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Abstract. Composite coatings are coatings that have been considered in terms of properties, such as corrosion resistance,
oxidation resistance and excellent hardness. In this study, Ni–P–Al2 O3 –TiO2 composite coating was made on AISI 316 steel
using direct current deposition technique. The microstructure of the coating and its corrosion resistance were studied by
changing the amount of titanium oxide (1, 2, 3 and 4 g l−1 ) in the bath. To investigate the morphology of the coating and the
analysis of the coated material, a scanning electron microscope (SEM) and EDS microscopy were conducted, respectively.
The results showed that in the bath containing 4 g l−1 titanium oxide, the coating is perfectly uniform and continuous, while
by reducing the amount of titanium oxide, it is not possible to form a suitable coating on the entire surface of the substrate.
To investigate the corrosion resistance, the potentiodynamic polarization and electrochemical impedance spectroscopy tests
in aqueous solution of 3.5% NaCl were carried out on coated and uncoated samples. The results of these tests were also
correlated with microscopic images and showed that the coatings in a bath containing 4 g l−1 titanium oxide has the highest
corrosion resistance.
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1. Introduction
Despite the good corrosion resistance of stainless steels in
many environments, these alloys are susceptible to local corrosion in the presence of chloride ion [1–4]. The use of coating
as a barrier to improve corrosion resistance has always been
considered. Composite coatings containing metal oxides,
such as Al2 O3 , TiO2 , ZrO2 , etc., have been used for corrosion resistance of stainless steels in comparison with other
types of coating because of environmental considerations,
good tribological properties and low electrical conductivity [5–9]. These coatings are used by many methods, such
as chemical vapour deposition [10], physical vapour deposition [11], sol–gel [5,12], atomic layer deposition [8], plasma
spray [13,14] and electroplating [15–17]. Among these methods, electrodeposition technique with advantages, such as
good control of coating thickness, the ability to create uniform
coatings on surfaces, less pollution, etc., has always been considered. Composite coatings produced by this method consist
of a metal matrix and solid particles dispersed in the matrix.
Solid particles can be metal powders, oxides, nitrides, carbides, etc. [18]. The process of combining these particles and
the metal matrix is summarized as follows: (1) the formation of charged particles by adsorption of surface activators
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on the surfaces of these particles; (2) the physical transfer of
particles through a convective layer; (3) mass transfer through
a penetrating layer; (4) the migration of particles due to
the potential gradient across the electrical double layer; and
(5) the physical entrapment of particles within the growing
precipitated metal [19]. Nickel–phosphorous matrix composite coatings, despite their good corrosion resistance, are not
very hard and cannot always be hardened by the heat treatment
due to the substrate’s susceptibility. Adding ceramic particles
to these coatings can replace heat treatment to improve their
hardness [20]. Aluminium oxide is one of the most important
particles due to low thermal expansion coefficient, favourable
mechanical properties and excellent chemical stability at all
temperatures as reinforcement to nickel–phosphorous coatings [21,22]. Hu et al [23] showed that alumina particles
have a great influence on the growth process and the phase
structure of nickel–phosphorous coating, which lead to an
increase in corrosion resistance. They also showed that adding
more amounts of alumina would increase the porosity of
the coating and reduce the corrosion resistance. Gadhari and
Sahoo [24] also obtained a similar result and showed that
addition of alumina >10 g l−1 reduces the corrosion resistance of the coating. Recently, there has been a lot of research
on the effect of adding titanium oxide particles to nickel
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coatings. The results of these studies showed that the addition
of titanium oxide particles reduces the porosity of these coatings and improves their corrsion resistance [25–30]. Saied et
al [31] showed that the addition of titanium oxide to nickelbased coatings prevented further growth of nickel crystals
and these particles act as a new site for nucleation. This
behaviour increases the hardness and corrosion resistance of
these coatings. They also showed that the addition of high
levels of titanium oxide can reduce the corrosion resistance
of the coating. In addition to the type of particles and their
amount in coating, other factors such as pH, current density,
heat treatment and surface activators also affect the corrosion behaviour of composite coatings containing metal oxide
particles. Gul et al [32] showed that current density is the
most important parameter in the process of adding alumina
particles to nickel matrix coatings. Investigations of Goral et
al [16] also showed that the corrosion resistance of nickel–
alumina coating increases with increasing the current density
of the deposition process. Improving corrosion resistance by
increasing the current density can be attributed to an increase
in the amount of alumina particles and the uniform distribution of these particles in the coating [33]. Numerous studies
are not made on the effect of pH on the corrosion behaviour
of nickel–phosphorous matrix composite coatings. The pH of
the coating of the bath actually affects the corrosion resistance of the coating by controlling the amount of phosphorus
and other particles in the composite coating [34]. Despite the
extensive research on nickel-based composite coatings, the
corrosion behaviour of nickel–phosphorus–alumina–titanium
oxide coatings has not been taken into consideration. In this
paper, the effect of different amounts of titanium oxide on the
corrosion resistance of nickel–phosphorus–alumina–titanium
oxide coatings is investigated by Tafel polymerization techniques and electrochemical impedance spectroscopy (EIS).

