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Abstract 

This paper reports an experimental study of corrosion characteristics of electroless Ni-

P-TiO2 nanocomposite coatings. Coating process parameters are optimized for 

maximum corrosion resistance based on L9 Taguchi orthogonal design with four process 

parameters, viz., concentration of nickel source solution, concentration of reducing 

agent, concentration of TiO2 powder and bath temperature. Corrosion behavior of the 

electroless Ni-P-TiO2 nanocomposite coatings was evaluated in 3.5 wt.% NaCl aqueous 

solution by using polarization technique. Scanning electron microscope (SEM) and 

Energy dispersive X-ray spectroscopy (EDS) analysis were used for studying the 

surface morphology and chemical composition of the electroless Ni-P-TiO2 

nanocomposite coatings. The results showed that incorporation of TiO2 in coating 

causes increasing of corrosion resistance and improves surface morphology. Finally, 

optimum conditions were achieved as, concentration of nickel source solution: 50 g L
-1

, 

concentration of reducing agent: 10 g L
-1

, concentration of TiO2 powder: 10 g L
-1

, and 

bath temperature of 85 °C. 

 

Keywords: electroless Ni-P-TiO2; nanocomposite; Taguchi method; corrosion 

resistance; polarization measurements. 

 

 

Introduction 

Electroless Ni-P coatings, first developed by Brenner and Riddell [1], have found 

extensive use in mechanical, chemical and electronic industries [2] due to their 

excellent mechanical, physical, electrical, corrosion, and tribological properties. 

Another advantage is that Electroless Ni-P coatings can be applied to a variety of 

substrate materials and uniformly on intricate part geometries. Electroless Ni-P 
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coating is an autocatalytic deposition of a Ni-P alloy from an aqueous solution on 

a substrate without application of electric current. The electroless bath typically 

comprises an aqueous solution of metal ions, complexing agents, reducing agents 

and stabilizers, operating in a specific metal ion concentration, temperature and 

pH ranges. The rate of deposition and properties of coatings depend on a number 

of factors such as the type and concentrations of the reducing agent, stabilizer, 

pH of solution, the temperature of the bath, etc. Electroless Ni-P is a barrier 

coating that protects the substrate by sealing it from the environment. Because of 

its amorphous nature and passivity, the corrosion resistances of the coatings are 

excellent and in many environments are superior to that of pure nickel or 

chromium alloys [2, 3]. Corrosion resistance of an electroless Ni-P coating is a 

function of its chemical composition and in particular the phosphorous content 

[4-8]. Despite a good number of studies on electroless Ni-P coatings particularly 

on corrosion resistance properties [9-13], an extensive review of the literature 

reveals that no report is available on optimization of the process parameters of 

electroless Ni-P-TiO2 coating to have maximum corrosion resistance. 

This study deals with the application of the Taguchi method to determine the 

optimum coating process parameters in order to obtain maximum corrosion 

resistance. Based on the Taguchi orthogonal, experiments were designed with 

four design parameters, namely, concentration of nickel source solution, 

concentration of reducing agent, concentration of TiO2 powder and bath 

temperature. All the parameters were selected in three levels as maximum, 

minimum and middle levels. 

 

 

Experimental details 

Coating deposition 
Copper sheets of size 10 mm × 10 mm × 1 mm were used as the substrate 

material for the deposition of the electroless Ni-P-TiO2 coating. Before 

electroless plating, the copper substrates were polished mechanically to mirror 

finish with 3000 grit SiC paper, degreased in a 30% NaOH solution for 10 min, 

washed with distilled water, and dried in air. All specimens were etched in a 10% 

sulfuric acid solution for 2 min and then rinsed with deionized water and acetone. 

The bath composition and operating conditions used for preparing electroless Ni-

P-TiO2 coatings were given in Table 1. The TiO2 (Merck, 50 nm) particles were 

used as the composite particles. 
 

Table 1. Composition and operating conditions of the Ni-P-TiO2 plating bath. 

 Chemical reagents Concentration Plating parameters 

Nickel sulphate 30-50 g L
-1

 Bath temperature = 85-95 °C 

Sodium hypophosphite 10-24 g L
-1

 Plating time = 30 min 

Sodium citrate 40 g L
-1

 pH = 4.8 (adjusted with NaOH) 

Sodium dodecyl benzene sulfonate (SDBS) 0.02 g L
-1

  

TiO2 powder (30-60 nm) (1-10 g L
-1

)  
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All chemicals were of analytical reagent grade (Merck). The surface morphology 

of the Ni-P-TiO2 coatings was analyzed using a Philips XL30 scanning electron 

microscope (SEM). The coating compositions were analyzed by an energy 

dispersive X-ray (EDX) apparatus attached to the SEM. Each sample was 

measured at different locations to confirm uniformity.  

