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Abstract: Mild steel is widely used due to its low cost, ease of
fabrication, and versatility, but its susceptibility to surface degradation
requires protective coatings to enhance performance and service life.
Electroless nickel-phosphorus (ENi—P) coating is preferred as it
provides uniform, adherent, and wear-resistant deposits on complex
geometries without external electrical current. This study presents a
two-phase optimization of an electroless Ni—P bath for mild steel,
progressing from single-factor analysis to multivariate modelling. In
Phase |, a One-Factor-at-a-Time (OFAT) approach was used to
study nickel chloride, sodium hypophosphite, and trisodium citrate
individually, each showing a bell-shaped response with an
intermediate optimum. The highest coating mass (0.34 g), along with
97.31% Ni, 2.69% P, and 507 HV hardness, was obtained at the
central condition (A = 30 g/L, B = 40 g/L, C = 25 g/L). Quadratic fits
showed excellent agreement with experimental data, and Solver-
based refinement further identified nearby optimal conditions for each
parameter. Microstructural analysis confirmed that balanced bath
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Integrated OFAT-RSM Approach Enables Robust Optimization of Electroless Ni-P Coatings on Mild Steel

compositions produced compact, defect-free coatings with higher hardness, while deviations led to porosity and reduced performance.

In Phase |l, a Box—Behnken Design (RSM) was developed within the Phase | concentration limits to build a second-order predictive
model. Response surface analysis confirmed that the optimum lies near the center of the design space and revealed a critical interaction
effect: simultaneous increase of sodium hypophosphite and trisodium citrate beyond their optimal levels leads to a sharp reduction in
coating mass, reaching a minimum of 0.23 g, which could not be captured through single-factor analysis. The desirability-based
optimization identified the optimum at A = 30.0 g/L, B = 38.8 g/L, and C = 26.9 g/L with a predicted coating mass of 0.3240 g (desirability
= 0.854). This closely matched the OFAT and Solver results, and the consistent convergence across all methods confirms the robustness

of the optimization and highlights.
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Introduction

The process of Electroless Nickel (ENi) deposition is a widely
adopted coating technique used to prepare metallic and
composite coatings. It remains highly relevant across various
research and industrial fields due to their broad scope of
applications. Brenner and Riddell were the first to report about
this process [1, 2], in which the reduction of nickel ions was
achieved using a strong reducing agent in the absence of
externally applied electric current. Since its inception, EN
deposition has been regarded as an important method in surface
engineering and advanced material synthesis [3].

EN coatings are known to provide many advantages, such
as controlled and uniform deposition on components with
complex or irregular shapes, excellent resistance to wear [4-6],
and corrosion [6, 7], high hardness [8, 9], enhanced electrical

conductivity [10], strong solderability and good adhesion. Due to
their adaptability and ease of application, EN coatings are widely
used in diverse sectors such as renewable energy, automotive,
aerospace, biomedical, oil and gas, and electronics.

ENi coatings are generally classified into four types: pure
nickel, alloys, poly-alloys, and composites. Alloy and poly-alloy
coatings are further divided into binary (e.g., Ni-P, Ni-B), ternary,
and quaternary types depending on the number of alloying
elements incorporated [11]. Among these Ni-P coatings are
particularly important, as phosphorus strongly influences the
metallurgical properties of the EN coatings.

Phosphorus content of up to 4 wt.% can enhance hardness
and improve wear resistance. Medium-phosphorus coatings
(typically 2—4 wt.%) are often tailored to specific applications: 4—
7 wt.% phosphorus for decorative finishes, 6—9 wt.% for general
industrial use, and 4—10 wt.% for electronic components. High-
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phosphorus coatings (10-14 wt.%) [12] are particularly well
suited for exposed to corrosive and acidic environments, such as
in oil drilling and coal mining. These coatings can achieve
hardness up to 600 Vickers, making them highly durable in harsh
service conditions [13]. The electrolyte bath used in EN
deposition consists of reducing agents and nickel ions along with
supplementary agents such as complex, stabilization and
surfactant. Several process parameters including nickel ion
concentration, reducing agent concentration, stabilizer type, bath
temperature, pH and the plating load play critical role in
determining coating quality [14, 15]. Each component plays a
specific role in the nickel deposition process [16]. Nickel ions
serve as the metal source, the reducing agent supplies the
required electrons to convert the metal ions into their metallic
form, the complexing agent controls the rate of deposition and
helps in prevent the production of excess nickel ions in the bath.
[17, 18], stabilizers inhibit bath deposition, and surfactants
enhance wettability by lowering solid-liquid interfacial surface
tension [18,19].

Numerous studies have explored the influence of deposition
parameters on EN coatings. For instance, a uniformly distributed
60 pm-thick NiCr coating was applied to LF2 steel to study
parameter effects [20]. Electroless Ni-P plating has been
optimised for low-temperature applications by analysing
electrolyte composition and plating conditions resulting in stable
Ni-P deposits for copper surface finishing in flexible printed
circuits [21]. Zou et al. obtained Ni-P coatings with varying
phosphorus content (3—-11 wt.%) on Cr12MoV die steel by
adjusting process parameters. These values were used as inputs
to a Back Propagation Neural Network, and the results were
further validated through Particle Swarm Optimization [22].

