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Abstract The present article considers an experimental
study of tribological performance of electroless Ni—P
coatings and optimization of tribological test parameters
based on the Taguchi method coupled with grey relational
analysis. A grey relational grade obtained from the grey
relational analysis is used as performance index to study
the behaviour of electroless Ni—P coating with respect to
friction and wear characteristics. Experiments are carried
out by utilizing the combination of tribological test
parameters based on L,; Taguchi orthogonal design with
three test parameters, viz., load, speed and time. It is
observed that all the three test parameters have significant
contribution in controlling the friction and wear behaviour
of electroless Ni—P coating. In addition, the interaction of
load and time has significant influence on tribological
performance. The surface morphology, composition and
wear mechanism of the coatings are studied with the help
of scanning electron microscopy, X-ray diffraction analysis
and energy dispersed X-ray analysis.

Keywords Electroless Ni—P coating - Friction and wear -
Taguchi - Grey relational analysis

1 Introduction

Electroless Ni-P (EN) coatings, since the introduction in

1946 by Brenner and Riddell [1], have received wide
acceptance in numerous industrial applications [2] due to
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their excellent mechanical, physical, electrical, corrosion
and wear resistance properties. EN coatings can be applied
to a variety of substrate materials and plated uniformly on
intricate part geometries. EN coating is an autocatalytic
deposition of a Ni-P alloy from an aqueous solution onto a
substrate without the application of electric current. Thus
electroless deposition process is different from the con-
ventional electroplating processes that require an external
source of direct current in order to reduce nickel ions in the
electrolyte to nickel metal on the substrate. The electroless
bath typically comprises an aqueous solution of metal ions,
complexing agents, reducing agents and stabilizers, oper-
ating in a specific metal ion concentration, temperature and
pH ranges. The deposition rate, properties of coated com-
ponents and the structural behaviour of deposits mainly
depend on the plating bath constituents/conditions such as
the type and concentrations of the reducing agent, stabi-
lizer, used pH and the temperature of the bath etc.

Since the inception of EN coatings, the properties and
structures of such coatings have received considerable
research attention. The properties and microstructures of
EN coatings depend on the amount of phosphorous alloyed
in the deposit [3—7]. The post-deposition heat treatment
influences the properties by altering the microstructures [5—
8]. The mechanical and tribological properties of these
coatings can further be improved by the incorporation of
hard particles [8, 9] and dry lubricants [9-11]. The evo-
lution of friction and wear have been monitored in order to
detect the friction and wear transitions and therefore to
determine the surface durability of the co-deposits [10].
Friction and wear have been the focus of attention to a
number of researchers [12—17] over the years. It is, in
general, observed that the friction coefficient of EN coating
decreases with increase in load. The friction coefficient was
found to be within the range of 0.15-0.35 when tested

@ Springer



192

Tribol Lett (2007) 28:191-201

under the 15—60 N loading conditions [12]. The friction
study of EN coating concluded that coatings with high
phosphorus content have higher friction coefficient than
comparing to medium or low phosphorus electroless
coatings [14]. The friction coefficient of electroless coat-
ings having 6-7% phosphorous content when tested under
low loads was found to be as high as 0.7 [12]. Wear per-
formance of EN coating is greatly enhanced with heat
treatment, the treatment performed at 400 °C for 1 h hav-
ing the highest hardness [12]. Despite a good number of
studies on EN coatings particularly on tribological prop-
erties, it is seen from an extensive literature review that no
report is available on optimization of tribological perfor-
mance of EN coating. The present study deals with the
application of the Taguchi method coupled with grey
relational analysis to determine the suitable testing
parameters in order to obtain optimum friction and wear in
EN coatings.

Ni—P coatings are applied on mild steel (AISI 1040)
specimens and then heat treated (annealed) at 400 °C in air
for 1 h. The friction and wear behaviour of these coatings
are then evaluated in a multitribotester based on Taguchi
orthogonal design with three design parameters, viz., load,
speed and time as independent test variables. Grey rela-
tional analysis is done to have optimum test parameter
combination that yields minimum friction and wear char-
acteristics. A confirmation experiment was conducted to
verify the optimal test parameter combination as predicted
by grey relational analysis. Analysis of variance was also
carried out to observe the level of significance of factors
and their interactions on the overall grey relational grade.
The surface morphology, composition and wear behaviour
are studied with the help of scanning electron microscopy,
energy dispersed X-ray analysis and X-ray diffraction
analysis.

