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In this study, Ni-P/Ni-B-W dublex coatings were deposited on carbon steel substrates (AISI 1020) using the electroless plating
process and their microstructure and corrosion properties were systematically evaluated based on different heat-treatment
temperatures. Both, the surface morphology and cross-sectional morphology of the Ni-P/Ni-B-W coatings were studied using a
scanning electron microscope (SEM), while X-ray diffraction (XRD) was applied for examining the structural modifications.
The amorphous coating began to crystallize at a heat-treatment temperature of 350 °C. Potentiodynamic polarization
measurements were carried out in an aqueous medium containing 3.5 % NaCl for evaluating the corrosion resistance of
as-plated and heat-treated dublex coatings. The corrosion potentials of dublex coatings were observed to shift toward more
positive values with increased heat-treatment temperatures. Depending on the heat-treatment temperature, it was identified that
the crystallized dublex coatings generally had better corrosion resistance than the amorphous coating.
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V {tudiji so bile dvojne Ni-P/Ni-B-W prevleke nane{ene na substrate iz ogljikovega jekla (AISI 1020) s postopkom neelek-
tri~nega platiranja. Sistemati~no so bile ocenjene mikrostruktura ter korozijske lastnosti izdelanih prevlek, glede na razli~ne
temperature toplotne obdelave. Morfologije povr{in in profili izdelanih Ni-P/Ni-B-W prevlek so bili pregledani z vrsti~nim
elektronskim mikroskopom (SEM), medtem ko so bile z rentgensko difrakcijsko analizo (XRD) ugotovljene strukturne
spremembe. Amorfna prevleka je za~ela kristalizirati pri temperaturi toplotne obdelave 350 °C. Korozijska odpornost platiranih
in toplotno obdelanih dupleks prevlek je bila ocenjena s pomo~jo meritev potenciodinami~ne polarizacije v 3,5 % vodni razto-
pini NaCl. Opazovali so korozijske potenciale dupleks prevlek, da bi dobili bolj pozitivne vrednosti z zvi{animi temperaturami
topolotne obdelave. Ugotovljeno je bilo, da imajo kristalizirane dupleks prevleke na splo{no bolj{o korozijsko odpornost kot
amorfne prevleke.

Klju~ne besede: Ni-P/Ni-B-W dvojna prevleka, korozija, toplotna obdelava

1 INTRODUCTION

Studied for the first time in 1946 by Brenner and
Riddell, the electroless plating process has been used in
many industrial applications because of its superior
characteristics over electroplating, such as the ability to
plate insulation materials and having a homogeneous
coating-thickness distribution.1 Among electroless coat-
ing types, electroless nickel coating is the most popular
for having good hardness, wear and corrosion resistance
properties.2 If the electroless Ni coating family is re-
viewed, besides pure Ni coatings, Ni-P and Ni-B coat-
ings deposited using reducing agents such as hypo-
phosphite, borohydride or dimethylamine borane stand
out. The major advantages of Ni-P coatings are their low
cost, high corrosion resistance and easy process control.3

Nonetheless, a borohydride reduced nickel coating is
harder and has higher wear resistance than tool steel and
hard chrome coatings.4,5 On the other hand, some studies
– although they are limited in number – have highlighted
the addition of tungsten to this coating system for in-

creasing its corrosion resistance, which is lower than that
of a Ni-P coating.6–9 As a result of the co-deposition of
this refractory material (which cannot be reduced in an
aqueous solution as metallic tungsten) together with iron
group metals, developing coatings with attractive corro-
sion and tribological properties is possible.10–12 Recently,
research for obtaining multilayer coatings to increase
existing coating corrosion resistance to higher levels has
also been conducted.13,14

The aim of the present study was to evaluate the
effect of different heat-treatment temperatures on the
microstructure and corrosion properties of electroless
Ni-P/Ni-B-W coatings. To the best of our knowledge, no
others studies are available on this topic.

2 EXPERIMENTAL PART

For this experiment, 10 mm × 10 mm × 60 mm plain
carbon steel (AISI 1020) plates were used as a substrate
material for developing Ni-P/Ni-B-W dublex coatings.
Prior to the plating process, the surfaces of all the
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samples were mechanically cleaned (up to 1200 grade)
and then soaked in trichloroethylene and cleaned with
detergent in an ultrasonic bath at 70 °C. Finally, sample
surfaces were activated in 30 % of volume fractions. HCl
for two minutes and then rinsed in distilled water. The
cleaned substrates were then soaked in Ni-P and Ni-B-W
electroless plating baths for two hours, respectively.

