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HIGHLIGHTS 

 Electroless Ni-P-W coatings exhibit a typical nodular surface morphology. 

 The deposits are a mixture of amorphous and nanocrystalline phases in their as-deposited condition 

and turn crystalline on heat treatment. 

 Significant improvement in wear of the coatings is observed under lubrication. 

 

ABSTRACT 

 

The present study aims to investigate the tribological behavior of Ni-P-W coating under dry and lubricated 

condition. The coating is deposited onto mild steel (AISI 1040) specimens by the electroless method using 

a sodium hypophosphite based alkaline bath. Coating characterization is done to investigate the effect of 

microstructure on its performance. The change in microhardness is observed to be quite significant after 

annealing the deposits at 400°C for 1h. A pin–on–disc type tribo-tester is used to investigate the 

tribological behavior of the coating under dry and lubricated conditions. The experimental design 

formulation is based on Taguchi’s orthogonal array. The design parameters considered are the applied 

normal load, sliding speed and sliding duration while the response parameter is wear depth. Multiple 

regression analysis is employed to obtain a quadratic model of the response variables with the main design 

parameters under considerations. A high value of coefficient of determination of 95.3% and 87.5% of wear 

depth is obtained under dry and lubricated conditions, respectively which indicate good correlation between 

experimental results and the multiple regression models. Analysis of variance at a confidence level of 95% 

shows that the models are statistically significant. Finally, the quadratic equations are used as objective 

functions to obtain the optimal combination of tribo testing parameters for minimum wear depth using 

genetic algorithm (GA).   
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1.0 INTRODUCTION 

 

Electroless nickel (EN) coatings have received wide acceptance by researchers 

since its inception by Brenner and Riddell (1946). The physical, mechanical, electrical 

and tribological properties of the deposits obtained by this elegant autocatalytic method is 

seen to be superior compared to its electrodeposited counterparts with the advantages 

being the variety of substrates that can be coated and uniformity of deposition amongst 

several others (Sudagar et al., 2013; Sahoo and Das, 2011). The binary alloy Ni-P coating 

is seen to have excellent hardness, wear resistance, corrosion resistance and low 

coefficient of friction (COF) (Loto, 2016; Agarwala and Agarwala, 2003). Tailoring the 

electroless bath constituents, heat treatment, incorporation of composite particles and 

lubrication result in higher wear and corrosion resistance of the deposits (Sahoo, 2009; 

Guo et al., 2003; Gadhari and Sahoo, 2016; Duari et al., 2015; Duari et al., 2016; 

Mukhopadhyay et al., 2016a, Mukhopadhyay et al., 2016b; Mukhopadhyay et al., 2016c; 

Mukhopadhyay et al., 2016d; Ramalho and Miranda, 2007; Xu et al., 2014). EN coatings 

are found to be suitable as anti-wear and anti-friction coatings even at corrosive 

environments and elevated temperature conditions (Panja et al., 2014; Kundu et al., 

2016). Therefore, EN coatings find wide industrial usage in food processing, aerospace, 

marine, automobile, textiles, chemical, electrical and electronics applications (Sudagar et 

al., 2013). 

The deposition of poly alloy EN coatings such as Ni-P-W, Ni-P-Cu, Ni-P-Mo, Ni-

P-Co, Ni-P-W-Cu, etc. (Sahoo and Das, 2011) has been investigated in quest of achieving 

superior properties with the demanding industrial needs. Amongst several elements, the 

addition of a typical transition element like tungsten to form Ni-P-W coatings leads to a 

high hardness, wear/corrosion resistance, low COF and thermal stability (Mukhopadhyay 

et al., 2016a). Incorporation of W improves the crystallinity of the coatings due to the 

reduction in phosphorus content (Palaniappa and Seshadri, 2007; Balaraju and Rajam, 

2009; Balaraju et al., 2012). As-deposited electroless Ni-P-W coatings exhibit 

amorphous/nanocrystalline structure. On heat treatment, precipitation of crystalline nickel 

and its phosphides takes place (Balaraju and Rajam, 2009). This leads to an improvement 

in the hardness of the deposits. Solid solution strengthening of nickel matrix by tungsten 

and precipitation hardening causes an improvement in friction and wear behavior (Wu et 

al., 2004; Tien et al., 2004). As the tungsten content in the coating increases, the 

microhardness is also seen to increase in as-plated as well as heat treated condition 

(Palaniappa and Seshadri, 2008). Moreover, X-ray diffraction analysis of high tungsten 

content (12-14% by weight) Ni-P-W coatings show a very high intensity peak pertaining 

to Ni (111) indicating improvement in crystallinity of the as-plated coatings. The lowest 

specific wear rate and COF is exhibited by high tungsten Ni-P-W coatings heat treated at 

400°C for 1 hour (Palaniappa and Seshadri, 2008). The correlation between the 

microstructure and properties of electroless Ni-P-W coating has been reported by Liu et 



Jurnal Tribologi 11 (2016) 24-48 

 26 

al. (2015). Electroless Ni-P-W coating is seen to be strengthened up to 1440 HK on 

thermal treatment below the crystallization temperature of 375°C (Tien and Duh, 2004). 

