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transition metals such as Co, Cr, Mo, and W
in the Fe-Ni-based alloy films. The
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I. INTRODUCTION

The need for soft magnetic materials as a film over the bulk alloy system is driven by
their numerous technical applications, such as micro-actuators, sensors, micromotors, and
frictionless microgears. Soft magnetic materials are of interest because of low coercivity (Hc),
high permeability, and magnetization. These properties are changed by changing the
structure, internal strain, grain size (D), roughness, alloy composition, etc. The papers [1] by
Herzer demonstrate the behavior between D and Hc. A relationship between Hc and D for
different soft magnetic materials is shown in Figure 1. The H¢ of the magnetic materials rises
by reducing the D and reaches a peak. Further decreasing in the D, the Hc again starts to fall.
The behavior of the Hc with D is described as a domain configuration. The reduction in the D
subdivides the materials into single-domain particles that increase the Hc towards a
maximum. Although, the Hc decreases again for very small D, much smaller than the single
domain size.

Fe-Ni-based alloys are typically utilized for high-frequency devices, including planar
inductors, thin-film transformers, high-density recording media, and other devices. The key
criteria for choosing materials for high-frequency devices are that they have high initial
permeability, high saturation magnetization, high electrical resistivity, high magnetic
remanence ratio, and low coercivity [3]. Potential choices are the Fe-Ni-based alloys because
they have good electrical and soft magnetic properties [5]. The properties of Fe-Ni alloys
might be improved even further by the slight inclusion of other transition metals. The
addition of Co, Cr, Mo, and W in the Fe-Ni-based ternary alloy has attracted significant
attention.
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Figure 1: Hc vs. D for soft magnetic materials [2].

The Fe-Ni-based alloy may be deposited using several techniques, including
electroless deposition, electrodeposition, sputtering, molecular beam epitaxy, and
evaporation. The electrodeposition approach is the most popular of these well-known
techniques because of its low equipment cost, high deposition rate, and control over the film's
thickness and grain size. The focus on the electrodeposition of the Fe-Ni-based alloy is due to
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its cost-effective and simple method, as well as the Fe-Ni-based alloys, which have stable and
unique magnetic properties. In addition, they should have outstanding tribological behaviors
for electronic applications. However, the Fe-Ni alloy films have poor mechanical properties
[6]. Adding Co, Cr, Mo, and W could improve the mechanical and magnetic properties. The
magnetic characteristics of Fe-Ni-based films electrodeposited with Co, Cr, W, and Mo are
discussed in this chapter.

Il. ELECTRODEPOSITION PROCESS

The electrodeposition of film on the substrate works on the principle of Faraday’s law
of electrolysis. An electrochemical cell is necessary to deposit thin films using the
electrodeposition method. Electrodes (cathode and anode), electrolyte, interconnects, and a
power supply are its constituent parts.

Figure 2 illustrates a schematic of the electrochemical cell. The cathode and anode are
the negative and positive terminals in the electrochemical cell, respectively. When the
external power source connects, a current flows from the anode to the cathode. Positive metal
ions travel in the direction of the cathode surface during the current flow. A continuous
reduction of metal ions on the cathode surface takes place and forms uniform or island-type
films that depend on the nucleation and growth mechanism. The following chemical reactions
occur at the anode and cathode in the electrochemical cell.

Cathode : M +ne”- - M
Anode : M - M™ +ne”

Where M, M™, and n are the metal, metal ions, and number of electrons transferred in
the cell reactions, respectively. In the electrochemical cell, the anode can be categorized into
two types: (a) consumable anode and (b) permanent anode. The consumable anode sacrifices
by giving the metal ions to the electrolyte that maintains ions concentration in the electrolyte.
However, the permanent anode is only used to complete the circuit of the electrochemical cell
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Figure 2: Schematic Diagram of an Electrochemical Cell.

