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Abstract

Ni-TiO, composite coatings are promising materials for enhancing the corrosion resistance and structural properties of
steel substrates in various industrial applications. Corrosion remains a major issue for steel components, prompting the
need for effective protective coatings. This study investigates the influence of sodium dodecyl sulfate (SDS) surfactant on
the structural, electrochemical, mechanical, and morphological properties of Ni-TiO, composite coatings electrodeposited
on BS2 steel. The coatings were characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-
dispersive X-ray spectroscopy (EDX), microhardness testing, and electrochemical techniques, including potentiodynamic
polarization and electrochemical impedance spectroscopy (EILS). The results show that SDS incorporation led to an increase
in the crystallite size of the coatings, from 35.92 nm to 80.82 nm, and a significant enhancement in the relative texture
coefficient (RTC) along the (200) plane (88.09%). SEM analysis revealed a more compact and uniform surface morphology,
with SDS reducing surface porosity from 8.23x10°% to 2.20x10°%. Electrochemical measurements demonstrated a
substantial improvement in corrosion resistance, with charge transfer resistance (R ) increasing from 5.17 kQxcm’ to
312.65 kQxcm? and polarization resistance (R ) rising from 2.5 kQxcm? to 176.38 kQxcm?. The microhardness of the
coatings decreased slightly from 256.26 kgf*mm? to 217.22 kgf>mm™, indicating a trade-off between mechanical
properties and enhanced corrosion protection. These findings highlight the potential of SDS as a valuable additive for
optimizing Ni-TiO, composite coatings, although further research is needed to explore the impact of SDS concentration,

long-term durability, and the performance of these coatings in more aggressive environments.
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1. Introduction

Iron alloys, such as low carbon, mild, and stainless
steel, are widely used in several industrial sectors.
Iron alloys achieve high mechanical properties but
have corrosion resistance [1-4]. Depositing a coating
of a more corrosion resistant metal onto the iron alloy
can improve its corrosion resistance. The
electrodeposition of alloy and composite coatings
improves the corrosion resistance of iron alloys. The
electrodeposition technique is a versatile and effective
method that offers a range of benefits and is widely
employed in various industries to protect and enhance
the performance of iron-based alloys [5].

The choice of metals for electrodeposition is vital
for ensuring the corrosion resistance of coatings. Zinc,
nickel, chromium, and cobalt are commonly used due
to their excellent protective properties [6—8]. Nickel-
based coatings, in particular, are widely used in
corrosion protection. Zn-Ni alloy coatings, especially
those with 1.5 wt.% Ni, have demonstrated superior
corrosion resistance due to their stable y-phase and
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basal texture in the Zn matrix [6]. Ni-Cr coatings,
which benefit from the formation of continuous nickel
hydroxide and compact chromium oxide passive
films, demonstrate enhanced corrosion resistance with
increased chromium content [7]. Ni-Co coatings,
especially those with 10 wt.% Co, provide optimal
corrosion resistance, attributed to improved
electrochemical properties and a pronounced (111)
orientation [8]. Composite coatings, such as Ni-Co-
CNT and Ni-TiO,, have also shown enhanced wear
and corrosion resistance due to the incorporation of
nanoparticles [9, 10].

Ni-TiO, composite coatings have been extensively
studied for their enhanced corrosion resistance. The
inclusion of TiO, particles in the Ni matrix
significantly improves corrosion protection by
shifting the corrosion potential towards more positive
values, reducing corrosion current density, and
increasing polarization resistance [11, 12]. The TiO,
particles act as a physical barrier, preventing corrosive
agents from reaching the metal surface, and this
barrier effect is further enhanced by their uniform
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distribution within the Ni matrix, which is crucial for
effective protection [11]. Moreover, the presence of
TiO, particles leads to the formation of corrosion
microcells that inhibit localized corrosion [13].
Increasing the TiO, content improves the material’s
corrosion resistance, while smaller TiO, particles
contribute to better mechanical properties and more
uniform distribution within the matrix, further
enhancing both corrosion and mechanical
performance [12, 14].

The addition of sodium dodecyl sulfate (SDS)
surfactant to Ni-TiO, composite coatings offers
several key advantages. SDS plays a crucial role in
reducing particle agglomeration, thereby ensuring a
more uniform distribution of nanoparticles within the
coating matrix, which results in smoother and more
consistent surfaces [15, 16]. This improved dispersion
enhances the coating’s surface properties,
contributing to better mechanical strength and
flexibility. The incorporation of SDS also
significantly enhances corrosion resistance by
creating a denser and more uniform coating that acts
as an effective barrier against corrosive elements, with
some coatings achieving protection efficiencies up to
87.9% [17]. Moreover, SDS contributes to the finer
crystallization and improved microstructure of the
coating, which is essential for high-performance
applications [15]. Thus, the addition of SDS not only
improves the surface and mechanical properties but
also boosts the corrosion resistance of the composite
coatings.

