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ABSTRACT 

Electroless Ni-P-Zr films are deposited onto Al substrates. Effect of different pre-treatments on the subsequent 

chemical plating. XRD analysis shows that the Ni-P-Zr film is amorphous. Grey-Taguchi shows that the Ni-P-Zr 

coating exhibits a friction coefficient of 0.35, a corrosion potential of –0.60 V, a Vickers hardness of 582.9 HV, 

and a fatigue life of 52 times. A comparison of fatigue failure mechanisms for the uncoated substrate and the 

electroless Ni-P-Zr coating is conducted under high-strain low-cycle fatigue loading. The results confirm that the 

coating eliminates crack initiation and propagation and increases the fatigue life of the specimens. 
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INTRODUCTION 
 

Electroless nickel plating is an autocatalytic deposition process that renders exceptional 

physical, electrical, tribological, mechanical, and corrosion-resistant properties [1]. This hard 

coating is widely used in chemistry, machinery, automobiles, electronics, aerospace 

engineering and the food industry. Electroless plating adheres well to metal and non-metal 

products and its thickness is almost uniform, even for parts with complex shapes [2]. The 

electroless plating bath is composed of an aqueous solution that contains nickel ions as the 

metal source, a stabilizer to prevent premature decomposition of the solution, a reducing 

agent to provide electrons and a complexing agent to maintain the chemical stability of the 

plating solution [3]. These systems function within a specific range of temperature, pH and 

metal ion concentrations. 

Aluminum and its alloys are widely used in many industrial fields due to their high 

specific strength and good machinability. However, aluminum alloys feature low hardness 

and poor wear resistance so they cannot be used for some engineering applications. Previous 
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studies show that these features are improved by electroless plating of a surface protective 

layer [4]. Arumugam et al. [5] studied electroless plating on an Al alloy substrate and 

produced a Ni-P coating with uniform thickness, wear resistance, corrosion resistance and 

high hardness. The result shows that the surfactant (sodium lauryl sulfate) and passive 

additive (Al2O3) significantly improve the surface finish, microhardness, microstructure and 

wear rate for Ni-P coatings. Qin [6] studied the electroless plating of Ni-P alloy on the surface 

of a 6061 Al alloy substrate using sodium hypophosphite as a reducing agent. The results 

show that the Ni-P coating film is amorphous and significantly increases the aluminum alloy's 

resistance to corrosion.  

A conventional experimental method often requires a significant number of trials to 

evaluate multiple parameters, which is time-consuming and costly. The Taguchi approach uses 

principles of experimental design with a quality loss function and orthogonal arrays to 

significantly reduce the number of experimental runs. The Taguchi methodology increases 

experimental efficiency and enables the development of high-quality, low-cost products [7]. It 

is widely used in many engineering fields to optimize fabrication processes and to increase 

product performance. There are many studies of electroless plating but the use of the Taguchi 

method to create optimal process parameters for the coating has industrial applications and 

academic value.  

The grey-Taguchi method is a practical approach that combines experimental design with 

statistical analysis to increase product quality. This method considers multiple quality 

characteristics simultaneously and is a cost-effective solution for optimizing complex 

processes for a wide range of applications. Agrawal et al. [8] produced electroless Ni-B-W 

coatings using the grey-Taguchi method to determine multi-objective optimized deposition 

parameters and improve the mechanical properties and thermal stability of the coating film. 

By optimizing the combination of multi-objective parameters using grey-Taguchi analysis, 

electroless plating Ni-P-SiC nanocomposite coatings have a lower coefficient of friction so 

wear resistance is increased [9]. 

