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Abstract.

There are two primary objectives of this study to design the titanium-based novel ENi-P composite

coatings on naval grade AH36 steel through Taguchi DOE with the addition of Zwitterionic surfactant and
identify the most significant factor which contributes to the enhancement of microhardness in the fabricated
coatings. The L9 composite coatings are developed by varying bath temperature, pH, wt% of C14-SB and TiO,
nanoparticles in the electroless bath. Each coatings elemental composition is investigated using SEM and EDAX
analysis. XRD peaks are matched with the peaks of Nickel, Phosphorous and Titanium contents in the deposits.
The ANOVA and the S/N ratio were deduced and utilised to formulate the optimal combination of parameters
for enhancing microhardness in the coatings. The predicted optimal coatings were validated with a confirmation
run and achieved 54.66% microhardness enhancement compared with the initial condition and 196.4%
improvement achieved with the substrate material AH36 steel. This experimental work proves its first kind of
titanium-based ENi-P coating over the marine grade AH36 steel substrate closely associated with defence

applications.

Keywords.
microhardness.

1. Introduction

The AH36 steel is high strength steel used in shipbuilding,
and these steel plates are normalised, control rolled, and
thermomechanically processed before the shipbuilding. The
addition of aluminium, vanadium, and niobium in the steel
resulted in a fine-grained microstructure [1]. It is generally
used for naval and cargo shipbuilding, which is continu-
ously exposed to cyclic stresses due to frequent loading and
unloading of cargos, engine vibration, shock, and vibration
due to firing heavy guns and artilleries. In addition, the
continuous ship’s motion through rough waves and high
windy environment causes the ships to reach as high as 10®
cycles within 20 years of sea life [2]. The marine-grade
AH36 steel plates are generally used in shipbuilding to
fabricate hull and structural members, including shell
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plating. Such steel is also usually used in fabricating sea
tubes for seawater inlets for various machinery and high
capacity pumps, including the fabrication of high-velocity
waterjet inlet duct tunnels. However, the most frequently
stated problem observed on the marine components is the
combinative impact of high-velocity seawater and sand
particles on these steel surfaces, usually thinning down the
surface due to erosive wear [3]. This issue has received
considerable attention in the marine and naval fraternities
to avoid and minimise such erosive degradation from the
material surface. Hence, specific underwater antifouling
and anti-corrosive paints are currently being applied on
such surfaces for restoration during the ship’s regular time
based on planned underwater maintenance schedules.
However, a major problem with this kind of approach is
that the actual resistance of underwater paints is usually not
sustainable against cavitation and erosive wear due to the
regular impact of high-velocity incoming seawater with
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foreign particles [4]. Though many surface modifications
are currently under practice to improve the ship’s opera-
tional and fighting capability, nil studies have investigated
the application of the novel electroless coating on the
marine grade AH36 steel in the past. Hence, this prospec-
tive study was designed to investigate the use of electroless
coating for marine applications in the future. The electro-
less coating was an innovative technique gifted to human-
kind by Brenner and Riddle [5]. The name itself imparts
that this coating does not require any external power sup-
ply. It is considered a functional coating due to its com-
bined resistance against both corrosion and wear. The
ability of its uniform thickness over the entire part/com-
ponent, irrespective of its size and shape, made many
industries opt for this novel technique for various applica-
tions [6].

