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Abstract 

The present work aims to investigate and correlate the wear behavior of electroless Ni-
P-W coating under dry and lubricated conditions with the tribological testing 
parameters. A pin - on - disc configuration test setup is used for the same. Taguchi’s 
orthogonal design of experiments technique is used to carry out the experiments. Both 
response surface and fuzzy rule based models are seen to be effective in determining the 
complex interrelationship between the wear depth of the coatings and the test 
parameters, namely applied normal load, sliding speed and sliding duration. The 
coefficient of determination for fuzzy logic based predictions is seen to be higher than 
the regression predicted ones, indicating better modeling capabilities of the artificial 
intelligence technique. ANOVA results reveal that the wear depth is mostly influenced 
by sliding speed followed by applied normal load and sliding duration for both dry and 
lubricated conditions. Coating composition, phase transformation and microstructure 
studies are undertaken to analyze their effects on the wear behavior. Abrasive wear 
mechanism is seen to be the predominating under both dry and lubricated condition. 
The coatings are seen to suffer more wear under dry sliding condition compared to 
lubricated environment. 
 
Keywords: Electroless Ni-P-W coating; wear; response surface methodology; fuzzy 
logic; lubricated. 

 

 
Introduction 
Prevention of wear and corrosion of tribological contact by the application of 
surface coatings has received significant attention and has experienced a rapid 
evolution in the last few decades. Electroless nickel (EN) coating has proven to 
be a potential candidate for the same [1-4]. EN coatings possess excellent wear 
and corrosion resistance, high hardness and low coefficient of friction (COF), 
which make them suitable for use in several industries such as marine, aerospace, 
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automobile, chemical, electrical, food processing, etc [2]. EN coatings can be 
categorized as pure nickel, nickel alloy and composite coatings. The deposition 
of pure nickel (99%) from hydrazine bath has found little industrial usage due to 
the hazards and cost associated with it [1]. At higher temperatures, hydrazine 
baths tend to become unstable and difficult to control. Sodium hypophosphite 
reduced electroless Ni-P alloy coating finds 90% share in industrial applications 
[1]. On using sodium borohydride as the reducing agent, a Ni-B alloy coating is 
obtained, which possesses even higher hardness and wear resistance comparable 
to that of chromium [2]. 
Incorporation of hard particles and solid lubricants in the Ni-P matrix such as 
diamond, Al2O3, TiO2, PTFE, SiC, graphite, etc. has been reported in several 
research works to improve the tribological performance of the coatings under dry 
condition [5-9]. The Ni-P binary alloy coating has been explored by several 
researchers, and it is seen that friction, wear and corrosion resistance properties 
can be easily tailored by controlling the coating bath parameters and proper heat 
treatment [10-12]. The deposit uniformity and the wide variety of substrates that 
can be plated by this method are the added advantages [1-4]. The friction and 
wear behavior of EN coatings under lubricated condition has been reported in 
several research works [13-18]. The tribological behavior of borohydride reduced 
Ni-B alloy coatings under oil lubrication has also been addressed [19-21]. The 
results obtained from the studies of tribological behavior of Ni-P, Ni-P-PTFE, 
Ni-P-Cu, Ni-P-CNT and Ni-B coatings indicated that the deposits have 
tremendous friction and wear reduction capabilities under lubricated condition. 
In fact Ni-P-Cu coatings can effectively prevent engine cylinders from corrosive 
wear of bio-lubricants [16]. Electroless Ni-P-PTFE coating has proven to be 
suitable, especially under boundary lubrication condition [15]. A hybrid grey-
fuzzy logic along with Taguchi’s design of experiments has been employed by 
Mukhopadhyay et al. [19], to achieve optimal tribological behavior of Ni-B 
coating under oil lubricated condition. 
The use of mathematical and artificial intelligence techniques for the analysis of 
a complex system leads to an improvement in product quality and a reduction in 
time, keeping in mind cost effectivity. The conventional regression analysis 
using orthogonal arrays and response surface methodology has proved to be quite 
simple and fruitful for effective modeling and prediction of EN plating [22-24]. 
Some instances of the use of artificial neural network (ANN) for the modeling of 
crystallization temperature, plating rate and phosphorus content have been 
reported [25-29]. Hardness prediction model for Ni-P coatings considering heat 
treatment temperature and its duration, as well as the phosphorus content has 
been elaborated by Vaghefi and Vaghefi [30]. Fuzzy logic is seen to be quite 
efficient in relating the complex wear phenomenon with the tribological test 
parameters for Ni-P coatings [13]. 
The introduction of a transition element such as W to the binary Ni-P alloy 
coating has received considerable attention due to the unique properties achieved, 
such as thermal stability, high hardness, wear resistance and corrosion resistance. 
Co-deposition of tungsten controls the crystallinity of Ni-P coatings by reducing 
the phosphorus content [31, 32]. However, the crystallization temperature is 
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raised on account of tungsten addition. The formation of a Ni-W solid solution 
explains the high hardness and wear resistance achieved in addition to thermal 
