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ABSTRACT 

The development of metal deposition processes based on electroless nickel-Phosphor alloy on various surfaces 
has witnessed a surge in interest among researchers, with many recent applications rendered possible by many 
excellent characteristics. These coatings have demonstrated promising corrosion and wear resistant properties in 
recent years and a substantial number of modern technologies have been the most significant in macro-level 
apps. This paper discusses in detail about different electroless nickel alloy, including brief notes on cermet 
cutting tools. Modelling of the output parameters and Optimization of coating parameters using response surface 
methodology (RSM) and desirability function, Central Composite Design(CCD) is used to plan and design of 
experts. coating electroless nickel-phosphor layer with different phosphor percent (9, 10 and 11) %wt at 
different coating time (80, 100 and 120) minute at coating temperature 90±1°C. After coating process, 
morphology and hardness, X- ray diffraction (XRD), Atomic force microscope (AFM) of the deposited layer 
was studied. The change in microhardness is observed to be quite significant after annealing the deposits at heat 
treatment temperature (350, 450 and 550) °C for 1h under vacuum. It has been found that Ni–P (9 %wt) higher 
microhardness. 
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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 characteristics 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 [1]–[5]. The binary alloy Ni-P coating is seen to have excellent hardness, corrosion resistance, wear 
resistance, and low coefficient of friction (COF) [6]–[9]. Tailoring the electroless bath constituents, heat 
treatment, incorporation of composite particles and lubrication result in higher wear and corrosion resistance of 
the deposits [10]–[15]. EN coatings are found to be suitable as anti-wear and anti-friction coatings even at 
corrosive environments and elevated temperature conditions. Therefore, EN coatings find wide industrial usage 
in food processing, aerospace, marine, automobile, textiles, chemical, electrical and electronics applications [2], 
[5], [16], [17].  

Rafizadeh and Ashassi-Sorkhabi [18], have researched the impacts of the heat treatment and coating time upon 
the corrosion behaviors of the electroless Ni–P coated on the mild steel samples in 3.50% solution of NaCl. 
They have shown that the rate of corrosion for the electroless Ni–P coated samples of mild steel have been 
decreased with the increase in the time of coating. Noordin et.al, [19] has performed cutting tests with constant 
depth of cut and under dry cutting conditions. The factors investigated were cutting speed, feed and the side 
cutting edge angle (SCEA) of the cutting edge. The main cutting force, i.e. the tangential force and surface 
roughness were the response variables investigated. The experimental plan was based on the face centred, 
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central composite design (CCD). The experimental results indicate that the proposed mathematical models 
suggested could adequately describe the performance indicators within the limits of the factors that are being 
investigated.  

Amir Ahmadi Ashtiani et al., [19], prepared Ck-45 Steel has been electroless coated with the alloy of nickel–
phosphorus from a bath that contains sodium hypophosphite and a variety of the agents of complexing (such as 
sodium acetate, sodium citrate and lactic acid). The impacts of a variety of the agents of complexing on the 
phosphorus content, structure, morphology and hardness of deposits have been researched. LATHA, et al., [20], 
have researched the electroless Ni plating has been performed from optimized bath through the changing of 
deposition time between 20s and 1,800s at an 80oC constant temperature and a 4 pH. Surface morphology, 
structure, elemental composition, and reflectance of deposits were analyzed through the use of the SEM, energy 
dispersive X-ray analyses, AFM, UV-vis. spectroscopic studies and X-ray diffractometer. Sarkar, et al., [10], 
have researched the optimization of surface roughness to minimum, through the variation of various bath 
parameters at different levels with the use of Box-Behnken mathematical tool of modeling and the determination 
of significant parameters in addition to their interactions.  

An effort was made for the generation of the values of the model and comparing it against experimental values. 
It has been noticed that experimental and modeling responses of the coatings have been similar. Which means 
that this modeling was successful in the prediction of precise surface roughness with no experimental 
conduction of that study. Wasserbauer, et al., [21], prepared the process of the electroless deposition of the 
duplex Ni-P coating consisted of low-phosphorus coating of Ni-P (5.70wt.% of P), serving as a bond coating 
and high-phosphorus Ni-P coating (11.5wt.% of P) deposited on it. Duplex Ni-P coatings with a 25, 50, 75 and 
100 µm thickness have been deposited on AZ-91 Mg alloy. The electro-chemical corrosion behaviors of the 
coated AZ-91 Mg alloy have been studied through the electro-chemical impedance spectroscopy and 
potentiodynamic polarization approach in 0.10M NaCl, 3.50wt.% NaCl, 10% solution of NaOH and HCl and 
5% of the neutral salt spray.  