Hardness is considered one of the distinctive properties
that played a significant role in civilisation evolution by
manufacturing various equipment and structures. The
maiden material hardness is introduced by Brinell [7]. The
measuring ability of any solid material to resist change of
its shape against applied compressive force is termed as the
hardness of the material. Variety of deformation can be
achieved through indentation, cutting process, bending,
scratching, and wear. Moreover, hardness is related to
mechanical properties like ductility, fatigue resistance, and
strength; hence, hardness testing is considered as a
straightforward way of controlling material quality in the
industry. The hardness measurement is considered as an
inexpensive and rapid method to evaluate comprehensive
mechanical property due to its simple correlation between
hardness and strength characteristics. On the other hand, the
hardness test is also famous because it is economical
compared to skilful tensile experiments [8]. Surface hard-
ness is indispensable for any components and half-finished
products to perform wear and tear actions. Hence, custom-
made hard materials/surfaces to satisfy the specific func-
tional requirement stimulated the invention of numerous
surface modification techniques. ENi-P deposition gained
its superiority over others due to its unique nature [9].
Further, the hardness of the ENi-P coating can also be
achieved by incorporating hard and soft particles like SiC,
B4C, Al,O5, ZnO, and TiO, as per the specific industrial
requirement [10]. The third element of hard or soft particles
in the ENi-P matrix is termed composite coatings. Elec-
troless composite coatings are fabricated by allowing the
adsorption of particles on the substrate surface and conse-
quent deposition of matrix material on the surface [11]. It is
now effectively established from previous research that
embodying nano-particles in the autocatalytic Ni-P deposits
improved their surface properties and performance in var-
ious applications [12]. Alirezaei et al [13] have studied and
reported that adding alumina particles in the Ni-P matrix
increases the hardness of the composite coatings due to the
barrier functioning of alumina particles embedded in the
Ni-P deposition. Araghi et al [14] reported that
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incorporating B4C particles in the Ni-P-B4,C composite
coatings enhanced the hardness of the coatings due to the
restriction offered by B4C particles for dislocation move-
ment of the coatings. Novakovic et al [15] reported that the
hardness of Titanium-based ENi-P composite deposition
depends on the bonding between titania particles and the
Ni-P matrix. Allahkaraml et al [16] reported that the higher
hardness in the ENi-P-TiO, composite coating increases
with the complementary addition of TiO, particles in the
Ni-P matrix. Hamid et al [17] reported that the hardness
enhancement in the ENi-P-WC composite deposition is
achieved by incorporating WC particles in the coating.
Chen et al [18] fabricated Ni-P-TiO, composite coating
through the sol-gel technique and achieved higher micro-
hardness and wear resistance than the titanium-based
composite deposition. Tamilarasan et al [19], through
Taguchi optimisation, achieved reduced corrosion rate and
higher microhardness through the optimal coating by 70%
than the base metal, and further he reiterated that the sur-
factant type and its concentration contributes to the ENi-P-
TiO, coating properties. Interestingly, Imtiaz Ahmed Shoib
et al [20] fabricated electroless Ni-P-TiO, coatings on
aluminium alloy through machine learning approaches to
achieve optimal microhardness in the coatings. Surfactants
are mixed into the electroless nickel bath to lower the
surface tension to better spread and reduce the interface
tension between the liquids or between solid particles and
liquid phases [21]. Elansezhian ef al [22] stated that addi-
tions of (SDS and CTAB) surfactant in the ENi-P bath
enhanced the coating hardness by up to 50% due to the
formation of mixed amorphous and crystalline structure in
the coated surface. Muraliraja et al [23] studied the influ-
ences of Zwitterionic surfactant. They reported that the
microhardness of the coating enhances with the weight
addition of the surfactant up to CMC level, and further
addition above CMC reduces the microhardness due to the
higher nickel content in the deposition. While considering
the previous studies, the research on ENi-P depositions for
enhancing microhardness has been mostly restricted to
limited comparisons of various anionic and cationic sur-
factants, the addition of third element, optimal bath loading,
bath temperature, reducing agent, and stabilisers. This
indicates a need to explore the newer input factors com-
binations during the design and fabrication of ENi-P com-
posite coatings for various applications.

This investigation aims to design and optimise the
microhardness of the AH36 steel surface through the
deposition of ENi-P-nano TiO, composite coatings with the
addition of a zwitterionic surfactant. Hence, Taguchi L9
orthogonal arrays have been formulated to identify the
specific contributions of bath temperature and pH, the
weight of zwitterionic surfactant and TiO, nano-particles to
achieve maximum hardness in the coated surface. Through
ANOVA, the input process factors were analysed for their
detrimental contribution and their interaction effects to
achieve the maximum hardness in the coatings. Also, the
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derived S/N results correlate with the ANOVA output to
confirm the experimental results. Further, the XRD profiles
are studied to evaluate various phases in initial and optimal
coatings. Additionally, the EDAX analysis evaluated the
percentage of individual elements deposited on the coatings
and their contributions to achieving respective microhard-
ness in the coated surface.

2. Experimental procedure and details

2.1 Coating preparations

The substrate in this study is fabricated from high strength
marine-grade steel AH 36. The chemical composition and
its mechanical properties are tabulated in table 1. All the
specimens were fabricated from a single steel plate duly
certified by the Indian register of shipping for the ship-
building. The substrate dimensions are (25 x 25 x 5.85)
mm. Once the samples were fabricated from the source
plate, they were first grounded and then polished with 600,
800, 1000, 1200, and 2000 grit SiC papers. Before com-
mencing the deposition process, the polished substrates are
initially subjected to a pre-treatment process of 10 minutes
of ultrasonic cleaning with acetone, 2 min dipping in
ethanol, and finally, 1-minute acid pickling with a 10%
sulphuric acid bath. Following the pre-treatment process,
the samples are thoroughly cleaned with demineralized
water before and after all pre-treatment processes and
before dipping the substrate in the deposition process. The
chemical composition of the ENi-P bath is tabulated in
table 2.

