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FULL LENGTH ARTICLE

Pulsed electrodeposition of Ni-B/TiN composites: effect of current density on 
the structure, mechanical, tribological, and corrosion properties
Fatih Doğan a, Mehmet Uysalb, Erhan Duru b, Hatem Akbulut b,c,d and Serdar Aslan b

aInstitute of Natural Sciences, Metallurgy and Materials Engineering, Sakarya University, Sakarya, Turkey; bFaculty of Engineering, 
Department of Metallurgy and Materials Engineering, Sakarya University, Sakarya, Turkey; cCentral Research Laboratory (SARGEM), 
Esentepe Campus, Sakarya, Turkey; dTechnology Development Zones, NESSTEC Energy & Surface Technologies A.S., Sakarya, Turkey

ABSTRACT
Ni-B/TiN composite coatings with different current densities (1.5, 3.0, 4.5, and 6.0 A/dm2) have 
been successfully produced on a mild steel substrate using the pulsed electrodeposition (PED) 
method. The effect of current density on structure, morphology, hardness, tribological, and 
corrosion behaviors were investigated. It was found that the composite coating produced with 
a current density of 4.5 A/dm2 exhibited, smooth surface a uniform fine compact and crack-free 
structure and the particles were distributed homogeneously in the metallic matrix. After the Ni- 
B/TiN composite coatings deposited on the substrate, samples were heat treated at 400 C for 
1 h for providing precipitation of intermetallics to improve mechanical and tribological proper
ties. In the electrochemical measurements performed in 3.5% NaCl solution by weight, the anti- 
corrosion ability of the composite coating was analyzed. According to the results obtained that 
current density is an important parameter affecting not only the deposition mechanism of Ni- 
B/TiN composite depositions but also microstructural, mechanical, tribological, and corrosion 
properties in the PED process. Accordingly, TiN particle reinforced Ni-B composite coatings 
deposited by the PED method are expected to be applied as a protective coating in industrial 
applications with excellent hardness, superior wear resistance and anticorrosion capability.
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1. Introduction

On an industrial scale, electrodeposited Ni- and Ni- 
based alloy coatings are widely used as protective 
coatings to protect various components against abra
sion and corrosion. Pure nickel shows good corrosion 
resistance in corrosive environments as a coating 
material but cannot be used effectively to protect 
components subject to wear due to its low strength 
and hardness. The hardness, wear and corrosion resis
tance of the coatings alloyed with metals with high 
specific properties are significantly increased. Alloy 
elements and their combination of microstructural 
changes increase the hardness of alloy coatings. This 
can be explained by the fact that the fine dispersion in 
the nickel matrix and grain boundary in the alloying 
mechanism with metallic elements increases the hard
ness of the material. Recently, the superior hardness, 
corrosion, and wear resistance properties of alloy coat
ings such as Ni-P [1], Ni-B [2], Ni-Cr [3], Ni-W [4], Ni-Fe 
[5], Ni-Mo [6], and Ni-Co [7] have been investigated for 
different industrial applications. Among Ni-based alloy 
coatings, Ni-B coatings are being researched more due 
to their high strength and excellent corrosion resis
tance. In addition, Ni-B coatings increase the strength 
because of the formation of hard Ni3B intermetallic fine 
precipitates by heat treatment. For this reason, the 
hardness of the Ni-B alloyed composites obtained by 

the dispersion of ceramic particles in the Ni-B alloy 
matrix is further increased [8,9]. Different reinforcing 
particles are included to the alloy matrix to increase 
the strength of the alloy coatings and improve their 
anticorrosion capability. Studies have been 
investigated to increase the strength and improve 
their anticorrosion capability of composite coatings 
such as Ni-P-Ti3C2Tx@TiO2/MoS2 [10], Ni-B/Al2O3 [11], 
Ni-W/TiB2 [12], Ni-W/SiC [13], Ni-B/TiC [14], Ni-B/YZS 
[15], Ni-Cu/TiN [16], and Ni-W/TiN [17] produced with 
the distribution of hard ceramic reinforcements in Ni- 
based alloy matrix. Recently, titanium nitride (TiN) 
reinforcement particles included to the deposited Ni- 
based alloy coatings have become the focus. Li et al. 
[18] stated that TiN ceramic particles could be 
strengthen the hardness and wear resistance of the 
material in alloy or ceramic matrix applications due to 
its high hardness, high melting point and thermal 
stability. Cui et al. [19] stated that TiN particles are 
uniformly dispersed in the coating, improving the 
hardness and corrosion resistance of the coating. 
Because of these considerations, TiN-containing com
posite coatings are expected to have good prospects 
for mechanical, abrasion, and corrosion properties. 
Although there is much literature study about Ni-B 
composite coating, there has been no research on 
the coating structure, surface morphology, hardness, 
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wear, and anticorrosion capability depending on the 
current density change by the PED method of TiN 
reinforced Ni-B composite coatings. In this study, the 
effect of the current density parameter on the pulse 
electrodeposition method for the Ni-B/TiN composite 
coatings was investigated to obtain a coating with 
a dense and uniform structure, high hardness, and 
excellent wear and corrosion resistance.

