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The electrodeposition has been studied of nickel-cobalt-zinc alloys from a borate bath containing nickel 
sulphate (120-140 g dm-3), cobalt sulphate (30-46 g din-3), zinc sulphate (144-168 g din-a), b oric acid 
(30 g dm -3) and ammonium chloride (2 g dm-3). The operating conditions were: current density, 
2.0-5.0 A din-2; temperature, 30-40~ and pH, 2.4 to 5.4. Light grey, semibright, stressed films have 
been obtained. However, the deposits consist partially of black powder when the concentration of the 
various components is increased. The brightness is found to increase with decreasing temperature and pH 
of the solution. The total cathode efficiency increases when the pH and temperature of  the solution 
decrease, whereas at any particular pH and temperature it first decreases, reaches a minimum and then 
increases with increasing current density. 

1. Introduction 

The electrodeposition of ternary alloys containing 
nickel as one component from aqueous media 
using different bath compositions has become of 
importance in recent years due to the fact that the 
alloys increase the possibility of satisfying a wide 
variety of practical requirements in modern tech- 
nology for special items which cannot be manu- 
factured from pure metals. A survey of the 
literature indicates that the deposition of these 
alloys has been carried out mainly from sulphate/ 
chloride solutions using different complexing 
agents [1-5]. The deposition of triple alloys of 
nickel in fluoride [6], fluoroborate [7, 8], cyanide 
[9], and acetate [10] baths has also been reported. 
Recently the use of borate baths [11-17] has 
attracted much attention for the electrodeposition 
of these alloys. A few of the alloys are reported to 
exhibit magnetic properties [17] which have 
important engineering applications. The present 
work was therefore undertaken to explore the 
possibility of obtaining a three-component nickel- 
cobalt-zinc alloy from a borate bath under various 
electroplating conditions. 

2. Experimental procedure 

The electrolytic cell used was that of  Mandelcorn 
etal. [18] and Schaus [19], assembled from a 

3 mm thick Perspex sheet joined by chloroform. 
The cathode was made from bright stainless steel 
panels (5 cm by 2 cm) which were sealed on a 
rectangular Perspex sheet of  similar size with 
Araldite to avoid uncertainties of surface area. 
Platinum wire was used as an anode. 

The bath consisted of sulphates of the three 
metals together with 30 g dm -3 boric acid for buffer- 
ing and 2 g dm -a ammonium chloride to give bright 
deposits. The films deposited at the cathode were 
washed with distilled water and dried. They were 
then peeled off carefully, weighed and then 
dissolved in sulphuric acid and analysed for nickel, 
cobalt and zinc. Nickel was estimated gravimetric- 
ally as dimethylglyoxime complex. Cobalt was 
estimated colorimetrically and zinc was 
determined as zinc ammonium phosphate. 

The electrodeposition was carried out for 20 
minutes using 225 cm 3 of fresh solution and the 
deposit composition, cathode efficiency and 
cathode potential were determined at different 
current densities. The densest, most uniform grey 
deposits were obtained under the following con- 
ditions: current density, 2.0-5.0 A dm-2; pH, 2.4- 
5.4; temperature, 30-40 ~ C. 

The cathode current efficiency for alloy 
deposition was calculated under various con- 
ditions, on the basis of the chemical analysis by 
the usual method for alloys [20]. The pH of the 
solution was measured with a glass electrode and 
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Fig. 1. Cathode potential curves for nickel, cobalt, zinc 
and their binary alloys. Bath conditions: boric acid 
30 gdm -3, ammonium chloride 2 g dm -3, temperature 
30 ~ C, pH 3.8.1, Nickel sulphate 120 g din-a; 2, cobalt 
sulphate 30 g din-3; 3, zinc sulphate 144 g dm-~; 4, zinc- 
nickel: zinc sulphate 144 gdm -a, nickel sulphate 
120 g din-3; 5, zinc-cobalt: zinc sulphate 144 gdm "3, 
cobalt sulphate 30 g din-3; 6, nickel-cobalt, nickel 
sulphate 120 gdm -3, cobalt sulphate 30 g dm-L 

was adjusted with hydrochloric  acid and sodium 
acetate. The electrode potentials were measured 
against the standard calomel electrode to an 
accuracy of + 0.00002 V. The recorded data 
correspond to the hydrogen scale. The electro- 
plates were examined to define their morphology.  