The results that were obtained have shown a considerable enhancement in coated samples’ corrosion resistance 
in comparison with the uncoated AZ-91 Mg alloy. Radhi et.al, [5] prepared, the concept of composite coating 
via co-deposition coating was introduced. The improvement in the properties of the Ni-P alloy coatings was 
evaluated by introducing ZrO2 particles into the electroless deposited solution. The stainless steel (SS) samples 
were first coated using electroless with Ni-P and ZrO2 microparticles (size = 30- 70 μm) at different 
concentrations of 0, 10, & 20 g/L. The samples were subjected to SEM and AFM analysis, and study 
micohardness and wear properties. The aim of this work study the impact of phosphor content on characteristics 
of Ni-P alloy which coated on cermet cutting tools and optimization the perfect coating condition of prepared 
layer. 

MATERIALS AND METHODS  

Preparation of Substrate and Coating Deposition  

Ni-P coating is deposited by the electroless method onto cemented carbide cutting tool samples of dimension 
15×10×5 mm conforming to N6 roughness grade. Substrate preparation with precision is highly important for 
coating deposition by the electroless process. The samples 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 samples are dipped in warm palladium chloride (kept at 55°C) for a few seconds for their 
activation. The cemented carbide samples being catalytically active, are still subjected to this step to kick start 
deposition as soon as they are dipped in electroless bath, obtain a high deposition rate, good adhesion to 
substrate and significant coating thickness.  

The electroless bath has been prepared meanwhile and its operating condition and composition have been listed 
in Table1. The deposition has been performed in a 150mL bath which has been maintained at a 90± 1°C 
temperature for (80min, 100min and 120min). The solution pH has been adjusted with the NaOH to 5. The 
magnetic decomposition of the plating bath stirring with a speed of rotation of 300rpm has been utilized. The 
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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 182-A) with a 0.01mg readability has been utilized for the same. After deposition, the 
samples are then subjected to heat treatments at (350, 400 and 450)°C for one hour in a vacuum furnace. After 1 
hour, the furnace is switched off and the coated pins are allowed to cool slowly in the furnace itself. 

Table 1. Bath composition and operating conditions of the baths used, [20] 

Bath composition and operating conditions Bath l Bath m Bath h 
Nickel sulfate (g/L) 
Sodium hypophosphite (g/L) 
Sodium citrate (g/L) 
Sodium acetate (g/L) 
Lactic acid 88% (ml/L) 
Thiourea (mg/L) 
Temperature (°C) 
pH 

30 
25 
20 
- 
- 
2 
90±1 
5 

30 
25 
- 
20 
- 
2 
90±1 
5 

30 
25 
- 
- 
20 
2 
90±1 
5 

Tests 

In this study, the tests below have been carried out for the assessment of the coating layers’ efficiency: 

Test of Thickness 

The device of the thickness measuring of type (D5870 HEMER-Sundwing, Germany) has been used for the 
measurement of the Ni-Pb layer thickness. 

Atomic Force Microscopy (AFM) 

AFM, contact mode, spm AA-3000 Angstrom advanced Inc., U.S.) has been used for observing morphology 
(Roughness, depth morphology of the layer of Ni-Pb). 

X-Ray Diffraction (XRD) 

The chemical composition and phase structure of the coatings Ni-Pb layer analyzed has been determined with 
the use of the XRD approach with the Cu Kɑ source (λ = 0.15418nm), and outfitted by the Inel CPS120 
hemispherical detector (Rigaku Miniflex). The analyses have been performed for 2θ value that ranges between 
20o and 80o and a 1o/min scanning speed.  

Hardness Test 

Vickers Hardness (TH717 Digital Micro Vickers Hardness Test) has been utilized for the measurement of the 
Ni-Pb layer hardness, at load (200 N) and a 20sec holding time. The results of the hardness test have been based 
upon a mean value of 5 indentations. 

