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Abstract: In this work, an experimental investigation is conducted with the aim of optimiz-
ing the electrodeposition parameters for Ni-Al,O3 composite coatings using the Taguchi
method. The presented research is structured into two complementary sections. The first
segment investigates the characteristics of Ni and Ni-Al,O3 coatings, specifically Al;Os3
particle incorporation and crystallinity variations, using X-ray diffraction (XRD) analysis,
scanning electron microscopy (SEM), energy-dispersive spectroscopy (EDS), and hardness
evaluation through micro-indentation testing. The second section uses statistical tech-
niques, specifically Analysis of Variance (ANOVA) and signal-to-noise (S/N) ratio analysis,
to determine which parameters have the most impact on the experimental results. ANOVA
and the Response Surface Methodology (RSM) were used in a modeling technique to fore-
cast and optimize the technical responses. Based on an L16 orthogonal design, sixteen tests
were carried out to investigate the effects of several important variables, including agitation
rate (200-350 rpm), deposition period (15-60 min), alumina concentration (10-25 g.L’l),
and current density (2-5 A.dm~2). The conditions for optimizing microhardness (HV)
and Al,Oj integration while limiting average crystallite size (ACS) were identified using
the most suitable function. The obtained results reveal significant improvements in the
composite coating’s properties, including a 164% increase in microhardness, a 400% rise
in alumina incorporation, and a notable reduction in crystallite size, demonstrating the
efficacy of the electrodeposition process and optimization strategy adopted.

Keywords: electrodeposition; Ni-Al,O3 coatings; optimization; microhardness; Taguchi
method; response surface methodology

1. Introduction

In contemporary industries, various techniques are implemented to protect materials
from degradation imposed by chemical and mechanical damage as the wear and corrosion
of metal components lead to substantial financial losses globally [1]. To address these
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issues, researchers have focused on surface functionalization technologies through surface
treatments such as the deposition of thick, thin, or multilayer coatings. An important key
development is the application of functionally graded materials (FGMs), which exhibit
different properties through their thickness, making them attractive for a range of engi-
neering applications. Thick FGMs are typically produced using techniques such as powder
metallurgy, additive manufacturing, and centrifugal casting, while thin FGMs are fabri-
cated through processes including spraying, cladding, chemical vapor deposition (CVD),
physical vapor deposition (PVD), atomic layer deposition (ALD), and electrochemical
deposition [2-4].

Among the electrodeposition coatings, electrodeposited Ni-Al,O3 composite stands
out as one of the most widely used nickel-based coatings, which are known for their
excellent wear and corrosion resistances, high hardness, and favorable electrical and
magnetic properties [5,6].

Recent research has focused extensively on nanocomposite coatings, with particular
attention to the fact that the electrodeposition of nickel is significantly influenced by deposi-
tion variables and bath chemistry, which determine the nucleation and growth mechanisms.
These factors critically impact the texture orientation of the resulting coatings, thereby
affecting the microstructure and overall performance of the deposits [7-9]. For example,
Wu et al. [10] investigated the impact of boric acid (H3BOj3) concentration on the texture
and microstructural evolution of nickel electrodeposits. This study revealed that varying
the H3BOs3 content in a Watts-type bath could control the preferential orientation of the
nickel crystals, significantly affecting the coatings’ hardness, residual stress, and abrasion
resistance. They found that a higher concentration of H3BOj resulted in a transition from
(200) to (220) orientation, with corresponding changes in the mechanical properties.

When it comes to wear resistance, Raghavendra et al. [11] focused on the wear be-
havior of Al 6061 electrodeposited with Ni-x-Al,O3 nanocomposite. They stated that
temperature had the most significant effect on the specific wear rate, with the forma-
tion of a wear-protective glaze layer up to a critical temperature of 80 °C. This finding
underscores the critical role of temperature in wear mechanisms, particularly in high-
temperature applications.

Also, the integration of pulse electrodeposition techniques has further pushed the
boundaries of nickel coating technology. Karthik et al. [12] applied pulse electrodeposi-
tion for composite coatings, emphasizing the critical role of current density, duty cycle,
and frequency in grain refinement. Their findings indicate that these parameters signif-
icantly influence the tribological properties and wear resistance of the coatings, making
pulse electrodeposition a valuable method for producing high-performance materials at a
reduced cost.

To fully harness the potential of deposition techniques, advancements in engineering
have led to the development of methodologies for material optimization. Taguchi’s method,
a robust statistical optimization tool, can be effectively applied to identify and classify the
critical factors influencing experimental responses based on their significance [13-18].

S.T. Aruna et al. [5] studied the electrodeposition of Ni composite coatings containing
yttria-stabilized zirconia (YSZ) particles. Through a Taguchi design and ANOVA, they
highlighted the significant roles of particle concentration, current density, and deposition
time in determining the microhardness and thickness of the coatings. Their predictive
models showed high accuracy in correlating these parameters, emphasizing the importance
of deposition conditions in tailoring the characteristics of coatings.

Further advancements in optimization techniques were demonstrated by Yassine
Abdesselam et al. [6], who proposed a multi-input-output system based on multiple linear
regressions and a genetic algorithm for optimizing the electrodeposition parameters of Ni-P-
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Y,03 composite coatings. Their experimental results showed a strong correlation between
the predicted and real values, with the model yielding a highly efficient electrodeposition
process and superior microhardness compared to similar coatings.