Reagent-grade chemicals and distilled water were
used for the preparation of all the electrolytes and the pH
was adjusted to 4.8±0.2 and 13.5±0.2 with H2SO4 or
NaOH in Ni-P and Ni-B-W plating baths, respectively.
The temperature of the baths was maintained at 90±2 °C
for Ni-P and 88±2 °C for Ni-B-W.

Deposition of Ni-P and Ni-B-W was carried out in an
aqueous bath containing 15 g/L NiSO4.6H2O, 26 g/L
Na2H2PO2·H2O, 13 g/L NaC2H3O2, 12 mL/L HF and
8 g/L NH4HF2 for the Ni-P coating, and 24 g/L NiCl2,
60 mL/L EDTA, 26.5 g/L KOH, 120 g/L NaBH4,
263 g/L NaOH, 2.6g/L PbWO4, 13 g/L EDTA and 40 g/L
Na2WO4·2H2O for Ni-B-W coatings, respectively.

The coated specimens were heat treated at 250 °C,
300 °C, 350 °C and 650 °C for 1 h each at a heating rate
of 5 °C/min in an air-circulated furnace, followed by
slow furnace cooling to room temperature.

The composition of the dublex coatings was deter-
mined by energy-dispersive X-ray analysis (EDX) using
a Link Analytical QX-2000 attached to the SEM appa-
ratus. The crystal structures of the dublex coatings were
examined using a Philips PW 3710 grazing incidence
x-ray diffractometer (Cu-K� radiation). A Jeol
JSM-7000F FE-SEM was used to characterize the
microstructures and morphology of the coatings. The
corrosion behavior was investigated using a PGZ 301
Dynamic Voltammetry and VoltaMaster4 software.

Electrochemical experiments were carried out in a
3.5 % NaCl aqueous solution in a three-electrode cell at
room temperature. In this cell, a platinum electrode was
used as a counter electrode and a saturated calomel
electrode was used as a reference electrode; the dublex
coating was used as a working electrode and by masking

with silicon, only a 1 cm2 surface area was left on the
samples for exposure to the electrolyte. The dynamic
potential scanning technique was used for obtaining the
polarization curves of dublex coating samples. Prior to
the potentiodynamic measurement, samples were held
for approximately 15 min in the electrolyte and then
electrode potential was raised from -600mV to +200 mV
at a rate of 10 mV/min.

3 RESULTS

The XRD patterns of the as-plated and heat-treated
Ni-P/Ni-B-W coatings, and their chemical compositions
are in Figure 1 and in Table 1. SEM micrographs of
Ni-P/Ni-B-W coatings before and after the heat treat-
ments are in Figure 2.

Table 1: Chemical compositions of the Ni-P/Ni-B-W dublex coatings

Type of
coating Ni (w/%) P (w/%) B (w/%) W (w/%)

Ni-P 87.27 12.73 - -
Ni-B-W 87.45 - 7.86 4.69
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Figure 2: Surface morphology of dublex coating a), b) as-plated
Ni-P/Ni-B-W, c) heat treated at 300 °C, d) heat treated at 650 °C

Figure 1: XRD spectra for a): as-plated Ni-P/Ni-B-W, b) 250 °C, c)
300 °C, d) 350 °C and e) 650 °C



The cross-sections of the Ni-P/Ni-B-W dublex coat-
ings are shown in Figure 3.

Potentiodynamic curves of as-plated and heat-treated
Ni-P/Ni-B-W coatings at different temperatures obtained
in a 3.5 % NaCl aqueous medium are shown in Figure 4.

The changes in the corrosion current density (Icorr)
values with heat treatment are given in Table 2.

Table 2: Corrosion resistance of as-plated and heat-treated
Ni-P/Ni-B-W dublex coatings at different temperatures in 3.5 % NaCl
solution

NiP/NiBW Icorr (μA/cm2) Ecorr (mV)
As-plated 1.55±0.59 -506±32

300 °C 1.70±0.41 -470±23
350 °C 0.71±0.20 -382 ±18
650 °C 0.57±0.09 -280±11

The surface morphologies of the as-plated sample
and heat-treated sample at 650 °C following potentio-

dynamic polarization measurements are shown in Fig-
ure 5.

The corrosion current density and corrosion potential
values obtained by Tafel interpolation are shown in
Table 3.
Table 3: Corrosion resistance of substrate and Ni-B-W and
Ni-P/Ni-B-W dublex coatings heat treated at 650 °C in 3.5 % NaCl
solution

Sample Icorr (μA/cm2) Ecorr (mV)
Carbon steel

substrate 4.59±1.01 -598±46

NiBW 3.40±0.35 -298±17
NiP/NiBW 0.57±0.09 -280±11

Figure 6 shows the polarization curves of the
Ni-B-W and dublex Ni-P/Ni-B-W coatings heat treated
at 650 °C and the steel substrate obtained in a 3.5 %
NaCl aqueous medium.