2. Experimental methods

2.1. Preparation of Ni-B/TiN composite coatings

The composition and coating conditions for the Watts 
nickel bath are given in Table 1. 60 mm × 40 mm pure 
nickel plate was used for the anode, while a mild steel 
sheet of 40 mm × 30 mm was used for the cathode. 
During coating, the distance between the anode and 
cathode was fixed to be 30 mm. Before deposition, the 
mild steel sheets were polished with metallographic 
sandpapers in the range of 400–1200 meshes. The 
sheets were washed in alcohol for 15 minutes with 
ultrasonic agitation and then rinsed with distilled 
water at room temperature. The substrate was acti
vated in a 10 vol.% hydrochloric acid solution for 
15 seconds and rinsed with acetone and distilled 
water, then instantly immersed in the coating solution. 
Before starting the pulse electrolytic coating, the pH of 
the bath was fixed and controlled during deposition at 
3.5. The TiN particles were dispersed by ultrasonic 
agitation for 30 minutes before being added to the 
coating solution, followed by magnetic stirring for 1 h 
at 450 rpm to suspend the particles. Before the PED 
process the submicron-sized TiN particles at 15 g/L 
concentration in the electrolyte were mixed with the 
0.1 g/L sodium dodecyl sulfate (SDS) surfactant with 
a magnetic stirrer for at least 30 minutes to suitably 
disperse and suspend TiN particles in the electrolyte. 
The zeta potential of particle suspended electrolytes 
with 0.1 g/L SDS was determined by the Malvern 

device (Zeta Seizer) for 15 g/L TiN concentration. 
After providing the suspension of the TiN particles in 
the Watts bath electrolyte solution, the electrodeposi
tion process was started according to the previously 
set coating parameters (Table 1). In this work, the 
parameter value of applied pulse frequency (f) is 
100 Hz. To investigate the effects of Iav (1.5, 3.0, 4.5, 
and 6 A/dm2) parameters on the coating process, other 
parameter values were kept constant. The relationship 
between the variables is as follows: 

f ¼
1

Ton þ Toff
(1) 

r ¼
Ton

Ton þ Toff
x100% (2) 

Ipe ¼ Iavx
1
r

(3) 

Iav ¼ Ipexr (4) 

where f is frequency, r is duty cycle, Ipe is peak current 
density, Iav is average current density, Ton is current on 
time (s), and Toff is current off time (s).

2.2. Characterization of Ni-B/TiN composite 
coatings

The surface and cross-sectional images of Ni-B/TiN 
composite coatings were examined using both 
FESEM, FEI Quanta FEG 450 and JEOL 6060LV scanning 
electron microscopes. The average surface roughness 
of composite coatings was measured from five differ
ent regions of the samples using a non-contact surface 
profile. Elemental Ti, N, and B contents were obtained 
using SEM-coupled Energy Distributor Spectrometry 
(EDS) and Inductively Coupled Plasma (ICP) spectro
metry, respectively. The structure was calculated using 
XRD (Rigaku D/MAX 2000 X-ray generator and diffract
ometer) with Cu Kα radiation (1.54059A°). The mea
surements were collected in 1° (2θ) steps at 1 min per 
step 20 < 2θ< 80◦. Crystallite dimensions were calcu
lated according to Equation 5 by using Debye-Scherrer 
formula with full widths at half maximum (FWHM) 
values of X-ray diffraction. 

d ¼
0:9λ

β cos θ
(5) 

Where, d is mean crystalline size, λ is X-ray wavelength 
(0.15418 nm), β is the corrected peak width at half 
maximum intensity (FWHM) and θ is Bragg diffraction 
angle. After the composite coatings deposited on the 
substrate were annealed at 400°C for 1 h, their 
mechanical and tribological properties were examined. 
The Nano hardness of the composite coatings under 
a maximum load of 50 mN for 10 seconds was calcu
lated with the Vickers Nano hardness determinant 

Table 1. Chemical composition and working parameter of the 
bath of Ni-B/TiN composite coating produced by 
electrodeposition.

Electrolyte Composition

Chemicals Composition
NiSO4.6H2O (g/L) 240
NiCI2.6H2O (g/L) 45
H3BO3 (g/L) 30
TMAB (Trimethylamineborane) (g/L) 3
SDS (Sodium dodecyl sulfate) (g/L) 0.1
TiN (g/L) 15
Operating conditions
pH 3.5
Temperature (oC) 50
Current density (A/dm2) 1.5, 3.0, 4.5, 6.0
Duty cycle (%) 40
Frequency (Hz) 100
Agitation rate (rpm) 450
Deposition time (min.) 60
Anode 

Cathode
Pure Ni 
Mild Steel
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(Anton Paar Nanoindentation tester: NHT3). The hard
ness of each composite coating was measured from 
five different regions of the cross-sectional area and 
the average value was calculated. The tribological 
behavior of coatings in a sliding against steel ball at 
room temperature and ambient humidity under dry 
sliding conditions on a Tribometer (CSM Instruments 
TRB 18–317) was investigated. The wear tests of com
posite coatings against an Al2O3 ball (Ø 6 mm) were 
performed from 5.0 N load with sliding speeds of 
40 cm/s. and total 750 m sliding distance was chosen. 
The wear rates and coefficients of friction of the coat
ings were calculated after the wear tests applied to the 
heat-treated composite coatings. Wear surfaces of 
composite coatings were analyzed with low and high 
magnification micrographs using SEM. 3D profiles of 
wear traces were examined using KLA Tencor-P6 sur
face profile measuring device. Tafel electrochemical 
tests were performed in a three-electrode cell for cor
rosion calculations with wt.% 3.5 NaCl solution; gra
phite was used as the counter electrode, saturated 
Calomel Electrode (SCE) for the reference electrode 
and Ni-B/TiN composite coating for a working elec
trode. Potentiodynamic polarization measurements 
were calculated by scanning the potential between 

−1.0 V and +1.0 V at a scan rate of 1 mV s−1 at ambient 
temperature using the Gamry Reference 3000 
Potentiostat model computer. Corrosion potentials 
(Ecorr) and corrosion currents (icorr) were calculated 
using the Tafel curves. Electrochemical impedance 
(EIS) analyzes were measured with a signal of 10 mV 
amplitude applied to the electrode in the frequency 
range of 0.1 Hz–100 kHz. After the corrosion tests, 
morphologies of the coatings were characterized 
by SEM.