Gultekin et al. [10] demonstrated that electroless coating of the ternary Ni-P-W alloy 

imbues better tribological and anti-corrosive performance than its binary counterpart. Biswas 

et al. [11] showed that electroless Ni-P-Cu ternary alloy exhibits high hardness, excellent 

corrosion resistance and strong wear resistance. Ternary alloys electroless plating has many 

superior properties, as demonstrated by numerous studies [12]. Zr alloys are commonly used 

as cladding and structural materials in nuclear reactors due to their superior neutron economy, 

strong mechanical properties and high resistance to corrosion [13]. An alkaline electroless 

plating solution that uses an in-situ co-precipitation reaction has been used for the deposition 

of Ni-P-ZrO₂/Al₂O₃/Al₃Zr composite coatings on various substrates, including commercial 

aluminum, low-carbon steel and carbon fiber cloth [14]. Few studies use electroless Ni-P-Zr 

plating but the thin film of this plating has excellent mechanical properties and corrosion 

resistance so it warrants further research. This study employs multiple performance 

characteristics combined with grey-Taguchi analysis, following a similar methodology to that 

used by Zhao et al. [15]. While Zhao et al. investigated a ZrWN/buffer layer multilayer film 

deposited via direct current reactive magnetron sputtering, our research focuses on optimizing 

the electroless plating process for depositing a Ni-P-Zr ternary alloy film onto an Al 6061-T6 

substrate.  

Ganesan et al. [16] reported that Al alloy is widely used in the automotive and aerospace 

industries. These parts are subjected to cyclic loads during operation and are prone to fatigue 

failure, but the fatigue strength of aluminum alloys is lower than that of steel, so increasing 
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the fatigue performance of aluminum alloys reduces failure repairs and related costs. 

Electroless plating surface modification increases the fatigue performance of parts [17]. This 

study determines the failure mechanism under high-strain and low-cycle fatigue loads in an Al 

substrate that features electroless Ni-P-Zr plating. The elemental composition, microstructure, 

microhardness and corrosion resistance of the coating are determined. 

 

 

 
EXPERIMENTAL PROCEDURE 

 
 

The chemical composition and mechanical properties of the Al 6061-T6 sample (plate 45 

× 10 × 4 mm³) are detailed in Reference [18]. The surface of the Al substrate was polished 

using #300, #600, and #800 sandpaper in sequence and the test piece was cleaned with 

alcohol. Before electroless plating, the Al substrate was subject to pretreatments, including 

roughening and activation, to render the surface catalytically active [19]. The electroless 

plating bath composition included: Zr (SO4)2 (20 g/L) +NiSO4 (30 g/L) + Na3C6H5O7·2H2O 

(45 g/L) + NH4Cl (35 g/L) + NaPH2O2·H2O (30 g/L). A Taguchi experimental design and L9 

(34) orthogonal array were used to establish the electroless plating parameter levels, including 

solution pH value (6, 8, 10), bath temperature (60, 70, 80oC), deposition time (15, 30, 60 min) 

and stirring rate (0, 150, 300 rpm). Table 1 shows the Al substrate pretreatment and 

electroless Ni-P-Zr film plating parameters. The Al alloy substrates were pretreated using two 

different formulations: formula A and formula B (see Table 1). Ni-P-Zr films were then 

deposited via electroless plating.  

Formula A: Remove Al substrate surface organic/oxide layers, phosphate and carbonate 

act as complexing agents and buffering salts, activate the surface and deposit a thin zinc-based 

activation layer to increase the adhesion of subsequent electroless coatings. Formula B: 

Alkaline degreasing and etching removes organic and loosely bonded oxides. The chromic 

acid–sulfuric acid mixture removes tenacious oxide layers and creates a micro-roughened 

surface to promote mechanical anchoring. HCl pickling ensures complete oxide and 

hydroxide removal to produce a reactive surface that allows catalytic initiation of electroless 

plating [20]. The films' surface morphology, cross-sectional structure and elemental content 

were measured using field emission scanning electron microscopy and energy-dispersive 

X-ray spectroscopy (EDS). The structural properties and micro-hardness of the film were 

measured using an X-ray diffractometer (Rigaku-2000 X-ray Generator) with a grazing 

incidence angle of 2° and a nano-indenter (ASMEC UNAT). High-resolution transmission 

electron microscopy (TEM, FEI Tecnai F20) was utilized to determine the microstructure of 

the coated film. The coefficient of friction (CoF) of the coating film was measured using a 

ball-on-disk tester (CSM Equipment, Switzerland). The dry test used an Al₂O₃ ceramic ball 

with a 3.0 mm radius, a total sliding distance of 100 m and a normal load of 2.5 N [21]. The 

hardness of the films was measured using a nano-indenter (ASME CUNAT). 