1. Electrolytic Solution for the Fe-Ni-based Alloy Films: The Fe-Ni-based alloy films
have been deposited using a variety of electrolytic solutions, including chloride [6],
sulfate [13], fluorborate [14], and sulphamate [16]. All these electrolytes consist of the Fe
in the Fe(ll) states, and the presence of the Fe(l11) state is undesirable. Fe(lll)-states in the
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electrolyte reduce the cathode efficiency for metal deposition and may produce brittle,
strained, and pitted deposited films [18]. In the industry and for scientific research,
sulfate- and chloride-based electrolytes are extensively employed. These electrolytes are
also economical for the deposition of Fe-Ni-based alloy films. In sulfate electrolytes, Ni
chloride is commonly added to increase the conductivity of the electrolyte. However, the
absence of chloride in the sulfate electrolyte results in low internal stresses in the
deposited films. Besides the sulfate electrolyte, chloride electrolytes are also employed to
deposit the Fe-Ni-based alloy films. The films deposited from the chloride electrolyte are
harder and have more stress than those deposited from the sulfate electrolyte [19]. These
electrolytic solutions also have significant drawbacks. When the deposition temperature
exceeds 85 °C, hydrochloric acid will massively evaporate from the chloride electrolyte.
Conversely, forming a Fe-Ni alloy film from the sulfate electrolyte at a high deposition
rate is challenging.

Additives, such as citrate, thiourea, and saccharine, are introduced into the
electrolyte to influence the deposition morphologies, structure, and/or deposition quality.
Citrate additions in an electrolyte might alter the properties of the deposited layer since
they contain active carbon. Also, the rate of dissolution of the consumable Ni or Ni-metal
electrode cannot be compensated by the reduction of the Ni ions in the citrate-containing
electrolyte. A fluorborate electrolyte can be used to overcome these difficulties since Ni
ions dissolve quickly in it, compensating for the reduction of Ni ions in the electrolyte.
Nevertheless, fluorborate electrolyte has drawbacks due to its high cost and
corrosiveness. A fluoride wastewater treatment plant is required before the disposal of
electrolytes [6]. On the other hand, sulphamate electrolytes have some notable benefits,
such as strong throwing power and a high deposition rate. The deposited films have low
internal stresses. This electrolyte does have certain drawbacks, though. It generates
azodisulfonate, the primary sulfur source, which reduces ductility and compressive
stresses. [19].

The Concentration of the Electrolytes that are Often Used to Deposit Fe-Ni Alloy Films

Type of Temperature Current
yp Electrolyte bath pH Ff, density Substrate | Reference
electrolyte (°C) 2
(mA/cm"?)
FeCl,-4H,0: 2.25 M
. FeCls-6H,0: 0.75 M ;
bC:s';’(;'de HsBO5: 0.25 M - |80 100-800 | FUe T | suetal. [6]
HCI: 4 ml/l P
Chloride FeCl,-6H,0: 1-2.1 ¢/l Abdel-
based H3BOs: 25 g/l 25 | 555 20 Steel 4130 | Karimet al.
NiCl,-6H,0: 23.5 g/l [20]
FeSO,4-7H,0: 150 g/l
NiSO,-7H,0: 15 g/l cu
Sulfate NaCl: 10 g/l Wei et al.
. 7 I
based H3BO: 45 gl 3315 30 sputtered | 1y
. Si wafer
Saccharin: 2.5 g/l
Additives: 1.5 g/l
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Ni(H,NSO3),-4H,0: 0.2 M
FeCl,-4H,0: 0.01 - 0.04 M
Sulfamate- |[H3;BO;: 0.4 M

Chloride | Sodium Saccharin: 1.5 g/l | 3.0 | 23 20-100 | Platinum [Lzel'gh etal.
based Sodium dodecyl sulfate:
0.2g/l

Ascorbic acid: 1.0 g/l

The Concentration of the Electrolytes that are Often Used to Deposit Fe-Ni-Cr Alloy
Films

Temperature Currgnt

C) den5|ty2 Substrate | Reference

(mA/cm?)

CrCl;-6H,0: 200 g/l Copper
NiCl,-6H,0: 50 g/l plate (70
FeCl,-4H,0: 40 g/l 0.3 |30 50-150 | mmx 25
NasCgsHs0;: 70 g/l mmx 1
AICl;: 130 ¢/l mm)
CrCl3-6H,0: 0.80
mol/dm™
mol/dm?®
FeCl,-4H,0: 0.02
mol/dm® 1.8 |20 -
NaCl: 0.50 mol/dm™
NH,CI: 0.50 mol/dm™
H3BO5: 0.15 mol/dm’®
500 g H20 deionized
and 500 g DMF
CrCl;-6H,0: 0.4 mol/Il
NiCl,-6H,0: 0.2 mol/l Cr(5
FeCl,-4H,0: 0.03 mol/l nm)/Au
Glycine: 0.4 mol/l 10 |22 (100 nm)
NH,CI: 0.5 mol/l sputtered
H;BOs: 0.15 mol/l Si-substrate
NaCl: 0.5 mol/I
CrCl;-6H,0: 213 g/l
NiCl,-6H,0: 47.54 g/l
Sulfate -

