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Electrodeposition of Ni-Fe-W alloy was carried out from a plating bath containing nickel sulfate, ferrous sulfate, sodium tungstate,

boric acid, diammonium citrate and citric acid. Films were electrodeposited at varying pH from 3 to 10 and current density from

1.0 to 6.0 A dm™. Only the concentration of sodium tungstate in the bath was varied to study the effect of tungsten content on

the composition of alloy deposits. Adhesion of the deposit was tested by bend and tape tests. The structure and surface

morphology of Ni-Fe-W alloy deposits were examined by XRD and SEM analyses, respectively. The composition of the alloy was

determined using EDAX analyzer. A forecast cost analysis was carried out to evaluate the commercial aspect of this process.
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Introduction

Electrodeposited alloys of iron group metals have
been widely applied in industry, mainly as the
materials for magnetic storage devices and
electronics [1]. Ni-Fe alloys with varying content of
nickel and iron have numerous technological
applications due to their excellent properties such
as low coefficient of thermal expansion and soft
magnetic properties [2]. These alloys are used in
glass sealing, thermostatic bimetals, integrated
circuit packaging and cathode ray tube shadow
mask. Based on their soft magnetic properties, they
are widely used on read-write heads for magnetic
storage, magnetic actuators, magnetic shielding,
and high-performance transformer cores [3].

Many bath compositions were tried with chloride
[4-6], sulphate [7], fluoborate [8,9] and sulphamate
[10-12] salts for the electrodeposition of Ni-Fe alloy
with desired properties. All these baths were
encountered some shortcomings such as
requirement of high temperature, high current
density, high cost, corrosivity, wastewater
treatment cost and harmful byproducts. To avoid
precipitation of Fe, baths were prepared with
complexing agents such as citric acid [13].

The introduction of tungsten to binary Ni-Fe alloy
improved the durability, corrosion resistance and
thermal stability [14]. Corrosion properties of
electrodeposited Ni-W alloy deposits were studied
using inhibitors [15]. Very few papers [16,17]
reported the electrodeposition of ternary tungsten
alloys and discussed corrosion behavior and steel
part coverings. In the present work, the effect of
sodium tungstate on the tungsten content of the
deposit and the structure and surface morphology
of the deposits was studied. The electrodeposition
of crystalline Ni-Fe-W alloy films was done in this
work from a citrate based and environmentally
friendly plating solution.

Experimental

A copper substrate of 4.0x1.0 cm was used as
cathode and a stainless steel of the same size was
used as anode for galvanostatic electrodeposition
experiments. Required
electrodeposition was passed from a regulated

current for the

direct current power supply. Electrodeposition of
alloys was
densities. The copper substrate was degreased and
slightly activated with 5% sulfuric acid just before
electrodeposition. Thin micrometer-thick films of

carried out with varying current

Ni-Fe-W alloy were electrodeposited from a plating
bath solution, containing nickel sulfate (60 g I_l),
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ferrous sulfate (FeSO,-7H,0) (30g ™), sodium
tungstate (5-10gl™), boric acid (10 gl™),
diammonium  citrate (70 gl_l) and citric acid
(5g I_l). Deposition time was fixed at 30 min and
temperature at 750C, which resulted in 5-20 pm
thick layers. pH of the bath was varied by
appropriate addition of ammonia solution.
Adhesion of the deposits were tested bend test by
bending the sample for 360°.

After electrodeposition the composition of Ni-Fe-W
alloy deposit was determined using a JEOL 6390
Scanning Electron Microscope SEM) with an EDX
analyzer. The microstructure of the deposit was
tested by Shimadzu X-ray diffractometer (XRD)
employing Cu target K, radiation.

Results and discussion

Electrodeposition

The as-deposited samples were tested for its
surface appearance and were found bright and
uniform in appearance. The deposits were not
peeled off from the substrate during the bend test.