The corrosion behavior of the film was measured using a potentiostat/galvanostat (EG&G 

Model 263A) in a 3.5 wt% NaCl solution. The values for corrosion potential (Ecorr, Volt) and 

corrosion current density (Icorr, Amp/cm2) were determined from the polarization curves and 

calculated using the Tafel extrapolation method [22]. A fatigue testing method accelerated 

fatigue damage under high-strain cycling conditions [23]. Figure 1 shows the 60° bending 

fatigue testing apparatus (R = –1, reverse stress mode). This high-strain and low-cycle 

apparatus is specifically designed to promote the early onset of fatigue fracture and to 

measure the performance of electroless coatings.  
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Table 1. Al substrate pretreatment and electroless Ni-P-Zr film plating parameters 

Al 6061-T6 plate 45 × 10 × 1 mm³. 

Al substrate pretreatment is done using two different formulas [19]. 

 

Formula A:  

step 1. [Na₂CO₃ (25 g/L) + Na₃PO₄ (25 g/L), 80°C, immerse for 3 min].  

step 2. [Na3PO4·12H2O (35 g/L) + Na2CO3 (25 g/L) + NaOH (10 g/L), 70 °C, immerse 

      for 2 min].  

step 3. [ZnO (5 g/L) + KNaC4H4O6·4H2O (500 g/L) + NaOH (10 g/L) + HNO3 (500  

      g/L), room temperature, immerse for 1.5 min]. 

 

Formula B:  

step 1. [Na2CO3 (40 g/L) + Na3PO4 (25 g/L) + NaOH(10 g/L), 80°C, immerse for 3 min]. step 2. 

[H2CrO4(80 g/L) + H2SO4 (80 g/L), room temperature, immerse for 8 min].  

step 3. [HCl (360 g/L), room temperature, immerse for 3 min]. 

 

Electroless plating bath composition:  

Zr (SO4)2 (20 g/L) +NiSO4 (30 g/L) + Na3C6H5O7·2H2O (45 g/L) + NH4Cl (35 g/L) + 

NaH2PO2·H2O (30 g/L) 

 

Symbol     Control factor Level 1 Level 2 Level 3 

A pH value  6   8   10 

B bath temperature (oC)  60   70   80 

C deposition time (min)  15   30   60 

D stirring rate (rpm)  0   150   300 
 

 

 

 

 

 

 

 
Fig. 1. Schematic diagram of a high-strain, low-cycle bending fatigue (60°) test device, 

using a complete reversal of fatigue stress cycles (R = –1, reverse stress mode): (a) sample in the neutral position, 
where F indicates the fixture and S represents the Al substrate (plate 45 × 10 × 4 mm³), (b) sample bent to 

the left and (c) sample bent to the right [23] 
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RESULTS AND DISCUSSION 

 
 

Al substrate pretreatment and electroless plating 

The surface of the substrate was modified and pretreated to increase adhesion between 

the coating and the substrate and an intact electroless plating film was produced [24]. The 

aluminum alloy substrates were subjected to two different pretreatment protocols—Formula A 

and Formula B (summarized in Table 1)—prior to the electroless deposition of Ni-P-Zr films. 

The plating solution consisted of Zr (SO₄)₂ (20 g/L), NiSO₄ (30 g/L), Na₃C₆H₅O₇·2H₂O (45 

g/L), NH₄Cl (35 g/L) and NaPH₂O₂·H₂O (30 g/L). The deposition was performed at pH 10 

and the plating bath was maintained at 80°C for 60 minutes and stirred at a rate of 300 rpm. 

 Fig. 2a shows the pretreatment for the Al substrate using formula A. The sample surface 

was roughened and activated to allow the electroless plating process. Fig. 2b shows that 

subsequent to the electroless plating process, the Ni-P-Zr film completely covers the substrate 

surface and a good coating film is produced. Fig. 3a shows the pretreatment for the Al 

substrate using formula B. Fig. 3b shows that the Ni-P-Zr film coating is uneven, the coverage 

is incomplete and the coating film is poor. Excessive roughening and activation pretreatment 

create large micropores on the substrate's surface, which is not conducive to the subsequent 

electroless process. Similar to the results of the study by Mandal et al. [20], the results of this 

study show that surface roughness (roughness below 338 nm) must not be excessive to obtain 

good coating films. Formulation B also lacks a zinc-based activation layer, which is 

detrimental to subsequent electroless thin film deposition. During electroless plating, Zn is 

displaced by Ni and autocatalytic Ni-P growth then promotes a uniform coating [25]. 