) FeSO47H,0: 11.15 g/l .
bC;SI:(glde— Sodium citrate: 58.8 g/l | 30 15-25 Cu cylinder
Glycine: 60 g/l
Formic acid: 14.1 g/l
NiCl,-6H,0: 0.04 -0.16
mol/l
CrCl,-6H,0: 0.37 - 0.5
mol/l
FeCl,-4H,0: 0.025 — Tavoosi
Chloride | 9:05 mol/l and
b NH,CI: 0.90 mol/l 1 30 10-40 Copper -

ased ) Barahimi
KBr: 0.14 mol/l
Naz;CgsHs50;-2H,0: 0.25
mol/I
HCOOH: 0.75 mol/Il
C,H,05 : 0.65 mol/I

Type of

electrolyte Electrolyte bath pH

Chloride
based

Adelkhani
etal. [9]

Copper (25
mm x 25 Sziraki et
mm x 0.2 al. [22]

mm)

Chloride
based

Chloride
based

Bertero et
al. [23]

Huang et
al. [24]
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The Concentration of the Electrolytes that are Often Used to Deposit Fe-Ni-Co Alloy

Films
Type of Temperatu Currgnt
Electrolyte bath pH N density Substrate | Reference
electrolyte re (°C) 2
(mA/cm?)
Co0S0,7H,0: 0.075 Cu(250
mol/I nm)/Cr(25
Sulfate NiSO,4-7H,0: 0.2 mol/l 15-3.0 Room 3_40 nm)/ Khomenko
based FeSO,4 7H,0: 0.03 mol 77 | temperature Si0,(300 et al. [26]
/l nm)/Si
H;BO3: 0.4 mol /I substrate
FeCl,-6H,0: 1.275
mol/Il
COCIz'GHzo: 0.225
Chloride mol/Il 0.34 - Park et al.
based NiCly6H,0: 0.02 mol/l | 5 23-90 5 Cussheet | )71
CaCl,: 1.0 mol/I
L-Ascorbic acid: 0 or
0.05 mol/I
FeSO, 7H,0: 15 g/l
NiSO4 7H,0: 260 g/l
Co0S0,7H,0: 20 g/l Cu .
ﬁ:;;zte NaCl: 8 g/l 35 60 10 sputtered \[/X]e retal
H3;BOs: 30 g/l Si wafer
Saccharin: 1.5 g/l
Additives: 1.2 g/l
FeSO,: 0.025 mol/l GaAs
g;s'zzte C0S0,: 0.05 mol/] 25 z‘r’r‘]’g’;rature - (100) [Szugl etal.
NiSO,: 0.2 mol/l substrate

The Concentration of the Electrolytes that are Often Used to Deposit Fe-Ni-W Alloy

Films
Type of Temperatur Curr_ent
Electrolyte bath pH N density Substrate Reference
electrolyte e (°C) 2
(mA/cm®)
Alkaline NiSO4-7H20: 0.06 8.0 | 65 40 Copper foils | Sriraman et
sodium mol/I and low | al. [29]
citrate- FeS04-7H20: 0.02 carbon  low
based mol/l alloy  steel
Na2W04.2H20: 0.15 sheets
mol/l
Na3C6H507.2H20:
0.30 mol/I
NH4CI: 0.50 mol/l
Boric acid: 1.0 mol/l
Saccharin sodium:
0.08 mol/l
NaBr: 0.15 mol/I
Sodium Laurel
Sulfate: 0.087 mol/I
Sulfate Iron sulfate: 0.0115- 8 80 40-100 AISI A3 steel | He et al.
based 0.10 mol/l and AlSI [30]
Nickel sulfate: 0.012- 1045 steel
0.20 mol/l
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Sodium tungstate:

