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Abstract: The current study focuses on the parametric op-

timization of electroless Ni-Co-P coating considering sur-

face roughness as a response using Box-Behnken Design

(BBD) of experiment. The two bath parameters namely the

concentration of cobalt sulphate and sodium hypophos-

phite were varied along with the bath temperature to pre-

dict the variation in surface roughness. Analysis of vari-

ance (ANOVA) method has been applied to determine the

interactions of the substantial factors which dominate the

surface roughness of the coating. The process parameters

for surface roughness of the coatingwere optimized by suc-

cessfully utilizing the statisticalmodel of Box-BehnkenDe-

sign (BBD) of experiment. From the BBD model, the opti-

mum condition for the deposition of the coating has been

evaluated. In that specific condition, the surface rough-

ness of the as-deposited coating is found to be 0.913µm.

Scanning ElectronMicroscopy (SEM), Energy Dispersive X-

ray Spectroscopy (EDX), and X-RayDiffraction (XRD) study

have been utilized to characterize the electroless Ni-Co-P

coating deposited in optimized condition.
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1 Introduction

During the past two decades, electroless coating has

proved to be an innovative technique of surface coating

methodology. It was Brenner and Riddell who were the

first ones to develop electroless coating in 1946 [1]. It is

basically a process that involves the deposition of nickel

in several combinations of alloys and composites [2], each

having its exclusive set of properties, from an aqueous so-

lution onto the surface of a substrate, without the apply-

ing electricity. Unlike the conventional electroplating pro-

cess [3], which involves direct current for the reduction

of Nickel ions in the electrolyte; this is a chemical tech-

nique where the Nickel ions are reduced with the help of

a reducing agent and deposited onto the catalytically acti-

vated substrate [4]. Along with a great quality of the de-

posit, electroless coatings have great hardness [5], anti-

corrosion [6], wear and abrasion resistance [7, 8] proper-

ties, which is the sole reason for its wide application in the

field of aerospace [9], automobile [10], mining [11], marine,

biomedical industries [12, 13], etc.

Since its first development, the electroless coating

has been a topic of research and has gone through var-

ious modifications and developments [14]. The devel-

opment of poly-alloy coatings [15] is one such impor-

tant development, which allows us to add different ele-

ments/complexes to the binary electroless coatings like

Ni-P or Ni-B [16, 17] and hence alter their physical or

chemical properties effectively [18, 19]. The additional el-

ement to be added to the binary electroless coatings was

chosen depending upon the requirement of physical or

chemical properties required to be imparted to the coat-

ing for improving the pre-existing properties [20]. Cobalt

is best suited for imparting electromagnetic properties

and improving the thermal stability of the electroless coat-

ings [21]. Cobalt being a ferromagnetic material [22], re-

duces the residual magnetism and improves the coercive

force of the electroless Ni-Co-P deposits [23]. Correspond-

ingly, copper, used frequently in our day-to-day lives, is a
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soft, malleable and ductile material with a very high elec-

trical and thermal conductivity [24]. Hence, electroless Ni-

Co-P coated copper substrates have lightweight, greatmag-

netic shielding effects, corrosion resistance, and thus can

be used in high-density disks [25].

Ni-P/Ni-B electroless coatings have found great ap-

plications in industries where good hardness and anti-

corrosion rates are required [26]. Cobalt’s introduction into

the binary coating has improved surface properties in the

past [27, 28]. Hence, Ni-Co-P coating has been electrolessly

deposited in order to improve the surface roughness of the

copper substrate. A fine layer of thickness 2µm has been

deposited during the process. The reason behind such a

thin layer of deposition is that once the metal is being de-

posited, the activated surface is no longer in contact with

the electroless bath [29]. The deposited metal is in contact

with the bath, which does not allow a further reaction to

take place. Hence, at such a low thickness of deposition,

it is very important to maintain the surface roughness at

the minimum value since this property of the coating is

co-related to other properties like friction and wear [30],

which reduce the life of the coatings by exposing the sub-

strate to increased corrosion and wear [31, 32], thereby in-

creasing the cost.

This research aims at optimizing the surface rough-

ness to theminimum,by varyingdifferent bathparameters

at different levels using the Box-Behnken mathematical

modeling tool [33] anddetermining the significant parame-

ters along with their interactions. An effort has beenmade

to generate the model values and comparing it with the

experimental ones. It was witnessed that the coatings’ ex-

perimental andmodeling responseswere identical. Hence,

this modeling predicted the accurate surface roughness

without experimentally performing it.