Response surface method and experimentation design  

The RSM can be defined as a compilation of statistical and mathematical approaches, which are beneficial for 
modeling and analyses of the issues where the factors of the output are affected by a number of the input 
parameters and the basic objective is the optimization of those parameters of the output [11], [21], [23]. 

Coating process  

The chosen coating parameters have been 3 levels and CCD has been chosen for designing the 
experimentations. A second equation of the regression, regarding the coating parameters and outputs has been 
developed with the use of the RSM. The parameters of the coating as well as their levels have been listed in 
Table2. 
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Table 2. Coating Parameters 

Actual (Factors) Parameters Unit Actual levels 

Phosphor P % 9 10 11 

Coating time T Min. 80 100 120 

Heat treatment Temp. H.t ºC 350 450 550 

RESULTS AND DISCUSSION 

Thickness Results 

For coating samples, the thickness are (4.91, 8.65 and 7.70) µm for (Ni-Pb) spicemen with (l, m and h) Pb. 
Those results have shown that deposit rates of the coating layers of (Ni-Pb) are greatly when coating time is120 
min less from 100 min less than 80 min. This can be attributed to the high time of the layer to precipitate from 
electroless solution to sample.  

AFM analysis 

Figures 2(A–D) illustrate the AFM images of the topographical image (2-D), and 3D image analyses of the 
electroless Ni–P (l, m and h) deposits formed at (80 and 100) min. respectively. It has been clearly observed 
from figure2 (B, C & D) that electroless coating of nickel has been formed in 100 min. is composed of uniform 
layer of the Ni–P (l, m and h) phosphor respectively. The surface was completely covered by Ni–P. There have 
not been any pits or cracks on surface. The depth profile analyses in the horizontal direction has shown small 
amount of the peaks in measured surface area. In the case of the increase in the time of the electroless nickel 
deposition to 100min. coating has large Ni–P thickness, combined for forming nearly uniform morphology as 
can be seen from fig.2(C&D).  
 

 

Specimen 000 

 

 

A 

B 
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Specimen 3 

 

Specimen  6 

 

Specimen 9 

(a): 0specimen without coating,  (b): 3 Ni-l Pb,       (c): 6 Ni-m Pb       (d): 9 Ni-h Pb 

Figure 2. AFM Pattern of specimen at (A), (B), (C) and (D). 

XRD analysis 

The XRD analysis of optimized coating has been carried out with the use of the XRD in the Rigaku Ultima-3 
machine, with the use of the Cu Kα radiation in a range of 2ϴ between 20° and 80° with a 5 deg/min scan speed 
and the existence of varying phase sizes have been visualized. Figure3 illustrates XRD analyses of optimal 
structures of the substrate of as-deposited coating of the Ni-P. The existence of the Ni2P, NiP3, Ni3P phases in 
coating has been noticed from Figure 3. The existence of those phases is entirely dependent on sodium 
hypophosphite concentration as well as the temperature of the bath. It results from the presence of the Ni3P 
phases that surface roughness of coated sample is less than normal [21], [24]. The XRD patterns of as-deposited 
samples which have been formed at a variety of the times of deposition from (80min, 100min and 120min). 
phosphor percent (l, m and h) and temperature of heat treatment (350, 450 and 550)°C, have been illustrated in 
figure3. As-deposited coating includes the peaks of phosphorus and nickel. The Joint Committee of the Powder 
Diffraction Standards (JCPDS) data-base card file index has been used for the analysis of XRD pattern. Peak 
positions (2θ), plane orientations, d-spacing values, structure and crystal size based on the JCPDS file have been 
listed in table3. 

D 

C 



Optimization of Electro less of Nickel base coating for Cermet Cutting Tools Substrate. 

 

35 
 

 

Figure 3. XRD analysis of the as-deposited Ni-P coating 

7- h, 350 °C, 120 min. 
10- l, 550 °C, 120 min. 
11- l, 350 °C, 80min 
 
On the increase in the time of deposition, amorphous peak of the crystalline has been converted to fully 
amorphous Ni–P band with a low intensity in a range between 40 and 55◦ as a result of changes in close packing 
arrangements of the FCC Ni. El Mahallawy etal (2008) have noticed that broad peak can be belonging to P and 
Ni only cannot be observed due to the fact that it is amorphous, [24]. They have observed that a broad peak with 
a width which is more than 10° takes place due to superposition of the peaks of the Ni and Ni–P alloys at 45°–
65° corresponding to amorphous material. In a different research (Sharma et al., 1998) , it has been stated that 
as-deposited coating has been amorphous, and contains P and Ni separately, [25]. 