2 Taguchi Method

The Taguchi technique [18, 19] is a powerful tool for
design of high-quality systems based on orthogonal array
(OA)experiments that provide much reduced variance for
the experiments with an optimum setting of process control
parameters. This method achieves the integration of design
of experiments (DOE) with the parametric optimization of
the process yielding the desired results. The OA requires a
set of well-balanced (minimum experimental runs) exper-
iments. In this method, main parameters, which are
assumed to have an influence on process results, are located
at different rows in a designed OA . With such an array,
completely randomized experiments can be conducted.
Taguchi’s method uses the statistical measure of perfor-
mance called signal-to-noise ratios (S/N), which are
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logarithmic functions of desired output to serve as objec-
tive functions for optimization. The ratio depends on the
quality characteristics of the product/process to be opti-
mized. The three categories of S/N ratios are used: lower-
the-better (LB), higher-the-better (HB) and nominal-the-
best (NB). The parameter level combination that maxi-
mizes the appropriate S/N ratio is the optimal setting. For
the case of minimization of friction or wear, LB charac-
teristic needs to be used.

3 Grey Relational Analysis

The present study aims at optimizing the tribological test
parameters with the objective to minimize both friction and
wear of EN coatings. Thus it is a case of multi-response
optimization, which is different from that of a single per-
formance characteristic. The higher S/N ratio for one
performance characteristic may correspond to a lower S/N
ratio for another. Therefore, the overall evaluation of the S/
N ratio is required for the optimization of multiple per-
formance characteristics. Grey relational analysis [20] is an
efficient tool for such multi-response analysis. Grey rela-
tional analysis owes its origin to grey system theory. Any
system in nature is not white (full of precise information),
but on the other hand, it is not black (complete lack of
information) either, and it is mostly grey (a mixture of
black and white). The incompleteness of information is the
basic characteristic and it serves as the fundamental start-
ing point of the investigation of grey system. Incomplete
information follows from the limited availability of data
and the central problem of grey system theory is to seek
only the intrinsic structure of the system given such limi-
tation of data. The main objective of grey system theory is
to supply information so that one can whiten the greyness.
Grey relational analysis is based on the grey system theory,
and compares and computes the dynamic causalities of the
subsystems of a given system.

In grey relational analysis the first step is to perform the
grey relational generation in which the results of the
experiments are normalized in the range between 0 and 1.
Then the second step is to calculate the grey relational
coefficient from the normalized data to represent the cor-
relation between the desired and actual experimental data.
The overall grey relational grade is then computed by
averaging the grey relational coefficient corresponding to
each performance characteristic. Overall evaluation of the
multiple performance characteristics is based on the cal-
culated grey relational grade. As a result, optimization of
the complicated multiple performance characteristics is
converted into optimization of a single grey relational
grade. The optimal level of the process parameters is the
level with the highest grey relational grade. Furthermore, a
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statistical analysis of variance (ANOVA) [21] is performed
to find which process parameters are statistically signifi-
cant. With the grey relational analysis and statistical
analysis of variance, the optimal combination of the pro-
cess parameters can be predicted. Finally, a confirmation
experiment is conducted to verify the optimal process
parameters obtained from the analysis.