The reducing agent reduces the metal ions donated by the
nickel source. Trisodium citrate dehydrates blended as a
complexing agent to form metastable nickel complexes,
attributing to the slow down and steady-state reaction.
Ammonium chloride was added as a buffering agent to
maintain the bath pH and prevent the sudden drop during
the deposition process. Additionally, liquid ammonia
maintains the required pH level (4,6,8) in the electroless
bath. Zwitterionic detergent [3-(N, N- Dimethylmyristy-
lammonio) propanesulfonate] from Sigma-Aldrich with >
99% (TLC) was used as the surfactant. Before introducing
into the bath, nano TiO, powder and surfactants were

Table 1. Cast analysis and mechanical properties of AH 36.
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Table 2. Bath composition and parameters.

Chemicals Brand Quantity
N,H,PO,-H,0 Merck 35 g/l
NiCl,-6H,O 30 g/L
C6H5Na5072H20 50 g/L
NH,Cl 50 g/L
Duration of deposition 60 min
Bath volume 400 ml
Stirring speed 500 RPM

ultrasonically agitated separately for 15 min, and the con-
centrate was then carefully infused into the main bath. After
the coating process, the substrates are dried, and coating
thickness is measured for all the substrates.

2.2 Hardness measurement

This study investigated the coating hardness to examine the
impact of input parameters. Therefore, the average of 5 read-
ings is taken as the final value. In addition, the microhardness
value of AH36 steel substrate hardness was measured and
compared with the previous work. The microhardness of the
base metal is 197 HV,yy. The microhardness of acidic and
alkaline ENi-P coatings is also measured and compared with
the optimal coating, and the contribution of phosphorous,
nickel, and titanium in the coatings is verified through EDAX
and XRD analyses. The Vicker microhardness of L9 electro-
less ENi-P-TiO, on AH36 marine grade steel is measured per
the ASTM E384-16 through a pyramid-shaped indenter pro-
vided a 136° apex angle between the opposite sides and square
base. A 200-gram force load was applied at the rate of 50pum/s
with 10 seconds dwell time, and observed that indentation
depth for all the specimens was found to be 1/10th higher than
the coating thickness to avoid mechanical contribution from
the substrate [24].

2.3 Design of experiment

The benefit of using the Taguchi technique is its effec-
tiveness while formulating high standard, reliable systems
built on with the help of orthogonal arrays. This technique’s

Heat no. C Mn S P SI AL Cu Ti \Y% Nb N MAE CE
21400280 0.177 1.222 0.0044 0.012 0.016 0.042 0.006 0.017 0.004 0.020 0.0053 0.041 0.385
Mechanical properties for batches

YS (MPa) UTS (MPa) Young modulus (MPa) Specification
432 524 2 x 10° IS 2062 E 350 C 2011




116 Page 4 of 13

significant advantages allow us to perform minimal
experiments from the complete factorial design with an
orthogonal array, which genuinely allows only minimal
required experiments from the complete factorial design for
the designed process factors. Thereby bypassing many
experimental combinations with an optimal setting of pro-
cess control parameters [25]. It establishes an interpreted
approach with a simple and efficient way to determine the
optimum range of system design to provide better quality
with reduced computational cost. Four input process fac-
tors, each consisting of 3 levels, are chosen to determine the
significant factors that affect the hardness of the composite
coatings. The corresponding L9 orthogonal distribution is
tabulated in table 3. In this approach, Genichi Taguchi [26]
adopted the signal-to-noise ratio (S/N) as a loss function to
measure the quality attributes deduced from the ratio of
control factors to noise factors. The higher the positivity of
the S/N ratio, the more is acceptable quality. Hence, three
distinct ways are adopted to transform from loss function to
S/N ratio for evaluating the system’s response. They are
higher is better (HB), nominal is best (NB), and smaller is
best (SB). However, HB characteristics are adopted for
maximising the hardness of the coatings. The S/ N ratio for
more significance is defined by
> L

S/Nz—loglOTyz (1)
where ‘y’ is the hardness value, and 'n’ is the number of
experiments. In addition, a statistical method of (ANOVA)
analysis is performed to predict the optimal combinations
of the process parameters.

2.4 Analysis of variance (ANOVA)

ANOVA effectively identifies influential input factors and
their considerable interactions in optimising the desired
coating output through F-value and P value. F-value is
deduced by dividing the variance of the factors by the
square of errors. Thus, the higher the value indicates the
largest its contribution. On the other hand, the P-value
suggests the principle of the null hypothesis, considering
0.05 is an upper limit to decide whether to accept or reject
[27].

Table 3. Factors and their respective levels.