In another study, electroless Ni-P coating with 9.61 wt.%
phosphorus was deposited on copper, where RSM and ANOVA
analyses revealed that nickel sulphate, and the interaction of
sodium hypophosphite with bath temperature, significantly
influenced coating microhardness [23, 24]. Efforts to minimize
corrosion rate have also involved parametric optimization of Ni—
P coatings on copper, with predictive models developed using
Artificial Neural Network (ANN) [25]. Xijun et al. reported that
optimizing parameters such as ultrasonic power, temperature,
and plating speed during electroless nickel plating on AZ91D
magnesium alloy significantly improves the coating’s hardness,
wear resistance, and corrosion resistance [26]. The effect of
Lawsonia inermis Linn leaf extract as an additive in alkaline
solutions has also been studied, showing that increasing the
additive volume from 0.5 mL to 5 mL enhanced Ni-P alloy
deposition on mild steel [27]. A PSO-BP neural network was used
to study how process parameters influence aluminum content in
Ni-P-Al,O; coatings, showing pH and surfactant as the most
significant factors with improved coating properties under
optimized conditions [28]. Optimization methods such as
Simulated Annealing (SA), Genetic Algorithm (GA), and Particle
Swarm Optimization (PSO) are widely used beyond engineering
applications for solving complex optimization problems [29].

Despite these advances, some challenges remain,
particularly concerning coating quality and the uniformity of the
deposition parameters. These factors directly influence adhesion
strength and compositional control, especially regarding
phosphorus and nickel content. Thus, the aim of the proposed
research is to produce an electroless nickel-phosphorus (ENi-P)
coating on mild steel and to investigate and optimize the
procedure systematically. The objective is to refine the critical
process parameters to achieve the best outcomes in terms of
coating mass and elemental composition, with particular focus on
attaining an appropriate balance of nickel and phosphorus in the
deposit. To achieve this, a two-phase experimental strategy is
adopted. In Phase |, a One-Factor-at-a-Time (OFAT) parametric
study is conducted to investigate the individual effect of each
bath parameter on coating mass and elemental composition,
while maintaining the remaining variables at constant centre
values. This approach establishes clear individual-factor
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response trends and defines the operating ranges for each
variable. In Phase Il, a Box—Behnken Design (BBD) under
Response Surface Methodology (RSM) is applied using the
OFAT-derived ranges to construct a second-order polynomial
model, quantify interaction effects between factors, and confirm
the local optimum through multivariate statistical analysis. This
integrated OFAT-RSM approach bridges the clarity of single-
variable parametric analysis with the rigour of design-of-
experiments (DOE) optimization, providing a comprehensive
understanding of the electroless Ni—P deposition process.

Materials and Methods

Specimen preparation with pre-treatment: A mild steel
rectangular plate (20 x 25 x 3 mm) was used as the substrate in
this study. The plate was first mechanically polished and then
disc polished, followed by cleaning with methanol. Surface
activation was carried out by acid etching in a 20% H,SO4
solution for 2 minutes. Such pre-treatment is essential to achieve
a high-quality coating [30, 31].

Electroless Bath: The electroless nickel-phosphorus bath
used in this study consisted of analytical grade NiCl; as the nickel
source (30 g/L), NaPOH; as the reducing agent (40 g/L), NH4CI
as the complexing agent (50 g/L), and Nas3C¢HsO; as the
stabilizer (25 g/L). The coating process was conducted at 85 *
5 °C, with the bath temperature continuously monitored and
controlled using a proportional-integral-derivative  (PID)
controller. The pH of the electrolyte was maintained between 8
and 8.5 using an ammonia solution. The electrolyte bath
composition and the operating conditions are given in Table 1.

Table (1): Bath composition and the operating conditions.

Nickel Chloride 30 g/L
Sodium hypophosphite 40 g/lL
Trisodium citrate 25 g/L
Ammonium chloride 50 g/L

pH 8-8.5
Temperature 85+5°C
Deposition time 60 minutes

One-factor-at-a-time approach: The One-Factor-at-a-Time
(OFAT) approach is an experimental design strategy in which
factors are tested individually rather than simultaneously [30].
This method was applied to study both the mass of the deposit
and the percentage of nickel and phosphorus in the coating. In
the present study, the OFAT approach was employed as a
structured parametric study to investigate the individual effect of
each bath parameter nickel chloride (A), sodium hypophosphite
(B), and trisodium citrate (C) on coating mass and elemental
composition, while the remaining two parameters were held
constant at their centre values. This approach provides clear,
interpretable individual-factor response trends and establishes
the operating range for each variable, which were subsequently
used as the coded-level boundaries (-1, 0, +1) for the BBD
matrix. While the OFAT parametric study cannot capture
interaction effects between simultaneously varying factors, it
serves as Phase | of the two-phase experimental strategy,
directly informing and enabling the multivariate RSM-BBD
optimization in Phase I, which are applied in the present study
through a Box-Behnken Design (BBD) to provide multivariate
statistical validation of the OFAT findings.