This study focuses on the synthesis of Ni-TiO,
composite coatings using the electrodeposition
technique, with the incorporation of sodium dodecyl
sulfate (SDS) surfactant. The impact of SDS on the
structural, surface morphology, coating porosity, and
electrochemical properties of the coatings was
systematically investigated in a 3.5% NaCl solution.
Potentiodynamic polarization and electrochemical
impedance spectroscopy (EIS) were employed to
evaluate the corrosion resistance of the coatings. The
results reveal that the addition of SDS significantly
enhances corrosion resistance by reducing porosity
and improving the relative texture coefficient (RTC).
Electrochemical measurements demonstrated notable
improvements in both polarization resistance (R),
which increased to 176.38 kQxcm?, and charge
transfer resistance (R_), which rose to 312.645
kQxcm?. These enhancements underline the potential
of Ni-TiO,-SDS composite coatings as highly
effective anticorrosive materials for demanding
applications, offering superior durability and
protection in corrosive environments.

2. Materials and methods

The BS2 mild steel substrates (18 mm X 6.3 mm x

2.4 mm) were coated with electrodeposited Ni-TiO,
composite coatings. The elemental composition of
BS2 mild steel is 0.15% C, 0.75% Mn, 0.02% Si,
0.015% S, 0.012% P, 0.043% Al and Fe in
equilibrium. The BS2 steel samples were polished
with 120-1200 grit sandpaper, rinsed with distilled
water, and dried with an air dryer. The clean substrates
were placed in acetone solution to avoid further
interaction with the surrounding medium. Before
electrodeposition, the substrates were cleaned in an
electrolyte solution containing 10 gx1"' NaOH and 30
gxI"' Na,CO, to remove oil and grease. This process
was conducted for 3 minutes at a current density of 2
Axdm?. Then, the substrates were immersed in 10%
HCI for 10 s to remove traces of oxides.

The chemical composition of the electrolytic bath
is NiCLx6H,0 (23.7728 gxI'"), NH,ClI (21.405 gx1"),
H,BO, (18.5435 gxI'"), NaCl (5.8517 gxI"), 10 gxI"!
of high purity (99%) TiO, powder (BIOCHEM
Chemopharma, 315 Place Youville-Suite 343,
Montreal, Quebec H2Y OA4, Canada; product code:
320150500) and SDS (5 mmolxI"'). Two sheets of
pure nickel (99.9%) were partially immersed in the
electrolyte to act as double sacrificed anodes. The
composite coatings were electrodeposited for 1 hour
at a current density of 3 Axdm™, a pH of 4 and a
temperature of 45 °C.

The coated BS2 steel substrates were subjected to
XRD analysis with a scan step of 0.03° on an X-ray
diffraction apparatus (Rigaku MiniFlex600) using a
monochromatic ray CuKa (A = 1.54056 A) in the
range of 10-100°. The surface morphology of the
coated BS2 substrates was characterised using SEM
analysis (TESCAN VEGA3). The elemental
composition of the coatings was analysed using
energy dispersive X-ray (EDX). Microhardness (HV)
was measured using a Vickers microhardness tester
(Wolpert Wilson Instruments model 402UD) at a load
of 100 g and a dwell time of 10 s. HV measurement
for the Ni-TiO, composite coating is not possible due
to its complex surface morphology, including
roughness, irregularities, and porosity, which prevent
clear indentations. Karbasian et al. [18] noted that
surface roughness distorts the indentation process,
leading to inconsistent results. Pores and voids cause
uneven indentation, and the heterogeneous grain
structure leads to varying mechanical properties, as
stated by Samal et al. [19] and Qu et al. [20]. Even
cross-sectional measurements are compromised by
these irregularities, as the coating’s thickness and
quality vary. Therefore, traditional microhardness
testing is unsuitable.

Potentiodynamic  polarization  and  EIS
measurements were performed in an electrochemical
workstation (GAMRY INSTRUMENTS, Ref: 3000-
34109) consisting of a graphite anti-electrode, an
Ag/AgCl reference electrode (saturated with KCI) and
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the coatings as working electrodes. The
electrochemical studies were conducted at room
temperature in a 3.5 wt. % NaCl solution with a scan
rate of 1 mVxs!. Before the measurements, all the
samples were immersed in a 3.5 wt. % NaCl solution
for 30 minutes to reach a steady state. The open circuit
potential (OCP) and the EIS were measured in a
frequency range from 0.01 Hz to 100 kHz.