3. Experimental  results 

Fig. 1 represents the cathode potent ia l -current  
density curves for nickel, cobalt ,  zinc and binary 

Table 1. Effect of  pH on deposit composition at 35~ 
and 4.0 A dm -2 current density 

Metal in deposit (%) 

pH Nickel Cobalt Zinc 

2.4 5.46 1.3 93.24 
3.8 5.96 1.5 92.54 
4.5 6.29 1.9 91.81 
5.4 7.63 2.9 89.47 

Bath composition (g din-a): nickel sulphate, 120; cobalt 
sulphate, 30; zinc sulphate, 144; boric acid, 30; 
ammonium chloride, 2. 

alloys of  nickel-zinc,  n ickel-cobal t  and cobal t -  
zinc. The relative position of  the curves shows the 
possibili ty of  ternary alloy formation.  The effects 
of  variables on alloy deposi t ion are given in Tables 
1-3.  

The electrodeposits were stressed, light grey, 
semibright, thin films which had a tendency to 
peel off  on drying. The bath was stable under 
various experimental  conditions but  on prolonged 
electrolysis it was difficult to control  its com- 
position. 

3.1. Alloy composition 

It was observed that  the thin films deposited in the 
composit ion range 3.92-13.35% nickel, 0 .6-3.8% 
cobalt,  84.95-95.48% zinc under various electro- 
plating conditions.  At low current densities the 
deposits consisted partially of  black powder but  

Table 2. Effect o f  temperature and current density on deposit composition at a pH of  3. 8 

Temperature C C) Current density (A dm -2) 

2.0 3.0 4.0 4.5 5D 

Nickel in deposit (%) 30 
35 
40 

Cobalt in deposit (%) 30 
35 
40 

Zinc in deposit (%) 30 
35 
40 

528 5.76 6.35 7.92 10.32 
5.08 5.46 5.96 7.36 9.75 
4.96 5.25 5.74 7.06 9.65 

0.9 1.5 2.1 2.3 2.5 
0.9 1.1 1.5 1.6 1.8 
0.9 1.1 1.3 1.4 1.6 

93.82 92.50 91.54 89.78 87.37 
94.02 93.44 92.54 91.04 88.45 
94.14 93.64 92.96 91.54 88.75 

Bath composition: same as given in Table 1. 
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Table 3. Effect of  metal concentration in the bath on deposit composition at 35 ~ C, pH 3.8 and current density 
4.0 A dm -2 

Concentration of  metal 
in bath (g dm -3) 

Metal in deposit (%) 

Nickel Cobalt Zinc 

Bath composition (g dm -3) 

Nickel 
120 5.96 1.5 92.54 
128 6.24 1.5 92.26 
136 6.62 1.4 91.98 
144 7.15 1.3 91.55 

Cobalt 
30 5.96 1.5 92.54 
38 5.84 2.0 92.16 
42 5.78 2.2 92.02 
46 5.55 2.5 91.95 

Zinc 
144 5.96 1.5 92.54 
152 5.45 1.4 93.15 
160 5.25 1.2 93.55 
168 4.76 1.0 94.24 

Cobalt sulphate, 30; zinc sulphate, 144; 
boric acid, 30; ammonium chloride, 2 

Nickel sulphate, 120; zinc sulphate, 144; 
boric acid, 30; ammonium chloride, 2 

Nickel sulphate, 120; cobalt sulphate, 30; 
boric acid, 30; ammonium chloride, 2 

Table 4. Deposit morphology 

Sample Bath composition (g dm -3) Current density Temperature pH Nature of  the deposit 
(A am -2) (o C) 

