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Abstract

Electroless Ni—-P based composite coatings are more popular due to their excellent
hardness, yield strength, wear resistance, frictional resistance, corrosion resistance, and
good lubricity. The present study deals with significance of various coating process
parameters on the corrosion behavior of the Ni-P-Al,O3 composite coatings on mild
steel substrate. Corrosion behavior of the composite coatings after heat treatment at
various annealing temperatures (300 °C, 400 °C, and 500 °C) are investigated by
potentiodynamic polarization test using 3.5% NaCl solution. For maximization of
corrosion resistance, the electrochemical parameters, corrosion potential (E.,,) and
corrosion current density (I.,), are optimized using Taguchi based grey relational
analysis. For optimization four coating process parameters are considered, namely,
concentration of nickel source, concentration of reducing agent, concentration of second
phase particles (alumina particles), and annealing temperature, as main design factors.
The optimum combinations of the said design factors are obtained from the analysis.
Analysis of variance (ANOVA) reveals that the concentration of alumina particles and
annealing temperature has the significant influence on the corrosion resistance of the
composite coatings. The microstructure of the surface is studied by scanning electron
microscopy (SEM) and chemical composition is studied by energy dispersive X-ray
analysis (EDX). The X-ray diffraction analysis (XRD) is used to identify the phase
transformation behavior of the composite coatings.

Keywords: Ni-P-Al,O3; composite coating, corrosion, potentiodynamic polarization,
optimization.

Introduction

In industries protection of machine parts, tools, and equipment from
environmental changes, corrosion, erosion, friction and wear is very essential.
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For that purpose these should be made from hard, tough, wear and corrosion
resistant materials, but it is not beneficial in all respect. In such cases it should be
possible by applying specific layer on the base material to protect form corrosion
and environmental changes and also to increase wear and friction resistance.
Special coatings for surface protection are an essential part of design,
development and synthesis of advance and novel materials. Recently, electroless
coatings have gained wide popularity in automobile, mechanical, aerospace,
chemical and in scientific domain, due to its ability to produce hard, wear
resistant, friction resistant, and corrosion resistant surface [1]. Electroless plating
is an autocatalytic process in which the reduction of the metallic ions and coating
deposition can be carried out through the oxidation of the reducing agent. The
substrate develops a potential when it is dipped in electroless bath, which
contains a source of metallic ions, reducing agent, complexing agent, stabilizer,
additives and wetting agents, etc. Due to the developed potential, both positive
and negative ions are attracted towards the substrate surface and release their
energy through charge transfer process. The non-crystalline amorphous Ni—P
coatings with more than 7 wt.% phosphorus content have excellent corrosion
resistance. Hence they are used in corrosive environments such as oil and gas
industry, mining, chemical, and structural components. The electroless coatings
can be broadly classified into four groups viz, pure nickel and black nickel
coatings, alloy and poly alloy coatings, composite coatings, and electroless nano
coatings [2]. The electroless coating has highly consistent thickness across all the
surfaces, including edges and complex interior geometry.

Electroless nickel composite coatings are developed by co-deposition of fine
inert second phase particles into a metal matrix from an electroless bath. This
coating is developed by impact and deposition of second phase particles on the
surface of the substrate and subsequent surrounding of these particles by Ni—P
matrix as it is deposited. To improve mechanical and tribological properties
along with lubricity of Ni—P coatings, second phase particles have been
introduced into the Ni—P matrix. The composite coatings can be mainly
categorized into two groups: (1) coatings incorporating soft particles like PTFE,
MoS,, HBN, graphite to improved corrosion resistance, reduced friction
coefficient, and to provide better lubricity and (2) coatings containing hard
particles e.g., SiC, WC, Al,O;, SizN4 CeO,, TiO,, ZrO,, and diamond, etc., for
getting the higher hardness, wear, friction, and corrosion resistance [3]. The
excellent properties of electroless nickel composite coatings depend on the stable
and uniform distribution of nano or composite particles; otherwise composite
coatings would have non-uniformly distributed particulates and numerous
defects, owing to segregation and agglomeration of nano or composite particles
with high surface energy and activity in the electroless bath [4]. An appropriate
heat treatment at 400 °C for 1 hour can increase hardness and tribological
properties such as frictional and wear resistance of composite coatings
significantly [5]. Various hard particles explained above are commonly used as
reinforcement phase. Among these hard particles, Al,O3 is the most important in
engineering materials because of its high elastic modulus, strength retention at
high temperature, and high wear resistance [6]. In general, the incorporation of
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second phase particles in electroless Ni—P composite coatings depends on
particle impingement on the coating surface and holding time of the particle on
the coating surface [7]. Alirezaei et al. [8] have reported that deposition rate, co-
deposition particle percent, roughness and hardness of Ni-P-Al,0O; coatings have
been influenced by the concentration of alumina in bath, whereas average
roughness and hardness increase with particle content.

Electroless Ni—P coatings are well known for their excellent corrosion resistance.
In particular environment it is higher than that of pure nickel or chromium alloy
due to two factors, namely, amorphous nature and passivity of the coating [9].
The corrosion resistance of the coating depends on several factors for, e. g.,
phosphorus content, porosity, and heat treatment of the coatings. The most
important factor that affects coating porosity is the surface roughness, which is
influenced by mechanical preparation of surface and deposition of composite
particles on the coated sample. To avoid the porosity of the composite coating,
composite particles must be uniformly distributed over the coated surface. In this
regard the surfactant plays very important role. Due to the presence of surfactant
in the electroless bath, the composite particles are uniformly distributed over the
coated surface and it also increases the corrosion resistance of the coating.
Recently, much attention is being paid towards nickel phosphorus based
composite coatings because their properties are much better than the basic Ni—P
and Ni-B coatings [4].