4 Experimental Details
4.1 Coating Deposition

Mild steel (AISI 1040) specimens of size 20 mm X 20
mm X 8 mm are used as the substrate material for the
deposition of the EN coating. Square-shaped specimens are
prepared for the deposition of the EN coating. Shaping,
parting and milling processes are used for the preparation
of the samples. The samples are then finally subjected to
surface grinding process. The samples are cleaned from
foreign matter and corrosion products by wiping. After
that, surfaces of the mild steel specimens are cleaned using
distilled water. The specimens, after thorough cleaning, are
etched with 50% hydrochloric acid for 1 min. Subse-
quently, they are rinsed in distilled water followed by
methanol cleaning prior to coating. The bath composition
and operating conditions for EN coating are selected after
several experiments and proper ranges of the parameters
are chosen accordingly. EN deposition is carried out using
nickel chloride and nickel sulphate (concentration 30 g/L)
as the source of nickel, sodium hypophosphite (concen-
tration 10 g/L) as the reducing agent and sodium succinate
(concentration 12 g/L) as the stabilizer. The concentration
of stabilizer used in baths is kept fixed. The pH value of the
bath was maintained at a fixed value of 4.5 by adding
required quantity of dilute hydrochloric acid. The cleaned
samples are activated in palladium chloride at 55 °C tem-
perature and placed in the bath (volume 175 mL) for
deposition for 2 h at a constant temperature of 80 °C.
Deposition time is kept constant for each specimen so that
the coating thickness remains approximately constant and
the average coating thickness is found to be around 35 pm.
After the deposition, the samples are taken out of the
electroless nickel bath and washed in distilled water. Then
the samples are heat treated in a box furnace. Each speci-
men is coated and heat treated in air (annealed at 400 °C
for 1 h) separately.

4.2 Design Factors and Response Variables

In DOE technique, the response variable is an unknown
function of the process variables, which are known as
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Table 1 Design factors and their levels
Design factors Unit Levels
1 2 3
Load (A) N 50 75" 100
Speed (B) RPM 60 70* 80
Time (C) Min. 5 10° 15

? TInitial testing condition

design factors. There are a large number of factors that can
be considered for controlling the tribological behaviour of
EN coatings. However, the review of literature shows that
the following three parameters are the most widespread
amongst the researchers to control the tribological perfor-
mance of EN coatings: load (A), speed (B) and time (C).
These three factors are considered as main design factors
along with their interactions in the present study. Table 1
shows the design factors along with their levels. The levels
and ranges of the design factors are so selected considering
the smaller thickness of the coatings (around 35 pm).
Otherwise through coating wear may occur. The present
study is carried out to consider the tribological behaviour
of EN coatings as the performance characteristics. Thus the
response variables selected are coefficient of friction and
wear depth.

4.3 Design of Experiment

Based on the Taguchi method, an OA is employed to
reduce the number of experiments for determining the
optimal test parameters. An OA provides the shortest
possible matrix of combinations in which all the parame-
ters are varied to consider their direct effect as well as
interactions simultaneously. In the present investigation, an
L,7 OA, which has 27 rows corresponding to the number of
tests (26 degrees of freedom) with 13 columns at three
levels, is chosen. The 1st column is assigned to load (A),
2nd column is assigned to speed (B), 5th column is
assigned to time (C) and the remaining columns are
assigned to the two-way interactions of these three factors.
Table 2 shows the OA with design factors and their
interactions assigned. In this table, the numbers 1, 2 and 3
stand for the levels of the factors.

4.4 Friction and Wear Tests
Friction and wear characteristics of the EN-coated speci-

mens are studied under dry, non-lubricated conditions and
at ambient temperature of about 25 °C in a multitribotester
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Table 2 L,; orthogonal array with design factors and interactions assigned

Trial No. Column numbers
1 2 3 4 5 6 7 8 9 10 11 12 13
(A) (B) (AxB) (AxB) © (AxC) (AxC) BxC) - - BxC) -
1 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
B L et tesun e ] [
FRICTION WEAR
MEASURING UNIT
WEAR SENSOR
COUNTER WEIGRT NORMAL LOAD SENSOR FRICTION FORCE LOADING LEVER
PIVOT. \ \ / SENSOR /
E | @] \ ]
| I N I
|~—SPECIMEN HOLDER
PLATE SPECIMEN
STEEL ROLLER
T LOADING PAN
DRIVE UNIT