This approach was further validated by Adda Doumi et al. [19], who investigated
Ni-P-Al,O3 composite coatings, revealing that heat treatment, performed at an annealing
temperature of 500 °C, significantly improves the microhardness and corrosion resistance
by densifying the coating structure, which was initially porous due to particle distribution
issues. The response surface method (RSM) used in this study demonstrated excellent
predictive capabilities for optimizing the coating properties.

This study aims to model and optimize the performance of Ni-Al,O3 composite coat-
ings deposited by electrodeposition using the partial Taguchi method. This experimental
approach offers a dual advantage: identifying the most influential process parameters while
reducing the number of required experiments. By simultaneously optimizing multiple
factors, the Taguchi method helps minimize result variability, enhance process robustness,
and ensure greater reproducibility. Unlike conventional experimental approaches, which
typically analyze one factor at a time, this method provides a comprehensive evaluation
of parameter interactions, leading to a more efficient optimization of the electrodeposi-
tion process.

Initially, the study examines the deposition of pure nickel coatings, analyzing their mi-
crostructural behavior and crystallographic orientations. It then extends to Ni-Al,O3 com-
posite coatings under different electrodeposition conditions. The optimization process relies
on the partial Taguchi method (L16), incorporating four key factors—electrodeposition
time, current density, AlO3 concentration, and agitation rate—to assess their influence
on microhardness, the weight percentage of incorporated alumina particles, and crystal-
lite size.

The novelty of this work lies in applying the Taguchi method to fabricate Ni-Al,O3
composite coatings in a chloride-based electrochemical bath, using predefined process
parameters and evaluating the resulting properties through statistical approaches.

The application of the designed experiment and the integration of statistical analysis in
this deposition technique represent a significant advancement over traditional experimental
methods, providing predictive models and optimized conditions that enable better control
and results in high-quality and efficient deposited coatings. Additionally, the models
developed in this study have the ability to be transferred to the industry, optimizing
manufacturing processes and enabling cost reductions.

2. Materials and Methods
2.1. Materials

Medium carbon steel discs were prepared for electrodeposition, with the detailed
substrate preparation, cleaning, and electrodeposition processes outlined below. The coat-
ing synthesis was carried out using the traditional Watts bath (Table 1) as the electrolyte,
with the substrates connected to the cathode (negative pole) and a high-purity nickel plate
(99.8%) serving as the soluble anode (positive pole). Aluminium oxide (Al,Os3) powder was
used as an additive. All chemicals were purchased from Biochem Chemopharma (Quebec,
QC, Canada). The process was conducted under the application of direct current (DC),
ensuring controlled deposition conditions. The distance between the electrodes during elec-
trodeposition was maintained at 2 cm, with the electrodes fixed using plexiglass supports.
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Table 1. Constituents of the traditional Watts bath solution.

Chemical Reagents Concentration (g.L—1)
NiCl,-6H,0O 23.77
NH4CI 214
H3BO; 18.54

2.2. Substrate Preparation and Electrodeposition Parameters

The steel substrates were cut into discs with a diameter of 20 mm and a thickness
of 4 mm using a STRUERS ACCUTOM-100 laboratory chainsaw to ensure identical di-
mensions. After cutting, the discs were embedded in phenolic resin using an automated
hot mounting press to define a working surface area of 3.14 cm?. To provide a clean and
consistent surface for electrodeposition, the substrates were polished to a mirror finish
after embedding.

The polished substrates were then cleaned and degreased by immersing them in
acetone for one minute, and then rinsing them with distilled water at room temperature
for another minute. Next, to eliminate surface oxides and impurities, the substrates were
submerged in a 50 g/L hydrochloric acid pickling solution at 40 °C for one minute. This
was followed by a one-minute rinse in distilled water, after which the substrates were dried
before proceeding to the next step.

To establish an electrical connection, the resin-embedded substrates were pierced later-
ally, and copper electrical contact wires were soldered to ensure good conductivity during
electrodeposition. The specimens were processed using the co-electrodeposition process
with the following factors: current density (A), alumina concentration (B), deposition time
(C), and agitation rate (D). Each factor had four levels, as summarized in Table 2.

Table 2. Factors and levels used for electrodeposition of Ni-Al,O3 composite coatings.

Factor Representation Level 1 Level2  Level 3 Level 4
Current density A 2 3 4 5
Alumina concentration B 10 15 20 25
Deposition time C 15 30 45 60
Agitation rate D 200 250 300 350

A 200 mL Pyrex glass beaker was used as the container for the electrolyte solution,
which was continuously stirred by a magnetic stirrer bar (6 mm diameter x 30 mm length)
at a speed of 600 rpm for 16 h to ensure homogeneity. Before electrodeposition, the
solution was subjected to ultrasonic agitation for one hour to eliminate any remaining
undissolved particles. The electrodeposition process was conducted using a hot plate stirrer
(D_LAB, MS-Pro+) coupled with a thermometer to maintain the required temperature and
agitation rate.

The co-deposition of nickel and aluminum oxide particles was performed using the
previously prepared steel substrates. After deposition, to remove any loosely adherent
alumina particles from the coating, the samples were immediately submerged in deionized
water and then ultrasonically cleaned for one minute.