2. Experimental
In this research, stainless steel 316 was used as a substrate
for the electroplating. The chemical composition of the steel
substrate is presented in table 1 using the energy dispersive
spectrophotometer (EDS). The AISI 316 steel substrate was
used as a cathode in the dimensions of 2 × 10 × 10 mm3
and a nickel piece with dimensions of 2 × 20 × 20 mm3
as an anode. The anode surface was considered to be two
order greater than cathode to avoid polarization problems.
Copper wire with a length of 12 cm, at the back of the samples, was used to connect between the cathode and anode
with a power supply. They were ground to a final 3000
SiC paper to achieve a smooth surface. For dehydration, the
sample was electroplated in 10% sulphuric acid solution for
1 min and then placed in acetone for 30 s. Finally, the sample
was washed with distilled water and to prevent the formation
of the oxide layer, it is immediately dissolved into the solution for the final plating process. The chemical composition
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Chemical composition of AISI 316 stainless steel (in
Cr

Mo

C

Fe

16.6

2.04

0.07

Balance

used as the electrolyte for Ni–P–Al2 O3 –TiO2 composite
coating is given in table 2. Initially, using the digital balance,
the mass of the chemical composition of the electrolyte bath
was measured and is shown in table 2. The materials for the
electroplating were mixed in a 100 ml beaker with distilled
water; so that the volume is 100 ml. The solution was placed
in an ultrasonic device and was stirred for 10 min, then mixed
with a magnetic stirrer to form a homogeneous solution for
1 h. With pH meter, the pH of the solution was controlled,
then the cathode was connected to the negative pole and the
anode to the positive pole of the power supply and the electroplating was performed for 20 min. The electroplating process
was carried out under conditions of temperature, time, stirring
speed, pH and constant current density as shown in table 2
and TiO2 concentration changes. After the coating was completed, the specimens were removed from the plating solution
and washed with distilled water. To verify the microstructure
of the coated samples, a CamScanMV 2300 equipped with an
energy dispersive spectrometer was used. Polarization resistance experiments and EIS experiments were performed to
determine the electrochemical behaviour of the coating in
3.5% NaCl solution by EG&G Potentiostat and the data were
plotted using PowerSuit software. In these experiments, a cell
with three electrodes was used; the SCE electrodes were used
as reference electrode, platinum as auxiliary electrode, and
samples were used as electrode. Initially, before the experiment, the samples were prepared with a surface equal to 1 cm2 ,
and the rest of the parts were completely covered with epoxy.
The samples were immersed in a solution of 3.5% NaCl for
30 min to achieve a stable state. Changes of <5 mV in 5 min
were considered as stable state. The EIS was performed at the
frequency range of 10−2 –105 . The polarization experiments
were carried out at the desired voltage level at a sweeping
rate of 1 m s−1 and at a constant temperature of 25◦ C. The
equivalent circuit was used to analyse the impedance results
from the Z-View software.