4 DISCUSSION

The Ni-P/Ni-B-W coating diffraction patterns up to
300 °C reveal a single broad peak indicating an amor-
phous coating structure under these conditions (Fig-
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Figure 3: Cross-section of Ni-P/Ni-B-W dublex coating: a) as-plated,
b) heat treated at 250 °C c) heat treated at 350 °C, d) heat treated at

Figure 4: Polarization curves in a 3.5 % NaCl aqueous medium of
as-plated and heat-treated Ni-P/Ni-B-W coatings: a) as-plated
NiP/NiBW, b) heat treated at 300 °C, c) heat treated at 350 °C d) heat
treated at 650 °C

Figure 5: Surface morphology of NiP/NiBW dublex coatings detected
by SEM after potentiodynamic measurement: a) as-plated, b) heat
treated at 650 °C



ure 1). For heat-treatment temperatures up to 300 °C, the
dublex coating preserved its amorphous structure.
However, after heat treatment at and above 300 °C, the
diffraction patterns showed the formation of Ni3B inter-
metallic crystals. For the higher heat-treatment tempe-
ratures up to 650 °C, formation of the nickel borides
progressively increased. Drovosekov et al., reported
chemical bond formations between boron and tungsten
in the Ni-B-W coating system. However, the major
nickel borides formed during the heat treatments might
have prevented the formation of the B-W bond.9,15 In
other words, the quantity of the boron in the coating was
high enough to prevent the formation of Ni-W com-
pounds in the structure.16

SEM micrographs of the Ni-P/Ni-B-W coatings be-
fore and after the heat treatments showed the formation
of typical spherical nodular structures (Figure 2). Each
nodule appears to be formed by the unification of many
grains existing as colonies (Figure 2b), similar to the
case suggested by S. Ruan et al.17 Some microcracks
were noticeable on the surfaces of the as-plated
Ni-P/Ni-B-W samples. The microcracks may be due to
the internal stress caused by the relatively larger tungsten
atoms in the coating structure.18,19

With the heat treatments, the structure progressively
crystallized and, as consequence, a substantial reduction
of the microcracks was noticed (Figure 2c and 2d). In a
Ni-B-W coating system, W atoms may selectively exist
at the boundaries of the nodules, from there, they may
segregates to the coating surface, during the heat treat-
ments.16,17 This process may decrease the internal stress
inside the coating, resulting in a substantial decrease of
the microcracks on the coating surface.

The thickness of the Ni-P coating in the dublex
coating system was measured as 2 μm, while the average
thickness of the Ni-B-W (the other coating in the
system) was measured as 11 μm (Figure 3). On the other
hand, it was obvious that the nodular structure seen in

the surface morphology of the Ni-B-W coating showed
columnar growth starting from the Ni-P layer to the
topmost surface of the coating (Figure 3a). Furthermore,
it was observed that adherence of the Ni-P coating to the
substrate was good and there was no pore formation
between the substrate and Ni-P coating. Pores seen in the
interface of Ni-P/Ni-B-W, in addition to pores partially
observed inside the Ni-B-W coating had a columnar
structure and they were considered to have been formed
due to the capturing of released hydrogen – even if in
small amounts – during the oxidation reaction of sodium
borohydride used as a the boron source.5 The pores
disappear with increasing heat-treatment temperatures.
This may be a result of the diffusion of hydrogen atoms
to the surface. They may promote better crystallization
of the coating and ease the formation of the Ni3B and
Ni2B phases (Figure 3b and 3c). After 650 °C heat
treatment the major phase of the coating was noticed to
be Ni3B. At that stage adherence between the coatings
reached its best level, while the Ni-B-W coating showed
columnar grains with a denser structure (Figure 3d).

As Figure 4, a difference of approximately 220 mV
was detected between corrosion potentials (Ecorr) of
as-plated and 650 °C heat-treated dublex coatings. This
is the shifting of Ecorr values of the coatings toward
nobler values with increased heat treatments applied to
the coatings. The anodic branch of the polarization curve
of the coating before heat treatment showed the break-
down potential at values around -310 mV (Figure 4a).
But the current density increased at a constant rate,
indicating that the unstable passive film formation on the
coating has disappeared rapidly. For heat treatment at
300 °C, the breakdown potential was observed to shift
toward -220 mV. At 300 °C, which is the onset tem-
perature of crystallization, corrosion potential shifted
towards a positive end approximately 40 mV, compared
to the as-plated sample. At 350 °C, crystallization was
nearly completed and the corrosion potential had shifted
towards more positive values. However, the breakdown
potential was observed (as with other samples) at around
-180 mV. Nonetheless, it was detected that the current
density of this sample became higher as the potential
value increased compared with that for the to as-plated
and heat-treated samples at 300 °C. For the heat treat-
ment at 650 °C, a passive film formation on the coating
surface was seen at around -190 mV, suggesting that
corrosion rate was restrained at such potential range.
However, as this protective film began to dissolve at
around -90 mV, a steep increase in the current density
was observed.