Table 2 lists the Ni-P-Zr films' hardness, fatigue test results and friction coefficient for 

different substrate pretreatments (Formula A and Formula B). For bare Al 6061-T6 substrates 

without coating, the hardness is 392.9 HV, the fatigue life is 30 times and the friction 

coefficient is 0.66. The Ni-P-Zr ternary film coating performs better than the uncoated Al 

substrate. Using Formula A, the Al surface is roughened and activated. Subsequent electroless 

film plating was used to obtain a high-quality Ni-P-Zr film. The Ni-P-Zr film is respectively 

better in terms of hardness, fatigue life and friction coefficient by 35.17%, 36.67%, and 

34.84%. Tafel analysis of the potentiodynamic polarization curves shows the corrosion 

behavior of the coating samples. Fig. 4 shows the polarization curves for Ni-P-Zr films using 

different substrate pretreatments. The corrosion potential is calculated for bare Al (-1.18 V) 

and Ni-P-Zr film-coated samples using formula A (-0.67 V) and formula B (-1.01 V). 

 

 

Fig. 2. SEM images for substrate pretreatment and Ni-P-Zr coated film, using Formula A 

 

(a)                        

using Formula A 
       - -               
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Fig. 3. SEM images for substrate pretreatment and Ni-P-Zr coated film, using Formula B 
 
 
 

Table 2. Hardness, fatigue test results and friction coefficient for Ni-P-Zr films that use different substrate 
pretreatments 

 

                     Vickers-Hardness (HV) 

 Test 1 Test 2 Avg. Improvement rate (%) 

Al original 391.9 393.9 392.9  

Formula A 525.1 537.2 531.1 35.17 

Formula B 406.3 411.8 409.1  4.12 

                       Fatigue test (no. of bends) 

Al original 29 31 30  

Formula A 40 42 41 36.67 

Formula B 32 30 31  3.33 

                         Friction coefficient (CoF) 

Al original 0.67 0.65 0.66  

Formula A 0.41 0.44 0.43 34.84 

Formula B 0.61 0.65 0.63  4.24 

 

 

 

 
 

Fig. 4. Polarization curves for uncoated Al and coated Ni-P-Zr films in aqueous solution  
 

  

(a)                        

using Formula B 

      - -               
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Electroless plating using grey‑Taguchi analysis 

Using Taguchi quality engineering principles, this study established the control factors 

and their corresponding experimental levels, as shown in Table 1. Fig. 5 (a) shows the X-ray 

diffraction patterns for electroless N-P-Zr composite film. The pattern features one broadened 

peak at 2θ = 42.4 °, which shows that the films are amorphous [26, 27]. Fig. 5 (b) shows a 

high-resolution TEM image, where the lack of a clearly defined long-range ordered structure 

confirms that the nanoparticles exhibit an amorphous phase. Fig. 5 (c) displays the selected 

area electron diffraction (SAED) pattern of the Ni-P-Zr film, characterized by a diffuse ring 

pattern, which is a hallmark of an amorphous structure. Table 3 lists the experimental L9 (3
4) 

results for the friction coefficient, corrosion potential and Vickers hardness value for Ni-P-Zr 

films and the signal-to-noise ratio (S/N). The friction coefficient ranges from 0.37 to 0.61, the 

corrosion potential ranges from -0.66 to -0.60 V and the Vickers hardness ranges from 459.4 

to 541.5 HV. When Ni-P-Zr film is plated, the Vickers hardness and corrosion potential 

increase and the friction coefficient decreases. All coated samples feature better mechanical 

properties than the uncoated Al samples. Table 4 shows results for the ANOVA for the 

coefficient of friction, the corrosion potential and the Vickers hardness. The pH value has the 

most significant effect on the friction coefficient (P=75.69%) and the Vickers hardness 

(P=77.45%). The bath temperature has the most significant effect on corrosion potential, with 

P = 34.24% contribution. 

