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Research on zinc — nickel alloy deposit from alkaline zincate cyanide free
electrolyte was dealt to eliminate the use of potentially hazardous cadmium.
To compare with cadmium separate deposition of cadmium from cadmium
sulphate electrolyte was processed. Hull cell tests performed to determine the
current density ranges with and without addition agents. SEM & EDAX,
AFM, XRD observations indicated the deposit’s surface morphology and
percentage of zinc & nickel present in the alloy, surface topography and
crystallographic orientation. Surface characterisation studies were evaluated

resistance, Potentiodynamic

o O for cadmium also. Weight loss methods, Potentiodynamic polarization, and
polarisation, Corrosion impedance

electrochemical impedance spectroscopy correlations show zinc — nickel
alloy coatings have a better corrosion resistance and are considered to be eco
friendly replacement for cadmium coatings in corrosion resistant
applications.
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1.Introduction

Corrosion resistance and excellent inherent lubricating properties with less corrosion products of cadmium put
forth its utilization in fastener industries. Its toxicity lead to pursue an alternative zinc coating which protects steel
substrates sacrificially, but zinc coating’s performance in corrosion resistance is less than zinc — alloy coatings. Zinc
alloy coatings such as  Zn — Ni, Zn — Co, Zn - Fe have better corrosion performance than cadmium and zinc. Zinc
alloy coatings from cyanide free alkaline zincates bath provides better corrosion protection than galvanised coatings
as well as good throwing power than acid bath. The attack of pure zinc is preferred during corrosion and due to the
dezincification rate the potential increased towards to steel than zinc- nickel alloy. Zinc — nickel alloy deposition has
a potential of -680mv, closer to cadmium of -640mv, has higher corrosion resistance as well as better mechanical
characteristics than other zinc alloy coating. Maximum protective ability was found to be 12 — 15% of nickel in zinc
— nickel alloy. Zinc- Nickel alloy has micro hardness which is fit to be applicable for hard steel equipment
manufacturing applications. [1-30].  Zinc- nickel alloy (12-15%) from non-cyanide alkaline zincate bath for
corrosion resistance applications was deposited and compared with cadmium.

2. Experimental Techniques:

2.1. Methodology of zinc-nickel alloy and cadmium deposits

Treating zinc electrolyte with zinc dust after filtering, zinc stock solution was prepared. Dissolving nickel sulphate
and then treated with suitable complexant to form complex for zinc — alloy deposition, nickel stock solution was
prepared. Triethanolamine was used as complexants and it had been already reported in our previous studies on
zinc — cobalt, zinc — nickel alloy deposition. Laboratory grade chemicals for zinc — nickel alloy deposition and
operating conditions are shown in table 1. Cadmium electrolyte composition was tabulated in table. 2. In our
previous study, we have optimized for the range 6 — 8% & in another study 10-12 % of nickel content in Zn — Ni
alloy deposition. Present study envisaged 12 — 15% of nickel from zinc —nickel alloy electrolyte at lower pH than
our previous studies. For alloy plating the above two electrolytes’ stock solutions were mixed at required amount to
get homogeneity of solution and pH was adjusted. Pure zinc anodes grade 99% purity (packed) used for deposition.
Mild steel cathodes of 2cm? for cathode current efficiency measurements and for  surface characterization
measurements, were mechanically polished and degreased using solvents and electro cleaned using alkaline
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treatment. Varying the nickel content, without and with addition agents, current density, temperature, etc., with
stirring the electrolyte, the deposits obtained were analysed and results were evaluated. Cadmium was also deposited
separately by using the composition of table 2 and the deposits were analysed.

Correlating surface morphology, surface topography, crystallographic orientation and corrosion properties of zinc-
nickel alloy coating with cadmium via XRD, SEM & EDAX, Potentio dynamic polarization, corrosion impedance
meaurements, the results were investigated.

TABLE :1 Zinc- Nickel alloy electrolyte composition

ZINCATE STOCK NICKEL STOCK
Zn0 - 9-12¢/L Nickel as sulphate - 2-- 15¢g/L
NaOH - 75-120g/L complexant - 40 -- 200ml/L
Addition agents - Asrequired.
PH -10-12
Temp - 30-60°C
Current density - 1-5A/dm?

TABLE :2 Cadmium electrolyte composition
Cadmium sulphate - 50- 70g/I
Sulphuricacid - 20-30ml

Gelatin - 10-20¢l/l
Sulphonated naphthalene — 5 -10g/I
Temperature - Room temp

Current densiy - 2-5A/dm?