3. Results and discussion
3.1 Effect of TiO2 concentration on coating microstructure
Figure 1 shows the morphology of the surface of Ni–P
and Ni–P–Al2 O3 –TiO2 coatings at different concentrations
of TiO2 particles at pH = 3.5 and current density of
15 mA cm−2 . Nickel–phosphorous coating exhibited almost
uniform surface finish. The sample coated in TiO2 = 1 g l−1
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Table 2. Composition of coating mixtures and electrodeposition parameters
and materials.
Coating mixtures (g l−1 )

Electrodeposition parameters and materials

NiSO4 ·6H2 O
NiCl2 ·6H2 O
H3 BO3
NaPO2 H2 ·H2 O
SDS
C7 H5 NO3 S1
Al2 O3
TiO2

Current density
pH
Plating time
Plating temperature
Cathode
Anode

280.00
40.00
40.00
15
0.3
1
1
1, 2, 3, 4

shows a nearly uniform and homogeneous surface (figure 1a).
The coatings created in TiO2 = 2 g l−1 (figure 1b) and
TiO2 = 3 g l−1 (figure 1c) are uniform and white particles are
visible on the surface of these coatings. These white points are
TiO2 ceramic particles. The coating created in TiO2 = 4 g l−1
shows a rough surface (figure 1d).
Figure 2 shows the effect of concentration of TiO2 particles
in the electrolyte on the amount of deposition in the coating
under a current density of 15 mA cm−2 and pH = 3.5. With
increasing the particle concentration in the electrolyte, the
concentration of TiO2 particles in the coating increases. The
highest amount of TiO2 particles in the coating is when the
concentration of TiO2 particles in the plating bath is 4 g l−1 ,
which is a maximum of 3.4 wt%. The increase of TiO2 particles inside the plating bath increases the absorption rate, and
therefore, a higher percentage of the co-existed particles will
be inside the coating. Increasing the concentration of the titanium oxide particles can be preferred using the Gaglimetic
model. This model, which includes absorption in two steps,
first, takes the metal ions inside the solution around the particles of titanium oxide and aluminium oxide and brings them
to the cathode itself. At this stage, a poor physical absorption
occurs between the secondary phase particles and the electrode surface. Here, secondary phase particles are absorbed
by Van der Waals forces and a poor absorption occurs. In the
next step, which is an absorbing step, these particles are grown
extensively by the strong electric field applied to surfaces and
get a part of growing nickel matrix. By increasing the concentration of the ceramic titanium oxide particles within the
electrolyte, much higher than the ionic absorption increases,
resulting in more deposition of titanium oxide [35,36]. In this
way, increasing the amount of ion adsorption increases the
amount of these neutral particles reaching the cathode surface,
which increases the number of particles available to participate in the coating. Therefore, the percentage of participation
of titanium oxide particles in the coating increases [37,38]. In
fact, by increasing the concentration of the secondary phase
particles in the bath, the average distance between these particles is reduced, and the phenomenon of massification or
agglomeration occurs. The mass fractionation of the particles
in the electrolyte decreases the wettability of the particles. As