The major reason for the difference between the
corrosion resistance of as-plated and heat-treated
Ni-P/Ni-B-W coatings exposed to chloride ions was
undoubtedly associated with the transformation of the
microstructure from an amorphous to a crystalline mor-
phology. The main reason for having a higher Ecorr value
the heat-treated coating at 300 °C (where an amorphous
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Figure 6: Polarization curves: a) steel substrate, b) Ni-B-W coating
heat treated at 650 °C, c) dublex Ni-P/Ni-B-W coating heat treated at
650 °C



structure still prevailed) compared to the as-plated
sample was the result of the borides formed during the
onset of crystallization. The heat-treated sample at
350 °C (where the microstructure had completely been
transformed to a crystalline structure) had a higher
corrosion resistance compared to the sample heat-treated
at 300 °C.20 On the other hand, it is a known fact that
corrosion resistance generally increases with addition of
tungsten to a electroless nickel-boron coating system,
because of the tendency to form an oxide film on the
surfaces.7,18 However, as seen in Figure 4, the corrosion
resistance of the as-plated Ni-P/Ni-B-W sample having a
nodular structure did not increase, with the addition of
tungsten. This is because the tungsten atoms were stuck
in the colony boundaries, not to be segregated to the
surfaces during the corrosion process and therefore,
could not be oxidized to promote the formation of a
mixed oxide film. However, depending on the increased
heat treatment temperatures segregation of W atoms
toward surfaces at 650 °C was more likely to occur. The
mixed oxide film a passive zone formed this way may be
the main reason for the substantial decrease of the
current density as observed here.

It can be seen that uniform corrosion occurred on the
surface of the as-plated sample in the amorphous
structure that has the lowest corrosion resistance (Fig-
ure 5a). Conversely, on the surface of the heat-treated
sample at 650 °C complete crystallization were noted
and the pits (indicated by arrows) in the grains within the
colonies were observed (Figure 5b).

To interpret the effect of the dublex coating on
corrosion resistance, the potentiodynamic polarization
measurements of the Ni-P/Ni-B-W and Ni-B-W
coatings, as well as which were deposited under the
same process conditions and heat-treated at 650 °C, and
carbon steel substrate were studied (Table 3).

As can be observed from Figure 6, while the Ni-B-W
coating and the dublex coating almost had the same
corrosion potential, more positive values at about 300
mV, compared with that of the substrate. Among the
coating studied the dublex coating has the lowest corro-
sion current density. The anodic branches of polarization
curves of both the dublex and the Ni-B-W coatings have
a passive zone, and both coatings had an Epit value of
approximately -90 mV. Additionally, the current density
of the Ni-B-W coating at a constant rate increases,
depending on the increased potential value. On the other
hand, the anodic branch of the dublex coating indicated
that an entrance to a second passive zone at approxi-
mately 20 mV. This passive zone may be related to the
existence of Ni-P in the dublex coating. A similar inter-
pretation was reported by Zhang et al. for the corrosion
of Ni-B-W surfaces.14 In general, corrosion starts at the
outermost surface of the substrate and proceed inward.
However, the stable passive film formed on the Ni-P
layer on the substrate may act as a barrier for corrosion
propagation, causing the dublex coating to have better

corrosion resistance than the single-layer Ni-B-W
coating.

5 CONCLUSIONS

The effect of heat treatments on the corrosion resis-
tance of a Ni-P/Ni-B-W dublex coating deposited on
carbon steel was studied. The Ni-P/Ni-B-W coatings
have an amorphous structure for a heat treatments up to
300 °C. The coatings start to crystallize at about 350 °C
and completed at about 650 °C with the major phases
being the nickel borides. The heat treatment, besides
causing nickel boride formation within Ni-B-W, also
caused obtaining a denser Ni-P/Ni-B-W coating when
increasing heat treatment temperature.

The corrosion resistance of the dublex coating in-
creases substantially with increasing the heat treatment
temperature. The dublex coating and the single-layer
Ni-B-W coating heat-treated at 650 °C indicated higher
corrosion resistance as compared to that of steel sub-
strate. When these two coatings were compared in terms
of corrosion resistance, the dublex coating showed better
performance.
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