Box-Behnken Design for RSM Validation: In Phase I, the
same three bath parameters: nickel chloride (A), sodium
hypophosphite (B), and trisodium citrate (C) were investigated
using a Box—-Behnken Design (BBD) under Response Surface
Methodology (RSM). The BBD is a three-level, second-order
design that estimates linear, quadratic, and two-factor interaction
(2FI) effects without requiring a full factorial matrix [32]. The
factor levels (-1, 0, +1) were set at the boundaries and midpoint
established by the OFAT parametric study (Table 2), ensuring
that the RSM design space spans the experimentally validated
region. Fifteen runs (Table 6) were conducted, including three
centre-point replicates to estimate pure error and test model
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adequacy, enabling a rigorous statistical comparison with the
OFAT-derived individual-factor trends.

Table (2): Independent factors and their levels.

Levels
Bath Components (g/L) A 0 »
A - Nickel Chloride 25 30 35
B - Sodium hypophosphite 30 40 50
C - Trisodium Citrate 20 25 30

Coating process: After surface activation, the sample was
immersed in the electroless bath (Fig. 1). During this period, the
water bath was allowed sufficient time to reach the required

Water bath (85=5°C

e

T

Figure (1): ENi-P coating process on mild steel.

temperature from room temperature, while the pH of the
prepared electrolyte was simultaneously adjusted from acidic to
alkaline. The ENi-P coating was then carried out for 60 minutes.
After plating, the specimens were washed with water and dried.

Weight Measurement: After the coating process the amount
of nickel deposited was calculated using the weight gain method.
The digital weighing scale was used to weigh the samples before
and after the ENi-P coating process. The difference in weight was
considered as mass of the deposit on to the mild steel substrate.

Elemental Composition: To obtain accurate quantitative
data on the elemental composition of the coatings, the
percentages of nickel and phosphorus in the deposits were
determined using Positive Material Identification (PMI)
equipment at OQBI, Salalah, Sultanate of Oman.

Results and Discussion

Development of ENi-P coatings on mild steel: Ni—P alloy
layers were successfully grown on mild steel substrates via the
autocatalytic deposition technique. The amount of nickel
deposited was calculated using the weight gain method. The
details are presented in Table 3.

Table (3): Weight of the samples before and after the ENi-P coating
process.

S. No. Sample ID Wel_ght before ngght after
coating (grams) coating (grams)
1 S1 - Acidic 14.91 14.97
2 S2 - Alkaline 10.46 10.63

It was observed that samples coated in an electrolyte bath
under alkaline conditions exhibited higher nickel deposition than
those coated under acidic conditions (Table 3). Consequently,
the entire coating process in this study was carried out under
alkaline conditions. Additionally, the process parameters were
selected based on their significance, as identified through a
literature review [33-36].

The selected parameters include the concentrations of nickel
ions, the reducing agent, and the stabilizer. The impact of these
parameters on various coating properties is examined. In order
to study the influence of the concentrations of nickel ions,
reducing agent, and stabilizer on the properties of the coatings,
the concentrations are varied as presented in Table 2.
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Table (4): OFAT parametric study — independent variables and observed
responses.

Run Out.put . Micro
No A B C erlght Ni% P% Hardness
gain (g) (HV)
1 25 | 40 | 25 0.24 93.46 6.54 438
2 30 | 40 | 25 0.34 97.31 2.69 507
3 35 | 40 | 25 0.31 95.10 4.90 392
4 30 30 | 25 0.22 91.63 8.37 493
5 30 | 40 | 25 0.29 96.99 3.01 512
6 30 50 | 25 0.21 92.74 7.26 462
7 30 | 40 | 20 0.21 95.71 4.29 476
8 30 | 40 | 25 0.30 97.15 2.85 493
9 30 | 40 30 0.28 91.77 8.23 429

A = Nickel chloride (g/L); B = Sodium hypophosphite (g/L); C = Trisodium
citrate (g/L). Runs 2, 5, and 8 are replicates at the centre-point condition.

One Factor at a Time (OFAT) Experimentation: In this
experimental approach, only one variable is altered at a time,
while all other variables are held constant [37, 38, 39]. Using this
method, the total number of experiments was fixed at nine as
shown in Table 4.
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Figure (2): Independent variables vs. dependent parameters.

Accordingly, nine electroless nickel-phosphorus coatings
(ENi-P) were carried out. The samples were weighed before and
after the coating and the weight gain along with the elemental
composition (% of Ni and % of P) was recorded. Based on the
experimental results (Fig. 2), the ENi-P coatings were influenced
largely by the variations in nickel chloride (A), sodium
hypophosphite (B), and trisodium citrate (C) concentrations. In
particular, when the nickel chloride was increased by 5 g/L (Runs
1 to 2), the weight gain increased significantly (from 0.24 g to
0.34 g), and the nickel content rose from 93.46 wt.% to 97.31
wt.%. Conversely, the phosphorus content decreased (from 6.54
wt.% to 2.69 wt.%), which was accompanied by an improvement
in microhardness (438 HV — 507 HV).

However, a further increase to 35 g/L (Run 3) slightly
reduced both coating mass (0.31 g) and microhardness (392
HV). This indicates that an excessive concentration of nickel ions
can cause internal stress or uneven deposition, thereby lowering
the coating integrity.