2.2. Current density identification
Hull cell tests were performed in the range of cathode currents 1A - 5A in a 267ml cm® capacity cell to optimize the
current density ranges according to the luster of the deposit and from Hull cell formula lowest and highest current
density ranges were evaluated. Hull cell results with addition agents was diagrammatically represented as Fig. 1.1
(a-e)
2.3. Cathode current efficiency
Mild  steel cathodes of 2 cm? was exposed for deposition by applying different current densities as well as
different temperatures from plain zincate bath, cadmium bath and zinc-nickel alkaline bath. Cathode current
efficiencies at different current densities and different temperatures were calculated using current efficiency
formula. Current efficiency with different current densities is represented in tabular format for the above
corresponding deposits are given in the table.3,4,5 and diagrammatically represented in Figs. 2,3 for plain zinc,
cadmium and Figs. 4,5 for zinc-nickel alloy.
2.4. Surface characterization of the deposits
Surface morphology, alloying elements and topography of zinc-nickel alloy & cadmium coatings were
characterized from SEM, EDAX, AFM analysis. SEM is represented in fig.6 (a-d). EDAX analysis of zinc and
zinc — nickel alloy at different current densities were represented in fig. 7 (.1-.3) AFM analysis was shown at fig.8
(.1-.12) The crystallographic orientation and phase representation of the alloy system of cadmium and zinc- nickel
coatings were observed by XRD instrument (XRD Pan analytical). Xrd pattern was shown in fig. 9 (.1-.3)
2.5. Corrosion resistance measurements
2.5.1. Weight loss method
This is simplest and most widely used method for evaluating corrosion rate of the electrodeposited component
materials. (Zn - Ni alloy plated specimen & cadmium plated specimen). The specimens were cut into rectangular
shape of an exposed area 5x3 cm” and subjected to pre-treatment process. The specimens were weighed electronic
balance and suspended into 150 ml beaker containing 100 ml 3% NaCl solution. These beakers are kept in
thermostat. After the specified time of immersion, The specimens were removed, washed in running water, dried,
placed in desiccators to attain room temperature and weighed.
The corrosion rate was determined using the formula
Corrosion rate (mmpy) =8.76xw /DxAXT
Where

W is the weight loss in g

D is the density in g/cc

A is area of exposed in cm?

496



ISSN 2320-5407 International Journal of Advanced Research (2013), Volume 1, Issue 10, 495-509

T is the exposure time in hour

mmpy is millimeter per year
Comparatively Zn-Ni alloy shows less corrosion rate than cadmium deposit.
2.5.2. Polarization measurements
Using the measurement of BAS IM Impedance analyzer, USA with Thales 4.18- USB softer the polarization were
carried out in a conventional three-electrode cell with platinum counter electrode and a saturated calomel electrode
coupled to a reference electrode. The working electrode was in the form of a square cut from zinc-nickel alloy
deposited mild steel in which back side masked with tape. The working electrode area was 1x1 cm?. For cadmium
also separate polarization measurements from the deposited mild steel plates.

A glass cell was equipped with three electrodes connected to a potentiostat, after the potential becomes
steady and it changes stepwise in the negative direction and then positive direction. Polarization measurements were
graphically represented in Fig.10
2.5.3. Corrosion Impedance
ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY

EIS offers an advanced method of evaluation of the performance of metallic coating and organic barrier
coatings. The apparatus required is three necked electrode cell, potentiostat and a frequency analyzer. Saturated
calomel electrode serve as reference electrode, platinum as counter electrode and mild steel of area 1x1 cm? as
working electrode using the instrument BAS IM6 Impedance Analyzer, USA with Thales 4.18- USB Software. A
plot of Z vs Z' for various frequencies gives a semicircle that cuts the real axis at higher and at a lower frequency Z
corresponds to Rs + Rt calculated stern Geary equation. The double layer captaincies can determined from the
frequency at which Z' is maximum from the relation. Impedance data presented in the form Nyquist plot. It was
diagrammatically represented in fig.11.

TABLE.3 EFFECT OF CURRENT DENSITY ON CATHODE CURRENT EFFICIENCY FOR PLAIN

ZINC BATH
Current Density (A/dm? Current Efficiency (%) Thickness (Microns)
0.8 57 45
1.0 61 50
1.25 63 54
1.5 67 57

TABLE.4 EFFECT OF CURRENT DENSITY ON CATHODE CURRENT EFFICIENCY FOR CADMIUM

BATH

Current Density
(A/dm?)

