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Abstract
This paper investigates the eﬀect of crystallization on wear and corrosion behavior of the
electroless Ni-P/Ni-B duplex coatings on ferrous PM compacts. The PM compacts were plated
with Ni-P and Ni-B by the electroless deposition method. The duplex coated samples were
heat-treated at 300 and 420 ◦C for 1 h, according to the major crystallization temperatures of
the coatings. Samples were examined and characterized by DSC, XRD, and SEM. Wear tests
were performed by using a pin-on-disc tribometer under 30 N normal load. Electrochemical
corrosion tests were also carried out. XRD patterns reveal that the structure of the as-plated
Ni-P/Ni-B coating is amorphous. Heat treatments caused an increment in the hardness and
wear resistance of coatings due to precipitation hardening by the formation of the hard phase.
It was also found that the as-plated coating shows better corrosion performance in comparison
with the crystallized coatings.
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1. Introduction
The ferrous PM compacts usually face such working conditions as involving abrasion, rolling, and sliding [1]. Therefore, good wear resistance is a signiﬁcant
mechanical property expected from these parts in actual service conditions [2]. There are some studies to
enhance surface hardness, wear, and corrosion resistance of PM parts with electroless deposition method
[3, 4]. However, these studies were limited to electroless Ni-P based alloy and composite coatings [5–7].
Electroless metal plating is an autocatalytic process that proceeds following the electrochemical kinetic principles [8]. Electroless nickel has been utilized
extensively in the engineering industry as a process
that protects parts against abrasive and corrosive conditions. Hypophosphite-reduced electroless Ni-P plating has proved its supremacy in providing improved
hardness, corrosion, and wear resistance. The principal advantages of borohydride-reduced electroless
Ni-B deposits are their hardness and superior wear resistance in the as-plated condition. Electroless
Ni-B coatings distinguish from their phosphorus-based

counterparts by its higher hardness, which can still
be increased by well chosen heat treatment, higher
wear resistance, and better adhesion, but they usually present a lesser corrosion resistance [9]. Comparing with single layer electroless Ni-P or Ni-B coatings,
electroless duplex coatings have higher corrosion and
wear resistance. High hardness, wear, and corrosion
resistance is the primary reason for the Ni-B coatings usage [10–13]. However, Ni-B coating as an outer
layer after Ni-P coating gives better results when high
hardness and wear resistance, as well as corrosion resistance are required [9, 14, 15]. The high boron content Ni-B coatings oﬀer high hardness and superior
wear resistance in the as-plated condition [16, 17].
Also, heat treatment strongly inﬂuences the electroless nickel coatings structure and, thus, the corrosion
properties of the coatings [18–20].
In this study, the heat treatment eﬀect was examined on structure, hardness, wear, and corrosion
resistance of the electroless Ni-P/Ni-B duplex coated
PM compacts subjected to isothermal heat treatment
according to the crystallization temperatures of the
coatings.
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T a b l e 1. The procedures of the surface preparation and electroless deposition processes
Process

Operation

Composition

1

Grinding

SiC paper up to 4000 grit

2

Alkaline cleaning

NaOH
Na3 PO4

50 g l−1
10 g l−1

Temperature 60 ◦C
Time 1 min

3

Acid etching

HNO3

30 ml l−1

Time 10 s

Electroless Ni-P

Nickel chloride
Sodium hypophosphite
Sodium citrate
Ammonium chloride
Ammonium hydroxide solution

35 g l−1
10 g l−1
65 g l−1
50 g l−1
for pH

pH 8.5–9
Temperature 82 ± 2 ◦C
Time 10 min

Electroless Ni-B

Nickel chloride
Ethylenediamine
Sodium hydroxide
Sodium borohydride
Thallium acetate