Electrochemical experiments were carried out using a Princeton Applied 

Research, EG&G PARSTAT 2263 Advanced Electrochemical system run by 

PowerSuite software. A standard three-electrode cell arrangement was used in all 

experiments. A platinum sheet of the geometric area of about 20 cm
2
 was used as 

counter electrode, while all potentials were measured with respect to a 

commercial saturated calomel electrode (SCE). After the electrochemical testing 

system became stable in 3.5% NaCl solution (about 60 min), Tafel polarization 

tests were recorded in a potential range of E = corrosion potential (Ecorr) ± 200 

mV with a scan rate of 0.2 mV s
-1

.  

 

Taguchi design of experiment 

Design of orthogonal array and signal-to-noise analysis 
Taguchi technique [14, 15] is a powerful tool for design of high quality systems 

based on orthogonal array experiments that provide much-reduced variance for 

the experiments with an optimum setting of process control parameters. It 

introduces an integrated approach that is simple and efficient to find the best 

range of designs for quality, performance and computational cost. This method 

achieves the integration of design of experiments (DOE) with the parametric 

optimization of the process yielding the desired results. The orthogonal array 

(OA) requires a set of well-balanced (minimum experimental runs) experiments. 

Four factors (concentration of nickel source solution, concentration of reducing 

agent, concentration of TiO2 powder and bath temperature) with three levels were 

selected and are shown in Table 2. The factors and levels were used to design an 

orthogonal array L9 (3
4
) for experimentation. The nine Taguchi experiments were 

conducted twice to ensure the reliability of experimental data for a signal-to-

noise (S/N) analysis. The S/N ratio consolidates several repetitions into one value 

which reflects the amount of variation present. This is because the S/N ratio can 

reflect both the average and the variation of the quality characteristics. It is 

defined as the ratio of the mean (signal) to the standard deviation (noise). The 

ratio depends on the quality characteristics of the product/process to be 

optimized. The three categories of S/N ratios are used [15]: lower is best (LB), 

higher is best (HB) and nominal is best (NB). In the present study, corrosion 

current density (icorr) is treated as a characteristic value. The parameters were 

optimized with an objective to minimize the icorr. Therefore, the S/N ratio for LB 

characteristics was selected, which can be calculated as follows: 

 

)
1
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1

2

∑
=

−=
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i
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n

NS                                  (1) 

where n is the repetition number of each experiment under the same condition for 

design parameters, and Qi is the corrosion current density (icorr) of an individual 

measurement at the ith test. After calculating and plotting the mean S/N ratios at 
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each level for various factors, the optimal level, that is the largest S/N ratio 

among all levels of the factors, can be determined. 

 
Table 2. Design factors and levels. 

Variable Level 1 Level 2 Level 3 

A: concentration of source of nickel (nickel sulphate) 30 40 50 

B: concentration of reducing agent (sodium hypophosphite) 10 17 24 

C: concentration of TiO2 powder 1 5 10 

D: bath temperature 85 90 95 

 

Analysis of variance (ANOVA) 
ANOVA is a statistical technique, which can infer some important conclusions 

based on analysis of the experimental data. The method is very useful for 

revealing the level of significance of influence of factor(s) or interaction of 

factors on a particular response. It separates the total variability of the response 

into contributions of each of the factors and the error [16, 17]. ANOVA table 

shows the sum of the square (SS), the degree of freedom (D), the variance (V), 

corrected sum of squares (SS′) and the percentage contribution of each parameter 

(P) [15].  

 

 

Results and discussion 

Tafel polarization studies 
Tafel extrapolation (linear parts of anodic and cathodic branches) of the curves 

about ±50 mV versus OCP was used in PowerSuite software for determination of 

the corrosion current density. The structure of the Taguchi’s orthogonal array 

design and the results of the Tafel polarization measurements for the different 

coatings on Cu are given in Table 3, which also includes data for the substrate for 

the purpose of comparison. All coated samples have a higher corrosion resistance 

than the Cu substrate.  
 

Table 3. L9 OA with design factors and their levels.  