@ Springer



Tribol Lett (2007) 28:191-201

195

apparatus (DUCOM, India) using a plate-on-roller config-
uration. A schematic diagram of the test rig is shown in
Fig. 1. The EN-coated stationary plates (size 20 mm
20 mm x 8§ mm) in horizontal position are pressed
against a rotating steel roller (dia 50 mm X thickness
20 mm and composition conforming to EN8 specification)
with hardness of 55 HRc, placed below the plate. In this
method, the plate and the roller are arranged in such a way
that the rotating roller served as the counterface material
while the stationary plate served as the test specimen. A 1:5
ratio loading lever is used to apply normal load on top
specimen. The loading lever is pivoted near to normal load
sensor and carries counter weight at one end while at the
other end a loading pan is suspended for placing the dead
weights. The frictional force is measured by a frictional
force sensor that uses a beam type load cell of capacity
1000 N. Wear is measured in terms of displacement with
the help of linear voltage resistance transducer. The wear
displacement sensor allows to obtain direct measurement
of the loading lever’s deflection, which corresponds to the
wear of the specimen plate plus the wear of the counterface
surface. The bottom roller being fully hardened undergoes
negligible wear and thus the measured wear is essentially
the wear of the coated plate specimen. It may be noted here
that wear behaviour is normally expressed as wear volume
or weight loss while in the present experimental set up,
wear is measured in terms of displacement. Thus to access
the accuracy of wear measurement, the displacement
results for wear are compared with weight loss and it shows
almost linear relationship for the range of test parameters
considered in the present study. The experiments are con-
ducted with varying load (A), speed (B) and time (C)
according to the combination of the levels of these design
factors mentioned in the OA.

4.5 Surface Morphology and Composition Study

Surface morphology study of the EN coatings is done by
scanning electron microscopy (SEM) (JEOL, JSM-6360) in
order to analyse the microstructure of the deposited coat-
ings before and after annealing to see the effect of heat
treatment. SEM is also done after tribological testing to see
the wear track patterns. Energy dispersive X-ray analysis
(EDX) is done in conjunction with SEM to study the
composition of the EN coatings in terms of the percentages
of nickel and phosphorous in the coatings before and after
heat treatment as well as after tribological testing. EDX is
done in an energy dispersive X-ray analyzer (Inca, Oxford).
An X-ray diffraction (XRD) analyzer (Rigaku, Miniflex) is
used for identification of compounds in the EN coatings
both before and after heat treatment.

5 Results and Discussion
5.1 Surface Morphology and Composition

Figure 2 shows the SEM micrographs of the coating sur-
faces. The samples as-deposited as well as heat treated at
400 °C are studied by SEM. From the SEM micrographs of
these surfaces it is seen that there are many globular par-
ticles on the surface of the substrate. The surface is
optically smooth and of low porosity. No obvious surface
damage is found. The surface of the Ni—P coatings appears
to be dense. The XRD analysis (Fig. 3) indicates that the
as-deposited Ni—P film is a mixture of nanocrystalline
(uniformly spaced grain structure), microcrystalline phases.
When Ni-P deposits are heat treated both their crystal
structure and microstructure undergoes modification. The
microcrystalline deposits undergo a crystal growth process
and such heat treatment results in a mixture of relatively
coarse-grained structure.

n!

Zagkuy *1. 8806 18mm BBB84 JU-MET

18mm BEB3Z JU-MET

Fig. 2 SEM micrographs of the coating surfaces: (a) as-deposited,
(b) heat-treated at 400 °C
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Fig. 3 X-ray diffraction patterns of EN deposit in (a) as-deposited
and (b) heat-treated at 400 °C

The percentages of nickel and phosphorous of the EN
deposits are determined using an energy dispersed X-ray
micro-analyzer (EDX) coupled to the SEM. It is seen that
as-deposited coating contains 88.6% Ni and 11.4% P while
heat-treated (at 400 °C) coatings have 90.8% Ni and 9.2%
P. The results show that the coatings contain more than 9%
of phosphorous leading to a nanocrystalline structure. The
XRD patterns of Ni-P deposits in both as-plated and heat
treated at 400 °C are shown in Fig. 3. It is evident from
Fig. 3a that Ni—P deposit is nanocrystalline in as-plated
condition. There is long range order giving rise to coherent
scattering, although the domains are small in size. The
mean grain size is of the order of 2 nm. Upon heat treat-
ment at 400 °C, Ni-P deposits crystallize and produce
NisP,, Ni,P and NiP, as major compound constituents as
seen in Fig. 3b.
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5.2 Grey Relational Analysis for Tribological
Characteristics

The experimental results for friction coefficient and wear
depth are given in Table 3. It may be noted here that the
maximum wear depth observed is less than the average
coating thickness. Thus it may be concluded that the coating
does not wear through. Also negligible wear occurred on the
counterface roller that undergoes no significant mass loss
due to the wear test. It is because the counterface roller was
fully hardened. Grey relational analysis is carried out fol-
lowing the steps outlined in Sect. 3. In grey relational
analysis, the normalized data processing for friction coeffi-
cient and wear depth, corresponding to lower-the-better
criterion (LB), can be expressed as

oy max yi(k) — yi(k)
)= a0 — min . (8)