1 Nickel sulphate, 120 5.0 30 3.4 
Cobalt sulphate, 30 
Zinc sulphate, 144 
Boric acid, 30 
Ammonium chloride, 2 

2 As 1 5.0 35 3.4 Fairly smooth, blackish grey, even 
grain deposit 

3 As 1 4.0 35 3.4 Blackish grey, uneven deposit of  
largest grain size 

4 As 1 5.0 35 2.4 Bright grey, Yme-grain, uneven 
deposit 

5 Nickel sulphate, 128 4.0 35 3.4 Localized light grey, coarsely 
Cobalt sulphate, 30 crystalline and even deposit 
Zinc sulphate, 144 
Boric acid, 30 
Ammonium chloride, 2 

6 Nickel sulphate, 120 4.0 35 3.4 Whitish grey, uneven crystalline 
Cobalt sulphate, 38 deposit 
Zinc sulphate, 144 
Boric acid, 30 
Ammonium chloride, 2 

7 Nickel sulphate, 120 4.0 35 3.4 Bright grey, uneven deposit having 
Cobalt sulphate, 30 comparatively smaller grain size 
Zinc sulphate, 152 than Sample 3 
Boric acid, 30 
Ammonium chloride, 2 

Even, fine-grain, grey deposit having 
grain size slightly bigger than in 
Sample 2 
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Fig. 2. Effect of temperature on cathode efficiency. Bath: 
nickel sulphate 120 gdm-3; cobalt sulphate 30 g dm-3; 
zinc sulphate 144 g dm-3; boric acid 30 g dm-~; ammonium 
chloride 2 gdm-3; pH 3.8_ 1, 30~ 2, 35~ 3, 40~ 

with increasing current density thin,bright, grey 
films were obtained. However, uniform, thin, semi- 
bright films were usually obtained at compara- 
tively low pH and temperature, whereas by 
increasing the concentration of the various com- 
ponents the deposits again became partially 
powdery and black. They appeared to be brighter 
at the low pH values and at low temperatures. The 
percentage of all the metals in the deposits was 
found to be always greater than in the bath. 
Furthermore it is seen (Tables 1-3) that the per- 
centage of nickel and cobalt increases with increas- 
ing current density, concentration of the metal 
and pH of the solution, but decreases with increas- 
ing temperature. However, in the case of zinc the 
percentage increases with increasing temperature 
and concentration at any particular current 
density, whereas it decreases with increasing pH 
and current density. This may be due to the fact 
that the incorporation of nickel and cobalt in the 
alloy is less at higher temperature while that of 
zinc is less at comparatively higher pH and current 
density. 
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Fig. 3. Effect of pH on cathode efficiency. Bath com- 
position as given in Fig. 2; temperature 35 ~ C. 1, pH 2.4; 
2, pH 3.8; 3, pH 4.5; 4, pH 5.4. 

3,2. Cathode efficiency 

The cathode efficiency was always found to be less 
than 100% because of the simultaneous discharge 
of hydrogen ions with the metallic ions. The 
cathode efficiencies for single-metal deposition 
are: cobalt, 0.63-3.72%; nickel, 4.15-13.26%; 
zinc, 74.46-93.22%. That of the alloy under 
similar conditions was 84.17-99.20%. The total 
efficiency increases with decreasing temperature 
and pH of the solution, as shown in Figs. 2 and 3. 
It is significant to note that at any given pH and 
temperature the efficiency decreases first, reaches 
a minimum and then increases with increasing cur- 
rent density. 

3.3. Morphology 

The morphological studies of the alloy plates are 
summarized in Table 4. It seems that bright grey, 
uneven, fine-grain deposits are favoured by 
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decreasing the pH of  the solution, whereas decreas- 
ing the temperature gives even, fine-grain, grey 
deposits. Their smoothness has been found to 

increase with increasing current density. 
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