Levels
Process factors Unit 1 2 3
Bath temperature (A) °C 80 84 88
Bath pH (B) 4 6 8
C14SB concentration (D) g/l 0.009 0.018 0.027
Nano TiO, (D) g/L 0.25 0.5 0.75
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2.5 Morphological surface analyses
and composite study

The optimal coating realised from the DOE is characterised
through SEM, EDAX, and PXRD analyses. The SEM
analysis is utilised to ascertain the surface morphology of
the deposited layers conducted through VEGA 3 INCA
software in the TESCAN OXFORD machine. The various
phases in the coating are verified through PXRD in the
Malvern Panatical machine, probing with Cu Ko radiation
of 20 from 10° to 90° with the Step Size of 0.0390° (26).
Several reports have shown that the properties and structure
of as-deposited ENi-P coatings mainly influenced the
phosphorous content in the coated surface. Therefore the
deposited specimens are examined by varying the process
parameters like bath temperature, bath pH, weight addition
of Zwitterionic surfactant, and TiO, nanoparticles in the
electroless composite bath. In addition, EDAX evaluation is
carried out on the specimens to confirm the content of
Phosphorous, Nickel, and TiO, as earlier reported by Sahil
Julka et al [28].

3. Results and discussion

3.1 Analysis of signal to noise ratio

Taguchi optimisation is based on the S/N ratio as intro-
duced earlier. Figure 1 shows the S/N ratio of each input
factor and their levels. The most excellent S/N ratio from
each factor between their assigned levels suggests the
optimal level of that particular factor. The difference
between the higher and lower value of the individual S/N
ratio is the Delta value for the corresponding factor.
From figure 1, we can see that the S/N ratio for higher
the better is maximal for level 1 for bath Temperature,
level 3 for bath pH, C14SB concentration, and nano-TiO,
is observed. From this, it is clear that the A1B3C3D3 is
the optimal parameter combination to achieve the highest
hardness in the coatings. Further, the same can be
established from the 3rd run [80, 8, 0.027, 0.75] of the
experiment tabulated in table 4. The corresponding
microhardness value for the optimal combination is
measured as 584 HV,q.

From figure 1, we can establish the factor which largely
contributes to and governs the microhardness of the ENi-P-
TiO, composites deposits through their relative position
from the mean value. Accordingly, the individual factor
coordinates approaching the mean or horizontal line indi-
cate its minimal/ nil contribution to responsive coating
hardness. In contrast, the input factors, i.e., bath tempera-
ture, bath pH, C (C14-SB concentration), contribute most,
hence considered the most determinant factors for achiev-
ing the higher microhardness in the ENi-P-nano TiO,
coatings. The response table for the S/N ratio also further
confirms the same through table 5. Also, figure 2 displays
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Figure 1. Main effects plot for S/N ratios hardness factor.
Table 4. Response of coatings
Microhardness
Run Temperature °C (A) Bath pH (B) Zwitterionic surfactant g/L. (C) TiO, g/L (D) HV,09 S/N ratio
T-1 80 4 0.009 0.25 253 48.0624
T-2 80 6 0.018 0.50 405 52.1491
T-3 80 8 0.027 0.75 584 55.3283
T-4 84 4 0.018 0.75 296 49.4258
T-5 84 6 0.027 0.25 400 52.0412
T-6 84 8 0.009 0.50 466 53.3677
T-7 88 4 0.027 0.50 304 49.4558
T-8 88 6 0.009 0.75 331 50.3966
T-9 88 8 0.018 0.25 426 52.5882

Table 5. Response table for the signal to noise ratio hardness.

Level Temperature (A) pH (B) Surfactant (C) TiO, (D)
1 51.85 48.97 50.61 50.90
2 51.61 51.53 51.39 51.65
3 50.80 53.76 52.27 51.72
Delta 1.04 4.79 1.66 0.82
Rank 3 1 2 4

the normal probability plot of the residuals for specimen
microhardness value. It can be noticed that the residuals
coordinates are located on a straight line, which suggests

that the errors are normally distributed, and the regression
model is adequate [29, 30].

3.2 ANOVA

The individual factor contribution in percentage reveals its
weight during their interactions to attain the desired higher
hardness in the coatings. Larger the percentage contribution
in main effects confirms its decisiveness to obtain the
higher microhardness in the coating. From ANOVA anal-
ysis, it established that bath pH, i.e., parameter (B), has
shown a substantial contribution of 78.95%, followed by
the weight addition of Zwitterionic Surfactant
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Figure 2. Residual plots as hardness is a responsive parameter.

Table 6. Analysis of variance for microhardness.