According to polarization test results, Araghi et al. [10] have found that Ni-P—
B,C composite coating exhibited good corrosion resistance but not better than
Ni—P coating. The reduction in corrosion resistance is due to the creation of
micro cracks on the surface of the composite coating. Zarebidaki et al. [11] have
confirmed that the corrosion resistance of Ni—P-SiC coatings depends on the
dispersion of nano particles throughout the coatings. At higher concentration, the
SiC particles are agglomerated on the coated surface, which provokes the
porosity of the composite coating. On the basis of Nyquist plot they also
confirmed that Ni—P coatings have better corrosion resistance as compared to Ni—
P/nano-SiC composite coatings. Parveen et al. [12] have found that the addition
of CNT particles in the zinc coating increases the corrosion resistance.
Zarebidaki et al. [13] have observed that the proper heat treatment significantly
improves the coating density and structure. Due to change in coating structure
and density, the corrosion resistance of Ni-P-CNT composite coating enhanced
significantly. It is also observed that the corrosion resistance of coating depends
on various factors such as phosphorus content, nature of corrosion solution, and
incorporation of composite particles in Ni—-P coatings. The experimental results
confirmed that the Ni-P-CNT composite coating has better corrosion resistance
as compared to Ni—P coating. As the composite coating has less effective
metallic area prone to corrosion due to presence of CNT particles. Zarebidaki et
al. [11] have observed that the porosity percent of the composite coatings
decreased by increasing incorporation of alumina particles in the composite
coatings, which results into increase in corrosion resistance. Allahkaram et al.
[14] have found that incorporation of ZnO nano particles increases the corrosion
resistance of the coating due to decrease in electrochemically active area of the
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coating surface. Same trend is observed by M. Momenzadeh and S. Sanjabi [15]
for Ni-P-Ti10, nano composite coatings in 3.5 wt.% NaCl solution.

Rabizadeh et al. [16] have found that Ni-P/nano-Si0, composite coatings have
better corrosion protection as compared to electroless Ni—P coatings because of
less corrosion prone area available on the surface of composite coatings. Cheng
lee [17] has found that Ni-P/nano-TiO, composite coating with denser structure
and higher phosphorus content improved the electrochemical properties of the
composite coating and also found that above 15 g/L. TiO, concentration the
corrosion resistance decreased. Cheng Lee [18] has performed immersion test in
3.5 wt.% NaCl solution for different duration from one hour to 720 hours and
found that Ni—P-CNT composite coating has higher corrosion protection
compared to Ni—P/nano composite coating due to denser and uniform distribution
of composite particles with higher phosphorus content. J. Novakovic and P.
Vassiliou [19] have found that after vacuum heat treatment composite coating
has less corrosion resistance as compared to electroless Ni—-P coating and similar
trend is seen in as deposited coating with higher corrosion resistance as
compared to annealed samples.

Electrochemical corrosion measurements give a basic picture of corrosion
behavior of material in a particular corrosion medium. It is clear from literature
review on Ni—P coatings that the preferential dissolution of nickel occurs at open
circuit potential, leading to the enrichment of phosphorus on the surface layer.
The enrich phosphorus on the coated surface reacts with water from the
electrolyte to form a layer of adsorbed hypophosphite anions, which block the
supply of water to the electrode surface. It prevents the hydration of nickel,
which forms a passive nickel film. In general, electroless Ni—P is a barrier
coating, which protects the substrate surface by sealing off from the corrosive
environment. The corrosion resistance of electrolessly coated surface depends on
the amorphous nature and passivity. Amorphous alloy offers better corrosion
resistance as compared to crystalline or polycrystalline materials because of
freedom from grain/grain boundaries and glossy film which is formed and
passivate their surfaces.

The studies of the corrosion behavior of electroless nickel coating are mainly
conducted through electrochemical tests, namely, potentiodynamic polarization
studies and electrochemical impedance spectroscopy. The resistance of the
coatings towards corrosion is evaluated on the basis of the corrosion parameters
obtained from corrosion potential (E,,,,), corrosion current density (/.,,,), charge
transfer resistance (R.,), double-layer capacitance (C,), and corrosion rate (R,),
etc. The present study deals with the evaluation of corrosion behavior of the Ni—
P-Al,03 composite coating, with the help of potentiodynamic polarization tests.
The Taguchi method together with grey relational analysis is employed to
optimize the process parameters in order to identify the combination of
parameters that induce the maximum corrosion resistant properties in the coating.
Analysis of variance (ANOVA) is employed to observe the level of significance
of the factors and their interactions. In the last, validation of the result obtained
through the analysis is done with the help of confirmation test. The surface
morphology and composition of Ni-P—-Al,03 coatings are studied with the help
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of scanning electron microscopy (SEM), energy dispersed X-ray analysis (EDX)
and X-ray diffraction analysis (XRD).

Experimental details

Preparation of composite coating

Effective deposition of coating on the substrate depends on the preparation of the
substrate, hence it is essential to prepare the substrate surface carefully and
properly. In the present study mild steel (AISI 1040) of size 20 mm x 20 mm X 2
mm is used as substrate material for Ni-P-Al,O; composite coatings. Shaping,
parting, milling processes are used accordingly for the preparation of the
sample. The sample is then subjected to surface grinding process. The substrate
is mechanically cleaned from foreign matters and corrosion products. After that
the mild steel substrate is cleaned using distilled water. Sequentially a pickling
treatment is given to the substrate with dilute (50 %) hydrochloric acid for short
duration to remove any surface layer formed like rust followed by rinsed with
distilled water and methanol cleaning. The substrate is activated by dipping into a
warm palladium chloride solution (55 °C). This step is necessary to start the
deposition on the substrate as soon as it is placed inside the electroless bath. The
activated substrate is then immersed into the electroless bath maintained at 85 °C,
and the coating is carried out for a period of three hours.

