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ABSTRACT

Electroless Ni-P coatings use in engineering applications due to its ability to alter and improve the
surface properties of the steel substrate. The present study investigates the influence of bath composition,
which included nickel sulphate, sodium hypophosphite, and glycine on the deposition rate, coating
roughness, and final coating microhardness with using of Taguchi technige. The results reveal that final
coating roughness and hardness can be optimized by controlling bath composition. The achieved
minimum average surface roughness (Ra) was 80.7 nm and the highest coating hardness was 1145 HV.
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1. Introduction

The ability to alter and develop the surface properties of the engineering parts is one of
the most important goals to save maintenance cost and prolong parts service life. Protection
of surfaces by coatings considered as a part of the design, development, and synthesis of
novel and advanced engineering materials [1]. Ni-P amorphous alloy [2, 3] and Ni-P
composites [4-7] deposits have wide acceptance to use for engineering applications such as
chemical and mechanical industries due to their excellent surface properties.

Deposition of nickel from aqueous solution was first discovered by a chemical accident
in 1844 by Wurtz [8]. The electroless plating process is an autocatalytic technique. In this
process, cations of nickel reduced by electrons from the substrate which should be metal.
The reductant is responsible for delivering these electrons to the surface and is thereby
oxidized [9, 10]. The surface and final properties of electroless Ni-P coatings can be
affected hugly by its composition and additives [11-16].

Electroless Ni-P plating bath content a source for the nickel ions, a reducing agent, and
a complexing agent. In the present study, the nickel ions were introduced to bath by nickel
sulphate, while electrons introduced by sodium hypophosphite as a reducing agent.
Glycine was used as a complexing agent, to control free nickel ions in the bath and restrict
reaction to start only on the substrate surface and inhibit the decomposition of the solution.
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The present study aims to investigate the effect of solution composition on deposition
thickness/rate, surface roughness, and hardness of the final surface with use of L9
orthogonal array in Taguchi technigue.

2. Experimental details
2.1. Bath composition

In the current study, the most important three parameters affecting the coating process
chosen and varied with proper ranges after several trials and data in the literature [9, 17],
while the other parameters were kept constant.

The following 3 factors (3 levels) affecting the electroless Ni-P coating were chosen:
concentration of nickel sulphate (A), concentration of sodium hypophosphite (B), and the
concentration of glycine (C). The tree parameters were fitting in L9 orthogonal array
(Taguchi analysis) by MINITAB -16 to minimize the number of experimental needed.

The bath composition variation as well as the operating conditions for electroless Ni-P
coatings is presented in Table 1. All chemical used in the present research were obtained
from Sigma-Aldrich, USA.

Table 1.
Electroless bath composition and operating conditions

Bath Composition Operating Conditions
Chemical Name Formula Function Levels, M
Nickel sulphate {A) NiSO,, 6H,0 | Mickelsource 0.075,010,0.15 pHS5 0.2
Temperature,80+2°C
Sodium hypophosphite {(B) | MaH:PO; Reducing agent 015,020,030 Bath Volume, 250ml
Stirrer Speed, 300 rpm
Glycine {C) CH:-CHz-NH; | Complexingagent | 0.05, 0.20, 0.40 Deposition Time, 1h.

2.2. Sample preparation and coating

Mild steel samples (12 mm in diameter and 6 mm height) were used for the plating
process. Firstly, the surface was prepared by mechanical grinding up to 2400 grade by SiC
papers and then polished up to 1 um diamond paste. Surface degreased with 10% NaOH
solution for 15 min at 60 °C, cleaned in acetone by ultrasonic cleaning for 15 min and
rinsed with deionized water after each step. Just before coating, the surface was activated
by dipping in hydrochloric acid (40 vol.% HCI) for 30 s. then the sample taken to the
plating solution with pH 5 and 80 °C temperature. The plating was done for 60 min.

Magnetic stirrer using a 3 cm length PTFE coated magnetic paddle was used at 300 rpm
to ensure bath homogeneity during the experiment. After plating, the sample was taken out
then thoroughly rinsed with deionized water and dry with nitrogen. Sodium hydroxide (1
M) was used as a pH regulator to adjust the bath pH every 20 min.

2.3. Coating evaluation

For studying deposition rate (Dr), coating weight was determined by weighing each
specimen before and after coating with a balance (0.01 mg accuracy) and the dimensions
of the specimen was measured by a micrometer. The deposition rate (DR) was calculated
according to Equation (1):
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w2-wl
pAt

Deposition rate (Dr) = pm h* (1)

Where: w1 and w2 are the weight of the specimen before and after coating respectively; p
is the density of coating, A is the surface area of the specimen and t is the coating time [18].

Surface profile for each sample was measured in different four directions by Alicona
InfiniteFocus 3D microscopy and average surface roughness (Ra) was calculated.

As heat treatment is known to increase the hardness of electroless nickel coatings [5,
19, 20], the coated samples are heat treated in a tube furnace under an inert atmosphere for
1 h at 400°C, then cooled in the air without application of any artificial cooling.

A MICROMET Microhardness tester was employed to measure the hardness of each coated
sample with a load of 50 g and 20 s loading time. Ten indentations were carried out for each
specimen; the average was used as the coating hardness HV according to ASTM E92 - 17.