The experimental setup used for the co-electrodeposition process is shown in Figure 1.
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Figure 1. Experimental setup used in this study.

2.3. Methods

The Taguchi design is a specialized experimental methodology widely used in engi-
neering and various other fields to refine, through optimization and simplification, different
experimental processes, ensuring effective testing with fewer trials. This robust design
approach reduces the number of tests while still providing a thorough assessment of crucial
process parameters.

The experimental layout is shown in Table 3.

Table 3. L16 experimental layout.

Column Numbers, Deposition Parameters, and Factor Allocation

Experiment Current Density Coded Coﬁnl::::ztaion Coded Deposition Coded Agitation Coded

(A.dm~—2) Values L) Values Time (min) Values Rate (rpm) Values
1 2 1 10 1 15 1 200 1
2 2 1 15 2 30 2 250 2
3 2 1 20 3 45 3 300 3
4 2 1 25 4 60 4 350 4
5 3 2 10 1 30 2 300 3
6 3 2 15 2 15 1 350 4
7 3 2 20 3 60 4 200 1
8 3 2 25 4 45 3 250 2
9 4 3 10 1 45 3 350 4
10 4 3 15 2 60 4 300 3
11 4 3 20 3 15 1 250 2
12 4 3 25 4 30 2 200 1
13 5 4 10 1 60 4 250 2
14 5 4 15 2 45 3 200 1
15 5 4 20 3 30 2 350 4
16 5 4 25 4 15 1 300 3

Key factors influencing the coating properties, such as microhardness, crystallite size,
and alumina content, were analyzed through signal-to-noise (5/N) ratios as a logarithmic
transformation using the following equations [20]:

1 1
S/N Larger = —10l0g 10| -} 37, v €Y
i

1
S/N Larger = —10log 10 {;Z‘j_l Y}] 2)
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Here, S/N represents the signal-to-noise ratio (in decibels), n denotes the number
of repetitions for each experiment, and Y refers to the response values measured during
the tests.

In this study, the “larger is better” criterion was applied to maximize microhardness
and alumina content, whereas the “smaller is better” criterion was utilized to minimize
crystallite size. This systematic approach enabled the identification of optimal parameter
combinations while reducing variability caused by external disturbances. The Taguchi
design proved instrumental in enhancing the quality and performance of the composite
coatings while minimizing experimental resources.

ANOVA analyses were conducted to identify the most influential factors [21] affecting
the responses: microhardness, alumina content, and crystallite size. The F-value and p-
value derived from the ANOVA were used to assess the significance of each parameter for
these responses. Mathematical modeling further enabled the identification of similarities
between predicted and experimental outcomes. Additionally, the optimal parameter levels
were determined using the desirability function, which aimed to simultaneously maximize
microhardness and alumina content while minimizing crystallite size (ACS).

2.3.1. Morphology and SEM Examinations

A scanning electron microscope, SEM, (Thermo Fisher Apreo 2 C, Waltham, MA,
USA, equipped with an FEG-Schottky-type electron source, operated at 10.00 kV) and an
energy-dispersive X-ray spectroscopy, EDS, system (Oxford™) were employed to analyze
the surface morphology and chemical composition of the coatings, respectively. The weight
percentage of Al,O3 particles incorporated into the Ni matrix was determined. To ensure
accuracy, the average weight percentage of Al,Os particles in the Ni/Al,O3 coatings
was obtained based on SEM microstructure analysis of three selected areas. The coating
morphology was further examined using a high-resolution SEM (FEI QUANTA 3D FEG).

2.3.2. XRD Analysis

The X-ray diffraction analysis was carried out using a PANalytical X'Pert PRO diffrac-
tometer with Cu Ko radiation (A = 0.15406 nm). The operating conditions were set at 40 kV
and 40 mA, covering a 20 range from 10° to 80° with a scanning speed of 5°/min. Data
collection employed a step size of 0.02° and an exposure time of 1 s per step. The crystallite
size of the matrix was calculated using the Debye—Scherrer equation, based on the full
width at half maximum (FWHM) of the dominant peak:

KA
~ Bcost

)

where A denotes the wavelength of the X-ray beam (0.15406 nm), 8 is the diffraction angle,
K is a constant that depends on the geometry of the crystallite (in this case, 0.89), and S
represents the FWHM (in radians).

2.3.3. Hardness Tests

The Vickers hardness of the coated substrates was measured using an LECO LM700AT
automatic microhardness tester. A diamond pyramid indenter with an angle of 136° was
employed, applying a load of 50 g for an indentation time of 15 s. To ensure accuracy, the
microhardness values were calculated as the mean of 10 measurements taken at different
locations across the coating surface. This procedure follows the guidelines outlined in
ASTM B 57 for the hardness testing of electrodeposited coatings.
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3. Results
3.1. XRD Analysis

Figure 2 presents the XRD patterns of pure nickel. The diffraction peaks at 26 positions
corresponding to 44.64°, 52.04°, and 76.51° are indexed to the (111), (200), and (220) planes,
respectively, indicating a face-centered cubic (FCC) crystalline structure. The intense peak
at (111) suggests a preferential growth orientation. This single phase with an FCC structure
was consistent with the results of [22-25].