Setup Stand
e

Specimen Holder

Temperature Sensor
| —

Specimen

Magnetic Stirrer
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Heating Plate
Stirrer Speed

Temperature Sensing Setting Knob
Knob -

|| \66 |I

Figure 1. Experimental setup for electroless Ni-P—Al,O3; composite coating.

Fig. 1 shows the experimental set up for electroless Ni-P-Al,O; composite
coating. It consists of heater and magnetic stirrer (IKA® RCT basic) with
temperature ranges from O to 310 °C and stirrer speed ranges from O to 1500
rpm. A rigid stand is provided to hold and support the substrate and glass coated
temperature sensor. Glass beaker (250 mL size) contained with electroless bath
(200 mL) is provided on the heating plate. The bath temperature is set with the
help of temperature sensing knob, and stirrer speed can be set with the help of the
stirrer speed setting knob. The function of the magnetic stirrer is to maintain the
composite particles in suspension without agglomeration in bottom of glass
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beaker. The stirrer speed can be fixed after large number of trials to avoid the
instability of the electroless bath due to agglomeration of particles.

The bath composition and operating conditions for electroless Ni—P—Al,O3
composite coatings are selected after several experiments, and proper ranges of
the parameters are chosen accordingly. The three most important parameters are
varied and others are kept constant for coating deposition. The electroless bath
composition and operating conditions used for the deposition electroless Ni—P—
Al,O; composite coatings are shown in Table 1. To have better dispersion of
second phase alumina particles and to avoid agglomeration of particles, a given
amount of surfactant SDS (Sodium Dodecyl Sulphate) is added to the electroless
nickel poly alloy bath. About 50 mL of electroless nickel solution containing
required amount of alumina powder are thoroughly mixed with the help of PTFE
magnetic stirrer. Magnetic stirrer (Remi make 2MLH) is used to get uniform
suspension of particles in the solution. At first a Ni-P layer is deposited for 1
hour to prevent the porosity of the coating and then the solution containing Al,O;
particles is introduced into the same bath for the subsequent 2 hours for Ni—P—
Al,O5 co-deposition.

Table 1. Electroless bath composition and operating conditions.

Bath composition Operating conditions

Nickel sulphate 35, 40, 45 g/L. pH 4.5-5.0
Sodium hypophosphite 15,20, 25 g/LL Temperature 85+2°C
Al,O; powder 5,10, 15 g/L Bath volume 250 mL

Tri sodium citrate 15 g/L Stirrer speed 150 rpm
Sodium acetate 5¢g/L Deposition time 3 hours
Sodium dodecyl sulphate 0.2 g/L Annealing temp. 300 =500 °C
Lead acetate 2 mg/LL

During chemical reaction the nickel sulphate, which is used as source of metallic
ions, supplies the nickel ions in the solution, while sodium hypophosphite (used
as a reducing agent) reduces the nickel ions from their positive valence state to
zero valence state. But as the reaction between nickel sulphate and sodium
hypophosphite is quite fast and intense, instant decomposition of the bath is
inevitable. Hence, complexing agents (tri sodium citrate and sodium acetate) are
required to slow down the reaction into a viable form. Complexing agents form
meta-stable complexes with nickel ions and release them slowly for the reaction,
which helps to maintain the stability of electroless bath. But even after the
addition of complexing agents, there remains a possibility of instability of the
solution. Hence, a stabilizer (Lead acetate) is needed so that the solution remains
stable for the duration of the coating. To increase the wettability and surface
charge of Al,Oj; particles surfactant, sodium dodecyl Sulphate (SDS) is used. The
important functions of surfactant are to lower the surface tension of liquid, easier
spreading of the particles, and reduce the interfacial tension between the solid
and liquid surfaces. It reduces the agglomeration of the particles and electrostatic
adsorption of suspended particles on the substrate [20]. The coating thickness is
found to lie in the range of 28—32 microns. After coating is over, the samples are
cleaned with distilled water. To understand the effect of heat treatment on
corrosion resistance of the composite coatings, the coated samples are annealed
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in a box furnace for 1 hr at different temperatures (300 °C, 400 °C and 500 °C)
according to the Orthogonal Array (OA). After annealing, the samples are
cooled to room temperature without the application of any artificial cooling.

Optimization of process parameters

In composite coating there are several factors which have impact on
characteristics of coating like as nickel source concentration, reducing agent
concentration, pH of the solution, bath temperature, stabilizer and wetting agent
concentration, concentration of second phase particles, substrate, etc. To obtain
an optimum combination for maximum corrosion resistance the various coating
parameters are varied within the specific range. However, from literature review
it is clear that the three factors, viz., concentration of nickel source (nickel
sulphate solution, A), concentration of reducing agent (sodium hypophosphite
solution, B), and concentration of second phase particles (Al,03; powder, C), are
the most commonly used by the researchers to control the properties of
composite coatings [20-22]. Moreover, annealing is found to have a great effect
on the corrosion resistance of the coating. Thus, annealing temperature (D) is
taken into account as the fourth parameter in the experimental design to study its
effect on the corrosion resistance of the coating. The considered design
parameters, together with their levels, are shown in Table 2.

