
 
International Journal of Materials Chemistry and Physics 

Vol. 1, No. 1, 2015, pp. 1-10 

http://www.aiscience.org/journal/ijmcp  

 

 

* Corresponding author 

E-mail address: psjume@gmail.com (P. Sahoo) 

Wear Resistance Improvement of Electroless  
Ni–P–Al2O3 Composite Coating by Optimizing 
Process Parameters Using Taguchi Technique 

Prasanna Gadhari, Prasanta Sahoo* 

Department of Mechanical Engineering, Jadavpur University, Kolkata, India 

Abstract 

Presently, various techniques are available to improve the mechanical as well as tribological properties of ferrous/non ferrous 

material. Surface properties, mechanical properties and tribological properties of the base metal are improved by co-deposition 

of electroless nickel-phosphorus layer on metal surface, the mechanical and tribological properties of the base metal. 

Electroless composite coatings are deposited by incorporating second phase particles such as Al2O3, TiO2, SiC, WC, B4C, 

PTFE, WS2, and MOS2 particles into Ni–P alloy matrix to stimulate the tribological properties of the substrate. The present 

study deals with study of wear behavior of Ni–P–Al2O3 composite coating using optimization of the coating process 

parameters. Nickel source, reducing agent, composite particles, and annealing temperature are considered as parameters to 

minimize the wear rate of composite coatings. Taguchi design with L27 orthogonal array is used for optimization of composite 

coating process parameters. From experimental results it is confirmed that annealing temperature is the most significant 

parameter and reducing agent is significant parameter to improve wear resistance of the coating. Similarly, interaction between 

nickel source and Al2O3composite particle has significant effect on wear resistance. From SEM micrograph it is confirmed that 

the wear mechanism is adhesive in nature. The microstructure study and characterization of the coating is studied with help of 

scanning electron microscopy and energy dispersive analysis. X-ray diffraction is used to understand the phase structure of as-

deposited and heat treated coating samples. 
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1. Introduction 

Electroless nickel-phosphorus based composite coatings 

plays very important role in improvement of the mechanical 

and tribological properties of base material. Composite 

coatings are produced by incorporation of the hard or soft 

particles into electroless Ni–P metal matrix to improve the 

chemical, electrical, magnetic, optical, and mechanical 

properties of the substrate. The composite coating contained 

with hard ceramic particles, as a dispersed phase, have lot of 

applications especially in the field of engineering works as 

wear resistant and friction resistant materials. In general, 

electroless composite coating is divided into two groups, 

lubricated composite coating and non-lubricated composite 

coating. Lubricated composite coatings are produced by 

incorporating soft particles such as, PTFE, MoS2, WS2, HBN, 

and graphite etc. into Ni-P metal matrix. Whereas, non 

lubricated composite coatings are produced by incorporating 

hard particles such as Al2O3, TiO2, SiC, B4C, WC, ZrO2, 

diamond, and Si3N4 [1]. 

It is possible to achieve the excellent properties of composite 

coatings, if the hard/soft composite particles are uniformly 
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applied on the coated surface during coating deposition 

process. If composite particles are not embedded uniformly 

on coated surface causes numerous defects in the coating. 

The main reason for non-uniform embedding of composite 

particles may be agglomeration and segregation of composite 

particles in electroless bath [2]. Annealing of composite 

coating at 400°C in muffle furnace and thereafter cooling of 

it up to room temperature in the same unit also significantly 

improves the tribological and mechanical properties the 

coated samples [3]. Out of various hard composite particles, 

alumina has good strength retention property at high 

temperature, high elastic modulus, and high wear resistance. 

Incorporation of composite particles on the coated surface 

depends on two factors, impingement of composite particles 

and holding time of particle on the coated surface [4]. On the 

basis of the experimental results Alirezaei et al. [5] have 

reported increase in the average surface roughness and 

microhardness of of Ni–P–Al2O3 composite coatings with 

increase in deposition of Al2O3 particles on the coated surface 

and also concluded that % deposition of particles, deposition 

rate, roughness are depends on the concentration of alumina 

particles in the electroless bath. 