15 mA cm−2
3.5
15 min
60◦ C
AISI 316 stainless steel
Nickel plate

a result, the particles tend to be deposited by gravity and the
number of effective particles available for participation in the
deposition process is also reduced [36]. There are two reasons
for lowering the weight percentage of the higher-enhancing
particles: (1) increasing the concentrations of the reinforcing
particles in excess of the optimum amount in the solution is a
preventing factor for the formation of particles in the matrix,
because of the elasticity collisions between the particles in the
electrolyte solution increase and in higher levels than the saturation state, collisions increases. The particles are removed
from the electrolyte/surface interface and there is no chance
for them to fall into the matrix. (2) Although the amount of
particles in the cathode increases by increasing the amount of
particles in the electrolyte, the growing ability of the particles
to stagnate these particles is constant. Therefore, more time is
spent to absorb these particles [38,39]. On the other hand, with
increasing particle concentration, particles reach the surface
of the cathode, but the deposition of metal ions does not take
place on the surface of the cathode, which does not allow the
particles to be surrounded by metal deposition and separated
from the cathode surface [40]. The morphology of composite
coatings is homogenized by increasing the amount of particles
in the electrolyte bath. The titanium oxide particles joined to
the matrix result in a dense structure [41]. The coating morphology changes with the addition of titanium oxide particles,
and is transformed from a non-uniform surface and coarse
grains to a smooth surface and fine grains (figure 1). Composite coatings have morphology of grains coming out of the
surface, which causes the growth of nickel crystals at the site
of the titanium oxide particles and the change in the preferred
orientation of nickel crystals [42]. Joining of agglomerates
on the surface of the coating and incomplete filling of the
agglomerates by nickel ions lead to the formation of porosity
and void in the coating. However, by increasing the concentration of particles inside the electrolyte and the removal of
positive hydrogen ions from the hardened cathode lead to the
appearance of hydrogen bubbles at the cathode level. These
bubbles are entrapped in the cathode and cannot move at high
concentrations of the ceramic particles and prevent particles
from absorbing in the cathode. On the other hand, due to the
greater collision between particles in higher concentrations
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Figure 1. Surface morphology of (a) nickel–phosphorous coating and Ni–P–Al2 O3 –TiO2 composite
coating at pH = 3.5 and the current density of 15 mA cm−2 and various concentrations of (b) TiO2 =
1 g l−1 , (c) TiO2 = 2 g l−1 , (d) TiO2 = 3 g l−1 and (e) TiO2 = 4 g l−1 .
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Figure 2. Effect of bath concentration on TiO2 particles concentration at pH = 3.5 and current density of 15 mA cm−2 .

in the electrolyte and the effect of shaking from the centre to
the periphery is reduced, which increase the porosity and the
amount of composite coating [43].
3.2 Corrosion behaviour
3.2a Potentiodynamic polarization:
Potentiodynamic
polarization curves for uncoated and Ni–P–Al2 O3 –TiO2 coated samples related to corrosion behaviour in a sodium
chloride solution of 3.5% are shown in figure 3. In sodium
chloride electrolyte, an anode reaction involves the formation
of ion or metal dissolution and a cathode reaction involving
hydrogen or hydroxide reduction. As it is known, the polarization curves of the coated samples show a passive region,
which is indicated with the increasing anodic potential and
anodic reactions are largely prevented. However, this passive
region is not seen in the polarization curve of the uncoated
sample, which indicates the active dissolution of the uncoated
sample. The slope of the anodic region of the coated specimens is larger than the uncovered sample. It has been proved
that the larger values of the slope of the anode region imply
that there is a coating with a higher density and denser structure [44].
The corrosion parameters obtained from these graphs are
obtained by linear polarization of anodic and cathodic Tafel
curves in a range of ±50 mV open circuit potentials. The
polarization resistance was also obtained by using the following equation (Stern–Geary equation):
Rp =

βa βc
,
2.303i corr (βa + βc )

(1)

where Rp is the polarization resistance, βa and βc are the
anodic and cathodic Tafel slopes, respectively, and i corr the
corrosion current density.
The electrochemical parameters obtained from the polarization test are presented in table 3. As the results show,
the corrosion current density of the Ni–P–Al2 O3 –TiO2 coated samples is less than the uncoated sample. Since the

Figure 3. Potentiodynamic polarization curves of coated and
uncoated samples in 3.5% sodium chloride solution.