Source DF Adj SS Adj MS F-value P value
Regression 4 84034.3 21008.6 138.09 0.000

Temperature 1 5953.5 5953.5 39.13 0.003

pH 1 66360.2 66360.2 436.18 0.000

C14-SB concentration 1 8816.7 8816.7 57.95 0.002

TiO, 1 2904.0 2904.0 19.09 0.012

Error 4 608.6 152.1

Total 8 84642.9

concentration of 10.50%, bath temperature (7.05%), and
inclusion of TiO, (3.5%). The same is tabulated in table 6.

3.3 Modelling

In this current study, Minitab 19.2020.1 software is used to
analyse the linear regression method to formulate predictive
mathematical models for predicting the microhardness
value of the coatings in response to the input parameter
bath temperature, bath pH, addition of surfactant, and TiO,.
The predictive equations deduced from the regression
analysis

Micro Hardness = 609 — 7.88 temperature + 52.58 pH
+ 4259 Surfactant + 88.0 TiO,

(2)

The developed model adaptivity is verified by the coef-
ficient of determination R? values [31]. The R? value
continuously varies from 0 to 1. The more the R? value

approaches towards 1, the more a proper fit between
independent and dependent variables. For example, assume
if R* = 95%, then this implies that the predicted observation
apprised with 95% variability. In this study, the coefficient
of determination is deduced as 98.56%. Furthermore, the
residual plot is applied to verify the dominance of the
coefficients in the predicted model. If the residual plot lies
in a straight line, indicates residual errors from the model
are predominantly contributed, and coefficients in the
model are significant, the residuals plots traced for ENi-
TiO, hardness as shown in figure 2. it is ascertained that the
residuals disposed near the straight line which affirms that
the development coefficient model is significant.

3.4 Confirmation test

The confirmation run coating was fabricated with the
identified optimal process parameters (i.e., Temperature-80
°C, pH-8, C14SB concentration-0.027 g/L, and Nano TiO,-
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0.75 g/L) to evaluate the repeatability of this study. As a
result, the S/N ratio of the optimum level is

Y=Yun+Z =1(YI - Yn) (3)

In which Y is the overall mean S/N ratio, Y,, is the S/N
ratio for deduced optimal parameter combination, and Z; is
the quantity of the main parameter.

Table 7 compares the S/N ratio between initial, experi-
mental, and confirmation run results. This result is justifi-
able and validates the predicted S/N ratios obtained through
Taguchi DOE. The confirmation results proved that the
enhancement of the S/N ratio was achieved at about 3.7879
dB with an increment of 54.66% in microhardness value
through optimal parameters. Additionally, a significant
positive correlation was also observed between the micro-
hardness of the optimal coating and the other composite
coating synthesised through the Taguchi L9 orthogonal
design. The confirmation test confirmed that the orthogonal
array and ANOVA results were highly decisive in deducing
the better design conditions of Titanium-based Electroless
composite coatings to achieve higher hardness in the
coatings.

Figure 3 shows the EADX micrograph analysis of four
different coated specimens for comparison which contain-
ing (a) acidic bath (T-90 °C, pH-4.5), (b) Alkaline bath (T-
85 °C, pH-8), (c) T-9 (T-88 °C, pH-8, 0.018 g/L, 0.25 g/L),
and (d) T-3 sample (T-80 °C, pH-8, 0.270g/L, 0.75 g/L).
Electroless plating was performed more quickly in an
alkaline bath than in an acidic bath. Therefore, its deposi-
tion rate increases by increasing the pH in each bath con-
dition. It is possible to deduce this from the equation below.
As pH increased, Le Chatelier’s principle compelled the
reactions forward. Apart from nickel deposition and
hydrogen evolution, phosphorous was also deposited as a
byproduct of nickel deposition.

H,PO; +H — H,0 + OH™ +P (4)

The elemental composition data obtained through EDAX
analysis is shown in table 8. This table fairly reveals several
ways; a significant positive correlation between pH and
percentage of phosphorous was observed. While comparing
the wt% of phosphorous content and its corresponding
microhardness valve obtained through the experiment both
in the optimal T-3 and T-9 specimens, the phosphorous
content of T-3 coating is 9.04 % compared with 10.01 wt%

Table 7. Confirmation test report

Optimal condition

Initial condition = Predicted = Experimented
Level A2B2C2D2 A1B3CID3  AIB3CID3
Weight loss (g) 0.0131 0.0083 0.0085
S/N ratio (dB) 37.6546 41.6184 41.411
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of T-9 coating. It is why the microhardness of the T-3
coating is higher than the T-9 coating. This outcome also
exactly supports the evidence from previous observations
of Fayyad et al [32]. Correlating the higher microhardness
value observed on the optimal (T-3) specimen and its
corresponding lower Nickel content than the other three
compared variants, these results perfectly support the ear-
lier findings of Muraliraja et al [23], who experimentally
proved that the higher the nickel content reduces the
microhardness of the deposits.