Experiment 

 

A B C D icorr (µA cm
-2

) 

     Test 1 Test 2 

1 1 1 1 1 0.566 0.758 

2 1 2 2 2 3.13 5.66 

3 1 3 3 3 0.83 1 

4 2 1 2 3 1.11 2 

5 2 2 3 1 0.69 0.912 

6 2 3 1 2 1.23 1.85 

7 3 1 3 2 0.54 0.87 

8 3 2 1 3 0.71 1.35 

9 3 3 2 1 0.63 0.96 

Cu     15  
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Determination of optimal levels 
Based on Eq. (1), two corrosion current density measurements for each 

experiment were converted into an S/N ratio. Table 4 compares the calculated 

mean S/N ratios with the corrosion current density data. The mean S/N ratio for 

each level of the factors A, B, C and D is summarized and called the S/N 

response table for corrosion current density (Table 5). In addition, the total mean 

S/N ratio for the 9 experiments is also calculated and listed in Table 5. The 

response table shows the average of the selected characteristic for each level of 

the factors. The response table includes ranks based on Delta statistics, which 

compare the relative magnitude of effects. The Delta statistic is the highest 

average for each factor minus the lowest average for the same. Ranks are 

assigned based on Delta values; rank 1 is assigned to the highest Delta value, 

rank 2 to the second highest Delta value, and so on. The corresponding main 

effect and interaction effect plots between the process parameters are also shown 

in Fig.s 1 and 2, respectively. In the main effect plot if the line for a particular 

parameter is near horizontal, then the parameter has no significant effect.  

 
Table 4. The S/N ratios. 

Experiment 

 

icorr (µA cm
-2

) S/N ratio 

 Test 1 Test 2  

1 0.566 0.758 3.584 

2 3.13 5.66 -13.553 

3 0.83 1 0.734 

4 1.11 2 -4.177 

5 0.69 0.912 1.856 

6 1.23 1.85 -3.923 

7 0.54 0.87 2.804 

8 0.71 1.35 -0.657 

9 0.63 0.96 1.809 

 

On the other hand, a parameter for which the line has the highest inclination will 

have the most significant effect. It is very much clear from the main effect plot 

that parameters C (concentration of TiO2 powder) and D (bath temperature) are 

the most significant parameters, while parameters A (concentration of nickel 

source solution) and B (concentration of reducing agent) have relatively less 

significant influence (Fig. 1). As far as the interaction plots are concerned, 

estimating an interaction means determining the non-parallelism of parameter 

effects. Thus, if the lines on the interaction plots are non-parallel, interaction 

occurs, and if the lines cross, strong interaction occurs between parameters. From 

Fig. 2, it can be seen that there is strong interaction between the parameters A 

and B, while there is moderate interaction between the parameters B and D and 

weak interaction between B and C. Thus from the present analysis it is clear that 

D (bath temperature) and C (concentration of TiO2) powder) are the most 

influencing parameters for corrosion current density (icorr). The optimal process 

parameter combination for minimum corrosion current density is obtained as 

A3B1C3D1 (concentration of nickel source solution = 50 g L
-1

, concentration of 
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reducing agent = 10 g L
-1

, concentration of TiO2 powder = 10 g L
-1

, bath 

temperature = 85 ºC). 
 

Table 5. Response table of mean S/N ratio. 

Level Factor 

 A B C D 

1 -3.078 0.737 -0.332 2.417 

2 -2.081 -4.118 -5.307 -4.891 

3 1.319 -0.46 1.798 -1.367 

Delta 4.397 4.855 7.105 7.308 

Rank 4 3 2 1 

The total mean S/N ratio = -1.28 
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Figure 1. Main effect plot for mean S/N ratio. 

 

Factor contributions 
The contribution of each factor to the corrosion current density can be 

determined by performing analysis of variance (ANOVA). The results of analysis 

of variance (ANOVA) are summarized in Table 6. The data given in Table 6 

show that the contribution of the four factors, i.e., concentration of nickel source 

solution, concentration of reducing agent, concentration of TiO2 powder and bath 

temperature is 13.853%, 16.677%, 34.656% and 34.814%, respectively. It is 

evident that, among the selected factors, bath temperature has the major influence 

on the coating parameters for corrosion resistance.  

By ranking their relative contributions, the sequence of the four factors affecting 

the corrosion current density is bath temperature, concentration of TiO2 powder, 

concentration of reducing agent and concentration of nickel source solution. It is 

also worthwhile mentioning that, in the ANOVA analysis, if the percentage error 
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(Pe) contribution to the total variance is lower than 15%, no important factor is 

missing in the experimental design. In contrast, if the percent contribution of the 

error exceeds 50%, certain significant factors have been overlooked and the 

experiments must be re-designed [18]. As shown in Table 6, the percentage error 

(Pe) is 0%. This indicates that no significant factors are missing in the 

experimental design. 
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Figure 2. Interaction effect plots for mean corrosion current density 

Table 6. Results of the ANOVA for corrosion current density. 