Current Efficiency (%)

Thickness (Microns)

0.5 59 35
0.6 64 38
0.7 84 47
0.8 91 50

TABLE.5 EFFECT OF CURRENT DENSITY ON CATHODE CURRENT EFFICIENCY FOR ZINC-

NICKEL BATH
Current Density (A/dm?) | Current Efficiency (%) Thickness(Microns) NiSO,4.7H,0
Concentration(g/l)

0.6 51 22 5

0.75 66 28 5

0.8 44 26 7.5

1.0 58 31 7.5

1.0 43 31 10

1.25 49 35 10
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TABLE:6 Weight loss in grams of plated samples and corrosion rate

Samples(Current Density A/dm?) Weight Loss (grams) Corrosion Rate (mmpy)
Cd (0.6) 0.0140 0.50
Zn(0.6) 0.0780 0.38
Zn-Ni(0.75) 0.0191 0.08
Zn-Ni(0.8) 0.0149 0.06
Table 7: Potentio dynamic polarisation analysis data
(Current density A/dm?) E cor MV/SCE(volts) | corr (Alcm?)x10™*
Cd(0.6) -868.6 19.8
Zn(0.6) -1.07 68
Zn-Ni(0.75) -844.9 14.7
Zn-Ni(0.8) -865.6 15.2

Table :8 Electrochemical Impedance Spectra Analysis

Samples(Current density A/dm?) Cgq WF R ohms
Cd (0.6) 6.59 531.44
Zn(0.6) 3.96 239.17
Zn-Ni(0.75) 1.13 87.69
Zn-Ni(0.8) 2.30 93.39

3. RESULT AND DISCUSSION
3.1. Hull cell studies
Fig (1.1.a, 1.1.b, 1.1.c) shows dark grey colors were obtained at low current density areas only for zinc-nickel

alloy coatings i.e. up to 2 A/dm?. At higher current densities white color was obtained.

Fig (1.1.d) shows grey colors were obtained for plain Zn bath. Fig (1.1.e) shows white color obtained for
Cadmium bath at 2A current density.
This shows we can obtain good deposits of Zinc- Nickel alloy coatings even at higher current densities than zinc
and cadmium.
3.2 EFFECT OF CURRENT DENSITY ON CATHODE CURRENT EFFICIENCY FOR PLAIN ZINC
BATH
When current density increases current efficiency also increases in plain zinc electrolyte as shown in Fig.2 and the
values were tabulated in table.3
3.3 EFFECT OF CURRENT DENSITY ON CATHODE CURRENT EFFICIENCY FOR PLAIN
CADMIUM BATH
As current density increases current efficiency also increases in cadmium deposition also as shown in Fig.3 and
Table 4

3.4 EFFECT OF CURRENT DENSITY ON CATHODE CURRENT EFFICIENCY OF ZINC-NICKEL
BATH
Fig.4 and Fig.5 shows when current density & concentration of nickel increases current efficiency decreases. It was
because the presence of nickel ions in the bath. This may be due to rate of ionic diffusion of nickel and migration in
to plating solution, unlike zinc and cadmium since both are single metal deposition. TABLE.5 represents the
diagrammatic features of fig.4 & fig.5
3.5 Surface analysis:
3.5.1 SEM
Surface morphology of electrodeposited samples of zinc-Nickel at different concentrations are in fig. 6 (a-d) shown
in SEM (Scanning Electron Microscope (SEM) & Energy Dispersive X-Ray Micro Analysis (EDAX) (Hitachi,
Model: S3000H, Canada), (TESCON) .
SEM shows ball like structures in zinc whereas in cadmium integrated rock like structures & Zinc — Nickel alloy
at current density of 0.75 A/dm?, 0,8 A/dm? show semi fine grained uniform deposits.
3.5.2 EDAX
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EDAX shows the elemental percentage of zinc from plain bath, zinc-nickel alloy from 7.5g/I nickel bath at 0.75
a/dm?, 0.8 a/dm? The comparative table was prepared from EDAX was tabulated in table 6. and the diagrammatic
representation was as shown in Figs 7.1, 7.2,7.3.
3.5.3. AFM
AFM of  cadmium deposit shows columnar like structure at 3-dimensional view (Fig. 8.1) whereas at 2 -
dimensional view (Fig. 8.2) it shows nodular as well as grain like structure. Deposit crystal peak and valley graph
and average surface roughness profile was shown in Figs. 8.3 & 8.4
AFM of zinc-nickel alloy from 7.5 g/l at 0.75 a/dm?shows somewhat hcep platelet like structure due to the presence
of zinc at 3-dimensional view (Fig. 8.5) whereas at 2- dimensional view (Fig. 8.6) it shows suppressed hccp
integrated structure due to the presence of nickel in zinc nickel alloy deposit. peak and valley graph of deposit from
AFM and average surface roughness profile was shown in Figs. 8.7 & 8.8
AFM of zinc-nickel alloy from 7.5 g/l at 0.8 a/dm? shows rod like structure arranged in a particular fashion due to
the presence of nickel at higher concentration at 3-dimensional view (Fig. 8.9) whereas at 2- dimensional view (Fig.
8.10) it shows step wise horizontal & vertical rod like structures due to the presence of nickel in zinc nickel alloy
deposit. Material peak and valley graph and average surface roughness profile was shown in Figs. 8.11 & 8.12
3.5.4. XRD
The phase structures of electrodeposits of zinc- nickel alloy were analysed by X-ray diffractometry (XRD, with
X’PERT PRO PANalytical (Model: PW3040 160 X’Pert PRO, Netherlands). Electrodeposited Zn-Ni alloy has
different phases; a- phase, a solid solution of Zn in Ni with an equilibrium solubility of about more than 79%
Ni[31]; y- phase, an intermediate phase with a composition NisZny;; n- phase, a solid solution of Ni in Zn with less
than 5 % Ni; 6-phase ZnsNis appeared from n-phase to a- phase with increasing content of Ni. The fact from that the
Zn from y- phase is oxidized at two different potentials was related to the phase composition of alloys. When the
deposit contains high amount of n-phase, this is dispersed among the intermediate of y-phase, and after stripping of
Zn from the solid solution, the remaining deposit was and easy to oxidize. However, in the absence of or with low
amount of solid solution, the y-phase forms a more compact structure with a lower value of exchange current
density, and it is more difficult to oxidize. The composition of the alloy might suggest a pure y-phase between 12%
Ni and 15% Ni, with result that the Zn-Ni alloy coatings have very good corrosion resistance.
4. Corrosion resistance measurements
4.1. Chemical method (weight loss method)
The weight loss method shows that weight loss in various specimens which were subjected to experiment. The
Cadmium plated sample at 0.6 current density show low corrosion performance than Zn and Zn-Ni plated samples
as in TABLE 6. Zn-Ni plated sample 0.8 A/dm? stable in 3% NaCl electrolyte and weight loss is minimum due to
Ni percentage significantly.
4.2. Electrochemical methods
4.2.1. Potentiodynamic polarisation analysis