Table 2. Design parameters and their levels.

. Designation . Levels
Design factors Unit
1 2 3
Concentration of source of nickel .
A L 40° 4
(Nickel sulphate solution ) ¢ 35 0 >
Concentration of source of reducing agent a
L 1 2 2
(Sodium hypophosphite solution) ¢ > 0 >
Concentration of source of Al,O5 C g/L 5 10* 15
Annealing temperature D °C 300  400° 500

a = initial condition

To obtain the desired performance characteristics of the many engineering
problems, optimization is essential. These problems are dealt with the
optimization of design parameters to achieve better or desired performance.
Taguchi design technique is one of the optimization techniques, which is simple
in use and robust in design. It consists of system design, parameter design, and
tolerance design. Scientific and engineering information required to produce a
part is given by the system design. Parameter design suggests the optimum
combination for process parameter level by analyzing tolerance for developing
quality characteristics. Hence, an attempt has been made to optimize the
corrosion behavior of electroless Ni-P—Al,O; composite coating using grey
based Taguchi method [23]. The concept of this method is the optimization of
process parameters with high quality and low cost. The method recommends the
use of loss function to measure the quality characteristics. The value of the loss
function is transformed into a statistical measured called signal to noise ratio
(S/N ratio). It is the ratio of mean (desirable value or signal) to standard deviation
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(noise). S/N ratio can effectively consider the variation encountered in a set of
trials. Based on the objective of the study, the S/N ratio characteristics can be
divided on the basis of three criteria: lower-the-better (LB), higher-the better

(HB) and nominal-the best (NB). A larger S/N ratio represents minimization of

noise factors. The combination of parameter levels which gives maximum S/N

ratio are known as optimum combination of parameter levels.

The present study deals with evaluation of corrosion characteristics by measuring

the corrosion current density and corrosion potential. Due to corrosion potential

and corrosion current density, it becomes a complex multivariate problem and

cannot be solved by the Taguchi method single-handedly. Because higher S/N

ratio of one response may correspond to the lower S/N ratio of other. Grey

relational analysis is an effective tool, which can be employed for the overall
evaluation of the S/N ratio to optimize the multiple response characteristics. The
grey system theory was first proposed by Deng in 1989 [24]. Any system in
nature is neither full of accurate information (white system) nor completely lack
of information (black system). Mostly the system consists of partial information

(grey system, which is the mixture of white and black system). The optimization

of the process is performed in various steps as follows:

e The result of the experiments is normalized in the range of zero and one by
performing the grey relational generation.

¢ The normalized data represent the correlation between desired experimental
data and actual experimental data. With the help of normalized data the grey
relational coefficients are calculated.

e By averaging the grey relational coefficients the grey relational grade is
calculated. The grey relational grade is treated as the overall response of the
process instead of the multiple responses of corrosion potential and corrosion
current density.

A statistical analysis of variance (ANOVA) is performed to find the significant
parameters of the experiment. With ANOVA and grey relational analysis, the
optimal combination of the process parameters can be predicted. In the last, a
confirmation test is conducted to verify the optimum process parameters obtained
from the analysis.

In the present study, corrosion behavior of electroless Ni-P—-Al,O3; composite
coating is studied with the help of potentiodynamic polarization characteristics.
Corrosion potential (E,,,,) and corrosion current density (/.,,,) are obtained from
the Tafel extrapolation of the polarization curve. E,,. and I, are taken as the
response variables for the current density. A positive (nobler) E,,,. value and a
lower 1., value indicate that the coating under test has higher corrosion
resistance.

The design of experiment of the present study includes an orthogonal array based
on Taguchi method to reduce the number of experiments for the optimization of
the coating process parameters for corrosion characteristics. The selection of
orthogonal array plays important role to complete the experiment successfully.
An OA allows one to compute the total degree of freedom (DOF) of main and
interaction effects via a minimum number of experimental trials. As it is a three
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level four factor experiment the total DOF considering the individual factors and
their interaction i1s 20. Hence the L,; OA is chosen which has 27 rows
corresponding to the number of experiments and 26 DOF with 13 columns. The
L,; OA is shown in Table 3. Each row in the table represents the specific
combination of experimental run and each column represents a specific factor or
interactions. The cell value indicates the level of corresponding factor or
interaction assigned to that column. The experimental run is controlled by the
setting of the design factors and not by the interactions.

Table 3. Design factors and interactions in L7 orthogonal array.

Er;.al Column Numbers

1 2 3 4 5 6 7 8 9 10 11 > 13

A B AxB AxB C AxC AxC BxC D BxC
1 1 1 1 1 1 1 1 1 1 1 1 1
2 1 1 1 1 2 2 2 2 2 2 2 2 2
3 1 1 1 1 3 3 3 3 3 3 3 3 3
4 1 2 2 2 1 1 1 2 2 2 3 3 3
5 1 2 2 2 2 2 2 3 3 3 1 1 1
6 1 2 2 2 3 3 3 1 1 1 2 2 2
7 1 3 3 3 1 1 1 3 3 3 2 2 2
8 1 3 3 3 2 2 2 1 1 1 3 3 3
9 1 3 3 3 3 3 3 2 2 2 1 1 1
10 2 1 2 3 1 2 3 1 2 3 1 2 3
11 2 1 2 3 2 3 1 2 3 1 2 3 1
12 2 1 2 3 3 1 2 3 1 2 3 1 2
13 2 2 3 1 1 2 3 2 3 1 3 1 2
14 2 2 3 1 2 3 1 3 1 2 1 2 3
15 2 2 3 1 3 1 2 1 2 3 2 3 1
16 2 3 1 2 1 2 3 3 1 2 2 3 1
17 2 3 1 2 2 3 1 1 2 3 3 1 2
18 2 3 1 2 3 1 2 2 3 1 1 2 3
19 3 1 3 2 1 3 2 1 3 2 1 3 2
20 3 1 3 2 2 1 3 2 1 3 2 1 3
21 3 1 3 2 3 2 1 3 2 1 3 2 1
22 3 2 1 3 1 3 2 2 1 3 3 2 1
23 3 2 1 3 2 1 3 3 2 1 1 3 2
24 3 2 1 3 3 2 1 1 3 2 2 1 3
25 3 3 2 1 1 3 2 3 2 1 2 1 3
26 3 3 2 1 2 1 3 1 3 2 3 2 1
27 3 3 2 1 3 2 1 2 1 3 1 3 2