stability [33, 34]. The thermal stability under long term aging treatment for 
electroless Ni-P-W coating has been investigated by Tien et al [35]. It is reported 
that, at 375°C, the coating is strengthened up to 1440 HK, due to the 
crystallization of nickel, precipitation of Ni3P and solid solution strengthening. 
The hardness remains unchanged even after 20h heat treatment. The hardness 
further increases to 1460 HK with heat treatment of the deposits at 450°C for 4h. 
The as-deposited coatings are seen to be amorphous/ nanocrystalline in nature, 
which depends primarily on the content of phosphorus of the deposits. The phase 
transformation behavior and thermal stability of Ni-P-W coating for various 
phosphorus and tungsten content has been investigated by Balaraju et al [36]. It 
is reported that the addition of W leads to a more nodular surface morphology, 
and metastable phases such as Ni5P12 and NiP are identified along with stable 
Ni3P and Ni for heat treated coatings at 400°C for 1h. Better thermal stability is 
obtained for baths containing 20g/L sodium tungstate. A correlation between the 
structure of electroless deposited Ni-P-W coating with the hardness and 
corrosion behavior has been established by Liu et al [37]. It is revealed that with 
heat treatment of the coatings at a temperature of 300°C or below, the increase in 
hardness is mainly due to the crystallization of nickel from the amorphous phase 
and not to Ni3P. Peak hardness is obtained for a heat treatment temperature of 
400 or 500°C, which can be mainly attributed to the precipitation of Ni3P phase. 
The poorest corrosion resistance is obtained for the coatings heat treated at 
400°C for 1h. Laser nano-crystallization affects the wear and corrosion resistance 
significantly compared to the furnace annealed ones [38]. The best corrosion 
resistance is achieved at lower scanning velocities [39, 40].  
It has been used the design of experiments and Taguchi based Grey relational 
analysis for the optimization of tribological testing parameters for minimum 
friction and wear, while optimization of coating deposition parameters for 
improving corrosion resistance of electroless Ni-P-W coating has been carried 
out extensively by Roy and Sahoo [41, 42]. A parametric combination of 50N 
applied normal load, 70 rpm roller speed and 5min test duration has been 
reported to yield minimum friction and wear of the coatings on a block-on-roller 
multi-tribotester [41]. From electrochemical impedance spectroscopy study in 
3.5% NaCl solution, the best corrosion resistance is seen for a coating bath 
composition having 30 g/L nickel sulphate, 17 g/L sodium hypophosphite, 25 g/L 
sodium tungstate and an annealing temperature of 600 °C [42]. Optimum 
deposition of tungsten and phosphorus content of the coatings using orthogonal 
arrays by considering plating bath parameters such as concentration of sodium 
hypophosphite, sodium citrate, bath temperature, pH and stabilizer has been 
reported by Shu et al. [43].  
From an extensive review of literature, it seems that the research concerning 
electroless Ni-P-W coating is mainly directed towards the investigation of 
surface morphology, microstructure, corrosion resistance, microhardness, wear 
resistance and friction behavior. The effect of different heat and surface 
treatments on the same has also been studied, while the tribological behavior has 
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been investigated mostly under dry sliding condition [31-43]. Investigation of 
tribological behavior of EN coatings under lubricated condition is seen to be 
mostly concentrated around Ni-P binary alloy coatings and its composite variants 
[13, 14-18]. EN coatings find extensive usage in the automotive industry [1-4]. 
The exploration of friction and wear behavior of Ni-P-W coating under oil 
lubricated condition can prove to be fruitful to extend the usage of the coatings to 
newer applications involving tribological contact under lubricated environments. 
Moreover, a scarcity of literature on the investigation and modeling of 
tribological behavior of Ni-P-W coatings using AI techniques is also seen. The 
use of fuzzy logics is extensively seen for the prediction and optimization of 
machining operations and manufacturing processes, due to its simplicity and 
effectivity in handling vague and imprecise data [44-47].The present study is 
thus intended towards the same in a systematic manner, using Taguchi’s design 
of experiments, regression analysis and artificial intelligence (AI) technique. 
Hence, a fuzzy rule based expert system has been proposed in the present study 
along with the conventional regression method for the prediction of wear depth 
of electroless Ni-P-W coating under dry and lubricated condition. An expert 
fuzzy model can be effectively used for quicker decision making, in cases where 
a practical approach is not feasible. 
In the present work, Ni-P-W coating is deposited on AISI 1040 steel specimens. 
The coating characteristics are studied using energy dispersive X-ray analysis, X-
ray diffraction and scanning electron microscope. The wear tests are carried out 
under dry and lubricated sliding condition on a pin-on-disc tribological test setup. 
An effort has been made to analyze the relationship between the tribological test 
parameters and wear behavior of the coatings, using response surface 
methodology and fuzzy logics. A comparative analysis between the two 
modeling procedures has been undertaken. The mechanism governing the wear 
of Ni-P-W coating has been investigated both under dry and oil lubricated 
condition. The feasibility of the coatings for applications involving tribological 
contact under lubricated condition is ascertained.  
 