TABLE 7 Shows the results obtained from polarization curves of (Fig.10) and Zn-Ni alloy coatings are
improved in corrosion resistance when compared to bare zinc coating and Cadmium coating at same conditions.
Improved corrosion resistance is noticed in the case of Zn-Ni deposits obtained at very low current densities levels.
The results obtained are in concordance with impedance studies which is shown in Fig.11.
4.2.2. Electrochemical impedance spectra

The results of EIS were figured by Nquist plots as in Fig.11. Double layer Capacitance values(Cg) and

polarization resistance values (R) were obtained from impedance. The values of Ry and Cgy, are listed in table 8.
The R values have remarkable for corrosion performance and Cy values decreases with increase in corrosion
performance.
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Fig.2 current efficiency versus current density of zinc
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Fig.5 CURRENT DENSITY VERSUS different concentrations NICKEL BATH
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FIG 7.1 EDAX analysis of plain zinc deposit
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Fig. 7.2 EDAX analysis of 7.5g/l of zinc-nickel alloy deposit at 0.75 a/dm?
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Fig.9.1 XRD PATTERN OF CADMIUM DEPOSIT (0.6 A/dm2)

Pos.[°2Th.] Height[cts] FWHM[°2Th.] d-spacing[A] Rel.Int.[%] Crystal plane

[hk]
38.6010 82.09 0.3264 2.33055 251 [101]ofCd
62.5311 3276.40 0.1836 1.48418 100.00 [110]ofCd
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- || I L[]

FIG.9.2 XRD PATTERN OF ZINC DEPOSIT (0.6 A/dm2)

Pos. Height FWHM d-spacing Rel. Int. [%)] Crystal plane
[°2Th.] [cts] [°2Th.] [A] [hki]
36.4253 128.20 0.3346 2.46665 17.76 [002]
38.8901 210.25 0.2007 2.31581 29.13 [100]
43.1681 721.75 0.2509 2.09570 100.00 [101]
54,5461 66.50 0.4015 1.68242 9.21 [102]
70.5438 164.00 0.3346 1.33505 22.72 [110]
82.0939 70.49 0.4015 1.17400 9.77 [112]
86.4466 46.90 0.4080 1.12478 6.50 [201]
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Fig. 9.3 XRD PATTERN OF ZINC -NICKEL DEPOSIT (0.75 A/dm2)

Pes.["2Th.] Height [cts] FWHM|"2Th d-spacing [A| RelInt.[%]  Crystalplane  [hkl]
428047 28778 0.2676 211265 100.00 [101]0f Zn
62.1674 3195 0.6691 149323 360 [110]of Ni

Conclusion: Research was aimed to identify the better environment-friendly replacements for hazardous
cadmium to prevent corrosion. Corrosion resistance measurements such as weight loss method, polarisation
analysis, electrochemical impedance spectra evaluate zinc- nickel alloy is superior in corrosion performance than
cadmium and hence we can use this alloy for cadmium replacement applications.
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