Potentiodynamic test and microstructure study

The potentiodynamic polarization tests of heat treated electroless Ni-P—-AI203
composite coated samples are carried out using a potentiostat (Gill AC) of ACM
instrument, UK. The tests are conducted by using 3.5% NaCl solution as
electrolyte at ambient temperature of 30 °C. The electrochemical cell consists of
three electrodes. A saturated calomel electrode (SCE) is used as reference
electrode, which provides a stable ‘reference’ against which the applied potential
may be accurately measured. A platinum electrode is worked as counter
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electrode or auxiliary electrode, which provides the path for the applied current
into the solution. The coated specimen is used as working electrode, which
actually is the sample being interrogated. The design of the cell is such that only
an area of 1 cm? of the coated surface is exposed to the electrolyte.

The experimental set of potentiodynamic polarization test is shown in Fig.2. A
settling time of 15 minutes is assigned before every test in order to stabilize the
open circuit potential (OCP). The potentiostat is controlled with the help of
personnel computer which also stores the polarization data. The polarization
curve is obtained from dedicated software, which also possesses a special tool in
order to extrapolate the values of corrosion potential and corrosion current
density from the plot. A Tafel ruler is provided with associated software to
measure the corrosion potential and corrosion current density. A horizontal ruler
is matched at the junction of cathodic and anodic branch. This point gives the
value of corrosion potential and the corrosion current density is obtained by
extrapolating the fitting lines of the anodic and cathodic branches of the Tafel
curve.

Control unit for corrosion behavior measurement

AE RE WEI WE2 °n Monitor
1 \\.\Gill AC ACM ]
———

Specimen
(WE

Reference electrode

Auxiliary Electrode

\

3.5% NaCl solution

5 |

Figure 2. Experimental setup for potentiodynamic polarization test.

The weight percentage of nickel, phosphorus, aluminum oxide, and oxygen in the
composite coating is verified by using energy dispersive X-ray analysis (EDAX
Corporation). Scanning electron microscope (JEOL, JSM-6360) is used to
observe the surface morphology of the composite coating before and after the
heat treatment. This is done in order to analyze the effect of heat treatment on the
electroless Ni—P-Al,0O; composite coatings. The phase compositions of
composite coatings before and after heat treatment are detected by using an X-
ray diffraction analyzer (Rigaku, Ultima III).

Results and discussion

Surface morphology and characterization of the composite coating

Fig. 3 shows the SEM micrographs of as deposited and heat treated Ni-P—Al,O3
composite coating. From the figure it is clear that the coated surface has smooth
surface with almost uniform distribution of alumina particles over the coated
surface without any porosity. It is due to the presence of the surfactant (SDS) in
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the electroless bath. When the composite coating is heat treated at 400 °C for one
hour, the globules of nickel and phosphorus are seen with embedded alumina
particles. The globules become more compact, which further reduced the
porosity of the coating. It may result into increase in corrosion resistance of the
composite coating.

zZeky X1,2588 1@mm @288 JU-MET

(a) (b)
Figure 3. SEM image of (a) as deposited and (b) heat treated Ni-P—Al,O3; composite
coating.

Fig. 4 shows the EDAX analysis of as deposited Ni-P—Al,0O5; composite coating.
The EDAX analysis is done on the coatings developed from the bath consisting
of different concentration of nickel sulpahte, sodium hypophosphite, and Al,O3
particles.

KC

KCnt

Energy (KeV)y

Energy (keV)

(a) (b)
Figure 4. EDX analysis of composite coating (a) with 5 g/L, and (b) with 10 g/LL of
Al,O3 particles.

From analysis it is confirmed that the composite coating consisting of 5 g/L of
Al,Oj particles has 78.07 wt% of nickel, 6.67 wt% of phosphorus, 8.74 wt% of
oxygen, and 6.52 wt% of alumina particles. Similarly the composite coating with
10 g/ of AL,Oj particles has 72.46 wt% of nickel, 6.92 wt% of phosphorus,
11.06 wt% of oxygen, and 9.56 wt% of alumina particles. It indicates that the
alumina content in the composite coating is increased with increase in Al,O;
particles in the electroless bath.

An X-ray diffraction (XRD) analyzer (Rigaku, Ultima III) is used for
identification of the different compounds in the electroless Ni—P-Al,O;
composite with and without heat treatment. Figure 5 shows the XRD plots of as
deposited and heat treated composite coatings.
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Figure 5. XRD plots of Ni—P-Al,O3; composite coating (a) as deposited, and (b)
annealed at 400 °C.