The hardness remains unchanged even for a 20-hour thermal treatment. On heat treating 

the coatings at 450°C for 30 minutes, a high hardness of 1350 HK is seen which rises to a 

maximum of 1460 HK after 4 hours of treatment. Prolonged heat treatment at 450°C for 

20 hours leads to a degradation in the hardness. Though in that case, a hardness value of 

1200 HK is achieved indicating excellent reliability of the coatings on long term aging 

treatment (Tien and Duh, 2004). Apart from thermal treatments or annealing in furnace, 

the influence of laser treatment on the microstructure and corrosion resistance of the 

coatings has also been reported (Liu et al., 2010a; Liu et al., 2010b; Liu et al., 2012). It is 

seen that crystallinity of the coatings increases with a decrease in the scanning velocities 

(Liu et al., 2010a). In fact, the best corrosion resistance is achieved at low scanning 

velocities of 7mm/s and 9mm/s (Liu et al., 2010b). The microhardness of the laser 

annealed Ni-P-W coatings is higher than the furnace annealed ones (Liu et al., 2012). 

Optimized deposition of phosphorus and tungsten in the coatings considering plating bath 

parameters such as concentration of sodium hypophosphite, sodium citrate, bath 

temperature, pH and stabilizer has been reported by Shu et al. (2015). Design 

optimization of electroless Ni-P-W coatings for improving tribological behavior and 

corrosion resistance using Taguchi based grey relational analysis has been addressed in 

detail by Roy and Sahoo (Roy and Sahoo, 2012a; Roy and Sahoo, 2012b; Roy and Sahoo 

2013).  

On examining the literature extensively, it is seen that despite a good number of 

studies on electroless Ni-P-W coatings, there is a dearth in studies concerning the wear 

behavior under lubricated condition. EN coatings find a fair usage in automotive 

industries as well as in applications involving tribological contact under lubricated 

condition. Therefore, it is necessary to obtain optimum tribological behavior of the 

coatings under lubrication. The present work is thus aimed at achieving the same using 

genetic algorithm. The use of genetic algorithm is seen extensively for optimization of 

manufacturing processes due to its excellent convergence and capabilities in multi-

criteria decision making (Sahoo, 2011; Kilickap et al., 2011; Mahesh et al., 2015; Maji 

and Pratihar, 2011; Pratihar, 2014; Deb, 2013). In the present investigation, electroless 

Ni-P-W coatings is deposited onto AISI 1040 steel specimens. The coating characteristics 

are studied using energy dispersive X-ray analysis, X-ray diffraction and scanning 

electron microscope. Microhardness and surface roughness of the coatings are also 

determined. Wear tests are carried out under dry and lubricated condition on a pin-on-

disc test setup following Taguchi’s experimental design. Second order regression 

equations are fitted through the points obtained within the experimental domain. These 

equations are finally used as an input to genetic algorithm and obtain optimal setting of 

test parameters under dry as well as lubricated condition. The wear mechanism is also 

investigated in both the sliding conditions. An effort has been made to strike a 
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comparison between the wear behaviors exhibited in dry and lubricated environments by 

generating three-dimensional surface plots. The effect of microstructure, surface 

morphology, lubrication and wear mechanism on the suitability of the deposits for 

tribological contact applications under oil lubrication is ascertained. A flowchart of the 

experimental investigation is illustrated in Figure 1. 

 

 
Figure 1: Flowchart of the present experimental investigation 

   

2.0 GENETIC ALGORITHM 

 

Genetic algorithm (GA) is a variant of evolutionary algorithm based on Darwin’s 

principle of natural selection i.e. survival of the fittest (Pratihar, 2014). They are 

popularly used as optimization tools for solving complex problems related to industries, 

manufacturing and design of mechanical systems. Compared to the classical approach of 

optimization, GA uses a population of solutions which are driven towards the optimal one 

by mimicking nature’s evolutionary principle. Moreover, since GA does not find optimal 

solution based on gradient as compared to the classical methods, their chances of finding 

a global optimum is higher. Tools like grey relational analysis or Grey-Fuzzy analysis has 

been utilized for the optimization of EN deposits and has been reported in several studies 

(Roy and Sahoo, 2012a; Mukhopadhyay et al., 2015; Mukhopadhyay et al., 2016d). But 

they find optimal solution considering a discrete set of values. Though, intermediate 

values in the experimental domain considered can yield better results. This problem is 

also overcome by GA. Several modifications have been made to GA to obtain better 

convergence and solve problems related to science, engineering and commerce in the last 
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few decades (Deb, 2013). The reason of success of GA can be attributed to its broad 

applicability, ease of use and global perspective (Goldberg and Holland, 1988). 