Response surface methodology  
Response surface methodology (RSM) is a simple yet powerful tool for the 
modeling and analysis of a response of interest that is influenced by several 
process variables. It combines both mathematical and statistical techniques to 
find out the interrelationships between the responses and process parameters, as 
well as to evaluate the competence of the model for future predictions [48-52]. 
Generally, a response surface is graphically represented. If the response of 
interest can be defined efficiently by a first order model, then the approximating 
function can be written as [52]: 

0 1 1 2 2 3 3 k ky x x x x                                    (1) 

where k is the number of independent variables,  x1, x2, x3, ….., xk are the 
independent variables, β0, β1, β2, β3, ……., βk are constants, while ɛ is the error 
term. 
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In cases where curvature exists in the system, a higher order polynomial is 
required to approximate the surface. Generally, a second order model is seen to 
be adequate in representing the same, and is given as [52]: 

2
0

1 1

k k

i i ii i ij i j
i i i j

y x x x x    
  

                                 (2) 

where β0 is a constant, βi, βii and βij are the coefficients of linear, quadratic and 
interaction terms, respectively. The fitted equation is obtained as: 
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                      (3) 

 

Fuzzy reasoning method 
Development of a mathematical model of a system response with the 
corresponding design variables has always interested researches. However, it is 
not always feasible to obtain an accurate mathematical model in several practical 
situations, due to the highly complex and vague interrelationships that exist 
between the system and the process variables. In such cases, fuzzy logic offers an 
efficient means of system design based on non-formally expressed laws that are 
derived from a database or expert knowledge. Fuzzy logic was firstly proposed 
by Zadeh [53], and the true essence of it lies in the use of linguistic variables. 
The relationship between a system response and the process variables can be 
captured in the form of rules which can be expressed as: 

IF (antecedent) THEN (consequent) 
 

Vague, uncertain and imprecise information can be well handled by the fuzzy 
logic method. The basis of fuzzy logic is the fuzzy set theory. In any ordinary set, 
an object is either included or excluded, meaning its membership value is either 1 
or 0. But, in a fuzzy set, there is a gradual transition from membership to non-
membership [54]. A membership value between 0 and 1 is assigned to an object. 
A fuzzy logic system consists of a fuzzifier, fuzzy inference engine and a 
defuzzifier. A typical fuzzy process is shown in Fig. 1. The crisp inputs are 
fuzzified, i.e., converted to linguistic expressions. The fuzzification is carried out 
using membership function (MF) that assigns membership values. The range of 
the input parameters is found out, and the whole space is divided into fuzzy 
subsets using MF. Values of MF range between 0 and 1, which determine the 
degree of membership of a variable in a subset. A MF can be triangular, 
trapezoidal, gaussian, bell shaped or sigmoidal. The fuzzified members then 
invoke the fuzzy inference engine (FIS), which comprises a knowledge base 
based on expert intuition and rule base. A certain number of rules are satisfied, 
which in turn give the fuzzified output by performing Mamdani’s MAX-MIN 
implication or Takagi and Sugeno’s approach [54]. Finally, a crisp output is 
obtained from the defuzzifier. 
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Figure 1. Schematic diagram of a fuzzy reasoning procedure. 

 

Experimental details 
Coating deposition 
Coating deposition is carried out on steel (AISI 1040) substrates of dimension Ø6 
× 30 mm. The substrates are rinsed in deionized water and cleaned using acetone 
for degreasing and removal of corrosive products. A pickling treatment in 50% 
HCl is given to remove rust or oxide layers which may have formed. After 
thorough cleaning of the substrates, they are subjected to surface roughness 
measurements. EN coatings follow the substrate profile and, hence, they are 
selected with precision, to eliminate the effect of surface roughness on the 
tribological behavior of the coatings. The specimens corresponding to N6 grade 
(Ra = 0.8 µm) are selected for coating deposition. 
  

Table 1. Electroless bath composition and deposition condition. 
Bath constituents Values Operating condition Values 
Nickel sulphate 20 g/L pH 7-8 
Sodium hypophosphite 20 g/L Bath temperature 90±2 °C 
Sodium citrate 35 g/L Duration of coating 3 h 
Ammonium sulphate 30 g/L Bath volume 200 mL 
Lactic acid   5 g/L Annealing temperature (for 1 h 

in a box furnace) 
400 °C Sodium tungstate 25 g/L 

 

Prior to deposition in the electroless bath, the specimens are again rinsed in 
deionized water, and dipped in a warm (55°C) PdCl2 solution. This process, 
known as ‘activation’, is done to achieve a higher deposition rate, good adhesion 
of the coatings with the substrate, and obtain a significant amount of deposit 
thickness, so that tribological tests can be carried out [19, 55, 56]. It may be 
noted here that the substrates used in the present study are catalytically active. 
But it is observed that, without the activation in PdCl2, the deposition proceeds at 
a very slow rate, leading to a very low deposit thickness [56]. In the meantime, 
the electroless bath is prepared by mixing the chemicals in the selected order, as 
enlisted in Table 1. 
A bath volume of 200 ml is taken for coating deposition. The parameters of the 
electroless bath are kept constant to achieve equal coating thickness and 
properties for all the specimens. After a deposit period of 3 hrs, the coated 
specimens are heat treated in a muffle furnace at 400°C for 1 hr.  
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The coatings are allowed to cool to the ambient temperature inside the furnace 
itself. The deposition setup is illustrated in Fig. 2. 
 

 
Figure 2. Electroless coating deposition setup. 

 
Coating characterization 
The composition of EN coatings significantly determines the phase structure and 
tribological behavior. Heat treatment results in an improved hardness, wear 
resistance and low coefficient of friction. Therefore, it is necessary to study the 
coating characteristics in detail, to understand their effect on wear behavior. 
Energy dispersive X-ray (EDX) analysis (FEI, Quanta FEG 250) is used to 
determine the percentage by weight of nickel, phosphorus and tungsten in the 
coating. To analyze the phase transformation taking place due to heat treatment, 
X-ray diffraction (XRD) with Cu-Kα (Rigaku, Miniflex) technique is used. The 
surface morphology of the coating before and after annealing at 400°C for 1hr is 
observed under a scanning electron microscope (SEM) (JEOL, JSM 6360). The 
wear mechanism is also ascertained from SEM micrographs of worn out 
specimens after the tribological tests under dry and lubricated sliding condition.  