(1)

where x;(k) is the value after the grey relational generation,
min y,(k) is the smallest value of y;,(k) for the kth response

Table 3 Experimental results for friction coefficient and wear depth

Exp. No. Friction coefficient Wear (um)
1 0.257 13.57
2 0.264 15.65
3 0.276 17.22
4 0.228 11.21
5 0.247 14.19
6 0.256 16.24
7 0.172 11.16
8 0.179 12.97
9 0.211 16.06
10 0.114 14.15
11 0.149 18.31
12 0.163 23.58
13 0.095 13.54
14 0.099 16.56
15 0.109 23.16
16 0.077 13.38
17 0.090 15.79
18 0.094 21.75
19 0.072 23.07
20 0.073 25.78
21 0.076 26.39
22 0.055 22.33
23 0.059 23.46
24 0.064 26.30
25 0.042 21.91
26 0.044 22.19
27 0.049 24.46
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and max y;(k) is the largest value of y;k) for the kth
response: friction coefficient (k=1) and wear depth
(k=2). The normalized data after grey relational
generation are tabulated in Table 4. An ideal sequence is
xo(k) (k =1, 2) for the responses. The definition of grey
relational grade in the course of grey relational analysis is
to show the relational degree between the 27 sequences
[xo(k) and xxk), i =1, 2, 3,...., 27]. The grey relational
coefficient &; (k) can be calculated as

Amin + lﬁ Amax
61(]() B A()z(k) + W Amax (2)
where Ay = ||xo(k) — x;(k)|| = difference of the absolute
value between xo(k) and x;(k), Apn and A, are
respectively the minimum and maximum values of the
absolute differences (Ag;) of all comparing sequences. V is
a distinguishing coefficient, 0 < iy < 1, the purpose of
which is to weaken the effect of A,x when it gets too big,

Table 4 Grey relational analysis for friction coefficient and wear depth

and thus enlarges the different significance of the relational
coefficient. The values of Ay and the grey relational
coefficient results for the experimental data (with = 0.5)
are also shown in Table 4. After averaging the grey
relational coefficients, the grey relational grade y; can be
calculated as follows:

=13 3)

k=1

where n = number of process responses. The higher value
of grey relational grade is considered as the stronger rela-
tional degree between the ideal sequence xy(k) and the
given sequence x;(k). It has already been mentioned that the
ideal sequence xg(k) is the best process response in the
experimental layout. Thus the higher relational grade
implies that the corresponding parameter combination is
closer to the optimal. Table 5 shows the experimental
results for the grey relational grade and their order.

Exp. No. Normalized data Values of A,; Grey relational coefficient
Friction coefficient Wear Friction coefficient Wear Friction coefficient Wear
1 0.081 0.842 0919 0.158 0.352 0.759
2 0.054 0.705 0.946 0.295 0.346 0.629
3 0.000 0.602 1.000 0.398 0.333 0.557
4 0.205 0.997 0.795 0.003 0.386 0.994
5 0.123 0.801 0.877 0.199 0.363 0.715
6 0.085 0.667 0915 0.333 0.353 0.600
7 0.442 1.000 0.558 0.000 0.473 1.000
8 0411 0.881 0.589 0.119 0.459 0.808
9 0.276 0.679 0.724 0.321 0.409 0.609
10 0.691 0.804 0.309 0.196 0.618 0.718
11 0.539 0.531 0.461 0.469 0.520 0.516
12 0.484 0.185 0.516 0.815 0.492 0.380
13 0.773 0.844 0.227 0.156 0.688 0.763
14 0.757 0.645 0.243 0.355 0.673 0.585
15 0.712 0.212 0.288 0.788 0.635 0.388
16 0.850 0.855 0.149 0.146 0.769 0.775
17 0.792 0.696 0.208 0.304 0.706 0.622
18 0.777 0.305 0.223 0.695 0.691 0.418
19 0.871 0.218 0.129 0.782 0.794 0.390
20 0.865 0.040 0.135 0.959 0.787 0.343
21 0.853 0.000 0.147 1.000 0.773 0.333
22 0.942 0.267 0.058 0.733 0.896 0.406
23 0.925 0.193 0.075 0.803 0.869 0.384
24 0.907 0.006 0.093 0.994 0.843 0.335
25 1.000 0.294 0.000 0.706 1.000 0.415
26 0.992 0.276 0.008 0.724 0.985 0.408
27 0.965 0.127 0.035 0.873 0.935 0.364
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Table 5 Grey relational grade and its order