The influence of sodium hypophosphite was observed in
Runs 4, 5 and 6, where the concentrations was varied at 30, 40,
and 50 g/L, respectively, while other factors were unchanged.
The highest weight gain, and hardness occurred at 40 g/L (Run
2). At 30 g/L (Run 4), both weight gain and hardness decreased,
while phosphorus content increased to 8.37 wt.%, suggesting
that the coating became more amorphous and possibly porous.
At 50 g/L, the phosphorus content decreased slightly (7.26 wt.%),
but the coating thickness (0.21 g) was lower, and the hardness
dropped to 462 HV, indicating either inefficient deposition or the
formation of brittle phases due to excessive reducing agent.
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The effect of trisodium citrate was studied in Runs 7, 8 and
9; corresponding to concentrations of 20, 25 and 30 g/L,
respectively, while the values of A and B were held constant.
Optimal results were obtained at 25 g/L (Run 2) where the weight
gain (0.34 g), nickel content reached 97.31 % and hardness was
the highest at 507 HV. Both lower and higher concentrations led
to inferior coatings. At 20 g/L (Run 7), early precipitation or
uneven plating may have occurred, whereas at 30 g/L (Run 9),
over-complexing likely reduced the deposition rate and nickel
availability, resulting in lower nickel content and hardness.

The best condition was achieved in Run 2 with A =30 g/L, B
=40 g/L and C = 25 g/L. This composition produced coatings with
maximum nickel, minimum phosphorus, maximum weight gain,
and highest microhardness (507 HV). These results
demonstrated that a fine balance between the nickel source,
reducing agent and stabilizer is critical for achieving dense,
uniform and hard electroless Ni-P films on mild steel substrates.

It should be noted that in Table. 4, the runs 2, 5, and 8
represent replicate experiments conducted under identical bath
conditions (A =30 g/L, B =40 g/L, C = 25 g/L). The results from
these replicates yielded a mean weight gain of 0.31 £ 0.03 g, a
mean nickel content of 97.15 + 0.16 wt.%, a mean phosphorus
content of 2.85 + 0.16 wt.%, and a mean microhardness of 504
+ 10 HV, confirming the reproducibility of the coating process
under these optimum conditions.

Surface Morphology and Microstructural Evaluation: The
input data for Sample 3 were: A =35g/L, B=40g/L, C=25g/L,
with responses of 0.31 g weight gain, 95.10% Ni, 4.90% P, and
392 HV microhardness.

Figure (3): Sample 3 — High nickel concentration effect on morphology.

The SEM image (Fig. 3) reveals a slightly dense nodular
structure but a certain level of coarseness and discontinuity.
Several micro-cracks and uneven voids are visible, likely due to
the high nickel content, which increases internal stress within the
coating.

The surface is less than optimally compact, corresponding
with reduced microhardness and modest phosphorus content.
Without normalizing other parameters, a higher nickel
concentration of 35 g/L results in uneven growth and reduced
mechanical soundness.

Vijayanand Manickam, et al.

The input data for sample 4 were A=30g/L,B=30g/L,C=
25 g/L, yielding responses of 0,22 g weight gain, 91.63 wt.% Ni,
8.37 wt.% P and 493 HV. SEM images (Fig. 4) show a relatively
smooth granular surface, characteristic of phosphorus rich
amorphous Ni-P coating. The grain size appears finer with little
visible pores. The higher phosphorus content correlates with
increased hardness, although the total coating thickness is
comparatively lower.

Figure (4): Sample 4 — Influence of low reducing agent on surface texture.

Decreasing concentration of the reducing agent increased
phosphorus incorporation but reduced deposition rate and mass.

At the bath composition of A=30g/L, B=40g/L, and C =25
g/L, Sample 5 produced a weight gain of 0.29 g, an elemental
composition of 96.99 wt.% Ni and 3.01 wt% P, and a
microhardness of 512 HV. As observed in Fig. 5, the SEM
micrographs show a uniform, compact nodular microstructure
with less microdefects, consistent with the characteristic
morphology of low-phosphorus electroless Ni-P deposits.

612620
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Figure (5): Sample 5 — Optimal coating uniformity and microhardness.

The medium phosphorus level renders the coating
microcrystalline and thus increases the hardness. Surface
integrity is excellent, with no peeling, or voids observed.

Sample 6 (A = 30 g/L, B = 50 g/L, C = 25 g/L) exhibited
responses of and 0.21 g weight gain 92.74 wt.% Ni, 7.26 wt.% P,
and 426 HV. SEM images (Fig. 6) reveal a relatively smooth
surface having small-sized nodules, but noticeable porosity and

irregular cluster formation.
(b)
(d)

(c)

(e) (f)

Figure (6): Sample 6 — Impact of excess reducing agent on deposit
quality.
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The high concentration of reducing agent increased
phosphorus content, but the coating compactness and thickness
were reduced. Compared to more balanced compositions, the
deposit quality was poorer, highlighting the adverse effect of
excess hypophosphite.

For Sample 9, the inputs were A =30 g/L, B=40g/L, and C
= 30 g/L with responses 0.28 g weight gain, 91.77 wt.% Ni, 8.23
wt.% P and 429 HV. SEM images (Fig. 7) show a loose coating
with distinct micro-voids and presence of grain clusters.