3. Results and discussion

3.1. Morphology of Ni-B/TiN composite coatings

SEM images of Ni-B/TiN composite coatings prepared 
at Ia = 1.5, 3.0, 4.5, and 6.0 A/dm2 are shown in Figure 
1. It is observed that the incorporated TiN particles in 
the matrix at low current densities (1.5 A/dm2 and 3.0 
A/dm2) are distributed nonuniformly and protruding 
structures are formed by the preferential particles 
accumulating on the deposited Ni-B grains (Figure 1 
(a,b)). This may be attributed to the low surface energy 
of the TiN particles that reaching to the cathode sur
face were separated from the metal matrix on the 

Figure 1. Surface SEM images of Ni-B/TiN composite coatings produced at different current densities: (a) 1.5 A/dm2, (b) 3.0 A/dm2, 
(c) 4.5 A/dm2, and (d) 6.0 A/dm2, respectively. (e) Surface roughness values of TiN reinforced Ni-B composite coatings at different 
current densities.
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substrate [20]. In contrast, when the current density is 
increased to 4.5 A/dm2, the protrusions and gaps on 
the cathode surface decreased. Moreover, as shown in 
Figure 1(c) at 4.5 A/dm2, the surface of coating is more 
compact, and the TiN particles are homogeneously 
distributed on the coating surface. Moreover, the TiN 
particles settled on the interfaces between grains of 
the Ni-B alloy matrix and the particles adsorbed uni
formly onto the nodular structure, thereby reducing 
the protruding structures of the coating surface [21]. 
Similarly, Radwan et al. [22] described the inclusion of 
particles in the nickel-based matrix as their adsorption 
to the cathode surface with Van der Waals attractive 
forces and named the binding of particles with nickel 
ions as mechanical locking. At higher current densities 
(6.0 A/dm2), the movement of metal ions toward the 
cathode surface could accelerated due to the increase 
in electric field force which result in occurring coarse 
surface morphology because of different deposition 
rates. Since the movement of the particles are sup
ported, the amount of particles moving to the cathode 
surface increases. On the other hand, the amount of 
particles incorporated into nickel matrix is decreased 
since the reduction rate of nickel ions in a region with 
high current density is higher than the deposition rate 
of the particles. In addition, as seen in Figure 1(d), the 
particle agglomeration formed on the coating surface 
could be explained by the poor dispersion of TiN par
ticles in the electrolyte at high current density [23]. The 
average surface roughness (Ra) of composite coatings 
measured using a noncontact surface profile was cho
sen from five different regions of each sample and is 
shown in Figure 1(e). Surface roughness and surface 
morphology varied depending on the different current 
densities of the composite coatings. Considering the 
increase in TiN particle content with increasing current 
density in the composite coating, which will be 
described later, with the increase of current density in 
the coating, the ceramic particles in the matrix are 
distributed evenly and the roughness of the coating 

surface is decreased. Similarly, Xu et al. [24] elucidated 
that increasing the particle concentration in the com
posite coating performed the coating surface 
smoother. The reason obtaining compact surface and 
fine grain structure has been attributed to the hetero
geneous nucleation effect. This can be explained that 
more nucleation sites on the nickel matrix would be 
available at current density of 4.5 A/dm2 and the 
roughness was decreased to 0.22 µm. However, further 
increase in the current density (6.0 A/dm2) results in 
increasing rougher surface from 0.22 μm to 0.32 µm.

Cross-sectional SEM images of composite coatings 
deposited at different current densities are shown in 
Figure 2. It is seen that the substrate/coating interface 
has a crack-free structure in all the composite coatings 
which shows a well adhesion has been achieved dur
ing depositions. The results reveal that the amount of 
incorporated ceramic particles and thickness of coat
ings is strongly affected by current density. It was 
already stated in the literature that the high reduction 
of metallic ions on the cathode in the early stages of 
the electrodeposition process affects the coating thick
ness and the particle content [25]. As the current den
sity is increased, the thickness of coatings increased. 
Accordingly, TiN particles surrounded by ions, which 
are rapidly transported to the cathode surface at high 
current density, result in increasing the thickness of Ni- 
B alloy coating. It is observed that the content of TiN 
particles incorporated into Ni-B alloy matrix at low 
current densities is low and the coating thickness is 
between ~22 µm and ~58 µm for 1.5 A/dm2 and 3.0 A/ 
dm2 current densities respectively. This can be due to 
slow movement of metallic ions reaching the cathode 
surface at low current densities (Figure 2(a,b)). 
Agglomeration of TiN particles is seen a significant 
problem form low current density depositions. In 
cross-sectional views of the composite coating depos
ited at a current density of 4.5 A/dm2, TiN particles are 
seen to be distributed more homogeneously than 
other coatings and the coating thickness increases to 