Pure nickel (111)
]
=,
£
72]
=
&
=
]
(200)
J A (220)
10 2IO SIO 4IO 5I0 6ID 7I0 80
2 theta (°)

Figure 2. XRD pattern of the nickel coating.

In the Ni-Al,O3; composite coatings, the same characteristic peaks of nickel are ob-
served, confirming the dominant presence of the nickel phase in the coating. However,
in the XRD diffractograms, shown in Figure 3, the peaks exhibit a switched preferential
orientation to the (200) plane with a slight broadening and increased intensity compared to
pure nickel, which can be attributed to the incorporation of Al,O3 particles, leading to a
refinement of the crystallite size and potential lattice strain [22]. The absence of distinct
peaks corresponding to Al,O3 suggests its uniform dispersion within the nickel matrix,
possibly in an amorphous or nanocrystalline state [26].

We conducted a detailed investigation into the impact of electrodeposition time on
crystal growth and grain orientation in coatings formed under varying current densities.
Notably, the current density exhibited a significant influence on the growth process and
grain orientation. Specifically, the diffraction peak intensity of the (111) plane diminished
progressively, while that of the (200) plane increased correspondingly. Furthermore, the
texture orientation of the coating transitioned from the (200) to the (111) plane as hydrogen
coverage increased. This phenomenon may be attributed to the degree of the hydrogen
evolution reaction or the incorporation of adsorbed hydrogen (H,45) into the deposit [10].
The electrodeposition mechanism of nickel (Ni) is described by Reactions (4)—(6) [27-30]:

Ni%* + X~ = Ni X* (4)

Ni X" + e~ — Ni Xaqs )

Ni X 95+~ — Ni + X~ (6)
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design of the experiment plan presented in Table 3.

L=

Experiment 5 200)
(111

220
1_JL_ i

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
2 theta (°)

Figure 3. XRD pattern of the 16 fabricated Ni-Al,O3 composite coatings, identified according to the

From Equations (4)-(6) and according to the above interpretation, it can be inferred

electrolyte interface [10].

that the X~ anion is hydroxide (OH™). The variation in deposit texture orientation may
H,4s, Ni(OH);, or Ni-H3BO3; complexes at the deposit—

Regarding the co-deposition of alumina, the typical process for co-depositing nanopar-

ticles into growing metallic layers consists of five main stages: the formation of ionic clouds
around the particles, their movement towards the cathode via convection, diffusion through
the hydrodynamic boundary layer, diffusion across the concentration boundary layer, and,
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ultimately, adsorption at the cathode, where the nanoparticles are embedded within the
metal deposit [31].

The orientation of Ni crystallites is influenced by alumina incorporation, deposition
time, and current density, significantly impacting anisotropic mechanical properties.

3.2. SEM Examination

The displayed SEM images illustrate the surface morphology of pure nickel and Ni-
AlyO; coatings electrodeposited at a current density of 2 A/dm? for 30 min. As shown in
Figure 4a, the micrograph reveals a uniform, dense, and reasonably homogeneous surface
coating structure, indicative of effective deposition under the specified parameters. The
surface appears nodular with fine granular features, characteristic of high-purity nickel
deposition. Additionally, the absence of visible porosity is evident, as no pinholes or other
defects are observed.

Figure 4. SEM micrographs of the surface of (a) pure Ni coating and (b) Ni-Al,O3 composite coating.

Figure 4b provides SEM micrographs of the electrodeposited Ni-Al,O3 composite
coating, resulting from the addition of alumina particles to the chloride bath. The coating
exhibits a densely packed, granular structure with a uniform distribution of alumina
particles throughout the nickel matrix. A distinct heterogeneity is observed, with signs of
low compactness and rounded clusters resembling a cauliflower-like surface morphology.
This contrasts with the typical pyramid-like structures found in pure nickel coatings.
The incorporation of alumina particles appears to disrupt the usual growth pattern of
nickel grains, transforming them from angular, pyramid-like formations to a more globular,
cauliflower-like structure. This change is likely due to alumina particles acting as nucleation
sites, promoting isotropic growth and leading to the observed granular morphology. This
structure can enhance the coating’s surface area and improve properties such as hardness
and wear resistance.

This view is further supported by energy-dispersive spectroscopy (EDS) analysis.
Figure 5 confirms the successful incorporation of Al,O3 particles into the Ni matrix during
electrodeposition, as indicated by the intense peaks of Al and O in the spectrum of the
Ni-Al,O3 composite (Figure 5b). In contrast, Figure 5a shows that the pure Ni coating
is predominantly composed of nickel with a low presence of oxygen, which aligns with
the XRD analysis. The inset presents the weight and atomic percentages of the elemental
composition of the coatings.
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(a)Ni Element | Weight% | Atomic %
C 4.1 17.0
0} 1.0 3.2
Fe 0.9 0.8
— Ni 93.9 79.0
3
S
2
I3 Ni
=
Ni
cO Fe
0.0 1.3 2.6 3.9 52 6.5 7.8 9.1 - 104 117 13.0
Energy (keV)
(b)ni Element | Weight% | Atomic %
C 11.8 32.9
(0] 8.9 18.7
Al 4.6 5.7
Fe 0.1 0.2
- Ni 74.6 42.7
3
S
= Ni
@
C
)
=
Oof A .
Ni
c Fe
0.0 1.3 26 3.9 52 6.5 7.8 9.1 104 117 13.0
Energy (keV)

Figure 5. EDS spectra of (a) pure Ni coating and (b) Ni-Al,O3 composite coating.