3. Results and discussion

Figure 1 presents the X-ray diffraction (XRD)
patterns of the BS2 steel substrate, TiO, powder, pure
Ni coating, Ni-TiO, composite coating, and Ni-TiO,-
SDS composite coating, providing insights into the
structural characteristics of each material. The BS2
steel XRD pattern (Figure la) reveals characteristic
peaks at 44.64°, 64.85°, and 82.41°, corresponding to
the (110), (200), and (211) planes of the a-Fe phase,
confirming the crystallite structure of BS2 steel. The
identified phases in the BS2 steel are ferrite and
pearlite, typical of a ferrite-pearlite microstructure.
These data serve as a baseline for evaluating the
coatings applied to the steel substrate. The TiO2
powder XRD pattern (Figure 1b) shows both anatase
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Figure 1. XRD patterns: (a) BS2 steel substrate, (b) TiO,
powder, (c) pure Ni coating, (d) Ni-TiO,
composite coating, and (e) Ni-TiO,+SDS
composite coating

Table 1. RTC (%) and crystallite size of the coatings for the

revealed planes

Sample (hkl) | Pure Ni | Ni-TiO, | Ni-TiO,-SDS
(111) | 776 | 25.59 11.91

RTC (%) |"(200) | 7146 | 22.53 88.09
(220) | 1242 | 17.07 -
(311) 3.7 15.25 -
(222) | 4.66 19.56 -
(111) | 31.94 | 3592 41.06

Crystallite 500y | 29.59 | 36.97 80.82

size (m) T 220) | 5553 | 56.4 -
(311) | 22.63 | 4825 -
(222) | 3338 | 66.76 -

(ICDD 00-002-0387) and rutile phases (ICDD 00-
002-0494), with a sharp peak at 20 = 25.30° (101)
confirming the presence of anatase. This combination
of phases is known to enhance both mechanical
properties and corrosion resistance in composite
coatings [21].

The pure Ni coating (Figure 1c) exhibits a strong
diffraction peak at 51.847° corresponding to the (200)
plane (ICDD 00-004-0850), suggesting preferential
growth along the (200) plane and high crystallinity,
which contributes to the coating’s mechanical strength
and corrosion resistance. The Ni-TiO, composite
coating (Figure 1d) shows Ni peaks with broadening,
indicating that TiO, particles act as nucleation sites,
influencing the crystallization of Ni and resulting in a
finer-grained structure. The absence of distinct TiO,
peaks reflects the fine dispersion of TiO, within the Ni
matrix, a typical characteristic of composite coatings.
Finally, the Ni-TiO,-SDS composite coating (Figure
le) demonstrates sharper, more intense diffraction
peaks, indicating improved crystallinity. The presence
of Sodium Dodecyl Sulfate (SDS) likely prevents
TiO, agglomeration and enhances the uniformity of
the crystallite structure. The clearer peaks,
particularly along the (200) plane, suggest that SDS
promotes crystallization in this direction. The absence
of TiO, peaks further confirms the well-dispersed
TiO, within the Ni matrix, contributing to the
coating’s structural integrity without forming a
separate crystallite phase [13].

The Relative Texture Coefficient (RTC) is
calculated to quantify the crystallographic orientation
and texture of the coating, which is important for
understanding its mechanical and corrosion-resistant
properties. The RTC is determined using the
following equation [22]:

I, /I
RTC,, =—0 U 100% )
(hkd) 5 TN
Zl (nkt) " (nkt)
where I(hkl) and Io(hkl) are the diffraction intensities
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of the (hkl) plane for the deposit and the standard Ni
powder sample with reference code ICDD 00-004-
0850, respectively. The five diffraction intensities
along the (111), (200), (220), (311) and (222) planes
are considered. The RTC values are summarized in
Table 1. The pure Ni coating exhibits a high RTC of
71.46%, indicating dominant crystallite growth along
the (200) plane, which enhances its mechanical
strength and corrosion resistance. In the Ni-TiO,
composite coating, the RTC drops to 25.59%,
reflecting a shift in crystallite growth to the (111)
plane, likely due to TiO, particles acting as nucleation
sites. The Ni-TiO,-SDS composite coating shows a
significant increase in RTC to 88.09%, indicating
improved crystallinity and preferred growth along the
(200) plane. This suggests that Sodium Dodecyl
Sulfate (SDS) enhances the uniformity and
crystallinity of the coating, improving its mechanical
and corrosion-resistant properties [16].

The crystallite size (D) is essential for
understanding the mechanical strength and overall
performance of the materials. The crystallite size is
calculated using the following equation [23, 24]:

kA
BcosO )

Where k is a constant (0.89), A is the wavelength
of the X-ray radiation (A\Cuko=1.54056 A), B is the
full width at half maximum (FWHM) of the
diffraction line, and 6 is the diffraction angle. The
calculated values of the crystallite size are
summarized in Table 1.