In general, GA starts with the creation of an initial population (set of solutions) 

generated randomly consisting of chromosomes. The chromosomes are a set of potential 

solution and represent a process parameter. An objective function is defined to assess the 

fitness of the individuals in a population. The population of solution is then modified by 

biologically inspired operators such as: 

a) Selection – This operator is utilized based on the fitness of each individual. 

The fit individuals in a population are selected in pairs for reproduction to 

form a mating pool. Several schemes for selection are available such as 

tournament, roulette wheel, ranking, etc. (Mahesh et al., 2015). 

b) Crossover – Exchange of genetic materials between a pair of mating 

chromosomes to form new solutions. The different type of crossover operators 

mentioned are single point, two point, multiple point, uniform, etc (Pratihar, 

2014).   

c) Mutation – It is the sudden modification of chromosome of a single individual. 

This operator must be applied very carefully as it may lead to the loss of a fit 

individual. Mutation operators are applied generally to explore a broader 

search space or prevent solutions from getting stuck in local optima. 

Ultimately, a pool of new individuals is formed and a generation is completed. In 

a similar way, the individuals evolve through several generations iteratively until a global 

optimal solution is reached or a specified termination criterion is met. 

 

3.0 MATERIALS AND METHODS 

 

3.1 Preparation of Substrate and Coating Deposition 

 

Ni-P-W coating is deposited by the electroless method onto AISI 1040 steel 

specimens of dimension Ø6×30 mm conforming to N6 roughness grade. Substrate 

preparation with precision is highly important for coating deposition by the electroless 

process. The specimens are thoroughly cleaned with soap water and degreased using 

acetone. A pickling treatment in 50% HCl solution is given free the substrates of any 

corrosion products, surface oxide or rust layers. In between each steps, the substrate is 

rinsed thoroughly in deionized water. Finally, the specimens are dipped in warm 

palladium chloride (kept at 55°C) for a few seconds for their activation. The steel 

specimens being catalytically active, are still subjected to this step to kick start the 

deposition as soon as they are dipped into the electroless bath, obtain a high deposition 

rate, good adhesion to the substrate and significant coating thickness. 

The electroless bath is prepared in the meantime and its composition and 

operating condition is given in Table 1. It is decided after conducting a lot of trials and 
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literature review such that a significant deposit thickness is achieved along with 

optimized deposition of tungsten, phosphorus and nickel. The chemicals are mixed in 

appropriate sequence and care is taken to maintain the uniformity of the bath composition 

which is necessary to obtain homogeneity in all the deposited samples. A high precision 

weighing balance (AFCOSET ER 182A) with readability of 0.01 mg is used for the same. 

The coating deposition setup is presented in Figure 2. After deposition, the specimens are 

then subjected to heat treatment at 400°C for 1 hour in a box furnace. After 1 hour, the 

furnace is switched off and the coated pins are allowed to cool slowly in the furnace 

itself. 

 

Table 1: Coating bath composition and deposition condition 

Bath constituents Values Operating condition Values 

Nickel Sulphate (source of nickel) 20 g/l pH 7-8 

Sodium Hypophosphite (reducing agent) 20 g/l Bath temperature  90±2˚C 

Sodium Citrate (complexant) 35 g/l Duration of coating 3 h 

Ammonium Sulphate (accelerator) 30 g/l Bath volume 200 ml 

Lactic Acid (stabilizer) 5 g/l Annealing temperature 

(for 1hr in a box furnace)  
400°C 

Sodium Tungstate (source of tungsten) 25 g/l 

 

 
Figure 2: Electroless coating deposition setup 
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3.2 Measurement of Microhardness and Surface Roughness 

 

Vicker’s microhardness of the as-plated Ni-P-W coatings are taken using a 

hardness tester (UHL VMHT) fitted with a diamond indenter which is a four sided 

pyramid with square base and an apex angle between opposite sides of 136°(±5°). A load 

of 500 gf is applied while the dwell time and indentation speed are kept at 15 s and 

25µm/s respectively. An average of 6 hardness values is acquired from the microhardness 

tester. The length of the diagonal of the indents formed on the surface of the coatings is 

obtained via a low magnification optical microscope and processed using dedicated 

software. The microhardness tester is illustrated in Figure 3. All surface roughness 

measurements are taken using Talysurf profilometer (Surtronic 3+, Taylor Hobson). It is 

equipped with a diamond stylus having a tip radius 5 µm. Measurements are taken using 

0.8 mm sampling length and 4 mm traversing length. The results obtained are processed 

using Talyprofile software which gives the centre line average roughness (Ra) and the 

surface profile of the coatings. Roughness measurements on the coated samples have 

been repeated four times and the average value is recorded. The roughness measuring 

instrument is shown in Figure 4. 