The results of the experimental work performed by Ramesh et 

al. [6] using pin-on-disc tribotester have confirmed the 

improvement in wear resistance with decrease in friction 

coefficient over the load range of 20-100N and sliding velocity 

in the range of 0.31–1.57 m/s. Ramalho et al. [7] have 

observed that the incorporation of PTFE particles in Ni-P 

matrix significantly improves the wear resistance of the Ni–P–

PTFE composite coating. On the other hand, wear resistance of 

Ni–P–SiC composite coating improved significantly in the 

presence of the silicon carbide particles in the Ni–P matrix [8]. 

The results of comparative study performed by Chen et al. [9] 

confirmed the decrease in wear rate and friction coefficient of 

the Ni–P–SiC composite coatings. Apachitei et al.[10] have 

observed that the phosphorus content and heat treatment have 

strongly influenced the coating structure and abrasive property 

of the alloy and composite coatings. The experimental results 

also confirmed that the interactions between SiC particles and 

Ni–P matrix at 500ºC, which produce the Ni3Si phase, increase 

the wear resistance of the coating. 

WinownlinJappes et al. [11] have observed the wear analysis 

using X-ray diffraction method and result shows that wear 

resistance of Ni–P–Diamond coating is increased remarkably 

after heat treatment. Xu et al.[12] have performed the wear 

test in dry condition. From experimental result it is confirmed 

that the composite alloying layer (of Cr2O3, MoO3, SiO2) has 

excellent friction resistance and 60% less wear as compare to 

Ni–Cr–Mo–Cu quaternary coating. Results of experiment 

conducted on pin-on-disc tribotester by Wang et al. [13] have 

found the decrease in friction coefficient and wear rate of Ni–

P–CNT composite coating with increase in volume % of 

CNT in the coating. Reduction in friction coefficient might 

be due to self lubrication and topological structure of the 

CNT composite coating. Whereas, the results of the 

experiments conducted on block-on-ring tribotester by 

Hosseinabadi et al.[14] shows the increase in volume 

percentage of B4C particles (25%) improves the wear 

resistance of Ni–P–B4C composite coating. The results of the 

tests conducted on EN–PTFE–MoS2 composite coated 

sample using pin-on-disc tribotester by Mohammadi and 

Ghorbani [15] have found that the presence of MoS2 and 

PTFE particles in the coatings are responsible for increase in 

wear resistance by 30% and reduction in friction coefficient 

by 62%.Leaon et al.[16] have found that the autocatalytic 

Ni–P–BN (h) composite coating revealed higher friction 

coefficient and lower wear resistance (mixed adhesive and 

fatigue wear mechanism accompanied by a large plastic 

deformation) in tribo test conducted at higher temperature. 

Similarly, coated sample tested at room temperature shows 

mild adhesive wear mechanism. Liu et al.[17] have observed 

that the friction coefficient, hardness and wear resistance of 

Ni–P–WC composite coatings are significantly improved 

after heat treatment at 400°C for one hour. Wu et al.[18] have 

found that the results of tribo-test conducted at higher load 

shows excellent wear resistance and friction behavior of Ni–

P–PTFE–SiC composite coating as compare to Ni–P, Ni–P–

SiC, Ni–P–PTFE composite coatings. 

In industries different types of motions are available in 

between the components such as reciprocating, rotating, 

oscillating etc. With respect to this, these components are 

subjected to wear and friction and these tribological 

properties are mostly depends on the composition of the 

material. The present study deals with maximization of wear 

resistance of Ni–P–Al2O3 composite coating by optimizing 

the coating process parameters using Taguchi technique. The 

nature of wear rate of Al2O3 composite coated sample is 

evaluated using pin-on-disc type tribotester. From extensive 

literature review it is confirmed that wear resistance of 

electroless composite coatings is increased after heat 

treatment. Hence in the present study annealing temperature 

is considered as process parameter along with EN bath 

process parameters. Moreover, the Al2O3 composite coating 

is characterized with the help of scanning electron 

microscopy, energy dispersive X-ray analysis, and X-ray 

diffraction in order to understand the microstructure 

characteristics of Ni–P–Al2O3 composite coating. 