Table 6 Response table for the grey relational grade

Exp. No. Grey relational grade Order Level A B C
1 0.556 17 1 0.564 0.536 0.678
2 0.487 24 2 0.609 0.604 0.596
3 0.445 26 3 0.626 0.658 0.525
4 0.690 6 Rank 3 2 1
5 0.539 20 Delta 0.062 0.122 0.153
6 0.477 25 Total mean grey relational grade = 0.599
7 0.736 2
8 0.634 11
9 0.509 23 present study have a significant effect on friction and wear.
10 0.668 7 Also the parameter C (time) is the most significant
1 0518 21 parameter while the parameter A (load) has the least sig-
12 0.436 27 nificant effect. So far as the interaction plots are concerned,
13 0.725 3 estimating an interaction means determining the non-par-
14 0.629 12 allelism of parameter effects. Thus, if the lines on the
1 0512 » interaction plots are non-parallel, interactions occur and if
16 0772 the lines cross, strong interactions occur between parame-
17 0.664 8 ters. An examination of Fig. 5 yields some interaction
18 0. 555 8 between the parameters A (load) and B (speed) while there
19 0'592 1 is strong interaction between A (load) and C (time).
20 0.565 P However, from Fig. 5c it can be seen that there is almost no
’ interaction between B (speed) and C (time). Thus from the
21 0.553 19 L .
” 0651 0 present analysis it is clear that load, speed and time all have
‘ significant influence on friction and wear behaviour of EN
23 0.627 13 . . L
coatings. The optimal process parameter combination for
24 0.589 15 .. .. .. . .
minimum friction and minimum wear is the one that yields
25 0.707 4 . .
the maximum value for grey relational grade. Thus the
26 0.697 > optimal process parameter combination is found to be
27 0.649 10

5.3 Analysis of Signal-to-Noise Ratio

The traditional method of calculating the desirable factor
levels is to look at the simple averages of the results. But it
does not capture the variability of the results within a trial
condition. This is the reason why the signal-to-noise ratio
analysis is done here with the grey relational grade as the
performance index. The S/N ratio for overall grey rela-
tional grade is calculated using the HB (higher-the-better)
criterion. The results may be expressed in terms of either S/
N ratio or mean. The response table for the mean of grey
relational grade is shown in Table 6. The corresponding
main effects and interaction plots between the process
parameters are shown in Figs. 4 and 5, respectively. In the
main effects plot if the line for particular parameter is near
horizontal, then the parameter has no significant effect. On
the other hand, a parameter for which the line has the
highest inclination will have the most significant effect. It
is very much clear from the main effects plot shown in
Fig. 4 that all the three test parameters considered in the
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A3B3Cl, i.e., load (A) at highest level, speed (B) at highest
level and time (C) at lowest level. In other words, friction
and wear will be minimum at higher load, higher speed and
lower time of operation.

5.4 Analysis of Variance (ANOVA)

Analysis of Variance is a statistical technique which can
infer some important conclusions based on analysis of the
experimental data. The method is very useful for revealing
the level of significance of influence of factor(s) or inter-
action of factors on a particular response. It separates the
total variability of the response into contributions of each
of the factors and the error. Using Minitab [22], the
ANOVA is performed to determine which parameter and
interaction significantly affect the performance character-
istics. Table 7 shows the ANOVA result for overall grey
relational grade of friction and wear response. ANOVA
calculates the F-ratio, which is the ratio between the
regression mean square and the mean square error. The F-
ratio, also called the variance ratio, is the ratio of variance
due to the effect of a factor and variance due to the error
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Fig. 4 Main effects plot for Main Effects Plot for Grey relational grade
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Table 7 Results of ANOVA for grey relational grade