 

 
Figure 3: Microhardness measurement instrument 

 

3.3 Study of Coating Characteristics 

 

The composition of the coating after deposition is carried out using an energy 

dispersive X-ray (EDX) analyzer under high vacuum (FEI Quanta, FEG 250). Phase 

structure is determined using X-ray diffraction (XRD) technique with Cu Kɑ source and 

outfitted with Inel CPS 120 hemispherical detector (Rigaku Miniflex). The analysis is 

carried out for 2θ value ranging from 10°-90° and a scanning speed of 1°/min. The 

surface morphology of the coatings and wear tracks have been analyzed using scanning 
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electron microscope (SEM) under high vacuum at 20kV and equipped with phosphor 

cathode ray tube screen (JEOL, JSM 6360). 

 

 
Figure 4: Roughness measurement instrument 

 

3.4 Sliding Wear Tests Under Dry and Lubricated Condition 

 

The tribological tests are carried out on a pin-on-disc type setup (TR-20LE-CHM-

400, Ducom, India) under dry and lubricated condition. The coated Ni-P-W specimen 

acts as the pin and is held firmly in a vertical position by an attachment. On application of 

normal load to the pin specimen via a loading lever (ratio 1:1), it presses against a 

rotating counterface disc (Ø165 × 8 mm) of EN 31 specification hardened to 60HRc and 

ground to 1.6Ra. Frictional force is acquired using a 20 kg beam type load cell (IPA) 

having a least count of 0.1 N and an accuracy of 0.1 ± 2% of measured friction force. 

Wear is measured in terms of displacement (µm) by a LVDT (Syscon) having a least 

count of 1 µm and an accuracy of ±1% of measured wear. The wear depth and frictional 

forces are acquired by their respective sensors and displayed in real time on a computer 

attached to the tribo-tester via Winducom 2010 software. Normal loads are applied by 

placing dead weights on the loading pan while the angular velocity and sliding duration 

can be controlled by a controller. The loading lever, load cell and LVDT are mounted on 

a sliding base plate. The track diameter can be set by sliding the base place along a 

graduated scale. A detailed illustration of the tribological test setup is shown in Figure 5. 

The ambient temperature is about 32°C and relative humidity is seen to be approximately 

80%. For the sliding wear tests under lubricated condition, Servo Pride (SAE grade 40), a 

commercially available product of Indian Oil is used. Servo Pride oils are heavy duty 

engine oils for gasoline and diesel service. They are recommended for naturally aspirated, 
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supercharged and turbocharged diesel engines. The properties of the lubricant are 

mentioned in Table 2. Lubricant from the sump is carried to the test chamber by a pump. 

 

Table 2: Properties of lubricant 

S.A.E. Grade 40 

Kinematic viscosity (cSt)  @ 100°C 13 – 15 

Viscosity index,  90 (Min) 

Flash point (COC),  220°C (Min) 

Pour point (-) 6°C (Max) 

TBN 9.5–12.5 mg KOH/gm 

 

 
Figure 5: Pin–on–disc test setup 

 

3.5 Selection of Process Parameters and Experimental Design 

 

Careful examination of the literature reveals that the wear behavior of Ni-P-W 

coatings depends not only on the bath composition or its constituents, but it also depends 

invariably on the tribological test parameters (Roy and Sahoo, 2013). Hence in the 

present work, the tribological test parameters such as applied normal load (L), sliding 

speed (S) and sliding duration (T) are varied at three levels as shown in Table 3. The 

track diameter is kept fixed at 80mm. To carry out the experiments, Taguchi’s orthogonal 

array (OA) is employed. An OA provides the shortest possible matrix combination of the 

process parameters which would reveal the dependence of response variables on the 

independent design parameters and their interactions. The present case is three-factor 

three-level experiment. Hence, the total degree of freedom (DOF) considering the 

individual factors and their interactions is 18. Therefore, L27 OA having 26 DOF satisfies 
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the criteria of examining the individual as well as interaction effects of tribo-testing 

parameters on the wear depth of the coatings under dry and lubricated sliding condition. 

This requires 27 experiments to be carried out. 