Figure 6 displays SEM/EDS mapping, illustrating the elemental distribution of Ni
and Al on the surface of the Ni-Al,O3 composite coating. The Al (Kal) mapping highlights
concentrated clusters of alumina particles, while the Ni (Kal) mapping reveals a more
continuous distribution, suggesting that nickel forms the predominant metallic matrix.
These clusters exhibit a significantly stronger Al signal due to the agglomeration of alumina
nanoparticles. This implies that freshly entrapped alumina nanoparticles were incorpo-
rated during electrodeposition, likely due to their high surface activity [32-34], with Ni
preferentially depositing around them. Similar findings were reported in [35], where it was
concluded that the presence of Al,O3 nanoparticles obstructs the movement of disloca-
tions in the nickel matrix, yielding an increase in grain size [32], which, in turn, enhances
hardness and corrosion resistance [36].
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40 pm Ni Ka1 40 pm Al Ka1 40 pm
Figure 6. SEM/EDS mapping showing the elemental distribution on the surface of the Ni-Al,O3
composite coating.
3.3. Analysis of Variance

The Taguchi L16 analysis plan and results for the electrodeposition process are pre-
sented in Tables 4 and 5, highlighting the effect of the process parameters on the coating’s
microhardness, average crystallite size, and incorporated alumina content.

Table 4. Coded and uncoded formulation of electrodeposition input parameters, current density,
alumina concentration, and deposition time, according to the Taguchi L16 analysis plan.

Run Coded Matrix Current Density Alumina Deposition Agitation

X1 X2 X3 X4 (A.dm—2) Concentration (g.L—1) Time (min) Rate (rpm)
1 1 1 1 1 2 10 15 200
2 1 2 2 2 2 15 30 250
3 1 3 3 3 2 20 45 300
4 1 4 4 4 2 25 60 350
5 2 1 2 3 3 10 30 300
6 2 2 1 4 3 15 15 350
7 2 3 4 1 3 20 60 200
8 2 4 3 2 3 25 45 250
9 3 1 3 4 4 10 45 350
10 3 2 4 3 4 15 60 300
11 3 3 1 2 4 20 15 250
12 3 4 2 1 4 25 30 200
13 4 1 4 2 5 10 60 250
14 4 2 3 1 5 15 45 200
15 4 3 2 4 5 20 30 350
16 4 4 1 3 5 25 15 300

The microhardness values obtained in this study demonstrated a significant increase of
over 164%, rising from 269 HV (Run 1) to 712 HV (Run 10). This enhancement surpasses the
typical increase of approximately 80% reported by several researchers [37-39]. Additionally,
the average crystallite size decreased from 36 nm (Run 1) to 17 nm (Run 6), indicating
an improvement of around 400%. These values are smaller than those reported in the
literature [40]. Moreover, the weight percentage of incorporated Al,Os in the coatings
ranged from 5% (Run 1) to 25% (Run 6), which is higher than the values typically observed
in the literature, where the wt% of alumina usually falls between 5% and 16% [39].

Figure 7 and Tables 6-8 clearly illustrate the significant impact of the average signal-
to-noise ratio (S/N) on the material properties under investigation. The findings suggest
that higher S/N ratios correspond to notable improvements in these responses.
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Table 5. Microhardness, average crystallite size, and incorporated alumina content of the coatings,
along with the corresponding signal-to-noise (S/N) ratio, according to the Taguchi L16 analysis plan.

Run Coded Matrix Microhardness ¢\ p . dB) Average Crystallite ¢/ po . dB) Incor‘porateod S/N Ratio (dB)
X1 X2 X3 X4 (HVo.05) Size (nm) Alumina (Wt%)
1 1 1 1 1 269.00 48.5950 36.0 —31.1261 5.0 13.9794
2 1 2 2 2 415.38 52.3689 33.0 —30.3703 7.0 16.9020
3 1 3 3 3 468.75 53.4188 30.4 —29.6653 18.7 25.4368
4 1 4 4 4 515.00 54.2361 29.0 —29.2480 23.2 27.3135
5 2 1 2 3 416.00 52.3819 28.5 —29.1017 22.6 27.0816
6 2 2 1 4 446.10 52.9886 16.8 —24.5183 25.0 27.9684
7 2 3 4 1 652.71 56.2944 24.0 —27.6056 149 23.4675
8 2 4 3 2 496.00 53.9096 29.1 —29.2714 20.4 26.1790
9 3 1 3 4 511.10 54.1701 25.0 —27.9638 19.6 25.8441
10 3 2 4 3 712.00 57.0496 21.0 —26.4400 6.8 16.5874
11 3 3 1 2 478.00 53.5886 33.7 —30.5576 12.3 22.6978
12 3 4 2 1 553.57 54.8635 30.0 —29.5424 13.6 22.6978
13 4 1 4 2 397.00 51.9758 259 —28.2795 5.6 14.9974
14 4 2 3 1 560.00 54.9638 26.6 —28.5096 9.9 19.9510
15 4 3 2 4 541.00 54.6639 221 —26.9038 21.6 26.6792
16 4 4 1 3 400.00 52.0412 28.1 —28.9778 12.0 21.5962
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Figure 7. Taguchi design results for the microhardness, ACS, and Wt%(Al,0O3). (a) Main effect plot of
S/N ratio, (b) Main effect of means.