30 g l−1
90 g l−1
90 g l−1
1.2 g l−1
14 mg l−1

pH 13–14
Temperature 95 ± 2 ◦C
Time 90 min

4

5

2. Materials and methods
The ferrous PM compacts were produced by using
Höganäs ASC 100.29 atomized iron powders mixture
with an addition of 0.5 wt.% graphite by the conventional powder metallurgy manufacturing technique.
The iron and graphite powders were blended homogeneously by using a shaker-mixer (Turbula T2F). After blending, the powders were pressed into cylindrical compacts with 12 mm diameter and 12 mm height
under 800 MPa pressure for 10 s. The green compacts were sintered under ﬂowing argon atmosphere
at 1120 ◦C for 45 min with the heating and cooling
rates of 10 ◦C min−1 . Sintered densities of the specimens were measured by the Archimedes’ method.
Before coating processes, the surface preparation
procedures were applied to specimens. The procedures
of the surface preparation and electroless deposition
processes on the ferrous PM compacts are shown in
Table 1. After the surface preparation, the Ni-P coated
samples were rinsed with deionized water at 80 ◦C for
10 s and then transferred immediately to the Ni-B
bath. As the mechanical properties are more important in PM compacts, Ni-B coating was applied as a
thicker layer with better hardness and abrasion resistance than Ni-P coatings.
Some of the coated samples were heat-treated at
distinct temperatures (300 and 420 ◦C) for 1 h to specify the phase transformation eﬀect on the structure,
hardness, wear, and corrosion resistance of the samples. Heat treatments were carried out in the air without a protective atmosphere.
The duplex coating morphology was performed by
utilizing SEM (Carl Zeiss ULTRA FESEM equipped
with EDX). The crystallization temperature of the

Conditions

coatings was detected by diﬀerential scanning calorimetry (DSC) in Hitachi DSC7000X. The structure of
the as-plated and heat-treated coatings was characterized by XRD (Rigaku Ultra IV XRD) with Cu Kα
radiation (k = 1.5406 Å) at a scan rate of 0.06◦ s−1
in the range of 20◦ –80◦ and 0.01◦ step size. Hardness
measurements were carried out by employing a load of
100 gf on cross-sections of coatings using a microhardness tester (Qness Q10) equipped with Vickers indenter. The wear behavior of the uncoated and coated pin
samples was investigated by using a pin-on-disc type
apparatus (UTS Tribometer T10/20). Speciﬁc wear
rate and friction coeﬃcient values were determined
with an applied load of 30 N and a constant sliding
velocity of 1 m s−1 in a sliding distance of 1000 m.
AISI 52100 steel with hardness 62 HRC was used as a
counter-disc. The corrosion resistance was studied by
the Tafel polarization test in a 3.5 % NaCl solution.
Electrochemical measurements were performed using
a Parstat 4000 potentiostat/galvanostat system. The
Tafel potential and corrosion current density were determined by extrapolating the straight-line section of
the anodic and cathodic Tafel lines by using Versa
Studio software.

3. Results and discussion
3.1. Microstructure and phase composition
The density measurements indicate that the PM
compacts have a porosity of about 5.5 %. However, the
amount of the porosity on the outer surface region of
the cylindrical compacts was determined below 3 % by
using an optical microscope (Nikon MA200) and im-
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Fig. 1. SEM images of (a) the surface and (b) cross-section
of Ni-P/Ni-B coating.

Fig. 2. Diﬀerential curves of (a) Ni-P and (b) Ni-B coatings
at a heating rate of 10 ◦C min−1 .

age analysis software. The density and porosity distribution in the PM compacts are generally not homogeneous due to the frictional forces between particles
and between the powder and the die walls [21]. Therefore, in the present study, the tests were applied to the
top surfaces of the PM compacts with a high density
due to eliminating the negative eﬀects of porosity in
the PM compacts.
The surface and cross-section morphologies of the
as-plated duplex coating on the ferrous PM substrate are presented in Fig. 1. The Ni-B coatings
have a columnar morphology (Fig. 1b) and quite
rough and a cauliﬂower-like surface (Fig. 1a) [18,
22, 23]. Literature reports show that the cauliﬂowerlike morphology makes the Ni-B coating natural lubricant and improves the wear resistance by reducing the contact surface area [24–26]. The chemical
tests show that the Ni-P coating contains P 4.8 wt.%
and Ni 95.2 wt.%, whereas the Ni-B coating contains
5.7 wt.% B-94.3 wt.% Ni. It is evident from Fig. 1b
that Ni-P coating is uniform and the compatibility
of the Ni-B and PM compact is good. The thickness of Ni-P coatings is about 0.43 µm for a deposition time of 10 min and 20 µm of Ni-B coating for a deposition time of 90 min. However, in the
columnar regions where the growth in the Ni-B coat-