2. Experimental Analysis 

2.1. Preparation of Coating 

During experimentation, pin-on-disc type tribotester is used 
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to conduct experiments for study of tribological behavior of 

coated pin substrates made up of mild steel (AISI 1040) with 

six mm diameter and 30 mm length. The substrates are 

prepared using different mechanical processes such as 

shaping, parting, milling, and grinding. Later, the substrates 

are cleaned with detergent or soap water to remove foreign 

particles. The following procedure is adopted to produce 

composite coating on the pin samples. 

� Initially the machined test substrate is cleaned thoroughly 

with de-ionized water and then with acetone to remove any 

foreign organic elements. 

� Electroless bath is prepared taking 250 ml of de-ionized 

water into glass beaker and the chemicals, mentioned in 

the Table 1, with given quantity are added in a suitable 

sequence. The chemicals are weighed with the help of 

electronic weighing scale with higher accuracy. For proper 

mixing of chemical into de-ionized water, the chemical 

mixture is stirred with the help of magnetic stirrer. 

� A pickling treatment with dilute hydrochloric acid [50% 

HCL (36% concentration) + 50% de-ionized water] is 

carried out to remove rust and any oxide layer on the 

specimen surface. Then specimens are cleaned with de-

ionized water and acetone. 

� Before coating, specimens are activated by dipping them 

into warm palladium chloride solution (55°C). Due 

activation, deposition rate of coating is increased. 

� After activation, specimens are dipped into electroless bath 

maintained at 85±2°C. During coating process, pH of 

electroless bath is maintained in between 4.5–5.0 and is 

monitored with the help of digital pH meter. Many tests are 

conducted to finalize the range of bath composition and 

working condition. 

� Around 50 ml of Ni–P solution contained with prescribed 

amount of Al2O3 powder and surfactant (sodium dodecyl 

sulphate) is mixed thoroughly using magnetic stirrer (Remi 

make 2 MLH). This helps in uniform distribution 

(suspension) of Al2O3 particles in electroless bath during 

deposition process. 

Table 1. Process parameter range and working conditions of Al2O3 

composite coatings.  

Process 

parameters 

Parameter 

range 

Working 

Conditions 
 

NiSO4.6H2O 35, 40, 45 g/L pH 4.5-5.0 

NaH2PO2.2H2O 15, 20, 25 g/L Temperature  85±2°C 

Al2O3 Powder  5, 10, 15 g/L Bath Volume 250 ml 

C6H5Na3O7.2H2O 15 g/L Stirrer Speed 150 rpm 

CH3COONa 5 g/L Deposition Time  3 Hours 

C12H25NaO4S 0.2 g/L Annealing Temp. 300 –500°C 

Lead Acetate 2 mg/L   

Initially Ni–P coating is deposited in the first hour to remove 

the porosity of the coating. After that the solution contained 

with Al2O3 particles and surfactant is introduced in the same 

electroless bath for the next two hours to deposit Ni–P–Al2O3 

composite coating. 

With reference to above bath composition and operating 

condition of electroless bath of Ni–P–Al2O3 composite 

coating, three parameters (nickel sulphate, sodium 

hypophosphite, and Al2O3 particles) are varied while there is 

no change in the quantity of other parameters for coating 

deposition. In the given bath, sodium hypophosphite act as 

reducing agent, it reduces nickel ions from nickel source 

(nickel sulphate). As the reaction between nickel sulphate 

and sodium hypophosphite is quite fast and speedy, hence 

complexing agents (tri sodium citrate and sodium acetate) are 

used to control or slow down the speed of the chemical 

reaction. Complexing agent forms the metastable complexes 

with nickel ions, which are responsible for reduction in speed 

of the chemical reaction.  Even though electroless deposition 

process is stabilized by complexing agent by controlling the 

reaction rate but there may possibility of decomposition of 

electroless bath due to formation of nickel phosphide and 

chain reaction. In such situation stabilizer (lead acetate) plays 

important role in prevention of decomposition of the 

electroless bath. Similarly, surfactant is used to avoid the 

decomposition of electroless bath caused due to 

agglomeration of composite particles in the bath. Surfactant 

increases the suspension of particles by increasing wettability 

and surface charge of composite particles. It reduces the 

agglomeration of composite particles by reducing the 

electrostatic adsorption of suspended particles on the 

substrate [19]. The range of coating thickness is in the range 

of 28 to 32 microns. As the heat treatment improves the 

hardness and wear resistance of composite coating, therefore 

to understand the effect of heat treatment on wear resistance, 

the coated samples are heat treated in box furnace for one 

hour at different temperature (300°C, 400°C and 500°C). 