From the figure it is seen that in as deposited condition the phase is mostly
amorphous in nature as single broad peak is available at the diffraction angle of
44.468. After heat treatment at 400 °C for one hour, the amorphous phase of
composite coating gets converted into crystalline phase. Different peaks are seen
at different diffraction angles. The highest peak of Ni;P with Al,Oj; is observed at
the diffraction angle of 44.320. NizP peaks are also observed at the diffraction
angles of 43.1, 43.5, 43.74, 44.26, and 45.04. Similarly peaks of Al,O; are
observed at diffraction angles of 37.06, 53.46, 55.7, and 77.28. Peaks of Ni are
observed at diffraction angles of 52.18, and 77.38.

Optimization of process parameters and validation test

The present investigation deals with two responses, namely corrosion potential
and corrosion current density for optimization of corrosion resistance of Ni—P—
AlL,O; composite coatings. Grey analysis is a method which converts
multivariable (response) problem into single response (variable) problem. The
experimental values of corrosion potential (E,.,,,) and corrosion current density
(1.,») from potentiodynamic polarization test are given in Table 4.

Table 4. Experimental results of potentiodynamic polarization test.
St.No.  Eor (mV) Loy (pA/cm?)  St.No.  Eeon (mV) Loy (uA/cm’)

1 48498  1.26010E-03 15 -163.94  5.13000E-06
2 -151.96  1.34600E-04 16 -373.97  2.04300E-04
3 255.67  2.02200E-05 17 -330.76  2.43300E-05
4 -310.53  1.31484E-03 18 237.18  1.20700E-07
5 -238.98  1.40000E-06 19 -216.79  5.40000E-06
6 292,67  1.06000E-05 20 -383.16  1.14800E-04
7 -304.06  2.62300E-05 21 -295.45  3.33000E-06
8 27149  6.10000E-06 22 -383.14  3.77400E-04
9 -312.66  1.03900E-05 23 -419.26  5.81140E-04
10 -435.64  3.58950E-03 24 -318.73  3.31700E-06
11 35191  5.30200E-05 25 -323.46  8.17500E-05
12 -339.95  5.47000E-05 26 21477  1.11300E-05
13 -341.7 1.22800E-05 27 -448.46  1.50690E-03
14 -396.35  3.13100E-04
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The specific set of calculations are performed to convert the given multiple
responses into a single performance index also called as grey relational grade.

Table 5. Grey relational analysis for Ecqr and Ioop.

Sr. Normalized value A value Grey coefficient
1 0.0000 0.6490 1.0000 0.3510 0.3333 0.5876
2 1.0000 0.9625 0.0000 0.0375 1.0000 0.9303
3 0.6886 0.9944 0.3314 0.0056 0.6162 0.9889
4 0.5238 0.6338 0.4762 0.3662 0.5122 0.5772
5 0.7387 0.9996 0.2613 0.0004 0.6568 0.9993
6 0.5775 0.9971 0.4225 0.0029 0.5420 0.9942
7 0.5433 0.9927 0.4567 0.0073 0.5226 0.9857
8 0.6411 0.9983 0.3589 0.0017 0.5821 0.9967
9 0.5174 0.9971 0.4826 0.0029 0.5089 0.9943
10 0.1482 0.0000 0.8518 1.0000 0.3699 0.3333
11 0.3996 0.9853 0.6004 0.0147 0.4544 0.9714
12 0.4355 0.9848 0.5645 0.0152 0.4697 0.9705
13 0.4302 0.9966 0.5698 0.0034 0.4674 0.9933
14 0.2661 0.9128 0.7339 0.0872 0.4052 0.8515
15 0.9640 0.9986 0.0360 0.0014 0.9329 0.9972
16 0.3333 0.9431 0.6667 0.0569 0.4286 0.8979
17 0.4631 0.9933 0.5369 0.0067 0.4822 0.9867
18 0.7441 1.0000 0.2559 0.0000 0.6615 1.0000
19 0.8053 0.9985 0.1947 0.0015 0.7198 0.9971
20 0.3057 0.9681 0.6943 0.0319 0.4187 0.9399
21 0.5691 0.9991 0.4309 0.0009 0.5371 0.9982
22 0.3058 0.8949 0.6842 0.1051 0.4187 0.8263
23 0.1973 0.8382 0.8027 0.1618 0.3838 0.7555
24 0.4992 0.9991 0.5008 0.0009 0.4996 0.9982
25 0.4850 0.9773 0.5150 0.0227 0.4926 0.8565
26 0.8114 0.9969 0.1886 0.0031 0.7261 0.9939
27 0.1876 0.5803 0.8124 0.4197 0.3810 0.5436

Linear normalization of the experimental results, i.e., corrosion potential and
corrosion current density, in the range of zero and one are essential for
generating the grey relational coefficient. A material will have lower tendency to
corrosion if E,,,, value tends to be positive and lower value of I.,,,. From Table 4
it is clear that the values of corrosion potential for all experiments are negative,
hence higher the better criterion is used for normalization. Similarly for all
positive values of corrosion current density, lower the better criterion is used for
normalization. The expressions for higher the better and lower the better criterion
are given as below.

Equation for higher the better:
(k)—min y, (k
()2 ) =min (1)

max y, (k)—min y, (k)

ey
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Equation for lower the better:
max y, (k)_ Yi (k)

x (k)= max y, (k)—min y, (k)

2

where x (k) is the value after grey relational generation, while miny,(k) and
max y, (k) are the smallest and largest values of y, (k) for the k, response. The

data after grey relational grade are shown in Table 5. The grey relational
coefficient is calculated from the normalized value and the equation for grey

relational coefficient is as follows.
A, +EA

(k)=—mn 2 max 3

ft( ) Aoi(k)+gAmax ( )
where A, =|x, (k)—xl.(k)H is the difference of the absolute value between x, (k)
and x (k). A, and A are the minimum and maximum values of the absolute

differences (A,,)of all comparing sequences. The grey relational coefficients are

calculated for the experimental data using¢ = 0.5. The values of grey relational

coefficients are shown in Table 5.
The overall multiple response characteristics evaluation is based on grey
relational grade and is calculated as follows

=36 (k) @

where n is the number of process responses. The grey relational grades are

considered for the optimization of multi response parameter design problem. The
values of grey relational grades with their order are shown in Table 6.