High level of stabilizer concentration hindered uniform
deposition reducing coating density and continuity. This
adversely impacted hardness and the coating quality (reduction
in values were observed). Thus, over stabilization has a negative
impact on electroless plating, leading to inferior mechanical
performance.

SEM analysis was limited to samples representing either
optimum coating conditions or distinct morphological deviations.
Samples 1 (93.46 wt.% Ni, 6.54 wt.% P, 438 HV) and 7 (95.71
wt.% Ni, 4.29 wt.% P, 476 HV) showed intermediate Ni/P ratios
and micro hardness values, consistent with the observed trend
of maximum hardness at o7 w% ni and 3 Wt.% P. Since their
properties were intermediate between imaged cases, additional
imaging was omitted to avoid redundancy.

g

Figure (7): Sample 9 — Effect of high stabilizer content on surface integrity.

Linear Effect of Process Parameters on Mass of the
Coating: The individual influence of each bath constituent on
deposit mass was examined (Figs. 8—10) through a one-variable-
at-a-time approach (Figs. 8-10).
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Figure (8): Response trend of various nickel ion concentrations at fixed
reducing agent (40 g/L) and complexing agent (25 g/L).
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Figure (9): Response trend of various reducing agent concentrations at
fixed nickel ion (30 g/L) and stabilizer (25 g/L).
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Figure (10): Response trend of various stabilizer concentrations at fixed
nickel ion (30 g/L) and reducing agent (40 g/L).

In that a single factor was altered while the remaining
variables were held at their central values. Specifically, Fig. 8
illustrates how varying Ni?* levels (25, 30, and 35 g/L) affected
deposit mass, with the reducing agent and complexing agent
maintained at 40 g/L and 25 g/L, respectively.

Figure 9 illustrates the effect of reducing agent concentration
(Sodium hypophosphite) (30, 40 and 50 g/L) with nickel ion and
stabilizer concentrations fixed at 30 g/Land reducing agent 40
g/L.

Figure 10 demonstrates the effect of stabilizer concentration
(20, 25 and 30 g/L), while maintaining nickel ion at 30 g/L and
reducing agent at 40 g/L.

The quadratic regression equations obtained from the OFAT
parametric study for nickel chloride (A), sodium hypophosphite
(B), and trisodium citrate (C) concentrations are presented as
Equations (1), (2), and (3), respectively.

The negative quadratic terms in all three models validate the
experimentally observed bell-shaped response of each factor,
demonstrating that the coating mass attains a maximum at
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intermediate concentration levels and subsequently decreases
with further increases in each parameter.

For A: y = —0.0026x% + 0.163x — 2.21 1)
For B: y = —0.0007x2 + 0.0595x — 0.89 2)
For C: y = —0.0022x% + 0.117x — 1.25 3)

The maximum nickel deposition of 0.34 g was achieved at
the optimal concentrations of 30 g/L nickel ion, 40 g/L reducing
agent, and 25 g/L stabilizer. As shown in Figs 8-10, reducing the
concentration of the reducing agent leads to a decrease in
phosphorus content. Similarly, increasing the nickel ion and
stabilizer concentrations in the solution reduces the phosphorus
content in the coating.

These findings highlight the critical role of the concentration
ratio between nickel ions, reducing agent, and stabilizer. Asier
Salicio-Paz et.al [35] also reported a comparable trend.

Elemental Composition of Coating: Figure 11 illustrates
the variation in coating composition with nickel ion concentration,
while keeping the reducing agent at 40 g/L and the stabilizer at
25 g/L. The highest nickel content (97.31wt.%), with a
corresponding phosphorus content of 2.69%, is observed at 30
g/L. The results indicate that increasing nickel ion concentration
initially enhances deposition, but beyond this level, further
addition leads to a decline, likely due to the fixed amounts of
reducing agent and stabilizer.

[ [EANEA

10| 4948 97.31 95.10

60

40

Composition of Coating (%)

20

25 30 35
Nickel ion (g/1)

Figure (11): Elemental composition of the coating on the concentrations
of nickel ion, at constant concentration of reducing agent 40 g/L and
stabiliser 25 g/L.

I o I Po%

Composition of Coating (%)

Reducing agent (g/L)

Figure (12): Elemental composition of the coating on the concentrations
of reducing agent, at constant concentration of nickel ion 30 g/L and
stabiliser 25 g/L.
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Figure (13): Elemental composition of the coating on the concentrations
of stabilizer, at constant concentration of nickel ion 30 g/L and reducing
agent 40 g/L.

The highest nickel content (96.99 wt.%) was obtained at 40
g/L reducing agent, with at 3.01 wt.% of P.

Figure 13 depicts the effect of stabilizer concentration (20,
25, and 30 g/L) while maintaining nickel ion and reducing agent
at 30 g/L and 40 g/L, respectively. At 25 g/L stabilizer, the coating
achieved 97.15 wt.% nickel and 2.58 wt.% phosphorus. Figures
11-13 presents the variation of nickel and phosphorus content
with different bath compositions.