After heat treatment specimens are cooled in the same 

environment up to room temperature without application of 

any artificial cooling. It is important to note that wear rate is 

depends on the surface roughness of the coated sample. As 

the thickness of the coating is in microns, the roughness of 

substrate plays vital role. In the present study, roughness of 

the all samples is assumed to be approximately constant. As 

all the samples are machined separately, it is very difficult to 

attained same roughness value. Hence to overcome this 

problem, numbers of samples are prepared and then their 

roughness values are measured. The samples, which show 

very small variation in roughness values, are used for coating 

purpose. The roughness values are measured with the help of 

Talysurf surface roughness tester. 

Figure 1 shows the experimental setup for electroless Ni–P–
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Al2O3 composite coating. Setup consist of heater cum 

magnetic stirrer (IKA
®
 RCT basic) with temperature ranges 

from 0 to 310°C and stirrer speed ranges from 0 to 1500 rpm. 

A fixed stiff stand is used to hold and support the substrate 

and glass coated temperature sensor. Glass beaker (250 ml), 

which contained the chemical solution (200 ml), is placed on 

the heating plate for coating deposition. With the help of 

temperature sensing knob, the temperature is set up to 85°C 

and stirrer speed is set with the help of speed setting knob up 

to 150 rpm. The important function of PTFE coated magnetic 

stirrer is to maintain the composite particles in suspension 

without agglomeration in the electroless bath. The stirrer 

speed is set after a large number of iterations to avoid the 

decomposition of the electroless bath due to the 

agglomeration of particles.  

2.2. Optimization of Process Parameters 

During coating deposition almost every process parameter 

(nickel source, reducing agent, bath temperature, composite 

particles, complexing agents, surfactants, stabilizers, pH of 

chemical solution and sample material) present in the bath 

affects on the characteristics of the coating. To increase the 

wear resistance of the coating it is very essential to optimize 

the different coating parameters. It is confirmed from 

extensive literature review that the three factors viz. nickel 

source (A), reducing agent concentration (B) and 

concentration of second phase particles (C) are the most 

commonly used by the researchers to control the properties 

of composite coatings [20]. Additionally, wear resistance is 

greatly influenced by heat treatment (annealing temperature). 

Thus, annealing temperature (D) is taken into consideration 

as the fourth parameter in the experimental design to study its 

effect on the friction and wear resistance of the coating. The 

different design parameters which are considered together 

with their levels are shown in Table 2. 

Table 2. Design parameters and their levels.  

Design Factor Designation Unit 
Levels 

1 2 3 

NiSO4.6H2O A g/L 35 40a 45 

NaH2PO2.2H2O B g/L 15 20a 25 

Al2O3 particles C g/L 5 10a 15 

Annealing temp. D °C 300 400a 500 

‘a’ = initial condition 

 

Figure 1. Experimental setup for electroless Ni–P–Al2O3 composite coating.  

To optimize the coating process parameters in order to 

increase the wear resistance, Taguchi technique with 

orthogonal array (OA) is used to reduce the number of 

experiments. In the present study four process parameters 

with three levels are considered for optimization. Therefore 

total degree of freedom for each process parameter and their 

interactions is twenty. Hence the L27 OA is considered which 

has 27 rows corresponding to the number of experiments and 

26 DOF with 13 columns. 

2.3. Procedure for Wear Test 

The tribological study of heat treated electroless Ni–P–Al2O3 

composite coatings is performed using a multi tribotester 

apparatus (TR-20LE-CHM-400, DUCOM). The tests are 

carried out using pin-on-disc geometry in un-lubricated or 

dry condition. The ambient temperature is about 32°C and 

relative humidity is approximately about 80%. During 

tribological test normal load is set at 50N, wear disc speed at 

100 rpm, wear track diameter at 60 mm and duration of trial 
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is set as 300 seconds. Figure 2 shows the experimental setup 

for pin on disc tribotester. The Ni–P–Al2O3 composite coated 

pin samples are fixed stationary with the help of specimen 

holder and made to slide against a rotating wear disc with 

hardness of 62HRc. The speed of wear disc and duration of 

trial is controlled via a computer attached to the tribotester. 