 

Table 3: Process 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 

 

4.0 RESULTS AND DISCUSSION 

 

4.1 Surface Morphology, Composition and Phase Transformation of the 

Coatings 

 

Surface morphology of the coatings is analyzed by taking SEM micrographs of 

the same and has been shown in Figure 6. As-deposited Ni-P-W coatings exhibit the 

typical nodular surface morphology as can be seen in Figure 6(a) which makes EN 

coatings naturally lubricious resulting in a low COF. Some white particles are seen to be 

scattered all over the surface which is due to the overgrowth of nickel on the nodules. 

Similar results were obtained by Selvi et al. (2014) 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. The surface is seen to be defect free and without 

any porosity. On heat treatment it seems that the coatings undergo volume contraction. 

Therefore, the coatings appear to be more compact in Figure 6(b). Thickness of the 

deposits is seen to be around 35µm in Figure 6(c) and is quite uniform with good 

adhesion to the substrate. 

  The percentage by weight of nickel, phosphorus and tungsten in the coatings is 

obtained from EDX results and is 84%, 12% and 4% respectively. Peaks pertaining to 

nickel, phosphorus and tungsten are quite specific in the EDX spectrum shown in Figure 

7 for the as-plated coatings. This is an indication of high phosphorus range coatings and it 

is expected that the coatings could be amorphous in nature. Composition analysis of the 

coatings is essential because the percentage by weight of phosphorus deposited 

determines the crystallinity of the coatings. 

The analysis of phase transformation on heat treating the coatings at 400°C for 1 

hour is analyzed from XRD results and is reflected in Figure 8. A broad peak 

superimposed by a sharp peak of Ni (111) can be seen in the XRD results of as-deposited 

coatings in Figure 8(a). Co-deposition of tungsten improves the crystallinity of the 

coatings since high phosphorus coatings are generally amorphous in nature. While in the 

present case Ni-P-W coating obtained from an alkaline citrate bath is seen to exhibit X-
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ray amporphous/nanocrystalline nature. This observation is consistent with that reported 

by other research work (Balaraju et al., 2012). It was also reported by Osaka et al. (1982) 

that ternary Ni-P-W coating deposited in the presence of ammonium sulphate exhibits 

only major peaks of Ni (111) plane and in the present study, a similar observation is 

made. Heat treatment results in precipitation of stable phases of crystalline nickel and 

Ni3P. The intensity of reflection from Ni (111) is seen to increase in Figure 8(b). This 

phenomenon results in enhanced hardness and tribological behavior of the deposits on 

heat treatment (Palaniappa and Seshadri, 2008; Tien et al., 2004). 

 

   
 (a) (b) 

 

 
(c) 

Figure 6: SEM of Ni-P-W coating: (a) as-deposited, (b) heat treated, (c) cross-cut section 
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Figure 7: EDX spectrum of as-deposited electroless Ni-P-W coating 

 

  
(a) (b) 

Figure 8: X-ray diffraction plots for Ni-P-W coating (a) as-plated, (b) heat treated 

 

4.2 Microhardness and Surface Roughness 

 

The wear resistance and microhardness are seen to be related for EN coatings as 

per Archard’s law where the wear volume loss is inversely proportional to the hardness of 

the material. It is seen that EN coatings present a virtually incompatible surface to the 

counterface material on account of its high hardness. In the present case, the 

microhardness of the coatings is seen to be 678HV0.5 for the as-deposited coatings while 

994HV0.5 for the heat treated ones. A remarkable improvement in hardness is observed on 

heat treatment which can be attributed to the precipitation of crystalline Ni3P and Ni 
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(111) phases as can be seen in Figure 8. Moreover, solid solution strengthening of the EN 

matrix by W adds to the microhardness of electroless Ni-P-W coatings (Wu et al., 2004). 

The hardness values are shown in Figure 9. Microhardness values obtained in the present 

study corroborates well with the literature (Tien et al., 2004; Palaniappa and Seshadri, 

2008). The microhardness of the coatings is as-deposited as well as after heat treatment is 

seen to be quite superior to that of the substrate i.e. AISI 1040 steel. Moreover, since all 

the samples are subjected to a uniform deposition condition, a low variation in 

microhardness for all the specimens is ensured.  

 

 
Figure 9: Microhardness of the bare and Ni-P-W coated specimen 

 

Another important aspect that affects the tribological behavior of EN coatings is 

its surface roughness. Several instances of optimization of surface roughness of EN 

coatings have been reported (Sahoo, 2008; Roy and Sahoo, 2012c). For electroless Ni-P-