 
Tribological tests 
The dry and lubricated sliding wear tests are carried out on a pin-on-disc 
tribological test setup (Ducom, TR-20-LE-CHM-400, India). The coated pin 
specimens are held stationary against a rotating counterface disc (diameter 
165mm, 8mm thick) of EN 31 material hardened to 60HRc and ground to 1.6Ra 
surface roughness.  The wear track diameter is kept fixed at 80mm. The normal 
load is applied to the specimen by placing dead weights on a loading pan 
connected to a loading lever of ratio 1:1. The sliding speed and sliding duration 
can be controlled from the friction/wear monitor. Table 2 enlists the tribological 
test parameters along with their levels. The parameters are selected after a 
meticulous study of the literature and carrying out several experiments. Wear 
depth is acquired by a LVDT (Syscon) with a least count of 1µm and 1±1% of 
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measured wear. A commercially available engine oil (Servo PRIDE-4T, Indian 
Oil) is used for the wear tests under lubricated condition. Experiments are 
systematically carried out following the combinations available in Taguchi’s L27 
orthogonal array (OA). The L27 OA can accommodate the direct as well as the 
interaction effect of the test parameters on responses.  
 

Table 2. Test parameters and their levels. 

Design factors Unit 
Levels 

1 2    3 

Load (L) N 10 20   30 

Speed (S) rpm 60 80 100 

Time (T ) min   5 10   15 

 

 
Figure 3. Tribological test setup. 

 
Wear depth is acquired by a LVDT (Syscon) with a least count of 1µm and 1±1% 
of measured wear. A commercially available engine oil (Servo PRIDE-4T, 
Indian Oil) is used for the wear tests under lubricated condition. Experiments are 
systematically carried out following the combinations available in Taguchi’s L27 
orthogonal array (OA). The L27 OA can accommodate the direct as well as the 
interaction effect of the test parameters on responses.  
The pin-on-disc tribotester is shown in Fig. 3. 
 
Results and discussion 
Composition, phase transformation, microstructure and coating thickness 
Composition of the coatings in terms of weight percentages of nickel, 
phosphorus and tungsten is obtained from EDX analysis which is 88%, 8% and 
4%, respectively, in the as-deposited coatings. The EDX spectrum of the coatings 
in its as-deposited and heat treated condition is shown in Fig. 4. Phosphorus 
percentage of the deposits determines their crystallinity. In general, for the binary 
Ni-P alloy system, the coatings are seen to be amorphous in the high phosphorus 
(10-13 wt% P) range, while there is a mixture of nanocrystalline and amorphous 
phases in the medium phosphorus (6-9 wt% P) range. The incorporation of 
tungsten to Ni-P coating leads to a decrease in the phosphorus content. As the 
concentration of sodium tungstate is increased in the electroless bath, the 
phosphorus content decreases, while the tungsten content increases [32], and the 
coatings are transformed more to a mixture of amorphous and nanocrystalline 
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phases. This also causes an improvement in the microhardness of the deposits, 
which in turn affects the tribological behavior. The phosphorus content obtained 
in the present case is around 8% by weight, which corresponds to the medium 
phosphorus range, and it is expected that the coatings would exhibit an X-ray 
amorphous/nanocrystalline nature in its as-deposited condition.  
The phase transformation caused on account of the heat treatment is analyzed 
using XRD, and shown in Fig. 5. Results obtained in the EDX analysis are 
further supported by the XRD results where as-deposited Ni-P-W coating 
exhibits amorphous/ nanocrystalline behavior with a sharp peak pertaining to Ni 
(111) plane surrounded by short peaks. The intensity corresponding to Ni (111) 
increases on heat treatment at 400°C for 1 hour, and the coatings turn crystalline 
due to the precipitation of stable crystalline phases of nickel phosphides (Ni3P). 
Heat treatment improves the microhardness and wear resistance of Ni-P-W 
coatings. This is mainly attributed to precipitation hardening, as well as to a solid 
solution strengthening phenomenon [33]. 
SEM micrographs of an as-deposited and heat treated specimen are shown in Fig. 
6(a) and Fig. 6(b), respectively. A nodular surface morphology similar to that of 
a cauliflower can be observed in Fig. 6(a) for the as-deposited coating. The 
coating deposit is quite homogenous without any porosity. Bright particles are 
visible to be scattered all over the coating surface. This can be attributed to the 
excess growth of nickel alloy over the nodules. Similar results were obtained by 
Selvi et al. [57], and it was explained that this excess growth could be due to the 
mixed complex in the electroless bath which acts as a precursor for the 
deposition of the alloy. On heat treatment the nodules are seen to become more 
compact, and some amount of volume contraction is observed in Fig. 6(b). Phase 
transformation of Ni-P-W coating results in a large number of Ni3P crystallites 
precipitating out of the supersaturated solid solution of nickel, thereby causing 
volume contraction [40]. A cross-cut section of the coated specimen is shown in 
Fig. 6(c). The coating thickness is seen to be around 30 µm and quite uniform, 
which is a characteristic feature of EN coatings. 
 