Figure 2. Cross-sectional SEM micrographs of Ni-B/TiN composite coatings produced at different current densities: (a) 1.5 A/dm2, 
(b) 3.0 A/dm2, (c) 4.5 A/dm2, and (d) 6.0 A/dm2, respectively. (e) Change of B and TiN content in the coating depending on the 
current density.
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~41.2 µm (Figure 2(c)). Despite thickness increment at 
the 6.0 A/dm2 current density deposition condition, 
there seems a strong agglomeration of TiN particles 
(Figure 2(d)). Figure 2(e) exhibits TiN particle and boron 
content in the alloy matrix versus current density. Also, 
it indicates that the TiN amount in nickel matrix 
increased with increasing the current density from 1.5 
A/dm2 to 4.5 A/dm2, but then decreased with further 
increasing above 4.5 A/dm2. It can be concluded that 
increasing the current density leads to increase the 
deposition rate of the Ni-B/TiN composite coatings. 
From the cross sectional micrographs given in Figure 
2, as also reported by Zhou et al [26] it can be stated 
that the particles adsorbed to the cathode surface are 
increased with the increase in the deposition rate in 
the coating as the nucleation center and the coating 
thickness increases. As was known, the adoption of 
particles surrounded by metal ions to the substrate 
surface and reduction of metal ions to the cathode 
surface depends on the particle transport in the elec
trolyte [27]. Therefore, at low current densities could 
be explained by the high metal matrix formation on 
the cathode surface due to the precipitation of the Ni 
and B elements rather than reduction on the TiN par
ticles. Another reason the reduction of the particle 
content in the composite coating may be due to the 
deposition rate of the nickel ions higher than the 
diffusion rate of the TiN particles at high current den
sity. Nevertheless, the reduction rate of Ni ions 
increases as the ion transfer migrating to the cathode 
surface increment with increasing current density dur
ing electrodeposition. Alizadeh and Cheshmpish [28] 
explained that the particle content incorporated in the 
coating at high current densities was lower compared 
to the low current densities by increasing the reduc
tion rate of metal ions and decreasing the deposition 

of particles at high current densities. On the other 
hands, it was seen that the B content in the alloy matrix 
decreases with the increase in the current density in 
the Ni-B/TiN composite coatings. When the current 
density is increased to 4.5 A/dm2, the electrophoretic 
repulsion force effect increases the TiN particle content 
in the composite coating, thereby limiting the deposi
tion of B ions with Ni ions. By further increasing the 
current density, the TiN particles in the electrolyte 
interact more with the effect of the high current den
sity to form agglomerates. Thus, bigger size TiN parti
cles incorporated in the coating was prevented the 
deposition of boron ions. Mehr et al. [29] also stated 
that the boron content in the matrix alloy decreases 
with the increase at current density in Ni-B composite 
coating with particle reinforcement.

3.2. Effect of current density on phase constituent 
and crystallite size

The effect of current density on the structure of Ni-B/ 
TiN composite coatings after heat treatment at 400 C 
for 1 h is shown with XRD patterns in Figure 3(a). The 
reflections have a face centered cubic (fcc) nickel struc
ture and the crystal planes in all coatings are: (111), 
(200) and (220) planes for 44.51°, 51.84°, and 76.37° 2θ 
angles are detected, respectively. The XRD patterns of 
TiN given with (111), (200), and (220) planes for 37.16°, 
42.79°, and 61.62° 2θ angles are observed. The peaks 
corresponding to the TiN cubic structure are very close 
to the values obtained in the literature [30]. In addition, 
Ni2B and Ni3B phases are observed after heat treat
ment. The dominant preferential growth of Ni crystals 
appears to be in the (111) plane. It could be stated that 
with the change of current density in electrodeposi
tion, the increase of TiN particle content in the alloy 

Figure 3. (a) XRD patterns, (b) diffraction peak broadening from (111) plane, (c) lattice distortion and average crystallite sizes of 
electrodeposited Ni-B/TiN composite coatings produced at different current densities.
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matrix promoted the preferential growth of Ni crystals 
in the (111) plane. As seen in the Figure 3(a), as the 
current density of the coating increases up to 4.5 A/ 
dm2, the intensity of the diffraction peaks (220), (200) 
decreases slightly, whereas (111) the diffraction peak 
increases (at 4.5 A/dm2) and then decreases by further 
increase in the current density (at 6 A/dm2). Figure 3(b) 
shows the peak shifting for the (111) peak at narrow 2θ 
angle depending on the current density. The full width 
at half maximum (FWHM) for Ni (111) peak in compo
site coating produced with 4.5 A/dm2 was wider than 
other coatings. The increase in the particle content in 
the coating with the increase in current density causes 
to peak broadening which leads to decreasing the 
crystallite size of coating. The lattice distortion and 
crystallite size of composite coating deposited with 
different current densities are shown in Figure 3(c). 
According to the FWHM of Ni (111) peaks, the crystal
lite size of Ni-B composite coating could be calculated 
according to the Scherrer equation and as it is seen 
from Figure 3(a), by increasing the current density, first 
the crystallite size of the coating is decreased from 
55.8 nm to 37.4 nm and then increased to 51.3 nm 
for 6.0 A/dm2 coated composite. The lowest crystallite 
size was obtained at composite coating deposited at 
a current density of 4.5 A/dm2. This can be explained 
by the highest content of codeposited TiN particles in 
the Ni-B alloy matrix by supporting the nucleation 
areas of the crystals, preventing the growth of existing 
crystals, which is consentient with results reported by 
Mirzamohammadi et al [31]. The reduction of the crys
tallite size of the coating leads to the development of 
mechanical properties such as hardness and abrasion 
resistance [32]. The lattice distortions of samples pro
duced at different current densities are shown in the 
Figure 3(c). The lattice constant could be calculated for 
an fcc systems as follow: 

a2 ¼
λ2

4sin2θ

� �

h2 þ k2 þ l2� �
(6) 

The deflection in the lattice constant was calculated 
using the following equation: 

LatticeDistortion% ¼ 100 1 �
a1

a0

� �

(7) 

where, a1 is the lattice constant for composite coatings 
produced with different current densities, a0 is the 
lattice constant of Ni. The lattice distortion values 
were calculated using Equations (6) and (7). Low- 
angle grain boundaries due to dislocations and lattice 
distortion are associated with grain refinement in the 
crystal structure [33]. As the current density increased, 
negative lattice distortions occurred in the Ni matrix. 
Negative lattice distortion in particle reinforced MMCs 
could be explained in terms of lattice parameter mis
match, thermal stresses, and residual stress [34]. As 

previously discussed in the XRD analysis, with increas
ing current density decreased the intensity of the crys
tal plane (200) and (220), increased the intensity of the 
(111) plane. Reinforcement particles added to the Ni-B 
alloy matrix can cause lattice expansion or contraction 
due to its chemical bond. Depending to the increased 
current density, TiN particles penetrate the Ni-B matrix, 
increasing the lattice disruption of nickel. The lattice 
degradation of the composite material is explained by 
the lattice mismatch between the substrate interface 
and the coating. The other reason is residual or actual 
stresses from certain coating conditions [35].