3. Results and discussion

For all conducted experiments, analytical grade (AR) reagents and deionized water
(>17 MQ.cm) were used. Thiourea was used as a stabilizer with a concentration of 1 mg L~
! to prevent the plating bath from the uncontrolled breakdown [21, 22].

3.1. Effect of bath composition on coating rate

The validation of thickness calculations was confirmed by SEM cross-section imaging
(Fig. 1) for the sample with a coating of 13 um thickness. The calculated thickness was
12.87 um, this confirms that calculated thickness can be used reliably.

EHT = 16500 kV  Signal A = 82
WD = 7.7 mem

Fig. 1. Cross-section SEM confirms thickness calculations

The deposition rate of coating (Dr) was calculated for each sample and fitted with
Taguchi orthogonal array L9. The Dr variation with each parameter is shown in Fig. 2.
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Fig. 2. Effect of bath composition on deposition rate (Dr) of the coating.

From Fig. 2 and Table 2, the nickel source (nickel sulphate) had a positive effect on
the deposition rate, but such effect seems to be inattentive in compared to the effect of
the reducing and complexing agents. From Table 2, the Delta value in Table 2 can be
calculated by subtracting the smallest value from the biggest value for each parameter.
It was used to rank the effect of each parameter on different response values. A greater
Delta value represents the highest effect of the parameter (rank 1) [23]. The maximum
Dr was achieved at hypophosphite concentration of 0.20 M (15.18 pm h™). The
reducing agent concentration controls the electrons availability in the bath which
required reducing nickel ions according to the electrochemical mechanism introduced
by Brenner and Riddell [10] which explain its remarkable effect on the DR. Also, the
concentration of complexing agent (glycine) affects greatly the rate of plating. The last
one controls the availability of free Ni** to be plated [24, 25].

Table 2.
Response of Dr

Level Nickel sulphate Sodium hypophosphite Glycine
(A) (B) ©
1 13.82 12.56 15
2 13.91 15.18 14.75
3 14.96 14.95 12.94
Delta 1.14 2.62 2.06
Rank 3 1 2

3.2. Effect of variables on surface roughness

For surface roughness evaluation, the surface profile for each coated sample was
measured, and average surface roughness Ra was calculated. The ability of each bath
composition to change the surface roughness of final coating can be realized by showing
the surface profile for each experimental set up as shown in Fig. 3.
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Fig. 3. Surface roughness profiles for the coated samples
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Fig. 4. Effect of bath composition on surface roughness (Ra)

Fig. 4 describes the effect of each constituent of plating bath on the final surface roughness.
From Fig. 4, the nickel sulphate concentration (A) in the plating bath seems to have a positive
effect on surface properties, as the samples surface change from rough to achieve the smoothest
at concentration of A2. Also, the lowest roughness result from variation of hypophosphite was
achieved at B1 as well as at glycine concentration C3 as in Fig. 3B and C.
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Table 3.
Response of Ra

Nickel sulphate Sodium hypophosphite Glycine
Level
(A) (B) (<)
1 410 228.5 273.3
2 128.7 283.6 291.8
3 206.7 233.3 180.2
Delta 281.3 55.1 111.6
Rank 1 3 2

According to the delta function, Table 3, the nickel sulphate concentration had the
greatest effect on the coating surface roughness. The variation of sodium hypophosphite
and glycine concentrations has the lowest effect on coating surface roughness.

3.3. Effect of variables on hardness

Improving surface hardness of engineering parts is one of the most important porpoises
of applying Ni-P coating. To achieve the highest hardness from the coating layer, all the
coated samples were exposure to a heat-treated process for 1 hour at 400 °C. Heat
treatment improves the hardness of coating due to change of the coating layer from
amorphous to crystalline structure [26]. The effect of bath composition on the coating
hardness is shown in Fig.5.
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Fig. 5. Effect of bath composition on coating hardness (HV)

From Fig. 5, it is clear that the hardness of coating layer can by changed by changing of
plating bath composition. Also, it can be noticed that the maximum hardness of coating
(about 1100 HV) can be achieved at nickel sulphate with a concentration of A2. The
hardness of coating also can be maximized up to (1145 HV) by using sodium
hypophosphite with a concentration of B2. The change of glycine concentration in the
plating bath shows a minor effect on final coating hardness.
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Table 4.
Response of HV

Level Nickel sulphate Sodium hypophosphite Glycine
(A) (B) (©)
1 1061 1036 1065
2 1099 1106 1061
3 1015 1032 1048
Delta 84 74 17
Rank 1 2 3
From delta function in Table 4, the change of coating surface roughness can be considered

first order depending on the concentration of nickel sulphate in the plating bath. Also, the

lowest

change in hardness can be observed with a change of glycine concentration.

4. Conclusions

The effect of Ni-P main plating bath composition on the final surface properties of the

coated
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layer was investigated, and the results can be concluded as the following:

- Each parameter had a different effect on the deposition rate of coating, and the
maximum deposition rate can be achieved from the plating bath contains A3B2C1.

- The coating surface roughness can be controlled by optimizing the nickel source,
reducing agent, and complexing agent concentrations in the bath. Also, the
smoothest surface was obtained at A2B1C3

- To gain maximum hardness from the coating, the plating bath with the
composition of A2B2C1 is preferred.
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