Table 6. Response table of mean S/N ratio of microhardness of Ni-Al,O3 composite coatings.

Response .
Variable Mean S/N Ratio
. Alumina . .
@ Current Density . Deposition Agitation
5] Level 5 Concentration . .
£ (A.dm™") ) Time (min) Rate (rpm)
ki 1 52.15 51.78 51.80 53.68
e 2 53.89 54.34 53.57 52.96
§ 3 54.92 54.49 54.12 53.72
4 53.41 53.76 54.89 54.01
A 2.76 2.71 3.09 1.05

Rank 2 3 1 4
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Table 7. Response table of mean S/N ratio of incorporated amount of alumina in Ni-Al,O3 compos-
ite coatings.

Response :
Variable Mean S/N Ratio
Current Density Alumlna! Deposition Agitation Rate
2 Level 2 Concentration . R
£ s (A.dm™%) gL Time (min) (rpm)
i § 1 20.91 20.48 21.56 20.02
:o: < 2 26.17 20.35 23.34 20.19
= 3 21.96 24.57 24.35 22.68
4 20.81 24.45 20.59 26.95
A 5.37 422 3.76 6.93

Rank 2 3 4 1

Table 8. Response table of mean S/N ratio of ACS of Ni-Al,O3 composite coatings.

1\{/:5:,1}26! Mean S/N Ratio

© -

= Current Density Alummef Deposition Agitation Rate

S Level 2 Concentration . .

§ 9 (A.dm™?) (g.L—1) Time(min) (rpm)

) <)|:‘ 1 —30.10 —-29.12 —28.79 —29.20

o 8 2 —27.62 —27.46 —28.98 —29.62

g » 3 —28.63 —28.68 —28.85 —28.55

% 4 —28.17 —29.26 —27.89 —27.16
A 248 1.80 1.09 2.6

Rank 1 3 4 2

Regarding the effect of parameters A, B, C, and D on microhardness (Table 6), the
S/N ratio model analysis reveals significant effects from all parameters, except for (D)
the agitation rate. Parameters (A) current density, (C) alumina concentration, and (B)
deposition time show high significance. Among these, deposition time has the largest
influence, followed by alumina concentration and current density, with contributions of
35.50%, 32.24%, 27.01%, and 5.03%, respectively. This indicates that the parameters tested
play crucial roles in optimizing the robustness of the electrodeposition process.

The main effects and ranking show that time deposition ranks highest for both the
S/N ratio and the HV average response, followed closely by alumina concentration and
current density, while the agitation rate has the least impact. S. Pouladi et al. [41] stated that
variations in the afitation rate have very little effect on the coatings’ microhardness. Higher
hardness values and reliable results can only be obtained by adjusting the deposition time
and alumina concentration, according to this ranking. A similar arrangement was reported
by S.T. Aruna [5] using the Taguchi L9 technique. The evaluation of average Vickers
hardness also revealed consistent patterns, with current density, particle concentration,
and electrodeposition time having a significant impact, while the agitation rate had a
negligible effect. These findings, consistent with the signal-to-noise ratio study, show that
variations in agitation rate have only a minimal effect on increasing the composite coating’s
microhardness.

Regarding the weight percentage of incorporated alumina (Table 7), the analysis
highlights significant contributions from all four factors, with agitation rate having the
most pronounced influence. The mean of the mean response shows a clear hierarchy, with
agitation rate ranking first, followed closely by current density, alumina concentration, and
deposition time. This trend confirms the dominance of agitation rate and current density
as key factors in achieving higher average responses. In [42], the study investigated the
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hydrodynamic effect on the incorporation rate, identifying an optimal rate influenced by
both particle concentration and agitation rate.

The significant effect of alumina concentration, although lower than the agitation
rate and current density effects, underscores its supportive role, while deposition time
remains the least impactful. These findings align well with the S/N ratio analysis and
suggest that prioritizing agitation rate and applied current density (with 38.11% and
23.38%, respectively) adjustments is critical for optimizing mean response values. Alumina
concentration and deposition time offer additional, though less substantial, enhancement.

For the average crystallite size (Table 8), the analysis elucidates that agitation rate is
the most influential factor across both signal-to-noise ratios and mean values, contribut-
ing 32.81% to the overall variability, followed by current density with 32.07%. Alumina
concentration and deposition time contribute 18.97% and 7.01%, respectively, indicating
their lower impact. The ranking of effects for the mean response similarly places current
density first, followed closely by agitation rate, alumina concentration, and deposition time.
This ranking confirms and supports the previous research [35,41,43]. The significance of
current density at a certain level highlights its relevance. Agitation rate, though slightly
less dominant, also plays a central role.

3.4. Linear Regression

Multiple linear regression models were developed using Design-Expert13 software to
analyze the responses of the microhardness (Y1), the alumina content (Y3), and the average
crystallite size (Y3):

Y] = 560.064+ 81.0518 x A +42.4297 x B + 136.881 x C 4 21.9426 x D + 107.932 x AB

Y, = 14.9752+

+8.05077 x AC — 33.3965 x AD + 74.6297 x BC — 78.681 x BD + 44.0988 x CD
—30.6895 x A2 + —122.775 x B2 + 26.4045 x C?

