coatings crystallize and
produce nickel, nickel phosphide and nickel borides in the
respective coatings. All the three phases are formed when
Ni–P/Ni–B and Ni–B/Ni–P duplex coatings are heat-treated
at 450◦C for 1 h. SEM of the cross-sectional view of the
electroless nickel duplex coatings reveals that the coatings
are uniform and the compatibility between the layers are
good. The microhardness of electroless nickel duplex coat-
ings is higher than Ni–P and Ni–B coatings and between
the two types of duplex coatings the coating that has Ni–B
as the outer layer exhibit a higher microhardness, both in
as-plated and heat-treated conditions. The specific wear rate
is less for duplex coatings compared to Ni–P and Ni–B coat-
ings of similar thickness, both in as-plated and heat-treated
conditions. Among the coatings studied, the specific wear
rate is less for electroless nickel duplex coatings that has
Ni–B coating as the outer layer. The wear process of du-
plex coatings is governed by adhesive wear mechanism,
which is confirmed by the presence of torn patches and
detachment of coatings. The two types of electroless nickel
duplex coatings offer better corrosion resistance than elec-
troless Ni–P and Ni–B coatings of similar thickness. The
corrosion resistance of the coatings studied is decreased
when they are heat-treated at 450◦C for 1 h. Hence it can
be concluded that electroless nickel duplex coatings will be
a useful replacement for Ni–B and Ni–P coating, as they
could provide the desirable qualities of both types of coat-
ings. If higher hardness and wear resistance are desired,
then the duplex coating having Ni–B as the outer layer
will be the ideal choice whereas the duplex coating having

Ni–P as the outer layer is the preferred option where higher
corrosion resistance is sought.

Acknowledgements

Financial support given to this work by the Council of Sci-
entific and Industrial Research (CSIR), New Delhi, India was
gratefully acknowledged. The authors are thankful to Prof.
S.P. Mehrotra, Director, National Metallurgical Laboratory,
Jamshedpur and Dr. S. Srikanth, Deputy Director, National
Metallurgical Laboratory, Madras Centre, for their constant
support and encouragement to carry out this research work.

References

[1] A. Brenner, G.E. Riddel, J. Res. Natl. Bureau Standards 37 (1)
(1946) 31.

[2] G.G. Gawrilov, Chemical (Electroless) Nickel Plating, Portcullis
Press Ltd., Surrey, 1979.

[3] G.O. Mallory, J.B. Hajdu (Eds.), Electroless Plating: Fundamentals
and Applications, AESF, Orlando, 1991.

[4] W. Riedel, Electroless Plating, ASM International, Ohio, 1991.
[5] R.N. Duncan, T.L. Arney, Plat. Surf. Finish. 71 (12) (1984) 49.
[6] J.N. Balaraju, S.K. Seshadri, J. Mater. Sci. Lett. 17 (1998) 1297.
[7] J.N. Balaraju, S.K. Seshadri, Trans. IMF 77 (2) (1999) 84.
[8] J.N. Balaraju, T.S.N. Sankara Narayanan, S.K. Seshadri, J. Solid

State Electrochem. 5 (5) (2001) 334.
[9] J.N. Balaraju, T.S.N. Sankara Narayanan, S.K. Seshadri, in: M.

Subbaiyan, S. Rajeswari (Eds.), Proceedings of the International
Conference on Advanced Surface Science Engineering, Indian
Society of Analytical Scientists, Chennai, 2002, p. 135.

[10] A. Talaat El-Mallah, M.H. Abbas, M.F. Shafei, M. El-Sayed, A.
Hassan, I. Nagi, Plat. Surf. Finish. 76 (5) (1989) 124.

[11] Y.W. Wang, C.G. Xiao, Z.G. Deng, Plat. Surf. Finish. 79 (3) (1992)
57.

[12] M. Palaniappa, S.K. Seshadri, Trans. Met. Finish. Assoc. India 10 (1)
(2001) 9.

[13] S.L. Lee, H.H. Liang, Plat. Surf. Finish. 78 (9) (1991) 82.
[14] M. Schlesinger, X. Meng, D.D. Snyder, J. Electrochem. Soc. 137

(1990) 1858.
[15] M.H. Statia, E.J. Castillo, E.S. Puchi, D.B. Lewis, H.E. Hintermann,

Surf. Coat. Technol. 86/87 (1996) 598.
[16] D.T. Gawne, U. Ma, Wear 120 (1987) 125.
[17] D.T. Gawne, U. Ma, Mater. Sci. Technol. 33 (1987) 228.
[18] N. Kanani, Trans. Inst. Met. Finish. 70 (1) (1991) 14–18.
[19] J.K. Dennis, K.S. Sagoo, Met. Finish. 89 (6) (1991) 111.
[20] P.H. Lo, W.T. Tsai, J.T. Lee, M.P. Hung, J. Electrochem. Soc. 142

(1995) 91.


	Electroless Ni-P/Ni-B duplex coatings: preparation and evaluation of microhardness, wear and corrosion resistance
	Introduction
	Experimental details
	Results and discussion
	Conclusions
	Acknowledgements
	References