Figure 12 llustrates that higher reducing agent
concentrations increase phosphorus content, while Figure 13
reveals a similar effect with stabilizer concentration. These
results align with the electroless deposition mechanism and are
consistent with findings reported by Choudhury et al. [40]

Regression Equation: A key application of the regression
equation is to allow estimation of the value of the dependent
variable (Y) with known values of the independent variables (X)
[40]. In this study, regression models were developed to describe
the effect of nickel ion concentration (A), reducing agent
concentration (B), and stabilizer concentration (C) on the coating
mass. The equations (1-3) were generated using Microsoft Excel
and serve as analytical tools to predict coating performance and
identify optimum processing conditions.

Solver, an optimization tool available in Microsoft Excel, was
employed to determine the optimal values of the process
parameters under predefined constraints.

The objective function was set to maximize the coating mass,
while the concentration ranges were restricted according to the
experimental design.

The Solver results (Fig. 14, Table 5) confirm that the optimal
concentrations of nickel ion, reducing agent, and stabilizer are
31.5 g/L, 42.5 g/L, and 26.7 g/L, respectively. These conditions
correspond to the maximum achievable coating mass within the
imposed experimental limits, thereby validating the regression
models as effective predictive tools.
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Figure (14): Solver parameters to identify the optimal concentration of
source of nickel ions.

Confirmatory experimental runs were conducted at the
concentrations predicted to be optimal by the Solver.

The resulting coating mass and elemental composition
exhibited trends consistent with the Solver’s predictions, thereby
validating the underlying regression model.

This consistency underscores the effectiveness of combining
Solver-based optimization with experimental verification to
ensure the practical relevance of the optimized parameters.

Table (5): Input parameters for the solver.

. N Optimum value in
Val(';a)ble ?:*iilt:)\:\e Constraints grams
X Y (Output)
A > 25 and < 35 31.5 0.35
B Maximization > 30 and < 50 42.5 0.38
C >20 and < 30 26.7 0.31

A = Nickel chloride; B = Sodium hypophosphite; C = Trisodium citrate. All
concentrations in g/L.

RSM-Box-Behnken Design: Experimental Runs and
Statistical Validation: Fifteen experimental runs were
performed according to the BBD matrix (Table 6). The centre-
point combination (A = 30 g/L, B = 40 g/L, C = 25 g/L) was
replicated in Runs 1, 8, and 11, yielding weight gains of 0.34,
0.32, and 0.31 g respectively (mean: 0.323 £ 0.015 g). This close
agreement confirms the reproducibility of the deposition process.

Table (6): Box-Behnken Design experimental runs and observed coating
weight gain.

Run No A B c OUt(l;:ith\(Ig;ght
L 30 40 25 0.34
2 25 40 30 0.26
El 35 50 25 0.24
4 25 30 25 027
5 35 30 25 0.27
6 30 30 20 0.25
’ 35 40 20 0.26
8 30 40 25 032
9 25 40 20 0.26
10 30 50 30 0.23
1 30 40 25 0.31
12 35 40 30 0.26
13 30 50 20 0.25
14 30 30 30 0.25
15 25 50 25 0.24

A = Nickel chloride (g/L); B = Sodium hypophosphite (g/L); C = Trisodium
citrate (g/L). Runs 1, 8, and 11 are replicates at the centre-point condition.

Parametric Study to Multivariate Optimization: OFAT-
RSM Integration: The OFAT parametric study (Phase I)
investigated the individual effect of each bath parameter and
identified the optimum at A=30g/L, B=40g/L, and C = 25 g/L,
yielding a maximum coating mass of 0.34 g. Because OFAT
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varies one factor at a time while holding all others constant, it
cannot detect interaction effects between simultaneously varying
parameters. These OFAT-derived ranges were therefore used to
define the three coded levels (-1, 0, +1) for the BBD matrix, and
the RSM-BBD analysis (Phase Il) was applied to quantify
interaction effects and provide multivariate statistical validation
[41]. The transition from OFAT to RSM-BBD thus represents a
logical and complementary progression, not a repetition of
experiments.

Table (7): ANOVA for the RSM-BBD quadratic model of Ni-P coating
weight gain.

Sum of Mean F- -
Source Square | df P
s Square | value | value
Model 0.0132 | 9 | 0.0015 | 10.21 | 0.0099 | significant
A-Nickel 0.0000 | 1 | 0.0000 |0.0000 | 1.0000
Chloride
B-Sodium

hypophosphit | 0.0008 | 1 | 0.0008 | 5.58 |0.0646
e

g;rTart'Z“'”m 0.0000 | 1 | 0.0000 | 0.3488 | 0.5805

AB 0.0000 | 1 | 0.0000 | 0.0000 | 1.0000

AC 0.0000 | 1 | 0.0000 | 0.0000 | 1.0000

BC 0.0001 | 1 | 0.0001 | 0.6977 | 0.4416

Az 0.0026 | 1 | 0.0026 | 18.32 | 0.0079

B 0.0064 | 1 | 0.0064 | 44.72 | 0.0011

I 0.0050 | 1 | 0.0050 | 34.63 | 0.0020

Residual 0.0007 | 5 | 0.0001

Lackof Fit | 0.0003 | 3 | 0.0001 | 0.3571 | 0.7940 signr?f‘i’éam
Pure Error 0.0005 | 2 | 0.0002