Effect of pH

The Ni-Fe-W alloy can be deposited from the citrate
bath in a relatively wide range of pH. At low values
(pH<5), polytungstate is formed followed by the
precipitation of tungstic acid. At pH>10, iron
hydroxide is formed. The pH range suitable for the
electrodeposition of alloy layers is 5-10. The
compositions of the alloys deposited at various pH
ranges are shown in Fig. 1. As pH increases,
tungsten and nickel contents increase, but iron
content decreases. A decrease in iron content is
due to its precipitation. Higher tungsten content
was obtained at pH 8.
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Fig. 1. Composition of Ni-Fe-W alloy deposit electrodeposited at various
pH at the current density of 4 A dm™and temperature of 75°%C
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Effect of current density

Figure 2 shows the composition of ternary Ni-Fe-W
alloys as a function of current density. The nickel
content decreases with increasing current density.
However, the iron content remains almost the
same. At the same time, the tungsten content
increases in conjunction with a decrease of nickel
content. Films deposited at current densities more
than 3 Adm> have weaker adhesion to the

substrate.
704 .
‘\“'-nw,,_,,,
e, < e
60 — N
50 -
g
E 40 4
€
2
§ 30 ‘
Fel
1 1 -77—7*77777‘.
20 4 W
;/'.77_7,_,,-
104 =
T T T T T T
1 2 3 4 5 6

current density (Aldmz)

Fig. 2. Composition of Ni-Fe-W alloy deposit electrodeposited at various
current density at the pH value of 8 and temperature of 75°%C

Effect of sodium tungstate

Figure 3 shows the composition of ternary Ni-Fe-W
alloys as a function of concentration of sodium
tungstate. The tungsten content increases in
conjunction with a decrease of nickel content and
then almost remains the same as the concentration
of sodium tungstate increases. At the concentration
of 10 g I_l, the tungsten content is high as
14.3 wt.%.
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Fig. 3. Composition of Ni-Fe-W alloy deposit electrodeposited at
1A dm™ at various concentration of sodium tungstate at the pH value
of 8 and temperature of 75°C
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Fig. 4. X-ray diffraction pattern for Ni-Fe-W deposited at varying concentration of sodium tungstate (top to bottom: 5 g ™ 10 g r, 15 g ™, 20 g r

and 25 g I™"). pH 8; current density 1 A dm™

Microstructure and surface morphology of
electrodeposited alloys

The structure of the alloy films electrodeposited at
current density of 1 A dm™ for various
concentration of sodium tungstate was determined
by XRD analysis (Fig. 4). For ternary alloys when the
tungsten content is low (<25 wt.%), the structure of
deposits is crystalline. It can be concluded that the
alloy deposits show diffraction peaks of FeNi (111),
NisW (211), Fe;Wg (116), and FegWC phases. The
apparent grain sizes were calculated using the
Scherer formula:

Dhkl=K\/B-cos6,

where K is the Scherer constant with the value of
0.94, A is the X-ray wavelength (0.15406 nm) for Cu
target, O is the Bragg angle and B is the peak half
width in radian unit.

XRD patterns of the deposit show crystalline
structure for  various sodium tungstate
concentrations. The sharp peak at 20=43.315° and
B=0.90 was used to calculate the grain size of the
alloy deposited at pH 8, and the grain size was
found to be 10 nm which is in nanoscale.

At low current density and low pH as seen in
Fig. 5,a, the surface is bright and rough with some
cracks due to internal stress. At low pH and high
current density as in Fig. 5,b, the surface is uniform
with cracks due to internal stress. Alloy deposited
at high pH and high current density has uniform
granular structure on the smooth surface.
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Fig. 5. SEM images of alloys coatings deposited fat different pH
and current density combinations: a — pH 3 and current density
1A dm™, b - pH 3 and current density 4 Adm™ and ¢ — pH 8 and
current density 4 A dm™
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Process cost analysis

Following chemicals (Fig. 6) are used in the research
and the economic viability of the process is
determined through the basic cost determination
techniques. The techniques used are process cost
analysis and forecast cost analysis.
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Fig. 6. Chemicals used for the electrodeposition of Ni-Fe-W alloy

Table 1. Cost analysis for purchased materials in US dollars

pp. 17-23

Tables 1 and 2 contain expenses related to
materials which are used in this research year-wise.
The materials used are sulfuric acid (5% of
1000 mI=50 ml), nickel sulfate (60 g I_l), ferrous
sulfate (30 g I'™"), sodium tungstate (10 g I%), boric
acid (10 g I'"), diammonium citrate (70 g %), and
citric acid (5 g I_l). The expenses divided from
Table 2 for bulk purchased materials. It shows that
the amount spent was 23.87S, 25.02S, 28.47S,
31.24S, and 33.01S in 2017, 2018, 2019, 2020, and
2021, respectively. Through these Tables, it is
concluded that the cost of the research is
economically suitable.