Factors Degree of 

freedom (D) 

Sum of squares 

(SS) 

Variance 

(V) 

Corrected sum of 

squares (SS′) 

% Contribution 

(P) 

Rank 

A 2 31.885 15.942 31.885 13.853 4 

B 2 38.385 19.192 38.385 16.677 3 

C 2 79.768 39.884 79.768 34.656 2 

D 2 80.128 40.064 80.128 34.814 1 

Error 0 0 0  0  

Total 8 230.168   100%  
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Confirmation run 
The confirmation experiment is the final step in verifying the conclusions from 

the previous round of experimentation. If the results of the confirmation runs are 

not consistent with the expected conclusions, a new Taguchi method design is 

required. The confirmation experiment was performed by setting the 

experimental condition of the four factors as: 85 ºC for bath temperature; and 50, 

10 and 10 g L
-1

 for the concentrations of nickel sulphate, sodium hypophosphite 

and TiO2 powder, respectively. Fig. 3 shows the Tafel polarization curves of the 

coated sample from the confirmation run and from the pure copper substrate. It 

can be seen from Fig. 3 that the corrosion potential (Ecorr) of the optimized 

coating is more positive (-0.26 V) than that of the Cu substrate (-0.324 V), and 

the corrosion current density of the coating (0.34 µA cm
-2

) is lower than that of 

the Cu substrate (15 µA cm
-2

). Thus the coating could be corroded only at a 

relatively higher potential and with a lower corrosion rate than the Cu substrate. 

Table 7 gives the detailed results from the confirmation run on the optimized 

coating as well as from the substrate. Thus the corrosion resistance of the 

optimized coating is about 15 times higher than that of the substrate. 
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Figure 3. Polarization curves of the pure Cu and the optimal Ni-P-TiO2 nanocomposite 

coating in 3.5% NaCl solution at scan rate of 0.2 mV s
-1

 

 

Table 7. Results of Tafel corrosion tests for confirmation run 

Samples icorr (µA cm
-2

)  Ecorr (V vs. SCE) 

Cu 15 -0.324 

Optimized coating 0.34 -0.26 

 

 

Surface morphology and composition 
Fig. 4 shows the SEM micrographs of the pure copper substrate and the coating 

surfaces deposited at optimal combination of the parameters A, B, C and D. 

The surface morphology of optimized Ni-P-TiO2 coating is different compared 

with pure copper. From the SEM micrographs of these surfaces, it is seen that 

there are many globular particles on the surface of the Ni-P-TiO2 coating. The 

Ni-P-TiO2 nanocomposite coating shows smoother surface, more uniform and 

compact in appearance compared to that of pure Cu, which indicates that the 
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codeposited TiO2 nanoparticles were uniformly distributed in the Ni-P matrix of 

nanocomposite coating (Fig. 4b). Fig. 5 shows the results of EDX component 

analysis of the pure Cu substrate and Ni-P-TiO2 nanocomposite coating 

deposited from optimal condition. The peaks of nickel, phosphorous and titanium 

are quite specific (Fig. 5b). The weight percentages of Cu, Ni, P and Ti are listed 

in Table 8. They support the idea that the TiO2 particles have been incorporated 

into the Ni-P coatings successfully. 

 

  
Figure 4. SEM images of (a) pure Cu and (b) optimal Ni-P-TiO2 nanocomposite 

coating. 

 

  
Figure 5. EDX spectra of the surfaces: (a) pure Cu substrate and (b) optimal Ni-P-TiO2 

nanocomposite coating. 

 
Table 8. EDX analysis results of pure Cu substrate and optimal Ni-P-TiO2 

nanocomposite coating. 

System studied Cu (wt.%) Ni (wt.%) P (wt.%) Ti (wt.%) 

Pure Cu  100.00 - - - 

 Optimal Ni-P-TiO2 coating 5.12 83.15 11.19 0.54 

 

Conclusions  
Taguchi orthogonal array is employed to optimize the coating process parameters 

with respect to corrosion behavior of electroless Ni-P-TiO2 nanocomposite 

coatings against copper. It is seen that bath temperature and concentration of 

TiO2 powder have the most significant influence in controlling corrosion 

characteristics of electroless Ni-P-TiO2 coating. The optimal coating parameter 

combination for minimum corrosion is obtained as A3B1C3D1. SEM study 

showed that Ni-P-TiO2 coatings are smooth and composed of discrete TiO2 
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nanoparticles with the crystallite size of about 38 nm. The corrosion resistance of 

the optimized coating is more than 15 times better than that of the pure copper 

substrate. 
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