3.5 Effect of C14-SB surfactants on the TiO,
content

C14SB Surfactant lowers the surface tension of a liquid,
allowing the easier spreading of metals particles, and
lowering the interfacial tension between two liquids or a
liquid and solid surface. In an electroless nickel bath, the
presence of surfactant promotes the coating deposition
reaction between the bath solution and the immersed sub-
strate surface [21]. The correlation between the percentage
of titanium content in the T-3 and T-9 specimens was
interesting. Even though higher TiO, nanoparticles (0.75 g/
L) were added to the electrolyte for the T-9 specimen, the
EDAX micrographs and their elemental compositions
interpreted through table 8 reveal the alternate way. Only
0.11 by weight percentage was mapped from the optimal
specimen (T-3), and 0.41 by wt% is observed on T-9
samples. In contrast, though the lower concentration of
TiO, nanoparticles (0.25 g/L) was added to the electrolyte
devised for the T-9 specimen, the incorporation of higher
titanium content than the T-3 specimen helped us to
understand the significance of the surfactant concentration
and its CMC value. Furthermore, while decoding the same,
a strong association between the chemical composition of
ENi-P-TiO, deposits and the CMC level of surfactant was
corroborated by the similar studies undertaken by Tamila-
rasan et al [33]. He observed from his study and stated that
the titanium content in the Ni—P matrix would increase with
the increase of surfactant till its CMC value, beyond which
the TiO, content reduces against any further increase of the
surfactant. Thus, the excess surfactant in the bath will
envelop the particles and restrict their embedment into the
Ni—P matrix. Accordingly, when comparing T-3 and T-9
bath parameters, the CMC value of 0.018 g/L. C14SB sur-
factants was added to the T-9 specimen, and 0.027 g/L. was
added to the T-3 specimen. Hence, the lower TiO, content
mapped through EDAX micrographs shown in figure 4
confirms this fact.

Also, the most striking observation is when comparing
the microhardness value of the T-3 and T-9 specimens
with their elemental compositions. Though the 0.41 wt%
of titanium content prevailed in the T-9 deposits, however,
its microhardness value is comparatively 27.05% lower
than the identified optimal coating (T-3), whose titanium
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Figure 3. EDAX Micrographs (a) ENi-P (acidic), (b) ENi-P (alkaline), (¢) ENi-P-TiO, (T-9), (d) ENi-P-TiO, (T-3).

Table 8. Coatings parameters and elemental composition by weight % (EDAX).

Deposition rate ~ Hardness P Ni Ti (6]
SI. no. Coating (pm/h) (HV200) (wt%) (Wt%)  (wt%)  (Wt%)
1 ENi-P 8.7 310 11.86  71.10 - 1.77
(90°C, pH 4.5 (Acidic))
2 ENi-P 229 460 826 7361 - 1.96
(85 °C, pH 8 (Alkaline))
3 T-3 17.7 584 9.04 68.58 0.11 1.87
(80 °C, pH 8, 0.0270 g/L, 0.75g/L) (Optimal coating)
4 T-9 18.6 426 10.01 7197 041 1.80

(88 °C, pH-8, 0.018 g/L, 0.25g/L)

content is only 0.11 wt% as per the EDAX micrographs
shown in figure 3c and d. It is due to Titanium dioxide’s
inherent mechanical properties, which is comparatively
highly (0.41%) embedded in the T-9 than in the T-3
specimen. These results further confirm and support the
evidence from the previous observations of Saravanan
et al [34].

3.6 Effect of C14-SB surfactants on the deposition
rate

Table 8 and figure 4 interpret the role of surfactant loading
and the deposition rate of the ENi-P (acidic), ENi-P (al-
kaline), and 09 in number Taguchi run ENi-P-TiO,
deposits. The S-1 and S-2 specimens are fabricated with the
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Figure 4. Specimen versus deposition rate.

zwitterionic surfactant at the CMC level, and the remaining
specimen is fabricated with 0.5 CMC,1 CMC, and 1.5 CMC
loading zwitterionic surfactant for the correlation study. It
is indeed evident through the graph that the weight addition
of surfactant influences the deposition rate of the coatings
in a significant way. The deposition rate decreases with an
increase in surfactant loading. The resulting decrease in the
deposition rate is attributable to the surfactant molecules
being prone to masking the substrate surface, which further
restricted the propagation of nickel ions towards the sub-
strate surface, thereby downsizing its deposition rate [33].