Microhardness results 

The test of the hardness has been carried out for the purpose of determining the impact of (Ni-P) coated layer on 
hardness values 890Hv of the cermet cutting tools. And discovering the impact of various amount of phosphor 
(l, m and h) on the hardness values of (Ni-P) coating. Table (4) lists hardness test results for the tools of cermet 
cutting sample and the Ni-P layers with (l, m and h).  It has been found that the value of the micro hardness of 
coatings, has resulted in a significant increase in the Ni-P, l that has been a result of decreasing the content of 
the phosphorous. This trend has been similar to the one that has been stated by Rafizadeh and Ashassi-
Sorkhabi,[18].  The difference in the values of the hardness that have been seen between Ni-P is as a result of 
the difference in the percentage of Ni3P in the two layers.     
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Figure 4. Main effects plot for micro hardness with P%, Time and heat treatment temp. 

 

Figure 5. Surface plot of Hv vs P% and Time. 

 

Figure 6. Surface plot of Hv vs P% and H.t 
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Table 4. The Hardness value of (Ni-P) Layer’s Coating. 

HV 20 P% Time H.t N.O.E 
1005 10 100 350 1 
949 10 100 450 2 
979 9 100 450 3 
764 11 80 550 4 
943 10 100 450 5 
940 10 100 450 6 
987 11 120 350 7 
941 10 100 450 8 
930 11 80 350 9 
1080 9 120 550 10 
1160 9 80 350 11 
1004 10 120 450 12 
912 11 100 450 13 
945 10 100 450 14 
1080 9 120 350 15 
826 10 100 550 16 
1020 10 80 450 17 
975 11 120 550 18 
1115 9 80 550 19 
945 10 100 450 20 

DATA ANALYSIS USING RSM 

Results which have been obtained from experiments have been fed to the Minitab17 for additional analyses. The 
variance analysis (which has been illustrated in Table5) has been used for studying the importance and impact of 
coating parameters on response variables, in other words, micro hardness (Hv). It has been noted that there are a 
few terms (P>0.05) which have been obtained from equations. Those terms are non- significant terms based on 
models’ ANOVA. Accomplished through the elimination of non-significant terms through the  backward 
elimination. After the removal of non-significant terms, several regression analyses have been carried out on 
experimental, and final response equations has been provided below: 
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Figure (5) display the residual plots for the micro hardness. The model has been sufficient as given by points 
which fall on straight line in normal plot of probability. It represents the fact that errors are distributed normally. 
In addition to that, the residuals plot vs. predicted response has been structure less i.e. not containing any 
obvious patterns. 

 

Figure 6. Residual Plots for Hv 

OPTIMIZATION OF COATING PROCESS PARAMETERS 

The Response Optimizer option within the DOE module of Minitab statistical software package, release 17, has 
been used here to search for the best set of optimum input parametric combinations resulting in the most 
desirable compromise between different responses. Now after checking the data and finding out the significant 
terms that are affecting the response the final step is to optimize them. Hence optimization was carried using the 
response optimizer with a goal of maximizing the response. The results are shown in the graph below Figure (7).  

 

Figure 7. Optimization of coating Process parameters 

CONCLUSION 

(1) The complex sodium citrate in the bath Ni-P, l decreased the contents of P atoms in the depositions, and 
increased the deposit processes of Ni atoms. 
(2) The XRD results illustrated Ni3P phases and Ni, P. 
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(3) The microhardness of coatings increased with decreasing P content. 
(4) The coefficient of regression (R-sq) is achieved in the developed model of Hv is 90.14%. 
(5) Optimum value of parameters to maxim the value of microhardness is Heat treatment = 350 Cº , time = 
80min. and P% = 9.  
(6) The process parameters H.t, time, P% , H.t* H.t ,time* time, P%* P%  and two way interactions P%*time , 
P%*H.t and time *H.t are found to be the significant factors in judging the micro hardness and P% is the most 
significant parameter which is effecting the micro hardness. 
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