2 Experimental methodology

2.1 Synthesis of the coating

The copper substrate was cut from copper foil (99.0%pure,

LobaChemie), which was present in the rolled form. Elec-

troless Ni-Co-P coating was deposited over copper sub-

strates of size 20×15×0.1mm3 in our current study. The sub-

strates were first cleaned with distilled water. Acid pick-

ling was done to the surface of the substrates followed by

cleaning with distilled water again. Subsequently, palla-

dium chloride (PdCl2) solution, pre-heated to 55∘C, was

used to activate the surface of the substrates. The bath pa-

rameters were pre-determined by trial and error methods.

Once the surface activation is done, the substrates were

dipped in the electroless bath. The deposition of the coat-

ings was carried out in different concentrations & temper-

atures along with fixed time, bath volume and pH value.

The composition of the bath is given in Table 1.

Table 1: Bath composition

Bath composition Quantity

Nickel sulphate

(NiSO4·6H2O)

25g/L

Cobalt sulphate

(CoSO4·7H2O)

10/15/20g/l

Sodium hypophosphite

(NaH2PO2·H2O)

20/25/30g/l

Tri-sodium citrate dihydrate

(Na3C6H5O7·2H2O)

15g/L

Ammonium sulphate

((NH4)2SO4)

10g/L

pH value 5

Time 1hr

Bath volume 250cm3

Temperature 80∘C/85∘C/90∘C

To ensure uniform deposition of the coating, the sam-

ples were kept immersed in the bath for 1 hour. Then, the

as-deposited substrates were taken out of the bath and

thoroughly rinsed in distilled water. Then the sample is

mounted with the aid of epoxy resin for holding appropri-

ately. Finally, the substrate was ready for the test.

2.2 The design factor for evaluating the
surface roughness of the coating

The response of the coatings was measured calibrating

with the Talysurf with the standard specimen; then fixing

the same setup, 17 coated copper samples ware measured.

17 runs were considered to synthesize the coating follow-

ing the Box-Behnken Design of experiments. After taking

3 runs of the same sample, their averagewas taken for final

evaluation. The instrument was re-checked with the stan-

dard specimen.

2.3 Evaluation of surface roughness

The surface roughness (Ra) value of the substrate was

measured using a micrometer. The surface roughness of

the mounted samples was calculated by Talysurf machine
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Table 2: Variables of Box-Behnken Design

Values

Variables Unit Significant Lower Higher −1 0 1

Concentration of cobalt sulphate gm/cc A 10 20 10 15 20

Concentration of sodium hypophosphite gm/cc B 20 30 20 25 30

Temperatures Degree C 80 90 80 85 90

by Taylor Hobson Precision Instrument Surtronic 3+. Taly-

surf is an instrument used for measuring the surface tex-

ture. This method is based on a stylus traversing the sur-

face. The stylus of the instrument generates magnifica-

tions of the signals, which are done electrically. The mag-

nitude of the current can be varied as it depends upon the

impedance of the coil. It varies as the air gap between the

pole and the coil is varied. Surface roughness was mea-

sured using a contact method. The instrument has a dia-

mond stylus with a tip radius of 4.9 µm. The surface pro-

file obtained by the stylus is displayed on the LCD screen

of the instrument. The Talyprofile software was used for

the estimation of the surface roughness parameter.

2.4 Optimization of process parameters of
coating considering surface roughness
as a response using Box-Behnken
design

The three parameters are: (i) concentration of cobalt sul-

phate (A), (ii) concentration of sodium hypophosphite (B),

(iii) temperatures (C) each of which is evaluated at three

coded levels viz. lower (−1), middle (0), higher (+1), as

shown in Table 2.

Design of experiment is a mathematical tool, which

saves time and has proved to be cost-effective by lower-

ing the number of experimental runs to compute the op-

timum coating parameters such that the coating is formed

with optimum surface roughness. The surface roughness

of the electroless coating (in this case Ni-Co-P coating) de-

pends onmany factors like the concentration of nickel sul-

phate, sodiumhypophosphite and cobalt sulphate used in

the electroless bath, the temperature at which the samples

are prepared, the concentration of bath stabilizers used,

pH of the bath, etc. Out of these, in this experiment, we

have chosen Concentration of cobalt sulphate, concentra-

tion of sodium hypophosphite (reducing agent), and tem-

perature of the bath as the varying factors on which the

surface roughness of the coating depends. To get the op-

timized values of the varying factors, we have used Box-

Behnken Design (BBD) of experiment. The Box-Behnken

design is a response surface methodology (RSM) design

that necessitates three levels in order to run an experiment.

17 set runs are performed by themodel as shown in Table 3.