3.3. Effect of current density on mechanical 
properties

Nanoindentation measurements of composite coat
ings were tested from cross-sectional microstructures 
of samples. As it is known, the penetration depth in the 
nanoindentation technique has great importance in 
comparing the mechanical properties of the coatings. 
The Berkovich indenter penetrates the sample until 
prespecified maximum load (plastic deformation) was 
reached during indentation process. Unloading (elastic 
deformation) displacement which that zero load was 
reached, and final residual depth was measured when 
indenter was retracted from sample [36]. The mechan
ical properties of Ni-B/TiN composite coatings depos
ited at different current densities are shown in Figure 4. 
Obviously, the hardness of Ni-B composite coating 
firstly increased with the increase of current density 
from 1.5 A/dm2 to 4.5 A/dm2, then decreased with 
further increasing current density from 4.5 A/dm2 to 
6.0 A/dm2. For example, while the hardness value of 
the coating deposited at 1.5 A/dm2 current density is 
~800 HV, when the current density is increased to 4.5 
A/dm2 the composite coating hardness increased by 
approximately 56.8% and the value of ~1210 HV has 
been accomplished. The increase in the coating hard
ness can be attributed to the higher hardness of TiN 
particles with the increase of their content. In addition, 
the increase in hardness can be explained by the fact 
that the particles prevent the dislocation movement 
and contribute the resistance against plastic deforma
tion. In literature, the increase in coating hardness was 
explained by matrix grain refinement (Hall-Petch) and 
reinforcement phase hardening (Orowan) mechanisms 
[24]. In addition, dislocation movement that prevents 
the growth of existing crystals was prevented, as the 
excessively distributed TiN particle content in the coat
ing reduce the distance between the particles in the 
high content of particle codeposited composite coat
ings [37]. Tao et al. [38] stated that Ni-B coating hard
ness increases with solid solution reinforcement and 
fine grain strengthening effects. They also explained 
that the increase in coating hardness was related to 
the formation of hard Ni3B phases formed after heat 
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treatment. In addition to these, when the coating 
thicknesses indicated in Figure 2 are taken into con
sideration, it can be said that the reinforcement parti
cles distributed homogeneously to the Ni-B alloy in the 
coating (41.2 µm) deposited at a current density of 4.5 
A/dm2 evenly adsorb the applied load and affect the 
increase of the coating hardness. On the other hand, 
when the current density is increased to 6.0 A/dm2, the 
reduced hardness despite the increased coating thick
ness can be associated with the low content of TiN 
particles embedded in the coating and the agglomera
tion of the particles. Using the Berkovich diamond 
indenter tip by the Oliver Pharr method, the nanoin
dentation measurements of the coatings with a max. 
50 mN indentation force are shown schematically in 
Figure 4(b). The loading-unloading curves obtained 
using the nanoindentation technique in the composite 
coatings deposited at increasing current densities are 
shown in Figure 4(c). The absence of bending in the 
nanoindentation curves proves that the coatings are 
crack-free. According to the results, it is seen that the 
nanoindentation curve of the coating deposited at 1.5 
A/dm2 current density has higher penetration depth 
than the other coatings. It could be stated that with the 
increase in the current density (4.5 A/dm2), the parti
cles in the coating improve the resistance against 
indentation, reducing the depth of the indent penetra
tion to ~330 nm, thereby increasing the mechanical 
properties of the coating. At 6.0 A/dm2, the indentation 
depth increased more than 1.5 times and reached 
~440 nm. According to the elastic modulus results 
(Figure 4(d)) obtained from the nanoindentation 
tests, the elastic modulus of the coating increased up 
to 370 GPa with the increase in the current density 
then decreased with further increasing current density 
from 4.5 A/dm2 to 6.0 A/dm2. As known, hard coatings 
undergo less plastic deformation during loading, while 

soft coatings were exposed to larger plastic deforma
tion [39]. Accordingly, the high elastic improvement of 
hard Ni-B/TiN composite coatings could be attributed 
to the increase in reinforcement TiN particle content in 
the coating with the current density parameter in 
electrodeposition.