Analysis of response surface model  
The present investigation considers applied normal load, sliding speed and 
sliding duration as the independent variables, while the wear depth is the system 
response. The experimental combinations of the independent regressor variables 
(process parameters) in their un-coded and coded form, along with the system 
response, i.e., wear depth under dry and lubricated conditions, are given in Table 
3.  
The regression constants are evaluated by using a method of least squares, and it 
is carried out using Minitab [58]. The fitted second order equation for wear depth 
under dry condition in un-coded form is: 

2 5

2 2

( ) 25.364 0.303 0.735 0.505 0.0025 3.92 10

0.0025 0.0054 0.001 0.013

dryWear m L S T L L S

L T S S T T

             

           

 
(4) 

 
Similarly, the wear depth under lubricated condition can be expressed in un-
coded form by the following: 



A. Mukhopadhyay et al. / Port. Electrochim. Acta 34 (2016) 231-255 

 240 

2

2 2

5.383+0.643 0.012  + 0.239  0.014  +0.00099  

               +0.002 0.0002 + 0.005 0.018

lubWear L S T L L S

L T S S T T

         

         

 
     (5) 
 

 

 
Figure 4. EDX spectrum of Ni-P-W coatings: (a) as – deposited and (b) heat treated. 

 

 
Figure 5. XRD results of as-deposited and heat treated coatings. 
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The analysis of the response surface model is carried out using Minitab software 
[58] for wear depth under dry and lubricated condition. The significance of the 
second order regression model is evaluated by calculating the coefficient of 
determination (R2). The coefficient of determination signifies the percentage of 
variability that can be accounted for by the model. The capability to predict the 
response with accuracy is denoted by the term R2 [48-51]. 

 
Figure 6. SEM micrograph of Ni-P-W coating: (a) as-deposited (b) heat treated and (c) 
cross-cut section. 
 
Moreover, the correlation between the predicted and experimental wear depth for 
both dry and lubricated conditions is shown in Fig. 7(a) and Fig. 7(b), 
respectively. A high correlation between the two is observed in Fig. 7, which 
indicates that the model is quite significant, and can be used for further 
predictions. Furthermore, the R2 value is seen to be 95.3% and 87.5% for dry and 
lubricated condition, respectively, which is reasonably high. This indicates the 
sufficient closeness of the predicted response to the actual response. Hence, it 
can be assimilated that the quadratic models for wear depth under dry and 
lubricated condition can suitably conceive the complex relationship with the 
tribological test parameters. 
Similarly, the ANOVA results for wear depth under lubricated condition are 
presented in Table 3. Again, the linear terms are seen to be important, along with 
the square term of load. 
The percentage contributions of the process parameters, their square terms and 
interactions are also given in Tables 4 and 5, for dry and lubricated condition, 
respectively. Accordingly, it can be noticed that sliding speed has the highest 
contribution followed by applied normal load and sliding duration for both dry 
and lubricated condition. 
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Table 3. Experimental arrangement and data for wear depth under dry and lubricated 
conditions.. 

Exp. No. 
Actual values of parameters Coded values of parameters Wear depth (µm) 

L S T L' S' T' Dry Lub 

1 10 60 5 -1 -1 -1 5.031 4.398 

2 10 60 10 -1 -1 0 7.887 5.114 

3 10 60 15 -1 -1 1 10.196 5.559 

4 10 80 5 -1 0 -1 7.849 4.265 

5 10 80 10 -1 0 0 9.486 6.37 

6 10 80 15 -1 0 1 11.203 9.552 

7 10 100 5 -1 1 -1 12.649 7.803 

8 10 100 10 -1 1 0 14.14 9.859 

9 10 100 15 -1 1 1 15.407 11.204 

10 20 60 5 0 -1 -1 10.283 7.982 

11 20 60 10 0 -1 0 11.134 8.795 

12 20 60 15 0 -1 1 12.239 9.439 

13 20 80 5 0 0 -1 9.55 9.723 

14 20 80 10 0 0 0 11.509 11.414 

15 20 80 15 0 0 1 12.866 11.674 

16 20 100 5 0 1 -1 13.481 8.89 

17 20 100 10 0 1 0 16.816 12.646 

18 20 100 15 0 1 1 18.946 13.921 

19 30 60 5 1 -1 -1 10.979 6.534 

20 30 60 10 1 -1 0 13.1 9.012 

21 30 60 15 1 -1 1 14.088 10.084 

22 30 80 5 1 0 -1 9.825 8.837 

23 30 80 10 1 0 0 13.718 11.299 

24 30 80 15 1 0 1 16.21 12.783 

25 30 100 5 1 1 -1 17.318 11.814 

26 30 100 10 1 1 0 19.423 14.476 

27 30 100 15 1 1 1 20.602 15.52 

 
Statistical significance of the developed models is analyzed by carrying out 
analysis of variance (ANOVA) using Minitab [58], and in coded form of the 
parameters. The quadratic models expressed in Eqn. 4 and Eqn. 5 have been 
developed at 95% confidence interval. In that case, a P value lower than 0.05 
indicates a significant contribution by a factor, square term or an interaction 
term. ANOVA results for wear depth under dry condition are given in Table 4. 
From the results, it can be assessed that the regression model is highly 
significant. All the three linear terms, i.e., load, speed and time are significant 
along with the square term of speed. 
 