Cor Total 0.0139 | 14

The ANOVA results (Table 7) indicate that the RSM—BBD
quadratic model is statistically significant (F = 10.21, p = 0.0099),
showing that it effectively represents the relationship between
bath parameters and coating weight gain. A p-value of less than
0.05 (p < 0.05) was considered statistically significant [41, 42].
The non-significant lack of fit (p = 0.7940) confirms that the
predicted values closely match the experimental results,
indicating good model accuracy. Among the linear terms, sodium
hypophosphite shows a noticeable effect, while nickel chloride
and trisodium citrate appear insignificant due to their symmetric,
bell-shaped behaviour around the optimum, Whereas, on one
side of the optimum, the coating weight increases, beyond the
optimum, it decreases; as a result, their actual influence is
captured through the quadratic terms. All quadratic terms are
highly significant, highlighting the strong curvature of the
response and supporting the bell-shaped trends observed in the
OFAT study, with sodium hypophosphite being the most
sensitive parameter. The interaction terms are not statistically
significant, likely due to the dominance of quadratic effects, the
narrow experimental range, and design limitations, suggesting
that the parameters largely act independently within the studied
region, which simplifies optimization. However, the response
surface and contour plots derived from the significant model still
provide useful qualitative insights into combined parameter
behaviour and support the ANOVA findings.

Fit Statistics: The model summary (Table 8) shows that the
adjusted R? and predicted R? differ by less than 0.2, confirming a
good model fit with no overfitting. The adequate precision ratio
exceeds 4, validating the model for navigating the design space.

Vijayanand Manickam, et al.

Table (8): Model summary statistics for RSM-BBD response.

Sequentia Lack of
Source Fit p- A-R? P-R?
| p-value
value
Linear 0.8674 0.1512 | -0.1949 | -0.3043
2F 0.9957 0.1043 | -0.6303 | -0.9922
Quadratic | 0.0014 0.7940 | 0.8556 | 0.6365 Sugges“’
Cubic 0.7940 0.7649 Aliased

2FI = Two-factor interaction model; A-R? = Adjusted R? P-R? = Predicted
R2

The second-order polynomial regression equation (Figure
15) shows positive linear coefficients for A and B at centre-point
levels and negative quadratic coefficients for all three factors,
consistent with the bell-shaped OFAT responses in Figures 8—
10.

0.34-

0.32+

0.3

Predicted

0.26 —

0.24

0.22

T T
022 024 0.26 0.28 0.3 032 034
Actual

Figure (15): Regression model coefficients for the RSM-BBD second-
order polynomial equation.

Actual vs. Predicted Values: compares experimental
weight gain with RSM-predicted values for all 15 runs. The mean
absolute error is approximately 0.006 g (less than 2.5% of the
maximum observed value), validating the model as a reliable
predictive tool. The coded regression equation validates the RSM
model for maximizing coating weight gain, with negative
quadratic coefficients indicating a concave downward response
surface and confirming a true maximum within the experimental
design space [40, 41]. The coded factor equation obtained
from BBD is given in Equation (4):

Weight Gain = +0.3233 + 0.00004 — 0.0100B — 0.0025C
+0.00004B + 0.0000AC — 0.0050BC
—0.0267A%? — 0.0417B? — 0.0367C? 4)

Interaction Effects: The 3D response surface plots (Figures
16—-18) quantify the simultaneous influence of paired bath
parameters on coating weight gain — information that is
structurally inaccessible to the OFAT approach, which varies only
one factor at a time while holding all others fixed. Each surface
plot is discussed below with explicit reference to the
corresponding OFAT trend to highlight where the two methods
agree and where interaction effects introduce behaviour that
single-variable experiments would miss or misrepresent.

Figure 16 presents the 3D response surface plot showing the
interaction effect of nickel chloride (A) and sodium hypophosphite
(B) on coating weight gain, with trisodium citrate fixed at 25 g/L.
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Figure (16): 3D response surface: interaction between nickel chloride (A)
and sodium hypophosphite (B) on weight gain (trisodium citrate fixed at 25
glL).

The surface exhibits a smooth dome-shaped curvature with
a distinct peak, indicating that maximum coating mass is
achieved at intermediate levels of both parameters. The peak
weight gain of 0.34 g is observed at approximately A = 30 g/L
and B =40 g/L. Moving away from these optimal values in either
direction by increasing or decreasing either parameter results in
a progressive decline in coating mass.

From the topmost point of the dome, a steeper slope along
the X-axis compared to the Z-axis confirms that sodium
hypophosphite concentration has a stronger influence on coating
weight gain than nickel chloride within the studied range, which
is consistent with the ANOVA result where B? recorded the
highest F-value of 44.72.

Figure 17 presents the 3D response surface for the
combined effect of nickel chloride (A) and trisodium citrate (C) on
coating mass at a fixed sodium hypophosphite level of 40 g/L.

Coating mass (g)
[lo.31 - 0.32 [[0.30 - 0.31 [[]0.30 - 0.30 []0.29 - 0.30 []0.28 - 0.29
[Ho0.27 - 0.28 [[0.26 - 0.27 [l0.25 - 0.26 [J0.24 - 0.25

Figure (17): 3D response surface: interaction between nickel chloride (A)
and trisodium citrate (C) on weight gain (sodium hypophosphite fixed at
40 g/L).