corrosion current density is an important parameter for kinetic
evaluation of a corrosion reaction and is inversely correlated
with corrosion resistance, it can be concluded that applying the coating, improves the corrosion resistance of the
steel. In addition, the corrosion current density of the composite coatings containing oxide particles is lower than that
of nickel–phosphorous coating, which indicates the positive
effect of oxide particles on the corrosion resistance of nickel–
phosphorous coating. Improvement of corrosion resistance
due to the addition of oxide particles can be due to chemical inertia i.e. the ability to resist these particles against the
chemical effects of some environments. Chandra et al [45]
also showed that the addition of oxide particles to nickel
coatings leads to a smoother and more compact coating.
By increasing the amount of titanium oxide particles in the
corrosion coating, corrosion current density decreases from
4.142 to 1.169 µA cm−2 , the polarization resistance increased
from 8754.26 to 32357.54  cm2 and the corrosion potential of −339.41 mV goes up to more noble potentials. This
can be due to two different mechanisms. First, microcells
between titanium oxide and nickel matrix are formed due to
their standard potential difference, which facilitates anodic
polarization and prevents local corrosion [46–48]. Second,
titanium oxide particles, by placing in preferred locations,
modify the nickel microstructure and as active physical barriers prevent aggressive environment access to substrate [36].
Titanium oxide film has a ceramic structure and behaves like
a semiconductor. In general, the addition of conductive or
semiconducting particles to the coating increases the area
of the cathodic surfaces and leads to the shift in the potential to the more positive values [36,49,50]. Also, Novakovic
and Vassiliou [51] showed that the presence of oxide particles in nickel–phosphorous coatings accelerates the nickel
passivation process and leads to increased resistance to corrosion.
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Electrochemical parameters of Tafel polarization for tested specimens.

Specimen

E corr (mV)

i corr (µA cm−2 )

βa (mV dec−1 )

βc (mV dec−1 )

Rp ( cm2 )

Blank
Ni–P
Ni–P–Al2 O3 –1 g TiO2
Ni–P–Al2 O3 –2 g TiO2
Ni–P–Al2 O3 –3 g TiO2
Ni–P–Al2 O3 –4 g TiO2

−468.342
−437.928
−399.41
−393.276
−374.74
−350.413

64.94
10.39
4.142
2.514
2.488
1.169

73.393
216.072
132.076
136.487
187.598
162.489

142.053
255.45
276.812
290.697
250.788
187.265

323.98
4898.45
8754.26
9385.69
16062.89
32357.54

Figure 4. Nyquist, Bode and Bode phase curves of coated and uncoated samples in 3.5% sodium chloride solution.

3.2b Electrochemical impedance: The electrochemical
impedance method is considered as an appropriate tool for
investigating corrosion behaviour, because it provides information on the metal/electrolyte interface. Nyquist, Bode and
Bode phase diagrams of various samples in 3.5% sodium
chloride solution are shown in figure 4. The equivalent circuit
shown in figure 5 shows the best fitted results for the uncoated
and coated samples, respectively. In these circuits, Rs is the
solution resistance, Rct the charge transfer resistance of the
steel substrate, the CPEcoat the coating capacity, CPEdl the
double layer capacity and Rcoat the coating resistance, which
show the coating’s ability to penetrate the electrolyte through
its surface to the interface of the coating/substrate [52–54].
The constant phase element exhibits a deviation from the ideal
dielectric behaviour and is related to the non-homogeneity
and roughness of the surface. The constant phase element
impedance is calculated from the following equation:
Z CPE =

1
,
Y0 ( jω)n

(2)

where ω is the angular frequency in radians per second, Y0 the
admittance and is related directly to the active level (surface)
of corrosion and n also related to surface roughness.

Figure 5. Equivalent electrical circuit used for (a) uncoated and
(b) coated samples.

The value of the parameter n (−1 < n < 1) shows the
degree of deviation from the ideal behaviour. The values of
−1, 0 and 1 represent the inductance, capacitance and pure
resistance, respectively [55,56]. The presence of a broad peak
in phase angles diagram vs. the frequency of coated samples
indicates that there are two constant times, but one of the
constant time is not clearly seen here. In other words, in these
specimens, due to the discontinuity in the coating, the contact of the corrosive environment with the substrate surface
and the two active electrochemical cells on the surface of the
coating are formed. The first constant time in high frequencies is related with the response of coating to the corrosive
environment. While the second time constant at low frequencies is associated with the corrosion process occurring in the