 

 

 
Table 3. Experimental L9 (34) results for the friction coefficient, corrosion potential, and Vickers hardness value for 

Ni-P-Zr films and signal-to-noise (S/N) ratio 

No. 

Factors   
    Friction      

    coefficient S/N 

(dB) 

  Corrosion potential    

      (Volts) S/N 

(dB) 

Hardness (HV) 
S/N 

(dB) 
A B C 

D

    
F1 F2 Ave. C1 C2 Ave. H1 H2 Ave. 

1 1 1 1 1 0.60 0.59 0.60 4.51  -0.62 -0.61 -0.62 4.22  480.8 509.6 495.2 53.90  

2 1 2 2 2 0.61 0.61 0.61 4.29  -0.64 -0.61 -0.63 4.08  451.2 502.6 476.9 53.57  

3 1 3 3 3 0.51 0.50 0.51 5.93  -0.61 -0.62 -0.62 4.22  499.6 522.6 511.1 54.17  

4 2 1 2 3 0.48 0.49 0.49 6.29  -0.63 -0.66 -0.65 3.81  461.6 465.6 463.6 53.32  

5 2 2 3 1 0.44 0.43 0.44 7.23  -0.65 -0.64 -0.65 3.81  462.6 534.1 498.4 53.95  

6 2 3 1 2 0.43 0.45 0.44 7.13  -0.63 -0.64 -0.64 3.94  452.7 466.1 459.4 53.24  

7 3 1 3 2 0.46 0.46 0.46 6.71  -0.60 -0.59 -0.60 4.51  567.2 501.5 534.4 54.56  

8 3 2 1 3 0.36 0.37 0.37 8.75  -0.65 -0.67 -0.66 3.61  556.6 526.4 541.5 54.67  

9 3 3 2 1 0.41 0.40 0.41 7.85  -0.61 -0.61 -0.61 4.29  502.3 556.8 529.6 54.48  

Al 6061-T6  0.65 0.67 0.66  
 -1.04   

-1.31  
-1.18   391.9  393.9   392.9  

Note: A is pH value, B is bath temperature, C is deposition time and D is stirring rate. 
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Fig. 5. Electroless N-P-Zr film, (a) X-ray diffraction pattern, (b) high-resolution TEM image, and (c) electronic 

diffraction pattern 

 

 
Table 4. ANOVA results for the coefficient of friction, the corrosion potential, and the Vickers hardness, 

corresponding to Table 3 

Factor 

S/N ratio (dB) Degree 

of 

freedom 

Sum 

of 

square 

Variance 
Contribution 

(P %) Level 1 Level 2 Level 3 

Coefficient of friction 

A 4.91  6.88  7.78  2 12.93  6.47  75.69  

B 5.85  6.76  6.97  2 2.14  1.07  12.55  

C 6.80  6.14  6.64  2 0.70  0.35  4.09  

D 6.53  6.06  6.99  2 1.31  0.66  7.67  

Total    8 17.07  100.00 

Corrosion potential  

A -4.18  -3.85  -4.14  2 0.19  0.09  28.39  

B -4.18  -3.83  -4.15  2 0.22  0.11  34.24  

C -3.93  -4.06  -4.18  2 0.10  0.05  14.96  

D -4.11  -4.18  -3.88  2 0.15  0.07  22.41  

Total    8 0.65  100.00 

Vickers hardness  

A 51.91  51.44  52.77  2 2.72  1.36  77.45  

B 51.97  52.14  52.02  2 0.05  0.02   1.38  

C 51.98  51.80  52.35  2 0.47  0.23  13.27  

D 52.20  51.80  52.13  2 0.28  0.14   7.90  

Total    8 3.52  100.00 

 

(a) (b) (c) 
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Grey relational analysis is used to interpret complex relationships between multiple 

variables or performance indicators. It allows comparison and decision-making for systems 

for which there is limited or uncertain information by measuring the degree of similarity or 

influence between factors using a grey relational coefficient [28]: 

 

 

( ) ( )( )
( ) ( ) ( ) ( )
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where, )(kxi
represents the normalized value of the kth performance characteristic in the ith 

experiment and denotes the distinguishing coefficient, which typically falls within the range 

 1,0 . This coefficient can be adjusted in terms of the specific requirements of the system. 