Design expert 9 software was utilized to carry out the

17 set runs and it followed a second-order quadratic equa-

tion (equation no-1) in order to calculate the surface rough-

ness of the coated samples. The final equations are men-

tioned as follows:

Final equation in terms of coated factors:

Surface roughness = +0.91 + (0.045 * A) (1)

+ (0.062 * B) + (2.75 * E) − (.003 * C) − (0.074 * A * C)

− (0.049 * B * C) −
(︁

0.23 * A
2
)︁

−
(︁

0.068 * B
2
)︁

+ (0.33 * C
2)

Final equation in terms of actual factors:

Surface roughness = +6.79645 (2)

− (0.028740 × cobalt sulphate)

+ (0.3590 × sodium hypophosphite)

− (0.24491 × temperature) − (2.96000E)

− (0.003 × cobalt sulphate × sodium hypophosphite)

+ (4.58000E) − (0.003 × cobalt sulphate

× temperature) − (1.96000E) − (0.003

× sodium hypophosphite × temperature) − 9.25200E

− (0.003 × cobalt sulphate2) − 2.7100E − (0.003

× sodium hypophosphite2 ) + 1.32800E − (0.003

× temperature2)

p-value along with the significance of the individual coef-

ficients was evaluated with the aid of the above equations.

Smaller p-values indicate higher significance of the corre-

sponding factors. The independent variables A, B, C, the

interacting variables AB, AC, BC, the quadratic variables

A2, B2, C2 were all significant in nature.
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Table 3: The set of experimental variables of the Box-Behnken design (BBD) for evaluating surface roughness

Number Actual value Coded value Surface

of runs Cobalt

sulphate

Sodium

hypophosphite

Temperature Cobalt

sulphate

Sodium

hypophosphite

Temperature roughness

(Ra)

X1 X2 X3 Z1 Z2 Z3

1 15 30 90 0 +1 +1 0.817

2 10 25 90 −1 0 +1 0.582

3 15 20 90 0 −1 +1 0.853

4 10 20 85 −1 −1 0 0.402

5 15 25 85 −1 0 0 0.919

6 20 25 80 +1 0 −1 0.604

7 20 20 85 +1 −1 0 0.625

8 15 20 80 0 −1 −1 0.827

9 20 25 90 +1 0 +1 0.916

10 15 25 85 0 0 0 0.913

11 20 30 85 +1 +1 0 0.663

12 15 25 85 0 0 0 0.908

13 15 25 85 0 0 0 0.91

14 10 25 80 −1 0 −1 0.728

15 10 30 85 −1 +1 0 0.736

16 15 25 85 0 0 0 0.878

17 15 30 80 0 +1 −1 0.987

3 Results and discussion

Process optimization is defined as the discipline of coor-

dinating a process in order to optimize a specified set of

parameters without defying the constraints of the process.

The objective is to maximize one or more process parame-

ters whilemaintaining all others within their limits during

the optimization of a process. In the present study, Boxś

Behnken experimental design (BBD) is used to deliver the

required information for modeling with various indepen-

dent variables in order to determine the optimized condi-

tion. The influence of process parameters on the response

factor is quite necessary to perceive. Basically, it requisites

a set of experimentswhosenumber is directly proportional

to the number of process parameters. BBD is a very ad-

vantageous tool for minimizing the total number of exper-

iments without the loss of generality because of the fact

that it can deliver the minimum number of experiments

alongwith a second-order polynomial model as a function

of the independent process parameters.

3.1 Analysis of variance (ANOVA)

ANOVA is a robust mathematical structure for determin-

ing the substantial parameters taking place in a process.

F-value is the ratio of the summation of the square of the

factors to the variance of the errors which aids in finding

the significant factors. Hence a higher value of F will rec-

ommend a comparatively better factor with respect to oth-

ers. ANOVA is not an optimization tool but a tool through

which we can determine the factors which are significant

in the evaluation of the surface roughness of the coating.

The interactions between the different levels of different

factors also play a significant role in the response of the

coatings. The ANOVAanalysis works on the F-ratio and the

p-value. However, a more accurate evaluation is done us-

ing p-value. If the p-value exceeds the value of 0.05, then

the factors/interactions are deemed to be insignificant.

ANOVA results of the response surface quadratic models

for surface roughness of the coating are presented in Ta-

ble 4,which shows theModel F-value of 14.12 inferring that

the model is significant.