Furthermore, beyond the CMC level of the surfactant
addition, the electrolyte attains its saturated condition due
to the complete isolation of TiO, particles by the surfactant
molecules, which in turn forms a complete envelope around
the particles. The overloading of surfactant further induces
a layer over the substrate, resulting in the reduced deposi-
tion rate of Nickel and TiO, particles. This can be quickly
corroborated by the EDAX micrographs (figure 3) and their
elemental content tabulated in table 8.

3.7 Effect of C14-SB surfactants on microhardness
of the coatings

Table 4 also interprets the coating’s surfactant addition and
corresponding microhardness value. The outcome affirms
that the concentration of C14SB surfactant in the electro-
less bath also plays a pivotal role in determining the
microhardness of the ENi-P coatings and further corrobo-
rates the findings from Muraliraja et al [23]. The earlier
reported that the CMC level of C14SB surfactant is 0.018g/
L. Further, he proved that incorporating the third element
into the ENi-P matrix increases with the addition of the
C14-SB surfactant till its CMC level, beyond which the
agglomeration observed and hardness reduces due to
increasing nickel content in the coating. The same corrob-
orates that the surfactant added in the T-3 sample is 0.0270
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g/L which is more than its CMC level of 0.018 g/L. The
fact is precisely supported in table 8. When considering the
microhardness values of acidic, alkaline, T-3 (optimal), and
T-9 specimens, it is evident that significant micro hardness
enhancement was achieved on the optimal specimen (T-3),
about 196.44% higher than its bare AH36 steel substrate.
Furthermore, comparing the microhardness value of acidic
and alkaline coatings (coated in the absence of surfactant)
with the optimal coating (T-3), a substantial increase of
46.91% and 26.95% were achieved, respectively. Phos-
phorous content having very low solid solubility in nickel
increases excess strain generated in the nickel lattice. This
may result in lattice disorder and consequent reduction of
hardness. In the present case, the hardness values of the
coated surface were found to decrease due to the increase in
phosphorus content [35]. Furthermore, Sha et al [36]
observed that the microhardness of the electroless coated
deposits could be decreased as the phosphorous content is
progressively increased from 3 to 14% by weight.

3.8 Influence of bath pH on the surface properties
of electroless coatings

The most important aspect of the data from table 8 and
figure 5 is that when observing the bath details of ENi-P
(alkaline), T-3(optimal), and T-9 (ENi-P-TiO,) composite
coatings, all these specimens are attained microhardness
values above 400 HV,( are surprisingly synthesised at pH
8 even though remaining factors are not in common. When
the surfactant is added at a CMC value at a higher tem-
perature, the added TiO, particles will attract more particles
toward the substrate. Also, while interpreting figure 5,
Taguchi run specimens T-1, T-4 and T-7 are synthesized
with bath pH 4, T-2, T-5, and T-8 specimens fabricated
with pH 6, and T-3, T-6, T-9 with pH 8. Interestingly, when
comparing the microhardness values of specimens segre-
gated with the pH group-wise (4, 6 and 8), the maximum
hardness achieved by specimen T-1 from the pH 4 is 304
HV,o which is lower than the minimum microhardness
value of 331 HV,(, from the following pH group range, i.e.,

600 —

550 —

500 —+

- 450 o

350

300 —

250 —

) 5 6 7 8
Bath pH

Figure 5. Bath pH versus microhardness.
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specimen T-8. Likewise, the maximum microhardness
value of 405 HV;(, gained by specimen T-2 from the pH 6
group is lower than the minimum of 426 HV,(, gained by
specimen T-9 from the pH 8 group. Finally, the optimal
combination of this experiment is achieved by the specimen
T-3 from the pH 8 group only. Hence, the bath pH played a
significant role in achieving the microhardness value in the
ENi-P-TiO, coatings.

This finding is consistent with the earlier finding of
shahil Julka et al [28]. Who stated that the elemental
composition of the ENi-P composite coating is acutely
influenced by changing the bath pH, which plays a deter-
minant role in incorporating the third element in the
deposits. The most relevant theory which supports this fact
is that the maximum incorporation of particles is achieved
when deposition occurs in an Alkaline bath. It is consistent
with the earlier findings of Bund ef al [37].

3.9 Morphology and X-ray diffraction analysis

Figure 6 reveals the SEM images of ENi-P (acidic and
alkaline) coatings without the second phase and ENi-P-
TiO, (T-9 and optimal T-3) coatings. The micro-cracks
were observed in figure 6a acidic based coatings due to the
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higher evolution of hydrogen during the deposition process.
However, in alkaline deposits of ENi-P in figure 6b, the
microcracks are minimal. However, in the case of an
Optimal (T-3) coated surface (figure 6d), it is evident that
numerous spherical protuberance was observed on the
surface with minimal TiO, adsorption the surface. There-
fore, it can be suggested that the agglomeration of TiO,
particles occurred due to the addition of Zwitterionic sur-
factant beyond its CMC level in the electroless bath leading
to its minimal deposition. However, in the case of the T-9
specimen, whose fabrication was carried out with the
addition of the surfactant at a CMC value of 0.018/L, it led
to achieving more second phase presence figure 6¢ with the
non-globulus surface. It is due to the incorporation of TiO,
into the Ni-P matrix disturbs the heterogeneity of the
deposits and further propagates numeral boundaries
between the nickel and phosphorous in the coatings,
thereby resulting in a lower microhardness value.