0.776
0.507
0.522
0.725
0.639
0.642
3.92E-4
3.04E-4
7.47E-5
1.42E-4
8.18E-5
1.03E-4
—
615
1007
5948
6224
7450
—
0.879
0.816
0.911
0.886
0.905
—
6.74E-5
1.04E-4
4.75E-5
4.28E-5
3.94E-5
14.78
6.13
6.515
6.592
6.089
7.325
Blank
Ni–P
Ni–P–Al2 O3 –1 g TiO2
Ni–P–Al2 O3 –2 g TiO2
Ni–P–Al2 O3 –3 g TiO2
Ni–P–Al2 O3 –4 g TiO2

n-dl
Y0 -C P E dl (−1 cm−2 Sn )
Rc ( cm2 )
n-coat
Y0 -C P E coat (−1 cm−2 Sn )
Rs ( cm2 )
Specimen

Electrochemical parameters obtained from electrochemical impedance for tested specimens.
Table 4.

2141
3835
5376
8968
9614
8715

(2020) 43:99
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metal/solution interface in the cavities of the coating [57].
In an uncoated sample, a maximum point in the phase angle
graph vs. frequency is seen, which implies one constant.
The results of the fitting of equivalent circuits using the
Zview software are presented in table 4. As can be seen,
the results of the impedance are in good agreement with the
results of the Tafel polarization. The shape of the Nyquist
curves describes the type of electrochemical reactions that
occur on the surface of the electrode. The similarity of the
shape of these curves for the various samples suggests the
same corrosion mechanism. The larger radius of the Nyquist
curve of the specimen containing 4 g l−1 of TiO2 as compared with other samples, reflects the stable structure of this
coating that impede the penetration of the electrolyte to the
coating [58]. In fact, by the formation of local microcells
in nickel coatings containing titanium oxide particles, the
corrosive medium is required to pass the semicircular path
around the oxide particles to reach the substrate, resulting in
a long corrosion path [59]. In addition, the addition of titanium oxide particles to the nickel-based coating leads to a
change in the morphology of the coating from the columnar
to the axial direction. Due to the long corrosion path in axial
morphology compared to the columnar morphology, the corrosion rate in the axial morphology is lower [59]. Another
reason for the increase in corrosion resistance in the presence of titanium oxide particles can be attributed to the effect
of these particles on the fine-grained coating and, consequently, to the longer and more complex corrosion of the
fine-grained coating [36]. Due to the absence of an induction element, the polarization resistance is equal to the sum
of charge transfer resistance and coating resistance [60]. The
higher polarization resistance for a sample containing 4 g l−1
of TiO2 than other samples indicates better protective properties of this coating than other coatings. By examining the
impedance modulus vs. frequency, it can also be seen that
the impedance value is higher at 0.01 Hz for a 4 g l−1 TiO2
sample than for other samples, which suggests a better corrosion resistance of this sample compared to other specimens.
In addition, the amount of admittance of a constant phase
element for this coating is 3.94E-5 −1 cm−2 Sn , which is
less than other coatings. In fact, increasing the capacity of the
constant phase element of the coating indicates that the electrolyte is more absorbed by the coating due to the presence
of more porosity in the coating and leads to a decrease in the
corrosion resistance of the coating [61]. Some researchers
also found that low capacity coatings had a higher thickness [62].

4. Conclusion
Ni–P–Al2 O3 –TiO2 composite coating was fabricated on AISI
316 steel using direct current deposition technique. Different
amounts of titanium oxide (1, 2, 3 and 4 g l−1 ) were used
in the electrolyte bath. The results showed that the addition
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of titanium oxide particles to nickel–phosphorous composite
coatings would create a more compact coating. Also, the
results of polarization showed that the coating containing
4 g l−1 of titanium oxide particles had the lowest corrosion current density and the highest corrosion resistance. In
addition, reducing the coating capacity by increasing the concentration of titanium oxide particles in the electrochemical
impedance test indicates a decrease in the porosity and porosity of the coating is due to the presence of titanium oxide
particles, and as a result, the electrolyte penetration into the
coating is lower and the corrosion resistance of the coating
increases.
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