Analysis of fuzzy rule based model 
In the present work, the input (load, speed and time) as well as the output 

parameter (wear depth) are fuzzified using triangular membership function. To 

represent the input parameters, linguistic variables such as low (L), medium (M) 

and high (H) are used [13]. The fuzzy subsets for the same are shown in Fig. 8. 
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To obtain a fuzzy value of the output (wear depth), it has been divided into nine 

fuzzy subsets, i.e., very very low (VVL), very low (VL), low (L), low medium 

(LM), medium (M), high medium (HM), high (H), very high (VH) and very very 

high (VVH) [13]. Again, to map the output onto a fuzzy subset, triangular 

membership functions (MF) have been chosen. The MF for wear depth under dry 

and lubricated condition has been shown in Fig. 9(a) and Fig. 9(b), respectively. 

Triangular MF is chosen for its simplicity of use. 

 

 
Figure 7. Correlation between regression predicted and actual wear for (a) dry and (b) 
lubricated conditions. 
 

Table 4. Analysis of variance for wear depth under dry condition. 
Source DF Seq SS Adj MS F P  Contribution (%) 

Regression 9 353.5 39.278 55.69 0  96.72 

L' 1 95.289 95.289 135.1 0  26.07 

S' 1 161.071 161.071 228.37 0  44.07 

T' 1 67.249 67.249 95.35 0  18.40 

L'2 1 0.381 0.381 0.54 0.472  0.10 

S'2 1 28.583 28.583 40.53 0  7.82 

T'2 1 0.603 0.603 0.85 0.368  0.16 

L'×S' 1 0.001 0.001 0 0.975  0.00 

L'×T' 1 0.188 0.188 0.27 0.613  0.05 

S'×T' 1 0.136 0.136 0.19 0.666  0.04 

Residual Error 17 11.99 0.705 
  

 3.28 

Total 26 365.49        100 

        

 
After fuzzification of the input and the output space using linguistic variables, 

they are correlated by a IF-THEN fuzzy rule based system, which forms the core 

of the FIS. Two separate FIS are created for modeling the wear depth under dry 

and lubricated condition. From the number of process parameters and their 

levels, 27 rules are directly obtained which again depend on the experimental 
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values of the responses. Table 6 enlists the rule base derived from the 

experimental results for both dry and lubricated sliding wear. Using Mamdani’s 

max-min implication, a fuzzy subset is assigned to each output variable for a 

particular rule. Finally, the centroid defuzzification scheme is used in the present 

investigation to obtain a crisp value of the output. The centroid method computes 

the centroid of the area under the membership function. 

 
Table 5. Analysis of variance for wear depth under lubricated condition. 

Source DF Seq SS Adj MS F P Contribution (%) 

Regression 9 222.604 24.7338 34.1 0 94.75 

L' 1 72.943 72.9431 100.56 0 31.05 

S' 1 85.439 85.4386 117.78 0 36.37 

T' 1 48.314 48.3144 66.6 0 20.56 

L'2 1 11.102 11.1021 15.3 0.001 4.73 

S'2 1 0.027 0.0274 0.04 0.848 0.01 

T'2 1 1.182 1.1816 1.63 0.219 0.5 

L'×S' 1 0.474 0.474 0.65 0.43 0.2 

L'×T' 1 0.153 0.1526 0.21 0.652 0.07 

S×'T' 1 2.97 2.9701 4.09 0.059 1.26 

Residual Error 17 12.332 0.7254 
  

5.25 

Total 26 234.936       100 

 
The correlation graph for fuzzy rule based predicted wear depth under dry and 

lubricated condition is illustrated in Fig. 10(a) and Fig. 10(b), respectively. The 

R2 value for the fuzzy prediction model is seen to be 97.7% and 98.7% for dry 

and lubricated sliding condition, respectively. Therefore, within the experimental 

domain, fuzzy model is seen to be adequate in interpreting the relationship of the 

complex wear phenomenon and the process parameters viz. load, speed and time. 

The closeness of the points to the straight line in Fig. 10 clearly indicates the 

close correlation that exists between the predicted and experimentally obtained 

values. In fact, the fuzzy model is seen to be superior compared to the response 

surface method in precisely relating vague and uncertain of the data by the use of 

linguistic variables and an expert system. Thus, it can be concluded that both 

regression and fuzzy model are valid and acceptable, but fuzzy system has better 

modeling capabilities, and in a more human like manner. 

 
Validation tests 
To validate the observations made from RSM and fuzzy models, two test runs T1 
and T2 are undertaken at dry and lubricated condition. T1 corresponds to a 
parametric combination, where the applied normal load is15N, a sliding speed of 
70 rpm and a sliding duration of 9 min. The combination of test parameters 
corresponding to T2 is applied normal load of 25N, sliding speed of 90 rpm and 
12 min sliding duration. Intermediate values of tribo-testing parameters within 
the experimental domain are purposely selected to check the adequacy and 
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correlation of the developed models with the actual (experimental) results 
obtained. The validation test run results for dry and lubricated sliding condition 
are presented in Fig. 11(a) and Fig. 11(b), respectively. It can be clearly seen that 
both second order regression and fuzzy models have excellent prediction 
capabilities, and corroborate well with the actual results experimentally obtained.  
 

   
a) b) c) 

Figure 8. Membership functions of inputs: (a) Load, (b) Speed and (c) Time [13]. 

 

 
Figure 9. Membership functions of outputs, i.e., wear depth under: (a) dry and (b) 
lubricated condition. 
 