W coatings obtained from chloride based baths, the surface roughness is lower compared 

to the ones obtained from sulphate based baths (Balaraju et al., 2006). EN coatings 

generally follow the roughness profile of the substrate. Therefore, the specimens to be 

coated are selected with precision. Centre line average roughness (Ra) of the AISI 1040 

pins are seen to be 0.8µm with a deviation of ±1%. Ra of the heat treated coated 

specimens are seen to be around 0.9148µm. The present tribological investigation does 

not consider surface roughness as a parameter. Hence, to eliminate the effect of 

roughness, the specimens showing consistency with a deviation of ±1% (similar to the 

substrate roughness) is chosen to carry out the sliding wear tests under dry and lubricated 

conditions. Roughness profile of a heat treated coating is shown in Figure 10. 
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Figure 10: Roughness profile of a heat treated Ni-P-W coating 

 

4.3 Tribological Test Results and Multiple Regression Analysis 

 

In the present work, sliding wear tests are carried out under dry and lubricated 

condition on a pin-on-disc tribo-tester. The experiments are carried out following the 

combinations available in Taguchi’s L27 OA and the results are shown in Table 4. 

Relationship between the wear depth and the tribological test parameters can be 

established from the experimental results by fitting a multiple regression equation 

considering the data points. Multiple regression analysis is one of the simplest 

mathematical tools for prediction and modeling of process parameters and response of 

interest. A second order regression equation is fitted for the wear depth under dry and 

lubricated conditions using Minitab software. The fitted equations in their un-coded 

forms for dry and lubricated conditions are presented in Equation 1 and Equation 2 

respectively: 

 
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 L S T L L S

L T S S T T

            

         
 (1) 

 
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

         

       
 (2) 

 

A high value of coefficient of determination is estimated for Equation 1 and 

Equation 2 and is seen to be 95.3% and 87.5% respectively, indicating the adequacy of 

the developed second order model. Moreover, the normal probability plot and residual vs. 

fitted values for wear depth under dry condition are shown in Figure 11(a) and Figure 

11(b) respectively. The residuals are seen to fall on a straight line (Figure 11(a)) 

indicating that the errors are normally distributed. While in Figure 11(b), a random 
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irregular pattern is observed for the residuals vs. fitted values of wear depth under dry 

condition. Therefore, model assumptions such as independence of data and constant 

variance are established. Similar observation is made for the residuals plot of wear depth 

under lubricated condition in Figure 12. 

 

Table 4: Experimental results of dry and lubricated sliding wear tests 

Exp. No. 
Combination of parameters Wear depth (µm) 

L S T Dry Lube 

1 10 60 5 5.031 4.398 

2 10 60 10 7.887 5.114 

3 10 60 15 10.196 5.559 

4 10 80 5 7.849 4.265 

5 10 80 10 9.486 6.37 

6 10 80 15 11.203 9.552 

7 10 100 5 12.649 7.803 

8 10 100 10 14.14 9.859 

9 10 100 15 15.407 11.204 

10 20 60 5 10.283 7.982 

11 20 60 10 11.134 8.795 

12 20 60 15 12.239 9.439 

13 20 80 5 9.55 9.723 

14 20 80 10 11.509 11.414 

15 20 80 15 12.866 11.674 

16 20 100 5 13.481 8.89 

17 20 100 10 16.816 12.646 

18 20 100 15 18.946 13.921 

19 30 60 5 10.979 6.534 

20 30 60 10 13.1 9.012 

21 30 60 15 14.088 10.084 

22 30 80 5 9.825 8.837 

23 30 80 10 13.718 11.299 

24 30 80 15 16.21 12.783 

25 30 100 5 17.318 11.814 

26 30 100 10 19.423 14.476 

27 30 100 15 20.602 15.52 
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 (a) (b) 

Figure 11: Residuals plot for wear depth under dry condition (a) normal probability, (b) 

residuals vs. order of data 

 

 
 (a) (b) 

Figure 12: Residuals plot for wear depth under lubricated condition (a) normal 

probability, (b) residuals vs. order of data 

 

The competence of the second order models for wear depth under dry and 

lubricated condition is further analyzed from analysis of variance (ANOVA) and is laid 

down in Table 5 and Table 6 respectively. Since the models have been built at a 

confidence level of 95%, a P-value<0.05 for a factor indicates it is significant in 

controlling the response of interest. It can be seen in Table 5 and Table 6 that the 

regression model for the wear depths under dry and lubricated condition is sufficient for 

further prediction since they have a P-value equal to 0. Moreover, the linear and square 

terms are seen to be statistically significant in controlling the wear depth under both the 

environments while the interaction terms are not, as can be seen from the P-value enlisted 

in Table 5 and Table 6. Therefore, it can be assimilated from the results that Equation 1 

and Equation 2 are acceptable for further analysis and optimization. 
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Table 5: Analysis of variance results for wear depth under dry condition 

Source DF Seq SS Adj SS Adj MS F P 

Regression 9 353.5 353.5 39.278 55.69 0 

Linear 3 323.609 323.609 107.87 152.94 0 

Square 3 29.566 29.566 9.855 13.97 0 

Interaction 3 0.324 0.324 0.108 0.15 0.926 

Residual Error 17 11.99 11.99 0.705 
  

Total 26 365.49 
    

R-Sq=95.3% 

 