The percentage of occurrence of such high F-value due

to noisewas only 0.01. The value ofModel Prob>F less than

0.05 specified that the model terms were substantial. In

this case, A, B, C, AB, BC, A2, B2, C2 were the substan-

tial model terms. As per the table, R-Squared of 0.9478was

in a sensible agreement with the Adj R-Squared of 0.8807

due to the fact that their difference was less than 0.2. Adeq

Precision measured the signal to noise ratio and a value

greater than 4 was suitable. This work exhibited a ratio of
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Table 4: Results of the model

Statistical results of the ANOVA

Model F-value 14.12

Model Prob>F < 0.05

C.V.% 7.05

R-Squared 0.9478

Adj R-Squared 0.8807

Pred R-Squared 0.2011

Adeq Precision 13.128

13.128 signifying adequate signal. This model can be used

to circumnavigate the design space. The coefficient of vari-

ance (C.V) % for surface roughness was calculated to be

7.05%. In view of the values of all the parameters of the

ANOVA results, themodel was thus found to be significant

in this study.

3.2 The analysis of the 3D response surface
plots along with the contour plots

The interactions amongst the factors can be illustrated

from Figures 1-3. The absence of an intersection between

the plots states that no noteworthy interaction has taken

place. However a steeper graph with intersection points

recommends substantial interactions between the factors.

Figure 1 displays the second-order 3D response surface

plot along with the contour plot of surface roughness as

a function of the concentration of cobalt sulphate and con-

centration of sodium hypophosphite.

Figure 2 displays surface roughness along with the

contour plot as a function of the concentration of Cobalt

Sulphate and temperature. Figure 3 displays surface rough-

ness along with the contour plot as a function of the con-

centration of Sodium Hypophosphite and temperature.

The response surface plot in Figure 1A specifies that

the surface roughness increases with an increase in the

concentration of cobalt sulphate and concentration of

sodium hypophosphite. Figure 2A depicts that the surface

roughness increases with the concentration of cobalt sul-

phate and themaximum is achieved at a bath temperature

of 85∘C. Figure 3A shows that the surface roughness in-

creases with the concentration of sodium hypophosphite

and the maximum is achieved at 85∘C bath temperature.

By relating the contour plots in Figure 1B, 2B and 3B, it can

be implied that the concentration of cobalt sulphate and

sodiumhypophosphite havemore influence on the surface

roughness than temperature.

 

Figure 1: The second-order 3D response surface plot along with

a contour plot showing the interaction effect of X1 and X2 with

response to Ra

 

Figure 2: The second-order 3D response surface plot along with

a contour plot showing the interaction effect of X1 and X3 with

response to Ra

From the analysis of Figures 1-3, the optimization re-

sults of the model for surface roughness of the coated

substrates are evaluated and consequently, the optimized

data of concentration of cobalt sulphate and concen-

tration of codium hypophosphite are found out to be

15 g/L and 25 g/L, respectively along with a bath tem-

perature of 85∘C. The interaction plot of ANOVA sug-

gests that the interactions, cobalt sulphate-temperature,

sodium hypophosphite-temperature, and cobalt sulphate-
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Figure 3: The second-order 3D response surface plot along with

a contour plot showing the interaction effect of X2 and X3 with

response to Ra

sodium hypophosphite are quite substantial in the deter-

mination of the surface roughness of the optimized coat-

ing.

3.3 Comparison of the experimental and
model value analysis

Bestowingupon themodel, the 17 sets of experiments have

provided us with the experimental and model values of

surface roughness. Table 5 contains the recorded experi-

mental andmodel valueswhere the latterwere determined

using Eq. 2.

The deviation of the experimental results from values

given by the model is found to be less than 1%. Thus, from

the results, it can be inferred that the experimental values

match the model substantially. Graphical analysis of the

experimental and model values with a set of experiments

is given in Figure 4.

3.4 Characterization of the substrates

3.4.1 Optical microscopy and Scanning Electron

Microscopy of the copper substrate

Figures 5a and 5b show the Optical Microscopy Image of

the copper substrate with ferric chloride etching and SEM

of the copper substrate without etching. Elongated lamel-

Table 5: Comparison of the experimental and model values

Set of expt. Experimental

value

Model

value

Error in %

1 0.817 0.88675 −0.0007

2 0.582 0.55075 0.00031

3 0.853 0.86075 −0.00008

4 0.402 0.4255 −0.00024

5 0.919 0.9056 0.00013

6 0.604 0.63525 −0.00031

7 0.625 0.6635 −0.00039

8 0.827 0.75725 0.0007

9 0.916 0.86975 0.00046

10 0.913 0.9056 0.00007

11 0.663 0.6395 0.00024

12 0.908 0.9056 0.00002

13 0.91 0.9056 0.00004

14 0.728 0.77425 −0.00046

15 0.736 0.6975 0.00039

16 0.878 0.9056 −0.00028

17 0.987 0.97925 0.00008

 

Figure 4: Graphical analysis of experimental and model value with a

set of reaction

lar rolled structures are quite clearly observed in both Fig-

ures 5a and 5b. The orientation of the grains is longitudi-

nal as observed through optical microscope but the direc-

tional validation is specified by Scanning Electron Micro-

scope. A clear contrast is observed between the etched and

non-etched specimens. The mechanically processed sam-

ple is quite prominent.