2.34727 x A 4 0.00674076 x B — 3.68038 x C + 3.76151 x D — 5.52969 x AB
—4.39055 x AC 4 0.299968 x AD + 8.85034 x BC —4.58164 x BD —2.69986 x CD

Y3 =27.4626— 3.18263 x A —2.62645 x B —4.30298 x C — 5.43546 x D — 5.28756 x AB
—5.83117 x AC +2.32292 x AD —3.59736 x BC + 1.41072 x BD 4 4.66367 x CD
As can be seen from Table 9, the interaction of current density and alumina concen-
tration has the highest influence on the microhardness of the fabricated coating. Also, it
shows that, in the incorporated amount of alumina, the interaction of alumina concentra-
tion and deposition time (BC) has the highest influence, followed by the interaction of
agitation rate and the alumina concentration (BD). Finally, the unique factor interactions
highly influencing the ACS of the Ni-Al,O3; composite coating are deposition time and
agitation rate.
Table 9. ANOVA for the linear model of microhardness, weight percentage of incorporated alumina,
and average crystallite size of the composite coating.
Source R?2 DF Adj SS Adj MS F-Value p-Value
Model 99.7 13 1.672 x 10° 12,860.80 69.70 0.0142
§ A 1 14,956.40 14,956.40 81.06 0.0121
£ B 1 3881.85 3881.85 21.04 0.0444
=) C 1 41,722.50 41,722.50 226.12 0.0044
5 D 1 1999.95 1999.95 10.84 0.0812
S AB 1 8637.51 8637.51 46.81 0.0207
> AC 1 62.32 62.32 0.3378 0.6199
AD 1 2299.25 2299.25 12.46 0.0717
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Table 9. Cont.
Source R? DF Adj SS Adj MS F-Value p-Value
BC 1 4400.66 4400.66 23.85 0.0395
BD 1 2153.30 2153.30 11.67 0.0760
CD 1 5657.31 5657.31 30.66 0.0311
A2 1 309.71 309.71 1.68 0.3245
B2 1 37,464.64 37,464.64 203.04 0.0049
C2 1 673.52 673.52 3.65 0.1962
D? 0 0.0000
Residual 2 369.03 184.52
Total 15 1.676 x 10°
Model 92.8 10 641.11 64.11 6.46 0.0263
= A 1 16.08 16.08 1.62 0.2590
=)
g B 1 0.0001 0.0001 9'?51? 0.9976
5 C 1 30.16 30.16 3.04 0.1417
2 D 1 58.77 58.77 5.92 0.0591
E AB 1 22.67 22.67 2.28 0.1910
3 AC 1 18.54 18.54 1.87 0.2300
2 AD 1 0.1855 0.1855 0.0187 0.8966
g BC 1 123.68 123.68 12.46 0.0167
& BD 1 84.35 84.35 8.50 0.0332
S CD 1 28.93 28.93 2.92 0.1485
5 Residual 5 9.92
Total 15
Model 925 10 341.30 34.13 6.20 0.0287
A 1 29.56 29.56 5.37 0.0682
o B 1 14.87 14.87 2.70 0.1610
N C 1 4123 41.23 7.50 0.0409
P D 1 122.72 122.72 2231 0.0052
= AB 1 20.73 20.73 3.77 0.1099
Z AC 1 32.70 32,70 5.94 0.0588
oy AD 1 11.12 11.12 2.02 0.2143
@ BC 1 20.43 20.43 3.71 0.1119
< BD 1 8.00 8.00 1.45 0.2819
2 CD 1 86.32 86.32 15.69 0.0107
< Residual 5 27.50 5.50
Total 15 368.81

Furthermore, the models were validated by high correlation coefficients, ensuring
their robustness in identifying the most influential factors affecting the measured responses.

3.5. Three-Dimensional Response Surface Approach Analysis

The fabrication of Ni-Al,O3 electrodeposited composite coatings was optimized
through 3D surface analysis using Design-Expert13 software. This approach enabled
a comprehensive evaluation of the interactions between key input variables and their
effects on the coating’s properties. The 3D surface plots in Figures 8-10 visually represent
the responses in relation to the microhardness, average crystallite size, and incorporated
alumina with the combined influence of parameter interactions (AB, AC, AD, BC, BD,
and CD). The 3D surface allows two variables to be analyzed simultaneously while the
other two variables remain in the optimum response target. Strong agreement between
experimental and anticipated values demonstrates the excellent predictive accuracy of
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the Design-Expert models, underscoring the efficiency of this optimization technique in
fine-tuning process parameters for optimal material properties.

(a)
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X2=B D =328.643
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Actual Factors
B A=4.82729
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Figure 8. Three-dimensional plots depicting the impact of input parameters and their interactions
on microhardness.
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Figure 9. Three-dimensional plots depicting the impact of input parameters and their interactions on
the incorporated amount of Al,Oj in the coating.
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(a) Actual Factors (b) Actual Factors
X1=A C=57.1449 X1=A B=17.5139
X2=B D=334.83 X2=C D=334.83

fosiz]

Average crystallite size (nm)
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X2=D C=57.1449 X2=C D=334.83

Average crystallite size (nm)

Average crystallite size (nm)
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Figure 10. Three-dimensional plots depicting the impact of input parameters and their interactions
on the average crystallite size of the composite coating.
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A probability diagram is a graphical representation used to show the distribution of
random variables or the possible outcomes of different events, commonly utilized in fields
such as statistics, mathematics, and economics. Clearer insights into links and variations
within a dataset are made possible by these diagrams, which are especially useful when
comparing observed data with mathematical forecasts. Figure 11 exhibits a close alignment
with the straight line, suggesting the data’s validity.