Table 6: Analysis of variance results for wear depth under lubricated condition 

Source DF Seq SS Adj SS Adj MS F P 

Regression 9 222.604 222.604 24.7338 34.1 0 

Linear 3 206.696 206.696 68.8987 94.98 0 

Square 3 12.311 12.311 4.1037 5.66 0.007 

Interaction 3 3.597 3.597 1.1989 1.65 0.215 

Residual Error 17 12.332 12.332 0.7254 
  

Total 26 234.936 
    

R-Sq = 87.5%     

 

4.4 Optimization Using Genetic Algorithm 

 

The optimization of wear depth of electroless Ni-P-W coating under dry and 

lubricated condition is carried out using GA. The use of GA for optimization has been 

observed in different fields and has evolved significantly over the years. Objective 

functions for optimization are Equation 1 and Equation 2 for dry and lubricated condition 

respectively. The problem can be formulated as: 

 

dry lub

Minimize :

Wear (L,S,T); Wear (L,S,T)

Subject to :

10N L 30N

60rpm S 100rpm

5min T 15min

 

 

 

 (3) 

 

As mentioned earlier, GA mimics the mechanism of natural genetics and there are 

several operators that evolve the population to an optimized one. Though there are no 

specific set of combination of GA parameters that could give the best result. The 

parameters that are given major consideration in the present study along with their values 

are enlisted in Table 7. These parameters and their values are selected based on literature 

review and trial basis. Matlab 2010 is used to carry out the optimization.  
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Table 7: Genetic algorithm operators and their values 

Parameter Setting/Value 

Population size 50 

Creation function Uniform 

Scaling function Rank 

Selection function Stochastic uniform 

Crossover function Scattered 

Crossover fraction 0.8 

Mutation Adaptive feasible 

Generations 500 

Tolerance 1×10-12 

 

The GA predicted minimum wear depth under dry condition is seen to be 6.11µm 

for a parametric combination of L=10N, S=66.819rpm and T=5min. A confirmation run 

is carried out with the GA predicted parametric combination. Though, the sliding speed 

was set at 67rpm since there is no provision in the pin-on-disc equipment to set fractional 

values of the same. The experimentally obtained wear depth under dry condition 

corresponding to the optimal setting of tribo-testing parameters is seen to be 6.32µm. 

Minimum wear depth under lubricated condition, as predicted by GA is 3.992µm for a 

parametric combination of L=10N, S=60rpm and T=5min. This combination also 

corresponds to the first experiment in Table 4 with wear depth of 4.398µm. Therefore, 

GA predicted optimal wear depth and experimentally obtained ones agree well with each 

other. Convergence of solution with generations is shown in Figure 13. For dry sliding 

condition, the optimal criteria are achieved after 145 generation (Figure 13(a)) while for 

lubricated condition, optimal solution is reached after 51 generations (Figure 13(b)). 

Thus, the high efficiency and accuracy of the GA parameter settings and its application 

for the optimization of wear depth of the deposits is consolidated. 

 

4.5 Effect of Process Parameters On Wear Depth 

 

The interaction effect of the tribological test parameters on wear depth under dry 

and lubricated condition is established by generating three-dimensional surface plots. The 

plots are generated by writing codes in Matlab and for a particular interaction plot, the 

third term is held constant at its mid-level. Surface plots for the variation of wear depth 

are illustrated in Figure 14. For load vs. speed interaction (Figure 14(a)), the wear depth 

under dry condition is seen to be quite steady upto 80rpm after which it increases. Due to 

an increase in the applied normal load, the actual contact area of the asperities of the 

coating and counterface disc increases leading to an increase in the wear depth. While an 

increase in the sliding speed causes an increase in the sliding distance leading to more 

wear of the coatings. In the same plot (Figure 14(a)), the wear depth under lubricated 

condition is seen to increase initially with the interaction of load and speed and becomes 

stable at a later stage. Initially, the wear depth increases due to the running in stage. But 
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as the sliding speed increases, the adsorbed film thickness of the oil increases causing a 

decrease in the wear depth. Similarly, an increase in wear depth is encountered under dry 

as well as lubricated condition for load vs. time (Figure 14(b)) and speed vs. time 

interaction (Figure 14(c)). In Figure 14, it can be clearly seen that the wear depth under 

dry sliding condition is higher compared to that of lubricated condition. Moreover, at 

higher values of the test parameters, the wear depth under lubricated condition is seen to 

be stable, while under dry condition it increases. This indicates enhanced tribological 

behavior of the deposits under lubricated condition. The wear depth under dry as well as 

lubricated condition is also seen to be in accordance with Archard’s wear law. 