ing is faster, the coating thickness is seen to reach
27 µm.
3.2. Characterization of phase transformation
The crystallization behavior of the electroless
Ni-P and Ni-B ﬁlms was analyzed only for the ﬁlms acquired in the coating baths in Table 1. The DSC traces
of Ni-P and Ni-B coatings were acquired under similar conditions. The crystallization peak temperature of
the Ni-P coating determined from the major exothermic peak of the DSC curve was 402.68 ◦C (Fig. 2a).
DSC curve of Ni-B coating exhibited two exothermic
peaks at 298.94 and 418.67 ◦C (Fig. 2b). According
to phase transformation via exothermic reactions of
the ﬁlms, two diﬀerent heat treatment temperatures
(300 and 420 ◦C) were determined to eﬀects of crystallization on the properties of the duplex coating.
The phases formed in the coatings were determined
by XRD analysis.
Figure 3 compares the X-ray diﬀraction patterns
of the coating surfaces for as-plated and heat-treated
coatings. The XRD pattern of the as-plated samples
displays a single broad peak indicative of the amorphous phase with a very small amount of crystalline
Ni. Heat treatment at 420 ◦C for 1 h causes the crys-
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Fig. 4. The microhardness of the samples.

Fig. 3. XRD patterns of the as-plated and heat-treated
coatings (a) Ni-P and (b) Ni-B.

tallization of the Ni-P coating and the Ni- and Ni3 P-phases. Heat treatment at 300 ◦C for 1 h causes the
crystallization of the Ni-B coating and the Ni- and
Ni3 B-phases. Heating to 420 ◦C for 1 h leads to a further sharpening of the Ni and Ni3 B reﬂections and
the formation of the Ni2 B-phase. In the XRD analysis
of the duplex coating surfaces, the peaks of the inner
layer Ni-P-phases could not be detected.
3.3. Microhardness
The microhardness variations with heat treatments
are presented in Fig. 4. The hardness of heat-treated
Ni-B coating shows that coating hardness increases
with heat treatment temperature and reaches the peak
value (1124 HV100 ) at 420 ◦C due to precipitation
hardening by the formation of intermetallic Ni3 B- and
Ni2 B-phases. The hardness of the Ni-P coating is not
measurable because the coating thickness is too thin.
Still, in the previous work [27], the hardness of the
Ni-P coating made with the same solution, as-plated
and heat-treated coating at 400 ◦C are 650 HV100 and
1030 HV100 , respectively. In the case of heat-treated
Ni-P coating at 400 ◦C, the formation of intermetallic
Ni3 P causes an increment in the hardness of coating
[5, 27].

Fig. 5. The coeﬃcient of friction of the samples under
30 N.

T a b l e 2. Average wear rate and coeﬃcient of friction of
PM compact and the coatings
Coeﬃcient of friction, µav Wear loss (mg)

Sample
PM compact
As-plated
HT 300 ◦C
HT 420 ◦C

0.53
0.40
0.43
0.39

48.1
18.3
10.1
3.7

3.4. Wear and friction analysis
The average friction coeﬃcients (μav ) and wear
losses of PM compact, and Ni-P/Ni-B coatings are
given in Table 2. The friction coeﬃcients of the samples exhibit an initial sharp increase (Fig. 5). The friction coeﬃcient of PM compacts indicated an increas-
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Fig. 6. EDX area analysis of the wear tracks on the samples (a) PM compact, (b) as-plated, (c) HT 300 ◦C, and (d) HT
420 ◦C.

ing tendency in the initial phase of the wear test, followed by a decreasing trend. The decreasing trend of
the PM compacts’ coeﬃcient of friction may be caused
by the oxide layers formed as a result of frictional
heating (Fig. 6a). After the initial phase of the wear
test, the friction coeﬃcient of the coatings follows a
ﬂuctuating course between 80 and 500 m, then, they
increase until about 800 m where it becomes stable.
These ﬂuctuating courses in the friction coeﬃcients
of all coatings can be explained by the alteration of
the contact surface area and trapped materials on the
rough surface of the coating. The ﬂuctuations in the
friction coeﬃcients can be explained by Fe and Cr existence on the worn surface of coatings (Figs. 6b–e).
EDX analyses proved that material transfers from contra disc (AISI 52100) to PM compact surfaces were
too low, and the dark regions in SEM images were
oxidized zones (Fig. 6a). EDX analysis of the worn
surface of the coatings reveals the transferred material
from the counter disc to the worn surfaces of the coatings (Figs. 6b–e). The average friction coeﬃcient is less
for as-plated and heat-treated Ni-P/Ni-B coating at
420 ◦C compared to that of acquired for heat-treated
others. Wear loss decreases with heat treatment temperature up to 420 ◦C, above which it slightly increases