Probability Plot of Microhardness; ACS (nm); Al203(Wt%)
Normal - 95% ClI

ACS (nm)

99 Microhardnes/g 7 7 99 >T—> Microhardness
£ / o Mean 4895
LA StDev  105,7

29 % o
S ® N 16
e AD 0,272
50 50 S & P-Value 0,623

/‘.' / ACS (nm)

,/. /’/ Mean 27.46
10 10 A StDev 4,959
e/ / N 16
T, NI~ AV AD 0157
g 10 20 30 40 P-Value 0,941
) AI203(W1%)
e 99 Mean 14,98
StDev 6,786
N 16
% AD 0,395

P-Value 0,331
50

o 20 40

Figure 11. Probability plot using Minitab (Version 21.2.0.0) for microhardness, ACS, and Wt%
of alumina.

A p-value of less than 0.05 indicates a statistically significant deviation from normal-
ity, thereby necessitating the rejection of the null hypothesis that the data are normally
distributed. Conversely, p-values greater than 0.05 imply no significant deviation from
normality [13,39].

Our analysis resulted in the following calculated p-values: 0.623, 0.331, and 0.941,
for microhardness, weight percentage of Al,O3, and average crystallite size, respectively.
Likewise, the highest allowable chance of departure from normalcy is restricted to 5%
within a 95% confidence range, emphasizing the statistical rigor used in these evaluations.

3.6. Optimization

We conducted linear regression to fine-tune the parameters for co-electrodepositing
Ni-Al,O3 composite coatings. Our goal was to maximize microhardness and alumina
content while minimizing crystallite size. To achieve this, we focused on four key factors:
the applied current density (A), alumina concentration in the bath (B), deposition time (C),
and agitation rate (D).

The optimized parameter combination provided a high desirability value, close to 1,
indicating an excellent balance of outcomes [44,45]. The desirability function was crucial
in identifying the best set of parameters, ensuring optimal results among the various
possibilities suggested by the software.

Figure 12 highlights the optimal response values achieved: a microhardness of 762, an
average crystallite size of 15.36 nm, and 29.09% Al,O3 incorporation. These results were
obtained using an applied current density of 4.0606 A /dm?, an alumina concentration of
20.4545 g/L, a deposition time of 60 min, and an agitation rate of 340.9091 rpm, culminating
in a composite desirability value of 1.
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Current Alumina Deposition Agitation
density concentration time rate
Optimal High 5.0 25.0 60.0 350.0
D:1.000 Cur [4.0606] [20.4545] [60.0] [340.9091]
Low 2.0 10.0 15.0 200.0
- ~ — ; : —
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Desirability L If'i
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y = 15.3589 R
d: 1.0000
Wt% (alumina) P —
S S T N T S — S R N
y =29.0941 T
d: 1.0000 e
Microhardness | ~—~| | | | 17 _ . ___ _______ /|
Maximum / Y w | /|
y=762.3074 |/
d: 1.0000 T

Figure 12. Response optimization plot for electrodeposited Ni-Al,O3; composite coating.

The identified desirability score of 1 presents the ideal solution over the values in the con-
sidered ranges, identified in Figure 12, where all the objectives are optimized simultaneously.

The optimal obtained results are supported by [9], demonstrating higher microhard-
ness, finer crystallite size, and comparable optimal particle concentration in the bath.

The predictive models developed using Taguchi’s method showed a strong match
between experimental and predicted results. This confirms their accuracy and highlights
their competitiveness compared to other popular modeling approaches like artificial neural
networks (ANN) and fuzzy logic methods, which have also been widely used to model
Ni-Al,O3 electrodeposited composite coatings, namely, in the reported investigations
of [46,47].

4. Conclusions

In this study, the Taguchi L16 orthogonal array was employed to optimize the microhard-
ness, crystallite size, and entrapped alumina content of Ni-Al,O3 electrodeposited coatings.

The key process parameters, current density, electrodeposition time, alumina concen-
tration, and agitation rate, were systematically varied to determine their optimal levels,
with the experimental results being analyzed and validated using ANOVA to ensure
statistical reliability.

The coatings developed exhibited remarkable improvements, including a 164% in-
crease in microhardness, a 400% reduction in crystallite size, and a higher alumina incorpo-
ration (5-25%) compared to typical reported values.

The developed models demonstrated strong predictive performance, as indicated by
the R? and R?-predicted values of 92% and 99%, respectively. These results underscore the
reliability of the models in accurately predicting responses, enabling process optimization
that leads to substantial reductions in processing time and material consumption. Such
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advancements contribute to enhanced cost efficiency, improved coating performance, and
greater sustainability in industrial applications, making electrodeposited Ni-Al,O3 coatings a
more viable and competitive solution for wear-resistant and corrosion-resistant applications.
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