For this study, all electroless plating parameters are considered to have equal importance; so 

  has a value of 0.5. 

    The average value of the grey relational coefficients is used to represent the grey 

relational grade. This value serves as an overall measure of the relationship between each 

experimental trial and the ideal reference and is calculated as [28]: 

 

 

( ) ( ) ( )( )
=

=
n

k

ii kxkrr
n

xxr
1

00 ,
1

,

  

(2) 

 

where, n  denotes the total number of performance characteristics for the analysis. 

 

To evaluate the multiple response performance characteristics, all experimental data is 

processed using the grey relational grade. Eqs. (1) and (2) are used to calculate the grey 

relational grade for each experiment in the L9 orthogonal array and the results are shown in 

Table 5. Table 6 shows the ANOVA results for the multiple quality properties of the 

electroless N-P-Zr composite film coating process. The grey relational analysis shows that the 

pH value is the most influential factor, contributing 83.31% to the overall performance. 

A higher grey relational grade indicates that the product quality is closer to the ideal 

value so a larger grade is more desirable [28]. For this study, the optimal multiple quality 

characteristics for the electroless N-P-Zr film coating are achieved using the orthogonal array 

parameters A3B2C1D3 (Experiment No. 8, Table 5). The grey relational prediction identifies 

the optimal condition as A3B2C3D3 (see Table 6), which corresponds to a pH of 10, a bath 

temperature of 70°C, a deposition time of 60 minutes and a stirring rate of 300 rpm.  

The verification experiment results for the multiple quality properties of the electroless 

N-Zr-P film coating are shown in Table 7. The optimized parameters (A3B2C3D3) give better 

performance than the orthogonal array conditions (A3B2C1D3): the friction coefficient 

decreases from 0.37 to 0.35, the corrosion potential increases from -0.66 V to -0.60 V and the 

Vickers hardness increases from 541.5 to 582.9 HV. Table 8 shows the chemical composition 

of the Ni-P-Zr films, as determined by energy-dispersive spectrometry (EDS). The results 

show that a composition of approximately 96.02 wt% Ni, 1.37 wt% Zr, and 2.61 wt% P yields 

favorable multiple quality characteristics for the Ni-P-Zr film coating. This is in agreement 

with the results of Ghaderi et al [29], who showed that a decrease in phosphorus content 

increases the hardness of the coatings. The decrease in hardness for electroless coatings with 
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high phosphorus content is primarily due to the formation of intermetallic phases that are 

softer than the face-centered cubic crystalline nickel phase. Agarwala et al [30] showed that 

electroless plating with low phosphorus content (2% to 3 wt.%) exhibits greater hardness than 

plating with high phosphorus content (10% to 12 wt.%). In its as-deposited state, the Ni-P-Zr 

electroless coating maintains an amorphous structure, so phosphorus atoms are randomly 

distributed between the nickel atoms within the matrix [31].  

For comparison, the electroless ternary Ni-P-W plating solution replaces Zr(SO4)2 with 

Na₂WO₄·2H₂O and the remaining chemical baths are the same as those for the Ni-P-Zr: that is, 

Na₂WO₄·2H₂O (20 g/L) +NiSO4 (30 g/L) + Na3C6H5O7·2H2O (45 g/L) + NH4Cl (35 g/L) + 

NaPH2O2·H2O (30 g/L). Fig. 6 (a) presents the XRD patterns of the Ni-P-W films, exhibiting 

a broad peak indicative of an amorphous structure or poor crystallinity. Additionally, the 

SAED patterns shown in Figures 6 (b) and 6 (c) display diffuse rings, further confirming the 

amorphous nature of the Ni-P-W films. Fig. 6 (d) EDS analysis shows 91.09 wt% Ni, 2.06 

wt% W, and 6.85 wt% P. The Ni-P-W coating exhibits a friction coefficient of 0.24, a 

corrosion potential of –0.54 V, a Vickers hardness of 699.5 HV and a fatigue life of 68 times. 