Source of variation Degrees of freedom Sum of squares Mean square F % Contribution
A 2 0.018389 0.009195 18.28* 8.27

B 2 0.067826 0.033913 67.44% 30.51

C 2 0.105049 0.052524 104.45* 47.27

AxB 4 0.000803 0.000201 0.40 0.36

AxC 4 0.023878 0.005969 11.87* 10.74

BxC 4 0.002274 0.000569 1.13 1.02

Error 8 0.004023 0.000503

Total 26 0.222242

*Significant at 99% confidence level

term. This ratio is used to measure the significance of the
parameters under investigation with respect to the variance
of all the terms included in the error term at the desired
significance level, a. If the calculated value of F-ratio is
higher than the tabulated value of F-ratio, then the factor is
significant at desired o level. In general, when the F value

increases the significance of the parameter also increases.
Table 7 shows the percentage contribution of each
parameter. It is seen that effect of time (C) has the most
significant influence on friction and wear behaviour at the
confidence level of 99% within the specific test range.
Similarly, load and speed are also significant at the
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confidence level of 99%. Interaction of load and time is
also significant at the confidence level of 99%. This type of
analysis is not available in the literature and will be useful
for effective tribological utilization of EN coatings with an
objective of optimum friction and wear within a particular
range of test parameters.

5.5 Confirmation Test

After the optimal level of test parameters has been iden-
tified, a verification test needs to be carried out in order to
check the accuracy of analysis. The estimated grey rela-
tional grade, 9, using the optimal level of the process
parameters can be calculated as:

=t > 0 ) )
i=1

where 7y, is the total mean grey relational grade, ), is the
mean grey relational grade at the optimal level and o is the
number of the main design parameters that significantly
affect the friction and wear characteristics of EN coating.
Table 8 shows the comparison of the estimated grey rela-
tional grade (calculated using Eq. 4) with the actual grey
relational grade obtained in experiment using the optimal
test parameters. It may be noted that there is good agree-
ment between the estimated value (0.762) and
experimental value (0.707). The improvement of grey
relational grade from initial parameter combination
(A2B2C2) to the optimal parameter combination
(A3B3C1) is 0.078. This is about 13% of the mean grey
relational grade and thus it is a significant improvement.

5.6 Wear Mechanism

Figure 6 shows the SEM micrograph and EDX spectrum of
a worn surface of a coating. From the SEM micrograph it is
observed that the worn surface is mainly composed of
longitudinal grooves and partial irregular pits along the

Table 8 Results of confirmation test

Initial Optimal parameter combination
parameter . - -
combination Prediction Experimentation

Setting level A2B2C2 A3B3Cl1

Friction coefficient 0.099 0.042

Wear depth 16.56 2191

Grade 0.629 0.762 0.707

Improvement of grey relational grade = 0.078
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Fig. 6 SEM micrograph (a) and EDX spectrum (b) of worn surface
of coatings

sliding direction. The presence of grooves indicates the
micro-cutting and micro-ploughing effect of the counter-
face while pits or prows are indicative of adhesive wear
failure of EN coating. The adhesive wear occurs under the
experimental conditions used that induce a substantial
attractive force between the mating surfaces leading to a
high mutual solubility of nickel and iron. The EDX spec-
trum of worn surface in Fig. 6b confirms the presence of
iron. Thus wear mechanism is found to be a combination of
abrasive and adhesive wear.

6 Conclusions

A Taguchi OA with grey relational analysis was employed
to optimize the multiple tribological performance charac-
teristics of EN coatings. It is seen that all the three test
parameters, load, speed and time have a significant influ-
ence on the friction and wear behaviour at the confidence
level of 99% within the specific test range. The interaction
of load and time is also significant at the confidence level
of 99%. Within the range of test parameters considered in
the present study, the combination of higher load, higher
speed and lower time of operation yields minimum friction
and wear. The XRD analysis indicates that the as-deposited
Ni-P film consists of a mixture of nanocrystalline
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(uniformly spaced grain structure), microcrystalline phases.
Heat treatment results in a relatively coarse-grained
structure. The EDX analysis shows that the films contain
more than 9% of phosphorous resulting in a nanocrystalline
structure. The wear mechanism in EN coatings is found to
be a combination of abrasive and adhesive wear.
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