The Ni-TiO,-SDS composite coating shows the
largest crystallite size of 80.82 nm, compared to pure
Ni (29.59 nm) and Ni-TiO, (35.92 nm) coatings. This
increase in crystallite size suggests that the addition of
Sodium Dodecyl Sulfate (SDS) promotes the growth
of larger Ni crystallites. F. Dogan et al. [25] found that
surfactants like SDS enhance the crystallinity of
coatings by preventing particle agglomeration. The
larger crystallite size in the Ni-TiO,-SDS composite
coating indicates improved crystallinity, which is
expected to enhance both its mechanical properties

cps/eV

14
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o

and corrosion resistance [26].

Figure 2 illustrates the effect of the surfactant
sodium dodecyl sulfate (SDS) on the eclemental
composition of the Ni-TiO, composite coating, as
analyzed through Energy Dispersive X-ray
Spectroscopy (EDX). Figure 2a shows the successful
co-deposition of TiO, particles in the Ni matrix,
confirming the uniform distribution of TiO, within the
coating. The presence of TiO, particles is evident in
the elemental analysis, supporting the composite
nature of the coating. Figure 2b results reveal a
reduction in the Ti and O content when the coating is
deposited using an SDS-containing solution. This
decrease can be attributed to the excess SDS
molecules, which coat both the TiO, particles and the
cathode during deposition. This coating action
prevents TiO, particles from fully contributing to the
deposition process, ultimately reducing their content
in the final coating. The reduction in the deposition
rate due to SDS coverage is consistent with findings
from previous studies, which suggest that SDS
surfactant interferes with the particle deposition
dynamics, influencing the overall coating
composition [17].

Figure 3 presents the surface morphology of the
coatings observed via scanning electron microscopy
(SEM). Figure 3a shows the TiO, powder, with
uniformly dispersed nanoparticles of varying sizes.
Figure 3b depicts the pure Ni coating, exhibiting a
smooth surface with nodular and pyramidal grains.
Figure 3c reveals the Ni-TiO, composite coating,
which has a rough, heterogencous surface with
cavities or gaps between protrusions, likely due to
hydrogen evolution during co-deposition. Figure 3d
shows the Ni-TiO,-SDS composite coating, featuring
uniform, pyramid-shaped protuberances. SDS
improves grain uniformity, reduces voids, and levels
the surface, enhancing the coating’s mechanical and
corrosion-resistant properties.

The particle size distribution of the nanoparticles
was determined from SEM images and particle size
histograms, as shown in Figure 4. Figure 4a reveals
that the average particle size of the purchased TiO,
powder is 324 nm. Figure 4b shows that the average
particle size of the pure Ni coating is 212 nm.
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Figure 2. EDX analysis of: (a) Ni-TiO, composite coating and (b) Ni-TiO,-SDS composite coating
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Figure 3. SEM images of (a) TiO, powder; (b) pure Ni coating, (c) Ni-TiO,, and (d) Ni-TiO,-SDS composite coatings

Incorporating TiO, nanoparticles into the Ni matrix
(Figure 4c) increases the particle size to 336 nm due
to the high concentration of TiO, (10 gxI'), which
causes nanoparticle agglomeration [27]. The addition
of SDS surfactant (Figure 4d) reduces the particle size
to 260 nm in the Ni-TiO, composite coating, likely
due to the lower TiO, content. SDS also lowers the
zeta potential of the TiO, particles, making them more
negatively charged [28, 29].

Microhardness is often better understood in terms
of dislocation density rather than crystallite size.
Dislocations are linear defects in a material’s atomic
structure that are thermodynamically unstable. The
dislocation density (p) represents the number of
dislocations within a given area and was calculated
using the following equation [23]:

P="3 &)

When materials are subjected to stress, the atomic
structure can distort, causing dislocations to form as
the material tries to accommodate the stress. TiO,
particles in the composite material can obstruct the
movement of these dislocations, acting as physical
barriers. Additionally, TiO, can serve as sites for
dislocation storage, which leads to the formation of
dislocation rings around the particles. The lattice
strain (g), which measures the distortion of the atomic
lattice due to dislocations, can be calculated using the
following equation [30]:

_ Beoso )
4

Table 2 summarizes the computed values for
dislocation density (p), lattice strain (g), and
microhardness. It is evident that the values of p, €, and
microhardness decrease with the incorporation of
TiO, particles and the addition of SDS surfactant. For
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Figure 4. Particles size distribution histogram determined from SEM image of (a) TiO, powder, (b) pure Ni coating,
(c) Ni-TiO,, and (d) Ni-TiO,-SDS composite coatings

instance, the dislocation density (p) decreases from
11.42x10" (linesxm?) in pure Ni to 7.32x10'*
(linesxm?) in the Ni-TiO, composite and further
drops to 1.53x10** (linesxm?) in the Ni-TiO,-SDS
composite for the (200) plane. Similarly, the lattice
strain (g) decreases from 12x10* in pure Ni to