3.4. Dry sliding wear properties of composite 
coatings deposited at various current densities

Tribological properties of heat-treated Ni-B/TiN com
posite coatings deposited on the steel substrate were 
examined by dry sliding wear tests. Wear rates and 
coefficient of friction (COF) values of Ni-B/TiN compo
site coatings produced variation current density are 
shown in Figure 5. The COF values shown in Figure 5 
(a) change from 0.16 to 0.20, and with the increase in 
current density, the friction coefficients decreased and 
then increased. Friction coefficient of the Ni-B/TiN 
composite coating prepared at 3.0 A/dm2 decreased 
remarkably compared to those Ni-B/TiN composite 
coating produced at 1.5 A/dm2 and friction coefficient 
of the composite coatings exhibited a decreasing 
trend with the increase in the current density. Among 
the four Ni-B co-depositions, Ni-B-TiN composite coat
ing deposited at 4.5 A/dm2 exhibits the lowest friction 
coefficient, 0.16, which is nearly 6%, 18%, and 25% 
lower than that of the Ni-B/TiN composite coating 
deposited at 1.5, 3.0, and 6.0 A/dm2, respectively. For 
composite coating deposited at 4.5 A/dm2, TiN parti
cles carrying the load during wear resulting in reduce 
the friction coefficient because the ceramic particles 
are uniformly dispersed in the Ni-B alloy matrix and 
decreased the distance between the particles [40]. The 
increased friction coefficient at higher current density 
could be attributed to the low TiN particle content in 

Figure 4. (a) Hardness, (b) elastic modulus, (c) load-depth curves for Ni-B/TiN composites produced at different current densities, 
and (d) schematic diagram of hardness measurement, respectively.
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the coating and consequently to the low hardness in 
the coating. As seen in Figure 5(a), the wear rate of Ni- 
B/TiN composite coating firstly decreased with the 
increase of current density from 1.5 A/dm2 to 4.5 A/ 
dm2, then increased with further increasing current 
density from 4.5 A/dm2 to 6.0 A/dm2. For example, 
compared to the wear rate of composite coating 
(3.21 × 10−5 mm3/Nm) deposited at 3.0 A/dm2, the 
wear rate of the composite coating deposited at 1.5 
A/dm2 significantly high, which is of 4.26 × 10−5 mm3/ 
Nm. When the current density is increased to 4.5 A/ 
dm2, the wear rate of the coating decreased to 
2.14 × 10−5 mm3/Nm nearly two times lower than 
that of composite coating deposited at 1.5 A/dm2. 
Wasekar et al. [41] reported that the particle content 
in the composite coating affected the wear rate of the 
coating. Accordingly, the reduced wear rate in the Ni- 
B/TiN composite coating can be attributed to 
increased hardness by increasing the content of cera
mic particles in the matrix. Also, the decreasing in wear 
rate could be explained by reducing the contact area 
between the coating/counter-surface of TiN particles 
adsorbed to the coating surface. Moreover, the 
increased current density in the cross-sectional view 
of the composite coating indicated in Figure 2(c) and 
the proximity of the particles in the coating could be 
attributed to the equal bearing of the load during 
wear. When the current density in the coating solution 
is further increased, the particles agglomerate on top 
of each other in the alloy matrix due to the increasing 
electrophoretic force. Thus, at the 6.0 A/dm2 current 
density, the wear rate of the coating increased to 
3.45 × 10−5 mm3/Nm due to the insufficient particles 
to reduce the contact between the abrasive surface 
and the coating. As a result, the TiN particles in the 
Ni-B alloy matrix in parallel with the hardness/wear 
rate relation specified by the Archard relationship in 
the literature increased the hardness of the composite 
coating and reduced the wear rate of the coating [28].

Figure 6 exhibits the worn surfaces of composite 
coatings produced with various current densities. As 
seen from Figure 6(a-c-e-g), the width of wear track 
continuously decreases when current density increases 
from 1.5 A/dm2 to 4.5 A/dm2 but then starts to increase 

with further increase from 4.5 A/dm2 to 6.0 A/dm2 due 
to because of the agglomerated ceramic particles. For 
example, at 1.5 A/dm2, the wear track width of the 
coating is observed to be wide compared with the 
coating deposited at 3.0 A/dm2 due to the low hard
ness of the coating and weak adsorption of particles 
depositions on the coating surface at low current den
sities in the coating process. As seen in Figure 6(e), the 
wear trace width (456 µm) of the coating deposited by 
increasing the current density to 4.5 A/dm2 is narrower 
than the other coatings. This could be explained by the 
uniform adsorption of TiN particles with hard proper
ties on the coating surface and thus low irregularities 
on the coating surface. Moreover, for composite coat
ing deposited with 1.5 A/dm2, microcracks are 
observed on the worn surfaces because high shear 
stress is located on the surface during the wear test, 
showing typical rough appearance of adhesive wear 
and fatigue wear cracks, which is in agreement with its 
high wear rate [42]. When the applied current density 
is raised to 3.0 A/dm2, the microcracks significantly 
reduced and island-like layer is observed in Figure 6 
(d). However, when the current density increased to 4.5 
A/dm2, a smooth layer and small smeared flakes can be 
shown on the worn surface. On the other hand, crack 
formation and initiation at worn surface seems to be 
minimal for composite coating. Therefore, it is con
cluded that with increasing current density which 
increased incorporated particle amount in the matrix 
prevents dislocation movement and increases the plas
tic deformation resistance and load bearing capacity of 
Ni-B alloy matrix [26]. For the composite coatings 
deposited at 6.0 A/dm2, microcrack, and spall from 
wear tracks shown on worn surface because of high 
plastic deformation. Therefore, the cracks formed on 
worn surface would grow along the interface, and then 
leads to delamination. This may be attributed to both 
low amount of TiN particles and severe particle 
agglomeration in the coating at high current density. 
As also stated before, the surface roughness of the 
composite deposited at 6.0 A/dm2 was high and it is 
thought high surface roughness is another significant 
reason to lead the local plastic deformation caused by 
high shearing. Thus, the decrease in the amount of 

Figure 5. Effect of composite coating deposited with different current density on (a) coefficient of friction and (b) wear rate.
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particles incorporating in the nickel matrix and high 
plastic flow because of shearing, weak interfacial bond
ing between ceramic particles and nickel matrix ema
nated from segregation lead to the wear rate.