Table 6. Grey relational grade and its order.
Sr. No. Grey relational grade Order Sr. No. Grey relational grade Order

1 0.4604 26 15 0.965 2
2 0.9652 1 16 0.6632 20
3 0.8026 7 17 0.7344 14
4 0.5447 24 18 0.8307 5
5 0.828 6 19 0.8584 4
6 0.7681 9 20 0.6793 19
7 0.7541 1 21 0.7677 10
8 0.7894 8§ 22 0.6225 22
9 0.7516 12 23 0.5696 23
10 0.6516 27 24 0.7489 13
11 0.7129 18 25 0.7246 16
12 0.72 17 26 0.86 3
13 0.7303 15 27 0.4623 25
14 0.6284 21

To optimize the process parameters for high quality with low cost, Taguchi
method is the most suitable method. This method uses S/N ratio to convert the
experimental results into a value for the evaluation characteristics in the optimum
parameter analysis. Here signal stands for desirable or mean value and noise
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stands for undesirable value (SD). A larger S/N ratio represents a better quality
characteristic because of the minimization of noise and corresponding process
parameters are incentive to variation of environmental conditions and other noise
factors. The S/N ratio is maximized to reduce the effect of random noise factors
and to significant effect on the process parameters.

Table 7. Mean response table for grey relational grade.

A B C D
1 0.7405 0.702 0.6344  0.6437
2 0.7041 0.7117 0.7519  0.7083
3 0.6993 0.73 0.7574  0.7918
Delta 0.0412 0.028 0.123 0.148
Rank 3 4 2 1

Total mean grey relational grade = 0.71459

Since the grey relational grade has to be maximized, the S/N ratio is calculated
using higher the better criterion which is given by:

1 1
S/ ratio=-10log| — Y — 5
§y ratio=—10log| - 3’ )

where yis the observed data and »n is the number of observations. As the

experimental design is orthogonal, it is possible to separate out the effect of each
coating parameter at different levels. The mean grey relational grade for three
levels of the four factors is summarized in Table 7. All the calculations are
performed using Minitab software [25]. The response table shows the average of
the selected characteristic for each level of the factors. The ranks shown in the
table are based on Delta statistics and it compares the relative magnitude of
effects. The Delta statistics is the difference of highest average and lowest
average of each factor. Ranks are assigned on the basis of Delta values; rank 1 is
assigned to the highest Delta value, rank 2 is assigned to next highest value, and
so on. Fig. 6 shows the main effects plot for mean of grades and Fig. 7 shows the
interaction plots between the process parameters.

In the main effects plot if the line for particular parameter is horizontal, then the
particular parameter has no significant effect. On the other hand, a parameter for
which the line has maximum inclination will have the most significant effect.
From the main effect plot it is clear that parameter D (annealing temperature) has
the most significant effect and parameter C (concentration of Al,O; particles)
also has a significant effect. Increase in corrosion resistance of composite coating
with introduction of Al,O; particles has also been observed earlier. In Ni—P—
(A1,05-TiC) composite coating, the corrosion rate and corrosion current are less
as compared to the Ni—P coating [6]. In other case [3], the authors have observed
that corrosion resistance is inreased with increase in Al,O5 particles. Parameters
A and B are less significant due to less inclination to the horizontal line.

Fig. 7 shows the interaction between parameters A, B, and C. From plot it can be
seen that the lines intersect in all plots, i.e., all factors have some amount of
interaction between each other. From the interaction plot it can be observed that
strong interaction between parameter B and C and between parameter A and C
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occurs. Hence from the present analysis it is confirmed that annealing
temperature and concentration of Al,O; particles are the significant parameters
for the corrosion characteristics of Ni-P—-Al,O3; composite coatings. In Taguchi
method optimum level of combinations are selecting for those levels, which are
having higher S/N ratios. In the present study the optimal combination is found
to be AIB3C3D3.

A B C D
0.80
3
£ 0.75
5 0.751
kS \ _—*
§ 0.70 — | —
=
0.651

I 2 3 1 2 3 1 2 3 1 2 3

Figure 6. Main effects plot for mean of grades.
In the main effects plot if the line for particular parameter is horizontal, then the
particular parameter has no significant effect. On the other hand, a parameter for
which the line has maximum inclination will have the most significant effect.
From the main effect plot it is clear that parameter D (annealing temperature) has
the most significant effect and parameter C (concentration of Al,O; particles)
also has a significant effect. Increase in corrosion resistance of composite coating
with introduction of Al,O; particles has also been observed earlier. In Ni-P—
(Al,05-TiC) composite coating, the corrosion rate and corrosion current are less
as compared to the Ni—P coating [6]. In other case [3], the authors have observed
that corrosion resistance is inreased with increase in Al,O5 particles. Parameters
A and B are less significant due to less inclination to the horizontal line.
Fig. 7 shows the interaction between parameters A, B, and C. From plot it can be
seen that the lines intersect in all plots, i.e., all factors have some amount of
interaction between each other. From the interaction plot it can be observed that
strong interaction between parameter B and C and between parameter A and C
occurs. Hence from the present analysis it is confirmed that annealing
temperature and concentration of Al,O; particles are the significant parameters
for the corrosion characteristics of Ni-P-Al,O; composite coatings. In Taguchi
method optimum level of combinations are selecting for those levels, which are
having higher S/N ratios. In the present study the optimal combination is found
to be AIB3C3D3.
The influence of the process parameters on corrosion resistance of the coating
and significance level of the process parameters can be investigated with the help
of ANOVA. Analysis of variance is a statstical technique which can provide
some important conclusions based on analysis of the experimental data. ANOV A
separates the total variability of the response into contribution of each of the
factors and the error. The results obtained through ANOVA with the mean grey
relational grade are performed using Minitab software. ANOVA results for
potentiodynamic behaviour of the composite coatings are shown in Table 8.
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Interaction Plot A Vs B Interaction Plot A Vs C
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Mean