The loading lever is made of a single bar with specimen 

holder fixed at one end and at other end it carries a wire rope 

to carry dead weight to apply normal load on specimen. A 

counter weight balances the loading lever. The pivot point is 

fixed in such a way that the lever ratio is maintained at 1:1 

ratio. The loading lever assemblies, pulley for loading pan, 

wear, and frictional force sensors are mounted over a sliding 

plate assembly. This assembly moves over base plate to set 

wear track diameter, by using the graduated scale. 

 

Figure 2. Experimental setup (pin-on-disc) for tribo tester.  

 

Figure 3. Main effect plots for S/N ratio.  

The friction between coated pin sample and rotating disc is 

measured by load cell mounted on a bracket at a distance 

equal to the distance between specimen and pivot. A beam 

type load cell with maximum capacity of 30 kg is used to 

measure the frictional force up to 200N. The load cell with 

bracket is fixed on sliding plate and it move along with 

sliding plate, while setting wear track diameter. The LVDT 

measures wear between coated specimen and disc with the 

help of sensor mounted at exactly same distance of specimen 

from pivot to get 1:1 lever ratio. 

2.4. Microstructure Characterization of 

Coating 

Energy dispersive X-ray analysis (EDAX Corporation) is 

carried out to make sure the presence of nickel, phosphorus, 

alumina, and oxygen in composite coating in terms of weight 

percentage. Similarly, scanning electron microscopy (JEOL, 

JSM-6360) (SEM) is used to observe the surface morphology 

of the composite coating before and after heat treatment. 

SEM is done in order to analyze the effect of heat treatment 

on the surface structure of electroless Ni–P–Al2O3 composite 
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coatings. SEM is also used to observe the wear track formed 

on the coated surface. The phase compositions of composite 

coatings before and after heat treatment are analyzed by 

using X-ray diffraction analyzer (Rigaku, Ultima III) which 

employs Cu Kα radiation. 

3. Result and Discussion 

3.1. Parameter Optimization with 

Validation Test 

The aim of Taguchi technique is to reduce the spreading of 

output response though noise is present. Basically 

performance characteristics are applied for the assessment of 

the system or process. It is some measurable responses to the 

system output during operation of any engineering process. 

For evaluation of responses G. Taguchi converted it into S/N 

ratio (signal-to-noise). S/N ratio is used to convert the 

experimental results into a value for the evaluation 

characteristic in the optimum parameter analysis, instead of 

the mean. S/N ratios are of three types, namely, lower-the-

better (LB), higher-the-better (HB), and nominal-the-best 

(NB). The values of wear depth (µm) are shown in Table 3. 

Lower-the-better criteria is used for minimization of wear 

depth and equation for LB criteria is given as, 

2

1

1
/ 10*log

n

i

i

S N y
n =

 = −  
 
∑                     (1) 

In above equation ‘yi’ is the measured value of responses 

whereas ‘n’ is the number of observations. The S/N ratio 

values for the wear depth are shown in Table 4. The statistical 

analyses are performed using well known Minitab software. 

The average of S/N ratios for each level of the factors A, B, 

C, and D are given Table 5. The table shows delta statistics, 

on which rank is based, which compares the relative 

magnitude of the effects. The difference between highest 

mean grey relational grade for each factor and the lowest 

mean grey relational grade for the same is known as delta 

statistics. The rank is given on the basis of highest delta value 

i. e. higher delta value is having rank one. From Table 5 it is 

confirmed that annealing temperature (D) possesses the 

highest delta value and hence it has the greatest influence on 

the wear resistance of Ni–P–Al2O3 composite coating. 

Similarly concentration of alumina particles also have second 

highest delta value. Hence alumina particles present in the 

composite coating have better influence on the wear 

resistance of the composite coatings. 