The worn surfaces of composite coatings were 
scanned with 3D profilometry to get a better under
standing the effect current density on wear mechan
isms of composite coatings deposited at different 
current densities. The results of 3D profilometry for 
composite coatings are shown in Figure 7. The surface 
roughness at low current density (1.5 A/dm2) seems to 
show a decreasing tendency when the current density 
is increased to 3.0 A/dm2. When the current density is 
increased to 4.5 A/dm2, it is seen that the roughness of 
the wear surface decreases due to the increase of 

particle content in the matrix. As stated before, 
because of high particle content co-deposited during 
Ni-B coating, resulted to produce smoother surfaces. 
High particle content in the deposited layer leads high 
nucleation and low growth rate of the matrix and 
therefore causes to reveal dense and low surface 
roughness structure. It is concluded that The Ni-B 
composite coating deposited at 4.5 A/dm2 exhibits 
very smooth surfaces compared with composite coat
ings produced at 1.5 A/dm2, 3.0 A/dm2, and 6.0 A/dm2. 
Thus, it could be stated that surface damage and plas
tic deformation on the wear surface were reduced [43]. 
It can also be noted that increasing coating thickness 
with increasing current density affects the wear sur
face. Accordingly, the fact that the abrasion scar depth 

Figure 6. Low and high magnification SEM images of wear tracks for the Ni-B/TiN composite coatings deposited at different 
current densities: (a and b) 1.5 A/dm2 and (c and d) 3.0 A/dm2, (e and f) 4.5 A/dm2, and (g and h) 6.0 A/dm2.
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in the coating produced with 4.5 A/dm2 current den
sity is lower than the other samples can be explained 
by the fact that the particles on the coating surface 
form a protective layer and the particles in the coating 
are close to each other. It can be seen from Figure 7, 
The Ni-B composite coating deposited at 6.0 A/dm2 

has very rough surface that indicating a severe surface 
damage occurred. This can be attributed to although 
the further increasing current density also increases 
the coating thickness, the uneven distribution of the 
low amount of particles in the coating.

3.5. Effect of corrosion behavior on current 
density

The corrosion behavior of Ni-B/TiN composite coatings 
deposited at different current densities were analyzed 

by Tafel curves and EIS measurements. Figure 8(a) 
shows the potentiodynamic polarization curves of Ni- 
B/TiN composite coatings produced at different cur
rent densities in 3.5 wt.% NaCl solution for 1 h. Ecorr, icorr 

and rcorr values calculated by Tafel method are pre
sented in Table 2. As shown in the Figure 8(a), the Ecorr 

value shifts toward the positive direction by increasing 
the current density to 4.5 A/dm2. icorr value also 
decreases to 1.1 × 10−6 A/cm2 It was stated that the 
uniformly dispersed ceramic particles in the nickel 
matrix could prevent corrosion by form a physical bar
rier between the coating and the corrosive environ
ment [24]. What’s more, TiN particles could have 
prohibited ion diffusion from the corrosive medium 
by filling defects in the coating structure such as por
ous and gap. In addition, the reinforced particles dis
persed in the Ni-B alloy matrix cause to increase the 

Figure 7. 3D profilometry results of Ni-B/TiN composite coatings: (a) 1.5 A/dm2 and (b) 3.0 A/dm2, (c) 4.5 A/dm2, and (d) 6.0 A/dm2.

Figure 8. (a) Potentiodynamic polarization curves, (b) Nyquist plots, (c) Bode plots of Ni-B/TiN composite coatings at different 
current density that were electrified in 3.5 wt.% NaCl aqueous solution. (d) Equivalent electrical circuit model.
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nucleation regions that its lead to the dense composite 
structure which prevents Ni dissolution. Therefore, 
composite coating shows high resistance to corrosion 
[44]. When the current density is further increased to 
6.0 A/dm2, the icorr value increases to 2.9 × 10−5 A/cm2. 
TiN particles in the composite coating deposited at 
higher current density are insufficient to avoid anodic 
dissolution and defect corrosion, as the TiN particles 
could not form a physical barrier on the coating sur
face. The results show that chemical composition of 
the bath, the crystallite size of the matrix, and the 
distribution of TiN particles in the matrix affect the 
corrosion resistance of the Ni-B/TiN composite coating 
[45]. The corrosion rates (rcorr) of composite coatings 
has been calculated according to Equation 8 [46] using 
icorr values: 

rcorr ¼
kM
nρ

icorr (8) 

where k is the constant (3270 mol A−1), M is the molar 
mass, n is the charge number, ρ is the density of the 
substrate. The lowest corrosion rate of the coating is 
obtained for composite coating deposited at 4.5 A/dm2. 
Nyquist and Bode plots were analyzed to examine the 
corrosion capabilities of composite coatings in more 
detail. The radius of the different semicircular Nyquist 
graphics explains the polarization resistance of compo
site coatings and the anticorrosion capability with the 
larger radius [18]. As seen in the Figure 8(b), the radius 
of the largest semicircle is obtained for Ni-B composite 
coating deposited at 4.5 A/dm2. TiN particles uniformly 
distributed over the composite coating surface, 
increase the corrosion resistance of the coating by 
creating a layer that prevents the passage of ion (Cl−) 
from the abrasive medium to the composite coating 
[47]. However, when the current density is further 
increased, the corrosion resistance of the material 
decreases as the porous structure formed on the sur
face of the material diffuses from the porous structure 
due to the increase in the growth rate of the grains in 
the coating and thus the radius decreases [11]. As seen 
in Bode-Z graphics, the maximum value of ǀZǀ at 0.01 Hz 
was obtained in the coating deposited with 4.5 A/dm2. 
Since the ions in the corrosive medium can be inhibited 
from reaching the substrate, the corrosion resistance of 
the coating with a current density of 4.5 A/dm2 is better 