Table 2. The calculated dislocation density, strain and

9.30x10* in Ni-TiO, and 4.24x10* in Ni-TiO,-SDS
for the (200) plane. The microhardness also shows a
marked decrease, from 320.0 kgfxmm™ in Ni-TiO, to
146.34 kgfxmm™ in Ni-TiO,-SDS for the (200) plane.
This suggests that the TiO, particles and SDS
surfactant introduce structural changes in the coating,

Table 3. Average values of the dislocation density, strain,

microhardness calculated and measured HV
Sample ((lllﬁ)) Pu;egNi Ni7-]7“i502 Ni-T;O923-)SDS Sample BS2 | Pure Ni |Ni-TiO, NI;II;SOZ_
px107"* (linesxm™) (200) | 11.42 | 7.32 1.53 px10 (linesxm) - 10.598 | 4.95 3.73
(220) | 3.24 | 3.14 - £x10™ (%) - 10.8 7.436 6.295
(311) | 19.53 | 0.4.30 - HV=0250, B 3 256.26 | 217.22
222) | 9 | 224 - (kgfxmm?) : :
ex10% (%) 8(1)(1); g 99'534 i;j AvgHV (kgfxmm?)| 145 | 37347 | - | 22747
2200 | 6 6.1 - . . . .
Gih | 15 71 - resulting in increased dislocation storage and internal
222 10 3 1 7 stress within the Ni matrix, which, in turn, reduces the
. — material’s overall hardness [31].
. (111) - 3293 288.1 The microhardness of coatings is influenced by
Microhardness (HV (200) _ 320 146.34 . R . .
~0250) : three mechanisms: grain refinement, particle
(k fx mm?) (2200 | - | 2097 - strengthening, and dispersion strengthening [32-34].
g @iy | - 2451 - Grain refinement increases hardness by hindering
(222) - 177.2 - dislocation motion, as smaller grains increase
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boundary areas. Particle strengthening occurs when
particles like TiO, trap dislocations, while dispersion
strengthening (Orowan mechanism) distributes
dislocations around particles. The pure Ni coating
shows 373.47 kgf*mm™ hardness, while the Ni-TiO,
composite coating (Figure 2b) complicates hardness
measurement due to surface irregularities. Theoretical
calculations give an average microhardness of 256.26
kgfxmm™ (Table 3), determined using the following
formula:

HV =0.250, )

where HV is the Vickers microhardness (kgfxmm
%) and o, is the yield stress in MNxm?, For hardening
by dlsperswn the yield stress is determined by the
shear stress needed to bend a dislocation line between
two particles separated by a distance of L, which is
comparable to D. The maximum stress requlred for
this, assuming the radius of curvature R = L /2, is
given by the following equation:

T=—r="2 (©)

where G is the elastic shear modulus, and b is the
Burgers vector. For Ni, G =95 GPa and b = 0.249 nm
[35, 36]. This method provides an estimate of the
microhardness of the coating based on the dislocation
densities.

Table 3 summarizes the measured and calculated
microhardness (HV) values. The addition of Sodium
Dodecyl Sulfate (SDS) surfactant influenced the Ni-
TiO, composite coating’s microstructure, changing it
from nodular to pyramidal grains. This modification
eliminated voids and elevations, leveled the surface,
and suppressed undesirable secondary reactions. The
dispersion strengthening mechanism, implemented
through the Orowan mechanism, simplified the
calculation process. The Ni-TiO,-SDS composite
coating shows a microhardness of 256.26 kgfxmm™
(Table 3), which is lower than that of the pure Ni
coating (373.47 kgf*mm™) and the Ni-TiO, composite
coating (320.0 kgfxmm). Despite this, all coatings
have improved microhardness compared to the bare
BS2 steel, which has a microhardness of 145 kgfxmm-
2 (Table 3).

The potentiodynamic polarization curves were
recorded from -400 mV to 400 mV relative to the
open circuit potentials (OCPs), with a scan rate of |
mVxs™!. The exposed area of the working electrode to
the electrolyte solution is 2.85 cm?. Figure 5 shows
the OCPs and polarization curves. Each sample was
immersed in a corrosion cell containing 300 ml of a
3.5 wt. % NaCl solution for 1 hour at room
temperature. The OCP curves are shown in Figure Sa,

while the corresponding polarization plots are
presented in F igure 5b. Electrochemical parameters,
including corrosion potentlal (E..), corrosion current

density (I_ ), corrosion rate (r. ), and anodic and

cathodic i"oe;rfel slopes (B, and C[g:) were determined
using linear polarization theory. Calculating the
polarization resistance is essential as it provides a
quantitative measure of the coating’s ability to resist
corrosion. The polarization resistance (R)) was
determined using the Stern-Geary Equation (Eq 7)

[37]:

x___ BB
" i, (B, + )10

where B and B, are the anodic and cathodic Tafel
slopes, respectively, which describe the rate of the
electrochemical reactions at the electrode surface.
icorr is the corrosion current determined from the
polarization curves using the Tafel fit method. The
fitted parameter values are summarized in Table 4.