Figure 3 shows the main effect plot for S/N ratio. In which 

the plot shows the effects of parameters from one level to 

another. If the difference between the levels is high, it means 

that the effect of the process parameter is high. The 

horizontal line in the middle of the graph represents the 

overall mean of the experimental region, which is the average 

of the S/N ratio of the all the trials of the experimental matrix. 

It is clear from the plot that annealing temperature (D) has 

the highest difference between the levels and hence has the 

maximum influence on the wear resistance of the Ni–P–

Al2O3 composite coating. From the plot it is also confirmed 

that Al2O3 composite particles have significant influence on 

the wear resistance, whereas nickel source and reducing 

agent are have least influence over the wear resistance of the 

coating. 

Table 3. Experimental result for wear depth (µm).  

Sr. 

No. 
Wear 

Sr. 

No. 
Wear 

Sr. 

No. 
Wear  

Sr. 

No. 
Wear  

1 4.67 8 2.39 15 2.23 22 3.28 

2 3.51 9 7.12 16 4.76 23 3.45 

3 3.24 10 8.99 17 3.11 24 2.69 

4 7.41 11 2.74 18 1.11 25 6.44 

5 3.08 12 3.21 19 2.31 26 2.11 

6 4.14 13 6.58 20 5.57 27 5.22 

7 2.91 14 3.56 21 3.31   

Table 4. S/N ratio for wear depth.  

Sr. 

No. 

S/N 

ratio 

Sr. 

No. 

S/N 

ratio 

Sr. 

No. 

S/N 

ratio 

Sr. 

No. 

S/N 

ratio 

1 -13.39 8 -7.57 15 -6.96 22 -10.32 

2 -10.91 9 -17.05 16 -13.55 23 -10.76 

3 -10.21 10 -19.08 17 -9.86 24 -8.59 

4 -17.39 11 -8.75 18 -0.91 25 -16.18 

5 -9.77 12 -10.13 19 -7.27 26 -6.49 

6 -12.34 13 -16.37 20 -14.92 27 -14.35 

7 -9.29 14 -11.03 21 -10.39   

Table 5. Average of S/N ratios of the response.  

Level A B C D 

1 -11.990 -11.672 -13.647 -11.955 

2 -10.737 -11.504 -10.005 -13.175 

3 -11.030 -10.581 -10.105 -8.627 

Delta 1.25 1.09 3.64 4.55 

Rank 3 4 2 1 

Total mean S/N ratio for wear depth = -11.252 dB 
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Figure 4. Interaction effect plots for mean wear.  

Figure4 shows interaction plots for parameters A, B, and C. 

From plot it is observed that the lines are intersecting in all 

plots, i.e. all factors have some amount of interaction 

between each other. From plot it is seen that there is 

significant interaction between nickel source and alumina 

particles (A×C) and moderate interaction between A×B 

(nickel source and reducing agent) with least interaction 

between B×C (reducing agent and alumina particles). The 

main effect plot gives the optimum combination of process 

parameters for maximum wear resistance. In Taguchi 

technique optimum level of combinations are selecting for 

those levels, which have higher S/N ratio. In present study 

the optimal combination is found A2B3C2D3. The hardness 

of as deposited Ni–P–Al2O3 composite coating is increased 

due to resistance offered by alumina particles present in the 

coating. Alumina particles obstruct the movement of 

dislocation and resist the plastic flow of the coating layer. 

The hardness of the composite coating found increased 

significantly after 300°C, due to precipitation of Ni3P hard 

particles. Higher annealing temperature accelerates the 

growth of nickel grains and Ni3P hard particles, it results in a 

softening of the Ni–P coating [21,22]. The reason for 

increase in the hardness after heat treatment at 400°C and 

above is dispersion strengthening of hard particles and 

precipitation strengthening of Ni–P alloy. Since, wear 

generally decreases with increase in hardness. Therefore the 

optimal level of annealing temperature (D3) obtained is quite 

consistent with the available literature. Similarly composite 

particles present in the coating are also responsible for 

increase in wear resistance of Ni–P–Al2O3 composite coating. 

Table 6. Result of ANOVA.  