A clear dome-shaped surface indicates a well-defined
maximum within the experimental range, with the highest coating
mass (0.31-0.32 g) occurring at A = 30 g/L and C = 25 g/L.
Deviating from these optimal values in any direction leads to a
gradual decline in coating mass. The drop is more pronounced
at higher trisodium citrate levels due to over-complexing, which
limits nickel ion availability, while lower concentrations result in
poor bath stability. A similar bell-shaped trend is observed for
nickel chloride, where both low and high concentrations reduce
deposition efficiency.
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Figure 18 shows the 3D response surface for the combined
effect of sodium hypophosphite (B) and trisodium citrate (C) on
coating mass at a fixed nickel chloride level of 30 g/L.

Coating mass (g)
[lo.31 - 0.32 [[0.30 - 0.31 [[0.29 - 0.30 [[]0.28 - 0.29 [[]0.27 - 0.28
[H0.26 - 0.27 [j0.25 - 0.26 [J§0.24 - 0.25 [J0.23 - 0.24

il BN
”"I I (‘ \\\\\\‘\\\
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Figure (18): 3D response surface: interaction between sodium
hypophosphite (B) and trisodium citrate (C) on weight gain (nickel chloride
fixed at 30 g/L).

A clear dome-shaped surface indicates a well-defined
maximum, with the highest coating mass (0.31-0.32 g) occurring
at B =40 g/L and C =25 g/L, while values decrease progressively
as either parameter moves away from this optimum. The surface
is steepest along the B component axis, confirming sodium
hypophosphite as the most sensitive parameter, where even
small deviations significantly reduce coating mass. Lower B
levels limit the reduction of nickel ions, while higher levels
promote excess phosphorus deposition, both leading to reduced
performance. The lowest coating mass (0.23-0.24 g) is observed
when both B and C are at their highest levels, highlighting the
negative combined effect at extreme concentrations.

RSM Optimization: Following the OFAT study, the optimal
bath composition was further refined using two independent
optimization methods to validate the results. First, MS Excel
Solver was applied to the individual quadratic equations,
optimizing each parameter within its experimental range and
predicting optima at A=31.5¢g/L,B=42.5¢g/L,and C =26.7 g/L.
Second, Design Expert software used a desirability-based
approach on the RSM-BBD model to simultaneously optimize all
parameters, yielding an optimum at A = 30.0 g/L, B = 38.8 g/L,
and C = 26.9 g/L with a desirability of 0.854 (Figure 19). Both
methods converge to a similar optimal region, indicating strong
agreement despite their different approaches.

25 35 Kl 50

) . Sodium hypophosphite (B)
Nickel Chloride (A) = 30.0012 388201

o= |

023 0.4
Weight Gain = 0.323958

2 %

Trisodium Citrate (C) = 24.8693

Desirability = 0.854
Solution 1 out of 1

Figure (19): RSM optimization plot: desirability function and predicted
optimal concentrations for maximum Ni—P coating weight gain.

This consistency confirms that the true optimum lies within a
narrow concentration range and closely matches the
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experimental maximum coating mass of 0.34 g observed in the
OFAT study, demonstrating the reliability of the overall
optimization strategy.

Conclusion

Electroless nickel-phosphorus  (Ni—P) coatings were
successfully deposited on mild steel substrates, and the effects
of nickel chloride (A), sodium hypophosphite (B), and trisodium
citrate (C) on coating mass and elemental composition were
systematically investigated using a two-phase OFAT-RSM
experimental strategy.

In Phase |, the OFAT parametric study established that all
three parameters exhibit bell-shaped individual responses, with
the optimum coating mass of 0.34 g achieved at A=30g/L,B =
40 g/L, and C = 25 g/L, corresponding to 97.31% Ni, 2.69% P,
and a microhardness of 507 HV. Individual quadratic regression
equations fitted the experimental data with R? = 1, and MS Excel
Solver refined the optimal concentrations to A = 31.5 g/L, B =
42.5 g/L, and C = 26.7 g/L. SEM characterization confirmed that
optimal bath compositions produced dense, uniform coatings
with minimal porosity, while excess or deficient parameter levels
resulted in coarser morphologies and reduced hardness.

In Phase Il, the RSM-BBD quadratic model was statistically
significant (F = 10.21, p = 0.0099) with a non-significant Lack of
Fit (p = 0.7940), validating the model reliability. All three quadratic
terms were highly significant (p < 0.01), statistically confirming
the bell-shaped responses observed in Phase |. The two-factor
interaction terms were not significant, indicating that the
parameters act predominantly independently within the studied
ranges, simplifying process control. The 3D response surface
plots provided clear visual confirmation of the optimum, with the
BxC surface identifying the most practically important finding:
simultaneous excess of sodium hypophosphite and trisodium
citrate produces the lowest coating mass of 0.23 g, a
compounded effect invisible to single-variable analysis.

Design Expert numerical optimization predicted A = 30.0 g/L,
B =38.8 g/L, and C = 26.9 g/L with a predicted coating mass of
0.3240 g and desirability of 0.854, closely agreeing with both the
OFAT optimum and Solver predictions. The three-way
convergence of all optimization approaches confirms the
reliability of the findings and validates the two-phase OFAT-RSM
strategy as an effective approach for comprehensive
optimization of electroless Ni—P bath compositions on mild steel.
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