Ni-P-W alloy-coated films are well-suited for applications requiring exceptional mechanical 

strength, wear resistance, and thermal stability, making them particularly effective for cutting 

tools and abrasive environments. However, the Ni-P-Zr alloy-coated films are appropriate for 

passivation and corrosion protection, especially in marine, biomedical, or oxidative 

environments. While they exhibit lower hardness than W-based coatings, they offer excellent 

chemical stability and strong adhesion to substrates. 

    Fig. 7 shows the SEM images of the surface morphology and cross-section for 

electroless Ni-P-Zr coatings that are deposited using the orthogonal array electroless 

parameters (a, b) and the optimal electroless parameters (c, d). The Ni-P-Zr film forms a 

continuous coating over the substrate, which is characterized by a dense fine-nodular grain 

structure and no evidence of cracking or delamination and excellent adhesion. The film 

thickness increases from 1.23 μm (A3B2C1D3) to 2.76 μm (A3B2C3D3).  

Electroless plating time affects the thickness, hardness, microstructure, surface morphology 

and mechanical performance of film coatings [32]. A longer electroless plating time produces 

a thicker film, finer nodular grains and greater hardness, so the coating is more resistant to 

wear. These results are in agreement with those of Kao JY [33]. Table 9 lists the experimental 

results for the fatigue life of Ni-P-Zr coated specimens that use different electroless plating 

times. The uncoated Al 6061-T6 substrates have a fatigue life of 29 times (high-strain and 

low-cycle bending fatigue [23]). For substrates with a a Ni-P-Zr coating, the fatigue life 

increases from 36 to 52 times. Fatigue damage begins with microcracks on the surface of the 

material, which then expand and develop, and create a fracture. Improving the mechanical 

properties of the material surface prevents fatigue damage [34].  

   Figures 8 and 9 compare the failure mechanisms for the original Al substrates to those that 

are treated using optimal electroless Ni-P-Zr plating parameter values for high-strain, 

low-cycle fatigue loading. Fig. 8 shows that after bending 10 and 20 times, no obvious 

microcracks appear on the surface of the specimen, but larger cracks appear at the 25th 

bending and fatigue fracture occurs at the 29th bending. Fig. 9 shows that for the Ni-P-Zr 

coated specimens, no significant surface changes are observed after 10 to 40 bending cycles. 

Microcracks first appear at the 48th bend, followed by larger cracks at the 49th bend, and 

fatigue fracture occurs at the 52nd bend. The uncoated specimen experiences a fatigue 

fracture at the 29th bend. These results show that the coating delays crack initiation and 

propagation and extends the fatigue life of the specimens. 
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     Table 5. Grey relational grades and their corresponding ranking in the optimization process 

 

No. 
Factors 

Grey relational grade       Order 
A B C D 

1 1 1 1 1 0.3647  7 

2 1 2 2 2 0.3256  9 

3 1 3 3 3 0.4393  5 

4 2 1 2 3 0.3569  8 

5 2 2 3 1 0.4481  4 

6 2 3 1 2 0.3967  6 

7 3 1 3 2 0.5827  3 

8 3 2 1 3 0.7333  1 

9 3 3 2 1 0.6058  2 

 

 
     Table 6. Grey relational analysis and ANOVA results for evaluating multiple quality properties 
 

Factor 

S/N ratio (dB) Degree 

of 

freedom 

Sum 

of 

square 

Variance 
Contribution 

(P %) Level 1 Level 2 Level 3 

A -8.55  -7.98  -3.91  2  38.40  19.20  83.31  

B -7.47  -6.47  -6.51  2  1.91  0.96   4.15  

C -6.50  -7.68  -6.27  2  3.46  1.73   7.50  

D -6.70  -7.49  -6.26  2  2.32  1.16   5.04  

Total    8 42.41    100 

 

 

 
Table 7. Verification experimental results for multiple quality properties using orthogonal arrays and optimal 

predicted Ni-P-Zr films deposition parameter values 
 

 
 
 
 