Table 3 contains forecast analysis of expenses
related to materials on the same basis as above,
which are used in this research for the upcoming
years. The expenses taken from the process cost
analysis table and the total expenses determined
up to 2026. Forecast analysis has done through MS-
Excel (https://www.ablebits.com/office-addins-
blog/2019/03/13/excel-forecast-function-formula-

examples/).

The FORECAST function predicts a value based on
existing values along a linear trend (Fig. 7).
FORECAST function calculation can be used for
future value predictions using linear regression;

X . . Ferrous Sodium . . |Diammonium| . X
Sulfuric acid |Nickel sulfate Boric acid X Citric acid
S. No. Year . sulfate tungstate . citrate . Total
(1 liter) (500 g) (1 liter) (2.9 Liter)
(500 g) (454 g) (454 g)
1 2017 38.37 15.32 116.55 36.59 60.94 74.81 101.33 443.92
2 2018 42.40 16.26 122.47 39.70 64.03 77.68 106.31 468.85
3 2019 51.87 16.80 133.71 51.23 75.55 89.23 113.82 532.22
4 2020 58.32 18.28 146.08 62.99 90.31 96.49 118.93 591.39
5 2021 63.52 20.16 151.05 79.44 95.09 100.18 121.10 630.54

Table 2. Process cost (in US dollars) analysis of materials consumed in this research

Sulfuric acid | . Ferrous Sodium . . |Diammonium| _ . i
Nickel sulfate Boric acid . Citric acid

Year (5% of 1000 sulfate tungstate citrate Total

(60 g) (10 ml) (5 ml)

S. No. ml=50 ml) (30g) (10 g) (70 g)

1 2017 1.92 1.84 6.99 0.81 0.61 11.53 0.17 23.87
2 2018 2.12 1.95 7.35 0.81 0.65 11.98 0.18 25.03
3 2019 2.59 2.02 8.02 1.13 0.76 13.76 0.20 28.47
4 2020 2.92 2.19 8.76 1.39 0.90 14.88 0.20 31.25
5 2021 3.18 2.42 9.06 1.75 0.95 15.45 0.21 33.01
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Table 3. Forecast cost (in US dollars) analysis for upcoming years

Sulfuric acid Nickel Ferrous Sodium . i Diammonium| . .
Boric acid i Citric acid

S. No. Years (5% of 1000 sulfate sulfate tungstate citrate Total

(10 ml) (5 ml)

ml=50 ml) (60 g) (30 g) (10 g) (70 g)

1 2022 3.54 2.50 9.71 1.92 1.06 16.74 0.22 35.67
2 2023 3.87 2.64 10.26 2.16 1.15 17.81 0.23 38.12
3 2024 4.20 2.78 10.82 2.41 1.24 18.88 0.24 40.57
4 2025 4.53 2.93 11.37 2.66 1.34 19.95 0.25 43.02
5 2026 4.86 3.07 11.93 2.90 1.43 21.02 0.26 45.47

predict numeric values like sales, inventory, test
scores, expenses, measurements, etc. It shows that
the cost will be 33.76S, 38.12S, 40.57S, 43.02S, and
45.47S$ in 2022, 2023, 2024, 2025, and 2026,

respectively.
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Fig. 7.
electrodeposition of Ni-Fe-W alloy coatings

Forecast cost analysis for upcoming vyears for the

Conclusions

Ni-Fe-W alloy deposits were obtained from
ammoniacal citrate bath by electrodeposition
process. The effect of pH and current density on the
tungsten content and properties were studied. As
the current density increases, tungsten content in
the alloy increases. As pH increases, tungsten
content increases to a maximum value at pH 8 and
then decreases at pH 10. XRD patterns revealed the
presence of various phases Ni,W, FeNi, FegWsC and
Fe;Wg in the deposits. The deposits are uniform
and nanocrystalline, they have a granular surface
morphology. The deposit obtained at pH 8 and
current density 4 A dm™2 is found to be smooth and
have no cracks. This Ni-Fe-W alloy deposit (61Ni-
21Fe-18W) electrodeposited from the citrate bath
can be further studied with respect to electrical,
magnetic and corrosion properties. Process and

forecast cost analysis supports this process of
electrodeposition on economic
feasibility.