The results show that the addition of SDS to the
electrodeposition bath significantly enhances the
corrosion resistance of the resulting Ni-TiO,
composite coating. The SDS-modified coating
exhibited a corrosion potential (E_ ) of -143.0 mV,
compared to -340.0 mV for the Ni-TiO, coating,
indicating improved corrosion resistance. The lower
E_,. suggests that the SDS surfactant forms a
protective  barrier, reducing the coating’s
susceptibility to corrosion. The corrosion current
density (I ) for the SDS-modified coating was 0.141
pwAxem?, much lower than 1.382 pAxcm for the Ni-
TiO, coating. This decrease indicates a reduced
corrosion rate, as the surfactant limits the
electrochemical reactions at the coating surface.
Similarly, the corrosion rate (r, ) for the SDS-
modified coating dropped to 1.694 pmpy, compared
to 16.62 pmpy for the Ni-TiO, coating, further
confirming the enhanced protection. These
improvements in E_ , I, and r__suggest that SDS
enhances the corrosion resistance by forming a
protective barrier that prevents the diffusion of
corrosive ions to the coating surface, reducing the
overall corrosion rate [3, 38].

For the Electrochemical Impedance Spectroscopy
(EIS) measurements, the samples were immersed in a
3.5 wt. % NaCl solution for 30 minutes at room
temperature to stabilize the coating-electrolyte
interface. The EIS studies were conducted within the
frequency range of 0.01-100 Hz. Figure 6 illustrates
the OCPs, Bode and Nyquist plots, along with the
corresponding equivalent electrical circuit models for
BS2 bare and coated substrates.

As shown in Figure 6a, the higher Open Circuit
Potential (OCP) values correlate with more corrosion-

™)
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Figure 5. (a) OCPs and (b) potentiodynamic polarization curves of the samples

Table 4. Fitted parameters extracted from the polarization curves

Sample BS2 Pure Ni Ni-TiO, Ni-TiO,-SDS
OCP (mV) -610.636 144816 347.629 99.4639
E__ (mV) 733 214 2340 -143

I (uAxcm?) 1.853 0.41 1.382 0.141

r_ (umpy) 35.78 4933 16.62 1.694
B, (mV/dec) 110 253 432.9 84.4
B, (mV/dec) 123.9 105.7 2945 178.1

R (kQxem?) 13.657 78.97 2.5006 176.38

resistant materials, suggesting that coatings enhance
the overall electrochemical stability. Figure 6b
presents the Bode impedance modulus spectra,
revealing a marked improvement in corrosion
resistance for the coated substrates, particularly
indicated by an increase in impedance modulus at
lower frequencies (from around 0.04 Hz to 0.01 Hz).
The Bode phase spectra in Figure 6¢ exhibit peaks at
approximately (2 Hz, -66°) for the BS2 steel and (3.2
Hz, -69°) for the Ni-TiO, composite coating. The pure
Ni coating shows two additional broad peaks
spanning from 0.8 Hz to 63 Hz, while the Ni-TiO,-
SDS composite coating has two broad peaks ranging
from 0.5 Hz to 38.4 Hz. This suggests two distinct
temporal parameters: the low-frequency peak likely
reflects the coating’s interface with the BS2 steel,
while the high-frequency peak relates to the outermost
layer of the coating [39].

The Nyquist plots in Figure 6d are modelled by the
equivalent circuits shown in Figure 6e. The larger
diameters of the quasi-semicircles for the pure Ni
coating (157.434 kQxcm?) and the Ni-TiO,-SDS
composite coating (312.645 kQxcm?) indicate
significantly higher corrosion resistance compared to
the bare BS2 steel (1.5912 kQxcm?) and the Ni-TiO,
composite coating (5.1699 kQxcm?). The enhanced
corrosion resistance of the Ni-TiO,-SDS composite

coating can be attributed to the anionic effect of SDS,
which prevents chloride (CI") ions from reaching the
substrate via electrostatic interactions and reduces the
formation of hydrogen bubbles on the cathodic
surface, thereby minimizing pitting and porosity [17].

The equivalent circuit model for the bare BS2
steel and the Ni-TiO, coating (shown in Figure 6el)
consists of two capacitive loops, one at high
frequency and an inductive loop at low frequency.
This configuration can be explained by the
accumulation of corrosion products at the steel
surface and at the coating-substrate interface [40]. The
model includes solution resistance (Rs), a constant
phase element (CPE) representing the double-layer
capacitance, charge transfer resistance (R),
inductance (L), and resistance (RL). On the other
hand, the equivalent circuit for the pure Ni coating
and Ni-TiO,-SDS composite coating (shown in Figure
6e2) comprises two capacitive loops: one associated
with the morphological characteristics of the coating,
and the other linked to electron transfer and the
charge-discharge processes of the electrical double
layer between the electrode surface and the electrolyte
[41].