However, the results obtained from fuzzy model exhibit less errors compared to 
the regression predicted results. Therefore, the validation tests also substantiate 
the observations made in the present experiment, where fuzzy rule based expert 
system is seen to have a higher R2 value compared to RSM for both dry and 
lubricated tribological test conditions. Similar results were obtained by 
Mukhopadhyay et al. [13], where fuzzy logic and conventional regression 
method were used to analyze the wear behavior of electroless Ni-P coating under 
lubricated condition. 
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Figure 10. Correlation between fuzzy predicted and actual wear (a) dry and (b) 
lubricated condition. 
 

Table 6. Structure of fuzzy IF-THEN rules. 

Rule 
No. 

IF   THEN 

Load   Speed   Time   WearDry   WearLub 

1 L 

AND 

L 

AND 

L 

  

VVL 

AND 

VVL 

2 L L M VL VL 

3 L L H LM VL 

4 L M L VL VVL 

5 L M M L L 

6 L M H LM M 

7 L H L M LM 

8 L H M HM M 

9 L H H HM HM 

10 M L L LM LM 

11 M L M LM LM 

12 M L H M M 

13 M M L L M 

14 M M M LM HM 

15 M M H M HM 

16 M H L M LM 

17 M H M H H 

18 M H H VH VH 

19 H L L LM L 

20 H L M M LM 

21 H L H HM M 

22 H M L L LM 

23 H M M M HM 

24 H M H H H 

25 H H L H HM 

26 H H M VH VH 

27 H H H VVH VVH 
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Effect of process parameters on wear 
The trends in variation of wear depth with the interaction effect of the process 
parameters are determined from surface plots predicted by the fuzzy model both 
under dry and lubricated conditions. The plots for dry sliding wear behavior are 
depicted in Fig. 12. For load vs. speed interaction (Fig. 12(a)), the wear depth is 
seen to increase with an increase in load and speed. In general, with an increase 
in the applied normal load, the actual contact area of the asperities increases, 
because of the advancement of the mating surfaces towards each other. Due to 
this, the sheared volume of the coatings by the hard counterface material 
increases, indicating an increase in the wear depth in the present case. Similarly, 
an increasing trend in wear depth is observed for load vs. time interaction (Fig. 
12(b)). It is also to be noted that, as the sliding speed or the sliding duration 
increases, a simultaneous increase in sliding distance is achieved. This again 
leads to more wear of the coatings, unless tribochemical reaction at the sliding 
interface occurs, and a protective oxide film formation takes place at the tip of 
the asperities. Due to the aforesaid reasons, the wear depth is again seen to 
increase with speed vs. time interaction (Fig. 12(c)). 
 

 
a) b) 

Figure 11. Validation tests for (a) dry and (b) lubricated sliding condition. 
 
However, in Fig. 12(a) and Fig. 12(b), the wear depth encountered is seen to be 
quite low up to 80 rpm. This could be due to the rolling effect of worn particles 
of the debris being entrapped between the counterface and coating. This effect 
again vanishes at a higher level of the test parameters, and the wear debris seems 
to contribute to the ploughing effect, causing higher wear.  

 
Figure 12. Surface plots indicating the variation of wear depth under dry condition for: 
(a) load vs. speed, (b) load vs. time, and (c) speed vs. time. 



A. Mukhopadhyay et al. / Port. Electrochim. Acta 34 (2016) 231-255 

 248 

 
The obtained trends are also seen to be in accordance with Archard’s relation for 
wear according to which, the wear volume is directly proportional to the applied 
normal load and sliding distance, and inversely proportional to the hardness of 
the material. 
To assess the wear behavior of electroless Ni-P-W coating with interaction 
effects of the test parameters under lubricated condition, 3D surface plots are 
again generated from the fuzzy prediction model and are displayed in Fig. 13. 
For load vs. speed interaction (Fig. 13(a)), the wear depth is seen to increase up 
to 20N, and then gradually stabilizes. No steep increase in wear depth is 
observed. Initially higher wear may be encountered due to the running in stage. 
The wear depth stabilizes at a later stage. Moreover, as the speed increases, the 
adsorbed film thickness increases leading to better lubrication. However, it can 
be observed in Fig. 13(a) that, at higher values of the parameters, a higher wear 
depth is encountered, which may be due to the breakage of the lubricant film at 
higher load. Similar result is obtained in Fig. 13(b) for the load vs. time 
interaction. The wear depth tends to stabilize after 20 N applied normal, and up 
to a sliding duration of 10 min, after which the response seems to increase. In 
Fig. 13(c), for speed vs. time interaction, the wear depth is again seen to be stable 
at higher speed, up to 10 min sliding duration, above which it increases. Thus, in 
Fig. 13, for all the interaction effects of the tribo-test parameters, the wear depth 
is seen to be higher at higher levels of the same. But, on comparing with the 
results obtained in dry condition (Fig. 12), a clear enhancement in wear behavior 
is seen under lubricated condition. Another reason for the low wear of the 
coatings under lubricated condition can be due to the fact that the lubricant 
carries away the generated heat, and lowers the flash temperature at the contact 
point of the asperities. Therefore, electroless Ni-P-W coatings are found to be 
suitable for reduction of wear of tribological contact applications working under 
lubrication. 
 

 
Figure 13. Plots indicating the variation of wear depth under lubricated condition for: 
(a) load vs. speed, (b) surface) load vs. time, and (c) speed vs. time. 