Source DOF SS MS F %  share 

A 2 7.725 3.863 0.48 1.84 

B 2 6.217 3.108 0.39 1.48 

C 2 77.441 38.721 4.84* 18.43 

D 2 99.782 49.891 6.24* 23.74 

AxB 4 42.577 10.644 1.33 10.13 

AxC 4 116.247 29.062 3.63* 27.66 

BxC 4 22.285 5.571 0.70 5.30 

Error 6 48.001 8.000  11.42 

Total 26 420.276   100.00 

*Significant at 95% and 90% confidence level (F2,6, 0.05= 5.1433, F2,6, 0.10 = 

3.4633 and F4,6, 0.10 = 3.1131) 

The influence of the process parameters with their 

significance level on wear resistance of the coating is 

investigated with the help of ANOVA. The results obtained 

through ANOVA with the S/N ratio are performed using 

Minitab software. ANOVA results for S/N ratio are shown in 

Table 6. ANOVA calculations are based on the F-ratio, also 

called as the variance ratio, is the ratio between variance due 

to change in the process parameter levels and the variance 

due to experimental error. It is used to measure the 

significance of the parameters under investigation with 

respect to variance of all the terms included in the error term 

at the desired significance level. If the calculated value is 

higher than tabulated value, then the factor is significant 

effect at the desired level. From Table 6 it is observed that 

parameter D, i.e. annealing temperature has the most 

significant effect on wear resistance of Ni–P–Al2O3 

composite coatings with confidence level of 95%. Parameter 

C, i. e. concentration of Al2O3 particles has also significant 

effect with confidence level of 90%. The percentage 

contribution of the factors and interactions is calculated to 

find the influence of the process parameters. Form ANOVA 

table it is clear that parameter D has the largest contribution 

(23.74 %) followed by parameter C (18.43%). Among the 

interactions, interaction A×C has highest contribution 

(27.66 %) followed by A×B (10.13 %). 

A confirmation test is carried out in order to validate the 

result. Table 7 shows the result of confirmation test, which 

shows the comparison of wear depth (µm) and S/N ratio at 

initial and final condition. From table, it is clear that the total 

S/N ratio for optimum combination is higher than the initial 

parameter combination. It is well known that regardless of 

the category of the performance characteristics, a higher S/N 

ratio always corresponds to a better performance. Hence, the 
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result of confirmation test ensures the better performance of 

the optimum design. The improvement of total S/N ratio 

from initial to optimum condition is 3.612 dB. 

Table 7. Result of confirmation test.  

 Initial Condition Optimum condition Optimum condition 

Level A2B2C2D2 A2B3C2D3(predicted) A2B3C2D3(experimental) 

Wear depth (µm) 5.82  3.84 

S/N ratio -15.298 -11.928 -11.687 

Improvement of S/N ratio =  3.612 dB 

 

Figure 5. SEM micrograph of worn surface of coating.  

3.2. Microstructure Study 

The tribological tests are carried on all specimens. After trial 

the surface of all coated specimens is worn due to rubbing of 

surface with counter surface of wear disc at normal load of 

50N. Out of these specimens SEM micrograph for one 

specimen is shown Figure 5. From micrograph it is observed 

that the load is taken by some of the nodule while others are 

almost remained un-deformed.  The wear mechanism is mild 

adhesive in nature because no plowing effect or abrasive 

particle is observed on the worn surface. Material removed in 

patches is noticed in SEM micrograph. In addition, the 

amount of weight loss of the specimens due to wear validates 

the mild adhesive wear to be predominant. More or less same 

trend is observed in other coated specimens. 

Micrographs of as-deposited and heat treated Ni–P–Al2O3 

composite coating obtained with the help of scanning 

electron microscopy (SEM) are shown in Figure 6. From 

figure it is observed that the surface of the as-deposited 

composite coating has smooth surface with uniform 

distribution of Al2O3 particles and less porosity. The 

composite particles are well embedded on the surface of the 

alloy coating. The presence of surfactant (SDS) in electroless 

bath is accountable for smooth surface of composite coating. 

From Figure 6 (b) it is clearly observed that the change in the 

surface of the heat treated (400°C) Al2O3 composite coating. 

The globules of nickel and phosphorus are seen with 

embedded alumina particles. Heat treatment affects on the 

surface of composite coating. The globules of composite 

coating become compact which results in reduction in 

porosity of the composite coating. 