The fitted parameters for these models, as
summarized in Table 5, reveal that the double-layer
capacitance (Y ) decreases from 461.40 pSxcm™ (for
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Figure 6. EIS potentiostatic plots: (a) OCPs, (b) Bode impedance modulus spectra, (c) Bode phase spectra and (d)
Nyquist spectra (e) Equivalent electrical circuit models for: (1) bare BS2 steel substrate and Ni-TiO, coating
and (2) pure Ni coating and Ni-TiO,-SDS composite coating

Table 5. Parameter values of equivalent electrical circuit models used for fitted EIS measurements

Sample BS2 Pure Ni Ni-TiO, Ni-TiO,-SDS
Rs (Q) 5.81 6.514 6.572 6.655
Y, (uSxs™xcm?) 461.4 14.288 180.95 10.323
ny 0.8412 0.7647 0.8176 0.8186
R, (kQxcm?) 1.5912 157.434 5.1699 312.645
L (kHxcm?) -1.4073 - -10.574 -
RL (kQxcm?) 0.61389 - 1.93 -
Y .. (uSxS™xem?) - 20.323 - 28.628
0. - 0.8402 - 0.8308
R (kQxcm?) - 5.8311 - 4.0328
Goodness of fit 8.239x1073 178.9x10° 1.579x10° 70.08x10°
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the pure Ni coating) to 10.323 pSxS"xcm? (for the
Ni-TiO,-SDS composite coating), reflecting the
enhanced barrier properties of the latter. Furthermore,
the coating resistance (R ) and the Y_, values
provide additional insights into the corrosion
protection performance of the coatings. The

impedance of the CPE (ZCPE) is defined as follows:

1

Zepg =
Y (joo)

CPE =

®

Where Y, j = V-1, ® and n are the admittance
constant, imaginary unit, angular frequency and
dimensionless empirical exponent, respectively. The
parameter n corresponds to the phase angle deviation
and characterises the heterogeneity of the electrode
surface. High values of n are typical of a smooth
substrate, and those close to unity indicate a
prominent capacitive advantage [42, 43].

Porosity in the coatings was evaluated using both
polarization (Eq.9) and EIS (Eq.10) data. The results
indicate that the polarization resistance (Rp) values are
consistent with the charge transfer resistance (R)
values, reinforcing the reliability of the porosity
measurements derived from both techniques. The
porosity percentage can be calculated using the
following equations [44]:

R [ Ao
I)RI =[ p bare ]Xlo[ B jxloo (9)
Rpcaating
R (M
P, =[R”$]x10[ be JXIOO (10)
p coating

where P, and P, represent the porosity (%)
calculated from polarization and EIS measurements,
respectively. AE_ is the difference in the corrosion
potentials from the polarization curve. R, = and
R ouing ar€ the polarization resistances of the bare BS2
steel and coated sample, respectively. Table 6
summarizes the porosity values, and Figure 7 shows
that lower porosity correlates with better corrosion
resistance. Notably, the the addition of SDS to the
electrodeposition bath leads to a substantial reduction
in porosity, from 8.23x107% in the Ni-TiO, coating to
just 2.20x10°% in the Ni-TiO,-SDS coating. In
comparison, the pure Ni coating exhibits a porosity of
3.31x10%%, further emphasizing the effectiveness of
SDS in enhancing the coating’s compactness. This
decrease in porosity is attributed to the formation of
densely packed pyramid-shaped protuberances on the
coating surface, a direct result of the SDS surfactant’s
suppressive effect on the hydrogen evolution reaction
during deposition [16, 45].
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Figure 7. Porosity values calculated from the polarization
curves (P, p) and EIS data (P,)

Table 6. Porosity values calculated from polarization
resistance (P, ) and electrochemical impedance
spectroscopy (P, for different coatings

Sample | BS2 | Pure Ni | Ni-TiO, | Ni-TiO,-SDS
P, (%) | 100 | 331x10* | 1.46x10" | 3.35x10°
PR, (%) | 100 | 1.93x10° | 8.23x10° | 2.20x10°

These findings highlight the crucial role of SDS in
improving both the structural and electrochemical
properties of Ni-TiO, composite coatings. By
reducing porosity and enhancing corrosion resistance,
SDS significantly boosts the protective performance
of the coatings, making them more suitable for
demanding industrial applications. However, a slight
reduction in microhardness suggests a trade-off
between mechanical strength and corrosion
resistance, indicating that further optimization is
necessary to enhance the overall performance without
compromising strength.