(Table 2). The decrease in wear loss with increasing
heat treatment temperature is due to the precipitation
of hard Ni3 B- and Ni2 B-phases, which is conﬁrmed
by the XRD measurement (see Fig. 3). Finally, the
heat-treated Ni-P/Ni-B coating at 420 ◦C exhibits enhanced wear resistance and lesser friction coeﬃcient
than other samples. However, it is thought that the
transferred material from the disc substantially inﬂuences the friction and wear properties of the coatings.
The surface morphologies obtained by SEM from
the worn area of PM compact and Ni-P/Ni-B coatings are presented in Fig. 6. It is seen that the wear
track of PM compact shows deep grooves generated
along the sliding direction (Fig. 6a). Besides, the oxide
layer formations were detected on the worn surface of
PM compacts. The SEM images of as-plated and heattreated coatings also show that almost all the coating
remained on the heat-treated samples (Figs. 6b–e).
The heat treatments are generally used to improve the
coating adhesion. Therefore, the wear resistance increases as a result of improving bond strength between
coating and PM compact and increasing the hardness
of the coating by precipitation. SEM images also show
that the transferred patches from the counter disc and
the wear debris present on the surface of all the coat-

252

U. Matik / Kovove Mater. 58 2020 247–254
T a b l e 3. Electrochemical corrosion parameters of PM
compact and the coatings in 3.5 % NaCl solution
Sample
PM compact
As-plated
HT 300 ◦C
HT 420 ◦C

Fig. 7. Polarization curves of the samples in a 3.5 % aqueous NaCl solution.

ings indicate the occurrence of adhesion between them
(Figs. 6b–e).
3.5. Corrosion properties
Figure 8 presents the comparison of the polariza-

Ecorr (mV)

Icorr (µA cm−2 )

–686.75
–451.25
–566.92
–519.82

25.09
2.35
14.92
26.23

tion curves of PM compact and Ni-P/Ni-B coatings
in a 3.5 % NaCl solution. As it is evident from the
polarization curves, the anodic-cathodic polarization
Tafel line of the Ni-P/Ni-B coatings was acquired at
positive corrosion potentials and lower corrosion current densities than that of PM compact sample. It has
also been found that as-plated Ni-P/Ni-B coating has
the lowest current density. This result indicates that
Ni-P/Ni-B coatings increase the corrosion resistance
of the PM compact signiﬁcantly, and the as-plated
Ni-P/Ni-B coated sample has the highest corrosion resistance. The electrochemical corrosion parameters derived from the polarization curves and corrosion rates
of the samples were presented in Table 3 to verify this
result. In the heat-treated Ni-B coatings at 300 and
420 ◦C, the corrosion resistance decreases due to the

Fig. 8. Corroded surfaces of the samples (a) PM compact, (b) as-plated, (c) HT 300 ◦C, and (d) HT 420 ◦C.
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increase in heat treatment temperature. The decrease
in corrosion resistance with heat treatment temperature increase up to 420 ◦C is due to the precipitation of
Ni3 B and Ni2 B into the nickel matrix and decreasing
the amorphous phase in the coating. The crystalline
nickel and nickel-boride phases lead to the formation
of zones with diﬀerent corrosion potentials within the
coating structure. These zones reduce the corrosion
resistance of the coating by acting as active/passive
galvanic cells [28]. It has also been thought that Ni-P
thin ﬁlm applied before Ni-B coating process aﬀects
corrosion resistance of all coated samples positively.
When the corroded surfaces of the samples were examined, it was found that the corrosion occurring in
the as-plated and HT 300 ◦C samples was pitting corrosion (Figs. 8b, c). In HT 420 ◦C sample, pitting and
general corrosion were observed (Fig. 8d).
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4. Conclusions
In the present study, the eﬀects of heat treatment on morphology, structure, microhardness, frictional behavior, and wear resistance of the electroless
Ni-P/Ni-B duplex coating on ferrous PM compacts
were investigated. The following results were obtained:
– The Ni-P/Ni-B duplex coating was successfully
deposited on ferrous PM compacts by the electroless
deposition method.
– The Ni-B coating has a columnar cross-section
and a cauliﬂower-like surface morphology. The surface
morphology of the Ni-B coating has improved friction
and wear properties.
– The XRD patterns showed that the as-plated
Ni-P/Ni-B coating has a mixture of the amorphous
and crystalline phases. However, the heat treatment
causes the coating to turn into a crystalline structure.
– The precipitation of intermetallic compounds
leads to an increase in microhardness.
The heat-treated Ni-P/Ni-B coating at 420 ◦C exhibits higher wear resistance and less friction coeﬃcient.
– The as-plated Ni-P/Ni-B coating displays better
corrosion performance in comparison with the crystallized coatings.
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