 

(a) 

 

(b) 

Figure 6. SEM images of (a) as-deposited, (b) heat treated Ni–P–Al2O3 

composite coating.  

EDAX analysis of as-deposited Ni–P–Al2O3composite 

coating at concentration of 5 g/L and 10 g/L Al2O3particles in 

the bath along with different concentration of nickel sulpahte, 

sodium hypophosphite is shown in Figure 7. From energy 

dispersive analysis it is confirmed that the composite coating 

deposited with of 5 g/L of Al2O3 particles have 78.07 wt% of 
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nickel, 6.67 wt%  of phosphorus, 8.74 wt%  of oxygen, and 

6.52 wt% of alumina particles. Similarly the composite 

coating deposited with 10 g/L of Al2O3 particles have 72.46 

wt% of nickel, 6.92 wt% of phosphorus, 11.06 wt% of 

oxygen, and 9.56 wt% of alumina particles. From micro 

structure graph it is confirmed that the content of alumina 

particles in the composite coating is increased with increase 

in concentration of Al2O3 particles in the electroless bath. 

 

(a) 

 

(b) 

Figure 7. EDX analysis of composite coating (a) with 5 g/L, and (b) with 10 

g/L of Al2O3 particles.  

X-ray diffraction (XRD) analyzer (Rigaku, Ultima III) is 

used to find out the different compounds in the electroless 

Ni–P–Al2O3 composite with and without heat treatment. 

Figure 8 shows graphs of as-deposited and heat treated 

composite coatings.  From graph it is observed that the as-

deposited composite coating has mostly amorphous phase, as 

single broad peak is available at diffraction angle of 44.468. 

After heat treatment at 400°C for one hour, the amorphous 

phase of composite coating converts into crystalline phase. 

Different peaks are seen at different diffraction angles. The 

highest peak of Ni3P with Al2O3 is observed at diffraction 

angle of 44.320. Ni3P peaks are also observed at the 

diffraction angle of 43.1, 43.5, 43.74, 44.26, 45.04 and peaks 

of Al2O3 are observed at diffraction angle of 37.06, 53.46, 

55.7, and 77.28. Similarly peaks of Ni observed at diffraction 

angle of 52.18, and 77.38. 

 

(a) 

 

(b) 

Figure 8. XRD plots of Ni–P–Al2O3 composite coating (a) as deposited, and 

(b) annealed at 400°C.  

4. Conclusion 

In the present study, Taguchi with L27 OA is used to obtain 

the optimum coating process parameters (nickel source, 

reducing agent, and Al2O3 particles) along with heat 

treatment in order to improve the wear resistance of the 

composite coating. The optimum parameter combination is 

found A2B3C2D3. At optimum combination nickel 



10 Prasanna Gadhari and Prasanta Sahoo:  Wear Resistance Improvement of Electroless Ni–P–Al2O3 Composite Coating by  

Optimizing Process Parameters Using Taguchi Technique 

concentration is 40 g/L, reducing agent concentration is 25 

g/L, concentration of Al2O3 particles is 10 g/L, and annealing 

temperature is 500°C. From ANOVA results it is confirmed 

that annealing temperature and Al2O3 particles have most 

significant influence on wear resistance of composite coating. 

The interaction between concentration of nickel source and 

concentration of Al2O3 particles has the good results among 

other interactions. The wear resistance of the composite 

coating is improved with increase in alumina content and 

annealing temperature higher than 400°C. The improvement 

of total S/N ratio from initial condition to the optimal 

condition is found to be 3.612 dB. It is confirmed from SEM 

micrograph that the alumina particles are uniformly 

distributed over the smooth coated surface without porosity. 

From EDX analysis it is confirmed that the composite 

coating has the presence of alumina particles, nickel, 

phosphorus, and oxygen with different amount (wt%) at 

different concentrations. From the SEM image of worn 

surface of the composite coating it is confirmed that the wear 

is mild adhesive in nature. Similarly the weight percentage of 

alumina is increased with increase in Al2O3 particles in 

electroless bath. The XRD plots revealed that the as-

deposited composite coating is amorphous in nature and it 

converts into crystalline structure after heat treatment at 

400°C with Ni3P as a major compound. 
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