4. Conclusion

In this study, the addition of SDS significantly
enhanced the structural, electrochemical, and
mechanical properties of Ni-TiO, composite coatings.
SDS enhanced the crystallinity of the Ni-TiO,
coatings, which increased from 35.92 nm to 80.82 nm,
and the relative texture coefficient (RTC) along the
(200) plane was enhanced to 88.09%. X-ray
diffraction (XRD) analysis revealed that the
incorporation of TiO, particles into the Ni matrix
resulted in a shift in crystallite growth towards the
(111) plane. The surface morphology, observed
through scanning electron microscopy (SEM),
demonstrated a significant improvement in coating
uniformity and compactness, with SDS reducing
surface porosity from 8.23x103% to 2.20x10%%. The
more uniform surface morphology, along with the
reduction in porosity, contribute to the formation of a
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more protective and durable coating. These structural
and morphological enhancements are key factors in
the improved corrosion resistance observed in the
coatings. However, the microhardness of the coatings
decreased slightly, from 256.26 kgfxmm? to 217.22
kgfxmm=. This reduction in hardness can be
attributed to the increased crystallite size and the
possible formation of a less dense microstructure due
to the SDS surfactant. The surfactant’s role in
enhancing particle dispersion may also contribute to
the observed decrease in hardness. The increase in the
crystallite size leads to a reduction in dislocation
density, which typically influences the material’s
hardness. The findings suggest that these SDS-
modified coatings are particularly promising for
applications requiring enhanced corrosion resistance,
such as in marine, automotive, and industrial
environments where steel components are exposed to
aggressive conditions. These coatings offer a balance
of improved durability and ease of application, but
further optimization is necessary to enhance
mechanical properties without compromising
corrosion protection. Future work should focus on
exploring the long-term performance of these coatings
under real-world conditions and investigating the
impact of varying SDS concentrations to fine-tune the
balance between corrosion resistance and mechanical
strength.
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POBOLJSANJE OTPORNOSTI NA KOROZIJU I STRUKTURNIH SVOJSTAVA
KOMPOZITNIH PREVLAKA Ni-TiO,: UTICAJ SURFAKTANTA SDS

N. Ouhabab, E.G. Temam *, H.B. Temam, A. Gana, M. Altamtami

Laboratorija za fiziku tankih filmova i primene (PLTFA), Univerzitet u Biskri, Biskra, Alzir
Apstrakt

Kompozitne prevlake Ni-TiO, predstavljaju obecavajuce materijale za poboljSanje otpornosti na koroziju i strukturnih
svojstava celicnih podloga u razlicitim industrijskim primenama. Korozija ostaje znacajan problem za celicne komponente,
Sto namece potrebu za efikasnim zastitnim previakama. Ova studija ispituje uticaj surfaktanta natrijum-dodecil-sulfata
(SDS) na strukturna, elektrohemijska, mehanicka i morfoloska svojstva kompozitnih prevlaka Ni-TiO, elektrodeponovanih
na Celiku BS2. Previake su karakterisane primenom difrakcije X-zraka (XRD), skenirajuce elektronske mikroskopije (SEM),
energetsko-disperzivne spektroskopije X-zraka (EDX), ispitivanja mikrotvrdoce i elektrohemijskih tehnika, ukljucujuci
potenciodinamicku polarizaciju i elektrohemijsku impedansnu spektroskopiju (EIS). Rezultati pokazuju da je inkorporacija
SDS dovela do povecanja velicine kristalita previaka, sa 35,92 nm na 80,82 nm, i znacajnog poboljsanja relativnog
koeficijenta teksture (RTC) duz ravni (200) (88,09%). SEM analiza je otkrila kompaktniju i ujednaceniju morfologiju
povrsine, pri cemu je SDS smanjio poroznost povrsine sa 8,23 %107% na 2,20%10°%. Elektrohemijska merenja su pokazala
znacajno poboljSanje otpornosti na koroziju, pri cemu se otpor prenosa naelektrisanja (R,) poveéao sa 5,17 kQxcm’ na
312,65 kQxcm?, a polarizacioni otpor (R ) porastao sa 2,5 k& xem? na 176,38 kQxcm?. Mikrotvrdoca previaka je blago
opala sa 256,26 kgf>mm™? na 217,22 kgf*mm?, §to ukazuje na kompromis izmedu mehanickih osobina i poboljSane zastite
od korozije. Ovi nalazi isticu potencijal SDS kao vrednog aditiva za optimizaciju kompozitnih prevlaka Ni-TiO,, iako su
potrebna dalja istrazivanja kako bi se ispitao uticaj koncentracije SDS, dugorocna izdrzljivost i performanse ovih prevlaka
u agresivnijim sredinama.

Kljucne reci: Ni-TiO,; SDS; Otpornost na koroziju,; Relativni koeficijent teksture; Smanjenje poroznosti
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