()
Figure 7. Interaction plots, (a) between A and B, (b) between A and C, (c) between B and
C.

ANOVA calculations are based on the F-ratio, also called as the variance ratio:
the ratio between variance due to change in the process parameter levels and the
variance due to experimental error. It is used to measure the significance of the
parameters under investigation with respect to variance of all the terms included
in the error term at the desired significance level. If the calculated value is higher
than the tabulated value, then the factor is significant at the desired level. In
general, if the F value increases, the significance of the parameter also increases.
The ANOVA table shows the percentage contribution of each parameter. From
the table it is observed that parameter D, i.e., the annealing temperature, has the
most significant effect on the potentiodynamic behaviour at the confidence level
of 97.5% within the specific test range. The concentration of Al,O3 particles (C)
is also significant at the 95% confidence level. Among the interactions, the
interaction of parameters between A and C has the significant contribution. The
percentage contribution of the factors and interactions is calculated to know the
influence of the process parameters. From ANOVA’s table it is clear that
parameter D has the largest contribution (18.12%) followed by parameter C
(15.88%). Among interactions, AXC interaction has highest contribution
(25.48%) followed by BxC (16.80%).

Validation of the result of optimum parameters calculated by Taguchi method is
the final step. The confirmation experiment is performed by conducting the
experiment with optimal setting of the factors and levels previously calculated.
The predicted value of S/N ratio at the optimum level ; is calculated as

7 =n,+ > (7-n,) ©)
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where 7, 1s the total mean grade, 7is the mean grade at optimal level, and o is the

number of main design parameters that significantly affect the corrosion
resistance of Ni-P—Al,O; composite coating.

Table 8. Results of ANOVA for corrosion behavior.

Source  DOF SS MS F % contribution
A 0.009136 0.004568 0.72 1.67

B 2 0.003645 0.001822 0.29 0.67

C 2 0.086898 0.043449 6.85% 15.88

D 2 0.099152 0.049576 7.82% 18.12
AxB 4 0.078971 0.019743 3.11 14.43
AxC 4 0.13945 0.034682 5.50%* 25.48
BxC 4 0.091977 0.022994 3.63 16.80
Error 6 0.038061 0.006343 6.95
Total 26 0.54729 100.00

*Significant at 97.5% confidence level F, ¢ 0,5 =7.26 and at 95% F, 605 =
514, F4,6,0A05 =453

The results of the validation test in the present study are shown in Table 9. The
improvement of grey relational grade from initial to optimal condition is
0.262372, which is about 36.72% of the mean relational grade and is a significant
improvement. The polarization curves for the Ni-P—Al,0O; composite coatings
developed at initial and optimal condition are shown in Fig. 8.

Table 9. Results of confirmation test.

Initial condition Optimal condition
Prediction Experimentation
Level A2B2C2D2 A1B3C3D3 A1B3C3D3
E orr (mV) -394.38 -208.77
L.,y (um/cm?) 0.0004353 0.00001613
Grade 0.606013 0.834608 0.868385

Improvement of grey relational grade = 0.262372

-100 - -

200  Optimum condition |

-300 — —

Initial condition
400 |- g -

Potential (mV)

-500 — —

-600 —

" 3 2 1 1 o

10 10°
Current (MA/cnX)

Figure 8. Polarization curves for initial and optimum condition for composite coatings.
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Conclusion

In the present study, Taguchi method in combination with Grey relational
analysis is used in order to optimize the electrochemical characteristics of
electroless Ni-P-Al,0O3; composite coating via potentiodynamic polarization in
3.5% NaCl solution. The optimum parameter combination is found to be
A1B3C3D3. At optimum combination nickel concentration is 35 g/L, reducing
agent concentration is 25 g/L, concentration of Al,O; particles is 15 g/L, and
annealing temperature is 500 °C. From ANOVA results it is confirmed that
annealing temperature and concentration of Al,O; particles have most significant
influence on potentiodynamic behavior of composite coating. The interaction
between nickel source and concentration of Al,O; particles has the maximum
significance among the interactions. The corrosion resistance of the composite
coating improves with increase in alumina content and annealing temperature
higher than 400 °C. The improvement of grey relational grade from initial
condition to the optimal condition is found to be 36.72%. The coating
composition is studied by EDX analysis. The micro structural analysis and
crystallization behavior of the coating is studied with the help of SEM and XRD
analysis. From SEM micrograph it is clear that the alumina particles are
uniformly distributed over the smooth coated surface without porosity. From
EDX analysis it is confirmed that the coating is composite coating with the
presence of alumina particles, nickel, phosphorus, and oxygen. The XRD plots
reveal that the as deposited composite coating is amorphous in nature and it
converts into crystalline structure after heat treatment at 400 °C with NizP as a
major compound.
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