account of
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Bnaue napameTtpiB eNeKTpooCagXeHHA Ta BMicTy

BoAbdpamy Ha BNAACTUBOCTI ranbBaHoocagis cnaasis Ni-
Fe-W Ta aHani3 Moro TexHONOoriYHOi BapTOCTi

K. Oxo3ed KeHegi, A. Nleo, M. Ectep

EnektpoocamkeHHA cnnasy Ni-Fe-W nposogunu 3
€/1eKTPONITUYHOT BaHHM, WO MICTUTb Hikenb cynbdat, 3anizo
cynbdat, HaTpi Bonbdpamar, 60OpHY KMCNOTY, AiaMOHiN
LMTpaT Ta IMMOHHY KMCNOTy. EnektpoocageHHA nposoanamn
npwu 3miHtoBaHHi pH Big 3 go 10 i ryctuHm ctpymy Bia 1,0 go 6,0
A ,u,M'z. [Ona BMBYEHHA BRNAMBY BMICTy BoNbdpamy B cKaagi
NOKPUTTIB CN/NaBiB BapiloBa/v AWLIE KOHUEHTpaLujlo HaTpin
BonbGpamy y eNeKTPONiTUYHIN BaHHI. Apresito  ocagy
nepesipann BUNPOBYBaHHAMM Ha 3rMH | METOAOM THYYKOI
CTpiukK. [locnigsKeHo CTPYKTypy Ta nosepxHesy mopdonorio

ocagis  cnnasie  Ni-Fe-W  3a  pgonomoroto  meToais
peHTreHiBcbKoi  audpakuii  Ta  CKaHIBHOI  €N1eKTPOHHOI
Mmikpockonii, BignosigHo. Cknag cnnaBy BW3HaYaAn 3a

OOMOMOTOl0  MeToAy eHeprogmMcnepciiHoi  peHTreHiBcbKol
cnekTpockonii. [ns OUiHKM KOMEPLiMHOro acnekTy Lboro
npouecy 6yno nposeaeHoO aHani3 NPOrHO30BaHMX BUTPAT.
KntouoBi cnoBa: enekTpoocagyKeHHs; raNbBaHOOCaaM Cnnasis
Ni-Fe-W; amiayHo-uUMTpaTHa eNeKTPOoNITUYHA BaHHa;
CTPYKTYpa; mopdonoria noBepxHi; aHani3 BUTparT.

22

Effect of electrodeposition parameters and tungsten
content on properties of Ni-Fe-W alloy deposits and its
process cost analysis

C. Joseph Kennady *”, A. Leo °, P. Esther ©

? Department of Chemistry, Karunya Institute of Technology
& Sciences, Coimbatore-641114, India

e Department of Commerce and International Trade, Karunya
Institute of Technology & Sciences, Coimbatore-641114, India

¢ Department of Physics, LRG Government Arts College for
Women, Tirupur-641604, India

" e-mail: kennady@karunya.edu

Electrodeposition of Ni-Fe-W alloy was carried out from a
plating bath containing nickel sulfate, ferrous sulfate, sodium
tungstate, boric acid, diammonium citrate and citric acid. Films
were electrodeposited at varying pH from 3 to 10 and current
density from 1.0 to 6.0 A dm™. Only the concentration of
sodium tungstate in the bath was varied to study the effect of
tungsten content on the composition of alloy deposits.
Adhesion of the deposit was tested by bend and tape tests.
The structure and surface morphology of Ni-Fe-W alloy
deposits were examined by XRD and SEM analyses,
respectively. The composition of the alloy was determined
using EDAX analyzer. A forecast cost analysis was carried out to
evaluate the commercial aspect of this process.

Keywords: electrodeposition; Ni-Fe-W alloy deposits;
ammoniacal citrate bath; structure; surface morphology;
process cost analysis.
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