3.4.2 Optical microscopy and scanning electron

microscopy of the as-deposited optimized sample

Figure 6a shows the optical microstructure of electroless

deposits over the copper substrate. Round shaped parti-

cles of varying sizes are observed under the optical mi-

croscope. Although some of the structures are larger than



Prediction and parametric optimization of surface roughness of electroless Ni-Co-P coating | 159

 

(a) Optical Microscopy Image of copper substrate with ferric chlo-

ride (FeCl2) etching

 

(b) SEM image of the copper substrate without etching

Figure 5

the rest, clustering of particles is also observed. Figure 6b

shows the SEM microphotograph of optimized Ni-Co-P

coating. Spherical grains are dispersed over the entire sur-

face. Surfaces structures showed no cracks on the entire

surface. A dense and compact Ni-Co-P coating is visible

over the substrate by the phosphides prepared by the elec-

troless chemical bath. It contributes to the reduction of

porosity of the deposited layer further by enhancing the

surface roughness of the electroless Ni-Co-P coating. A

strong conglomeration of particles of fine deposition has

been found on the surface structure of varying spherical

particles.

3.4.3 EDX analysis of the optimized coating

EDXwas done in the AZTEC software using the OXFORD X-

max50 machine to find the weight percentage of different

elements. The corresponding EDX analysis is shown in Fig-

 

(a) Optical Microscopy film of Optimized sample with dilute HCl

and FeCl2 etching

 
(b) Scanning Electron Microscopy micrograph of the optimized

coating

Figure 6

 

Figure 7: EDX analysis of the optimized coating

ure 7 which depicts the presence of elemental Ni, Co, and

P in the optimize coated substrate. Table 6 illustrates the

elemental weight percentage in the substrate after melt-

ing. This study reveals that this is a high-phosphorous

content coating [4]. Excellent anti-corrosionandminimum

surface roughness properties are observed in the case of

high-phosphorous content coating which was depicted in

a study by M. Czagány et al. [34].
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Table 6: Elemental weight percentage of the coating

Element Weight percentage (%)

Nickel 66.58

Cobalt 15.68

Phosphorus 17.74

Total 100.00

Figure 8: XRD plot of the optimized coated sample

3.4.4 XRD analysis of the optimized coated sample

X-ray diffraction analysis of the optimized coating is done

by X-ray diffraction in RigakuUltima-III machine, using Cu

Kα radiation in the range of 2θ from 20∘ to 80∘ with a

scan speed of 5∘ min−1 and the presence of varying size

of the phases are visualized. Figure 8 demonstrates the

XRD analysis of the optimum substrate structures of the

as-deposited Ni-Co-P coating. The presence of Ni2P, NiP3,

Ni3P phases in the coating is observed from Figure 8. The

presence of these phases completely depends upon the

concentration of cobalt sulfate, sodium hypophosphite,

and bath temperature. It is due to the presence of Ni3P

phases that the surface roughness of the coated sample is

lower than usual [35, 36].

4 Conclusion

From the performed experiment and the optimization pro-

cess, it has been revealed that 15 g/L of cobalt sulphate, 25

g/L of sodiumhypophosphite and85∘Cwere the optimized

conditions to obtain a surface roughness of 0.913µm. The

surface roughness of the copper substrate was originally

1.19µm. Clearly, one can conclude that the optimized as-

deposited coated substrate shows a significant decrease

of 23.3% in surface roughness as compared to the original

copper substrate. The optimized model values and the ex-

perimental values are identical, thus proving thismodel to

be a savior of cost and time simultaneously. Hence, there

will be no such need to perform experiments in the indus-

tries in order to predict the surface roughness of the coat-

ing since it can be predicted through this technique itself.

ANOVA results showed that cobalt sulphate along with

all the three interactions were significant in determining

the surface roughness of the coating. SEM results have re-

vealed granular grain structures of the coating while XRD

analysis showed the presence of three phases (Ni2P, NiP3,

Ni3P) in the coated substrate. EDX analysis showed the

weight percentages of nickel, cobalt, and phosphorus in

the optimized coating.
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