Figure 7 compares the XRD plots of substrate material
(AH36), T-9 specimen, and ENi-P-TiO, optimal(T-3)
coated surface (as-deposited). The diffraction profiles
available Fe,C and Fe;C phases are from the AH36 steel.
Likewise, the ferrous profiles observed on the composite
coatings are from the AH36 steel underneath the coating.

S-3400N 5. 0KV 9.3mim X50§.S

Figure 6. SEM images (a) ENi-P (Acidic); (b) ENi-P(Alkaline); (¢) ENi-P-TiO, (T-9); (d) ENi-P-TiO, (T-3).
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Figure 7. XRD Plots of base material and ENi-P-TiO, coatings.

The XRD profile of both the ENi-P-TiO, reveals amor-
phous formation and Nickel, Phosphorous, and Titanium
phases on the coated surface. However, the diffraction from
Nickel {111} is not visible due to being excessively over-
lapped by the presence of an amorphous profile in the
coated layer. These results align with the earlier findings of
Sha et al [36] and are consistent with the existing literature.
However, Nickel {200} and {220} are visible in both the
coated surface. Alternately, the reflections of TiO, and Tiy4
are visible in the T-9 XRD profile; such reflection is not
visible in the T-3 optimal coating profiles. Notwithstanding
with EDAX micrograph, which affirms the presence of
TiO, in the T-3 deposits, the diffraction peaks of second
phase titanium not detected from the surface are conceiv-
ably due to its minimal incorporation in the coating. Fur-
thermore, the EDAX elemental composition results in
table 8 affirm the same. Most obviously, the intensity of the
Fe;C phase in the composite coatings is minimal compared
with the XRD profile of AH36 steel due to the coating
thickness over the base metal (AH36), and total absorption
of penetrated X-ray is not feasible due to its minimal
thickness. Furthermore, while comparing the T-3 and T-9
profiles, the intensity of the Fe3C phase in the T-3 coatings
is higher than the T-9 coatings due to its lower thickness
than the latter [36].

4. Conclusions

The titanium-based ENi-P composite deposition with the
varying bath temperature, bath pH, Zwitterionic surfactant,
and nano-TiO, are fabricated on AH36 based on Taguchi
L9 design. The present study was designed to identify the

determinant factor and their optimal parameter combination
for achieving high microhardness in the deposition. The
outcome of this study is as follows:

(1) The finding from this study provides insights for
adopting environmentally friendly Electroless coating
on Naval grade steel AH36 steel. Accordingly, acidic
and alkaline ENi-P coatings and L9 titanium-based
ENi-P composite coatings were fabricated and com-
pared with the AH36 substrate material to evaluate
surface properties enhancement through microhardness
and morphological investigations.

(2) ANOVA analysis revealed that bath pH contributed
substantially at about (78.95%) to enhancing micro-
hardness in the deposited ENi-P-TiO, surfaces.

(3) In this investigation, the relation between the micro-
hardness of the coatings and their corresponding bath
pH is observed. Accordingly, all nine specimens are
divided into three groups with respect to their bath pH
(4, 6, and 8), and when analysed, the microhardness
value of all three specimens from pH group 6 is higher
than the variants of pH group 4; consequently, the
microhardness values of all three variants of pH 8 is
higher than the remaining two group specimens.
Furthermore, the optimal coating to achieve maximum
microhardness is identified from pH 8§ only.

(4) The confirmation run experimentation results from the
optimal combination (A1B3C3D3) show that enhance-
ment of the S/N ratio was achieved at about 3.7879 dB,
and a rise of 54.66% of microhardness was achieved
when compared with the initial condition. Furthermore,
a significant positive correlation was observed between
phosphorous content and the microhardness of the
coatings.
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(5) The evidence from the XRD diffractogram has signif-
icant implications for understanding how the CMC
value of added Zwitterionic surfactants in the electro-
less bath affects the inclusion of titanium particles in
the Ni-P matrix.

(6) Furthermore, the current study is the first kind of
investigation of deposition of novel ENi-P-TiO, elec-
troless coating on marine grade AH36 steel, and it
further lays the groundwork for future research on
fabricating this novel coatings technique for marine
applications.
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