than other coatings. The fact that other coatings that 
were tested at the same immersion time have structure 
that is more porous reduces their anticorrosion capa
cities. The Bode plots confirm the anticorrosion effect of 
the optimum current density of the composite coating. 
The electric equivalent circuits in Figure 8(d) were used 
to calculate the corrosion parameters, the single-time 
constant model indicated by the impedance diagram. 
Where Rs is the solution resistance, Rct was charge 
transfer resistance, CPEdl was electric double layer capa
city. The relative radius of the impedance curve could 
be used to define the corrosion resistance [48]. 
Corrosion parameters of Ni-B/TiN composite coatings 
deposited at different current densities after immersion 
in 3.5 wt.% NaCl solution for 1 h are given in Table 3. 
With increasing current density in the coating solution, 
the Rs and Rct values of the coating increase, while the 
CPEdl value decreases. To evaluate the protective cap
abilities of composite coatings against aggressive 
media, diffusion inhibition of Rct has been evaluated. 
When the current density is increased to 4.5 A/dm2, the 
anticorrosion capacity Rct and Rs of the coating reached 
the maximum value. With the increase in current den
sity in the coating process, TiN particles have accumu
lated in active places on the coating surface, thereby 
improving the corrosion protection of the coating. On 
the other hand, due to the low surface roughness and 
uniform particle distribution, the reduction of the dou
ble layer constant phase element (CPEdl), indicating that 
the particles form a barrier layer on the coating surface. 
In addition, the contact area of the corrosive medium/ 
coating interface, which expands due to the high 
roughness in the coating, could facilitate the passage 
of corrosive ions into the substrate. Surface images of 
Ni-B/TiN composite coatings after immersion in 3.5 wt. 
% NaCl solution for 1 h are shown in Figure 9. Ions that 
diffuse from abrasive medium to defects such as micro 
pore on the coating surface cause to corrosion [49]. 
With increasing current density in the coating process 
reduced the corrosion defects on the coating surface. 
As seen in the Figure 9, ions penetrating the micropores 
on the surfaces of the coatings deposited at low current 
densities reduce the corrosion resistance of the coating. 
Although corrosion formations appear on the surface of 
the coating deposited with 4.5 A/dm2, it seems that the 
microstructure has not changed, and the corrosive 

Table 2. Corrosion potential (Ecorr) and corrosion current den
sity (icorr) values of Ni-B/TiN composite coatings produced at 
different current densities.

Current density (A/dm2) icorr (A/cm2) Ecorr (V) rcorr (mm.y−1)

1.5 1.7×10−5 −0.565 0.0670
3.0 3.6×10−5 −0.551 0.0391
4.5 1.1×10−6 −0.492 0.0013
6.0 2.9×10−5 −0.543 0.0207

Table 3. Corrosion parameters of Ni-B/TiN composite coatings 
deposited at different current densities after immersion in 
3.5 wt.% NaCl solution for 1 h.

Current den
sity (A/dm2) Rs (Ω.cm2) Rct (kΩ.cm2) CPEdl (µF/cm2) n-value

1.5 5.83 28.66 96.92 0.856
3.0 6.13 36.47 72.63 0.871
4.5 7.92 49.48 64.51 0.932
6.0 6.54 38.65 70.62 0.908
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environment does not cause destruction on the coating 
surface. TiN particles deposited at 4.5 A/dm2 current 
density acted as a physical barrier and limited the 
diffusion of corrosive ions into the coating. It could 
also consider that TiN particles improve the anticorro
sion capability of the composite coating by preventing 
corrosion defects. The decreased particle content in the 
coating deposited at higher current density could be 
attributed to the corrosion resistance reduction of the 
coating as it could not fill the gaps on the coating 
surface and prevent the expansion of the corrosion 
holes.

4. Conclusions

Ni-B/TiN composite coatings were produced on mild 
steel plate with different current densities (1.5, 3.0, 4.5, 
and 6.0 A/dm2) by pulse electrodeposition method and 
their effect on surface morphology, phases structure, 
hardness, tribology, and corrosion properties were 
investigated. Ni-B/TiN composite coatings are charac
terized by nodular morphology, crack-free surface, and 
uniformly distributed TiN in the nickel matrix. The 
roughness of the coating surface was reduced with 
the increase of the current density up to 4.5 A/dm2, 
beyond which it decreases. As a result of the XRD 
analysis performed after the heat treatment applied 
to composite coatings, it was observed that the nickel 
crystal in the coatings was in the preferential direction 
in the dominant plane of (111). Considering the effect 
of current density on the particle concentration in the 
coating, the minimum crystal size (37.4 nm) and the 
maximum TiN particle content of the nickel matrix in 
the coating deposited at a current density of 4.5 A/dm2 

were calculated. Accordingly, it was observed that the 

elastic modulus and nano-hardness of the coating 
increased. The wear rate of the composite coating 
deposited at a current density of 4.5 A/dm2 was 
lower (2.14 × 10−5 mm3/Nm) than other coatings, indi
cating that the hard-TiN particles reduce the contact 
area between the coating and the countersurface. Due 
to the effect of the current density in the electrolyte, 
the dense structure of the particles deposited on the 
cathode surface on the composite coating surface pre
vented the corrosive ions to diffuse into the solution/ 
coating interface by compose a physical barrier. The 
results obtained from the electrochemical tests exhib
ited that the Ni-B/TiN composite coatings fabricated at 
current density of 4.5 A/dm2 have significant corrosion 
resistance compared to the other composite coating. 
The experimental results obtained could be suggested 
as an alternative composite coating in engineering 
applications by considering the current density para
meter in the coating process of Ni-B/TiN composite 
coatings.
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