 

 
(a) 

 

 
(b) 

Figure 13: Convergence of solution with generations (a) dry and (b) lubricated conditions 
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 (a) (b) 

 

 
(c) 

Figure 14: Surface plots showing the variation of wear depth with (a) Load vs. Speed, (b) 

Load vs. Time and (c) Speed vs. Time 

 

4.6 Wear Mechanism 

 

To have a proper insight into the wear behavior of the coatings, it is necessary to 

ascertain the phenomenon that governs it. SEM micrographs of the worn specimen after 

the sliding wear tests are taken to analyze the wear mechanism. Wear tracks of electroless 

Ni-P-W coating tested at highest level of parametric combination i.e. 30N, 100rpm and 

15min for dry and lubricated sliding conditions are shown in Figure 15. For dry sliding 

condition (Figure 15(a)), micro cutting and micro ploughing effect by wear debris on to 

the coating surface can be observed. Parallel groves with high degree of plasticity 

displacing the material to the sides of the track can be observed indicating abrasive wear. 

Due to this hard debris cutting through the coating material, a rise in wear depth is 

noticed for dry sliding condition in Figure 14. Therefore, an increase in wear depth of the 

coatings under dry condition can be attributed to the combined effect of tribological test 
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parameters and micro cutting effect by the wear debris. Under lubricated sliding 

condition (Figure 15(b), no such effect is noticed. Instead surface smoothening is 

observed with rubbing effect on the nodules of the coatings indicating minor abrasion. 

This happens due to the lubricant carrying away the wear debris as well as the heat 

generated during the sliding action. Thus, this is again reflected in Figure 14 where the 

plots for wear depth under lubricated condition are seen to become stable at higher 

parametric combination.  

 

   
 (a) (b) 

Figure 15: Wear tracks for (a) dry and (b) lubricated sliding condition 

 

In several cases, another important fact that can be observed is formation of tribo-

films and enhancement of tribo-chemical reactions at the sliding interface which may 

lead to a decrease in wear rate of EN deposits with an increase in the tribological test 

parameters (Mukhoapdhyay et al., 2015; Mukhopadhyay et al., 2016b). But in the present 

case, such phenomenon is not observed since the wear depth clearly follows Archard’s 

law (Figure 14) and it is also not observed in SEM investigations of the worn surface 

(Figure 15). This is also the reason why optimal setting of tribo-testing parameters for 

minimum wear depth predicted by GA is the low level combination. In general, the wear 

depth of the coatings is seen to be quite low under both sliding condition. The low wear 

of electroless Ni-P-W coating is attributed to its high hardness, self-lubricating (nodular) 

surface morphology, precipitation of nickel phosphides (having low mutual solubility 

with iron) and solid solution strengthening of the EN matrix due to W. It can be noted 

here that SEM micrographs of wear tracks corresponding to highest level of the test 

parameters is given since similar wear behavior is observed for other specimens and to 

maintain brevity of the paper. 

 

CONCLUSION 

 

In the present investigation, Ni-P-W coating is deposited autocatalytically on 

AISI 1040 steel substrates. The coatings are subjected to heat treatment which causes an 
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excellent improvement in its microhardness. A globular surface morphology of the 

deposits is observed under SEM. In as-deposited condition the coatings are 

amorphous/nanocrystalline while heat treatment results in precipitation of hard and 

crystalline phases of nickel and its phosphides. The heat treated coatings are subjected to 

wear tests under dry and lubricated sliding condition on a pin-on-disc tribo-tester. 

Experiments are carried out following Taguchi’s L27 OA. From the experimental data, a 

second order quadratic model is obtained for the wear depth under dry and lubricated 

condition. The models are seen to have a significantly high value of coefficient of 

determination indicating the validity of the equations and their reliability for further use. 

Optimization of tribological test parameters is carried out using the estimated equation 

using GA. Excellent convergence is revealed by GA and confirmation tests reveal its 

tremendous capability for achieving optima. Surface plots reveal that the coatings exhibit 

enhanced tribological behavior under lubricated sliding condition. Abrasive wear is the 

predominant wear mechanism under dry as well as lubricated condition. Moreover, it is 

also seen that the coatings obey Archard’s wear law and complex tribo-chemical 

reactions at the sliding interface does not govern the wear behavior in the present work. 

The present work successfully reveals the wear behavior of electroless Ni-P-W coatings 

under lubrication and widens its scope as an anti-wear surface coating for tribological 

contact under lubrication. Moreover, Taguchi’s DOE based GA is utilized effectively and 

gainfully to obtain optimum tribological behavior of the coatings under dry as well as 

lubricated condition. 
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