 

Wear mechanism 
The wear mechanism of electroless Ni-P-W coating after dry sliding against 
hardened EN 31 counterface disc is analyzed by observing the worn specimens 
under SEM. Under dry sliding condition, most of the specimens exhibit similar 



A. Mukhopadhyay et al. / Port. Electrochim. Acta 34 (2016) 231-255 

 249 

wear morphology. Hence, the wear track at the highest parametric combination, 
i.e., 30N applied normal load, 100 rpm sliding speed and 15 min sliding duration 
is shown in Fig. 14. Micro cutting and micro ploughing in the direction of sliding 
arte observed (Fig. 14(a)). A three body abrasion is clearly indicated with the 
debris particles cutting through the coating and displacing the material to the side 
of the wear track (Fig. 14(b)). Therefore, abrasive wear mechanism of the 
coatings is established from the wear track images. Such abrasion leads to an 
increase in the wear depth, with an increase in the test parameters, and the same 
is reflected in Fig. 12. 

 
Figure 14. Worn specimen of Ni-P-W coating under dry sliding condition (a) 800x and 
(b) 4000x. 

 
Figure 15. Worn specimen of Ni-P-W coating under lubricated sliding condition (a) 
800x and (b) 2000x magnification for an applied load of 10N, sliding speed of 100 rpm 
and sliding duration of 15 min. 
 
Similarly, the wear mechanism is analyzed for lubricated sliding condition, and 
the SEM micrograph is shown for 10 N applied normal load, 100 rpm sliding 
speed and 15 min sliding duration in Fig. 15. It can be noted here that worn 
specimen for 10 N and 20 N load and other combination of sliding speed and 
sliding duration exhibits similar wear morphology, and, hence, has been omitted 
for brevity reasons. It can be clearly seen in Fig. 15(a) that wear occurs by mild 
abrasion. The load is carried by some of the nodules, and minor scratch marks 
are visible in Fig. 15(a), and more evidently in the magnified view in Fig. 15(b). 
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SEM micrographs of wear tracks at 30 N load and a sliding duration of 15 min 
are shown in Fig. 16 for Ni-P-W coating under lubricated sliding condition. At 
60 rpm sliding speed, mild abrasion and surface smoothening effect can be 
observed (Fig. 16(a)). The smoothening effect is more prominent at 100 rpm 
(Fig. 16(b)). Such effects tend to reduce the wear rate of the coatings. In Fig. 
13(a) and Fig. 13(c), it can be observed that the wear depth becomes stable at 
higher values of sliding speed. This can be attributed to the smoothening effect 
observed in Fig. 16. Therefore, although the breakage of lubricant film might 
take place at higher applied normal loads, a decrease in wear depth is observed. 
In fact, the flowing lubricant carries away the wear debris, thereby preventing the 
ploughing effect caused by the particles. Hence, enhanced tribological behavior 
of electroless Ni-P-W coating is observed under lubrication compared to dry 
sliding condition. It also seems that boundary lubrication regime exists within the 
experimental domain considered. Thus, from the wear behavior and wear 
mechanism exhibited by the coatings, superior tribological behavior is 
established under boundary lubrication sliding condition. 
 

 
Figure 16. SEM micrograph of wear track under lubricated condition at 30 N load and 
15 min sliding time and sliding velocity (a) 60 rpm  (b) 100 rpm. 
 
At this point, it is interesting to note that the wear depth of the coatings obtained 
for both dry and lubricated sliding conditions is lower than the coating thickness. 
Moreover, the hardness of the coatings is lower than that of the hardened 
counterface disc. This indicates that only the wear of the coatings has taken 
place, and the measurement of wear in terms of displacement adequately 
represents the wear of the deposits. 
 
 
Conclusions 
In the present work, Ni-P-W coating is deposited by the electroless method onto 
AISI 1040 steel substrates. Tribological tests under dry and lubricated condition 
are carried out on a pin-on-disc test setup following Taguchi’s L27 orthogonal 
array. Prediction models are developed using the experimental data through 
conventional regression method and fuzzy logic, which is an artificial 
intelligence technique capable of handling uncertain and vague data. The 
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coefficient of determination of fuzzy rule based model is seen to be 97.7% and 
98.7% under dry and lubricated conditions, respectively, indicating the high 
efficiency and prediction capabilities of the method. A lower coefficient of 
determination compared to the fuzzy logic method is observed for the response 
surface method. ANOVA results reveal that the highest contribution to wear 
under both the conditions is sliding speed followed by applied normal load and 
sliding duration. Three dimensional surface plots indicate an increase in wear 
with the interaction effect of the test parameters. But the coatings exhibit 
excellent wear resistance under lubricated condition, due to a surface 
smoothening effect at higher parametric combinations. Abrasive wear is the 
predominant mechanism under dry and lubricated condition. It is also seen that 
wear behavior of the coatings is mainly governed by the synergistic effects of the 
tribo-testing parameters, coating microstructure, surface morphology, 
strengthening of the deposits on heat treatment and surface smoothening effects. 
Finally, validation runs conducted at arbitrary parametric combination 
consolidated the outstanding prediction capabilities of the developed models. The 
present study thus widens the scope of Ni-P-W coatings for tribological contact 
applications working under lubricated condition. Moreover, the prediction 
models can reduce computational and experimental costs, as well as save time, 
leading to quicker decision making, and improve tribological behavior of 
electroless Ni-P-W coatings.  
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