 
Orthogonal 

array  

Optimal prediction 

design 

Improvement 

rate 

  A3B2C1D3 A3B2C3D3 

Friction coefficient  0.37 0.35 5.41 

Corrosion potential (V)   -0.66 -0.60 9.09 

Hardness (HV)   541.5 582.9 7.66 
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Table 8. Chemical composition of the Ni-P-Zr films, as measured by energy-dispersive spectrometry 
(EDS) 

No. 
Factors wt.% Total 

(%) A B C D Ni  Zr P 

1 1 1 1 1 91.33 2.10 6.57 100 

2 1 2 2 2 90.69 2.51 6.80 100 

3 1 3 3 3 94.19 2.24 3.57 100 

4 2 1 2 3 92.00 1.22 6.78 100 

5 2 2 3 1 94.30 1.96 3.74 100 

6 2 3 1 2 93.76 1.74 4.50 100 

7 3 1 2 2 92.49 3.73 3.78 100 

8 3 2 1 3 95.72 1.65 2.63 100 

9 3 3 3 1 93.57 1.33 5.10 100 

Optimal 3 2 3 3 96.02 1.37 2.61 100 

 

 

 
 

Fig. 6. Electroless N-P-W film: (a) X-ray diffraction pattern, (b) high-resolution TEM image, (c) electronic diffraction 
pattern, and (b) EDS analysis 
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Fig. 7. SEM surface and cross-sectional images of Ni-P-Zr films: (a, b) deposited using orthogonal array parameter 
values (A3B2C1D3) and (c, d) deposited using optimal prediction design (A3B2C3D3) 

 

 

 
 

Fig. 8. Failure mechanism for bare Al 6061-T6 substrates for high-strain and low-cycle fatigue testing 
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Table 9. Experimental results for the fatigue life of Ni-P-Zr coatings 

 

 

 

 

 

 

 

 

         

         

 
 

 
Fig. 9. Failure mechanism for Ni-P-Zr film that is coated using optimal prediction design electroless plating for 

high-strain and low-cycle fatigue testing 

 

                                           

   

                       

 
                    

   

                    

   
                    

   

                                           

   

No. 
Factors Fatigue life times 

Ave. 
A B C D T1 T2 

1 1 1 1 1 38 42 40 

2 1 2 2 2 41 40 40 

3 1 3 3 3 44 42 43 

4 2 1 2 3 41 33 37 

5 2 2 3 1 42 40 41 

6 2 3 1 2 36 36 36 

7 3 1 3 2 45 49 47 

8 3 2 1 3 47 51 49 

9 3 3 2 1 43 45 44 

Optimal 3 2 3 3 53 52 52 

Al 6061-T6     29 30 29 



86                           ADVANCES IN MATERIALS SCIENCE, Vol. 26, No. 1 (87), March 2026 

 

                               CONCLUSIONS 
 

 

During the pretreatment of the Al alloy substrates, phosphate and carbonate act as 

complexing agents and buffering salts, the surface is activated, and a thin zinc-based 

activation layer is deposited to enhance the adhesion of subsequent electroless coatings and 

produce a high-quality electroless plating film. Using grey-Taguchi analysis, this study 

experimentally determines the mechanical properties of electroless Ni-P-Zr coatings and 

verifies the optimization of parameter values. The results for XRD and TEM analysis show 

that the as-deposited N-P-Zr film has an amorphous structure. An ANOVA for multiple 

quality characteristics of the electroless plating process shows that the pH value is the factor 

that most significantly affects the performance of the electroless N-P-Zr composite film 

process, contributing 83.31% to the overall performance. Confirmation test results 

demonstrate the effectiveness of the proposed approach and show an improvement of 5.41% 

for the coefficient of friction, 9.09% for corrosion potential, and 7.66% for hardness. 

The Ni-P-Zr-coated specimens exhibit no significant surface changes after 10 to 40 

bending cycles. Microcracks first appear at the 48th bend, and fatigue fracture occurs at the 

52nd bend. The uncoated specimen demonstrates a fatigue fracture at the 29th bend. These 

results show that the coating delays crack initiation and propagation and extends the fatigue 

life of the specimens. Further, Ni-P-W coatings exhibit superior mechanical properties 

compared to Ni-P-Zr coated substrates. 
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