0.03-0.12 mol/I

Citric acid: 0.028-0.19

mol/I

Boric acid: 0.16 mol/l

YC-4: 3-10 ml/|
Sulfate Nickel sulfate: 0.15 8 Room 5 Cr-NiFe Mundotiya
based mol/I, temperature sputtered Si et al. [31]

Ferrous sulfate: 0.005 wafer

mol/l

Sodium tungstate: 0.6

m-mol/|

Diammonium H-
citrate: 0.16 mol/l
Citric acid: 0.08 mol/Il
Boric acid: 0.12 mol/I
Saccharin: 0.05 mol/l
Ammoniu NiSO4-7H20: 0.012 11.7 | 50-70 500 - 1000 | Titanium Zelenovic
m citrate mol/dm3 -12 et al. [32]
based FeSO4-7H20: 0.004
mol/dm3
Na2W04-2H20: 0.01
mol/dm3
Na3C6H507-2H20:
0.06 mol/dm3
NH4CI: 0.5 mol/dm3
H3BO3: 1.0 mol/dm3
NaBr: 0.15 mol/dm3

The Concentration of the Electrolytes that are Often Used to deposit Fe-Ni-Mo Alloy

Films
Type of Temperature Curr(_ent
electrolyte Electrolyte bath pH (°C) den5|ty2 Substrate | Reference
(mA/cm"?)
Sulfate NiSO46H,0: 100 g/l 4.0 |30 600 Nickel Huang et al.
based FeSO,46H,0: 5 g/l foam (10 | [33]
NaCl: 35 g/l mm x 10
H3;BOs: 40 g/l mm x 0.5
Na3C6H507'2H20: 70 g/l mm)
Na,Mo00O,-2H,0: 20 g/l
Citrate Nickel sulfate: 60 g/l 8 60, 70, 80 0.01 Mild steel | Kannan et
based Ferrous sulfate: 30 g/l al. [34]
Sodium  molybadate:
10 g/l
Diammonium citrate:
60 g/l
Citric acid: 5.5 g/l
Boric acid: 10 ¢/l
Citrate NiSO,4-6H,0: 60 g/l 1.5 | Room 30 Au/Cr Zhou et al.
based FeSO,-7H,0: 4 g/l temperature sputtered | [35]
Na,Mo0O,-2H,0: 2 g/l glass
NaCl: 10 g/l
Citric acid: 66 g/l
Saccharine: 3 g/l
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Chloride
based

NiCl,-6H,0: 100 mM
Na,MoQO,-2H,0: 20
mM
CsHsNa;0,:-2H,0: 300
mM
FeCl,-4H,0: 0 — 18
mM

6

Room

temperature d

Cu Badrnezha

et al

40-80

[36]

Sulfate
based

NiSO,4-6H,0: 64 g/l
FeSO,4-7H,0: 16 g/l
Na,MoQO,-2H,0:

o/l
Citric acid: 52.8 g/l

9.6

9.8

30

Hu et al.
[37]

5-60 Copper or

Nickel

I11. ELECTRODEPOSITION PARAMETERS AND MAGNETIC PROPERTIES OF
FE-NI-BASED ALLOY FILMS

Fe-Ni Alloy Films: The magnetic properties of Fe-Ni alloys having 40 to 90 wt.% Ni are

very interesting, mainly when the alloy includes 78.5 wt.% Ni. Permalloy, a Fe-78.5Ni
alloy, has exceptionally high magnetic permeability, low magnetic anisotropy values, and
magnetostriction parameters under weak magnetic fields. The heat treatment procedure
can somewhat modify these alloys' magnetic properties. The alloy undergoes structural,
internal, and other changes throughout the heat treatment process.
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Figure 3: Fe-Ni Binary Phase Diagram [38]

The potential phases and phase transformations are correlated in figure 3.The
reduction

in temperature demonstrates the existence of two successive phase
transformations. The two subsequent phase transformations are (a) the second kind of
paramagnetic-ferromagnetic transition (at the Kurnakov points) and (b) the first kind of
order-disorder transformation (at the Curie points) under the symmetries of L1,-type or
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L1o-type ordered and Al-type disordered phases. The L1,-type structure is observed in
NiszFe stoichiometry, while the L1,-type structure is observed in the equiatomic NiFe
stoichiometry. The Al-type structure originated in an FCC solid solution of Fe and Ni
[38]. The magnetic transition and structural phase-transformation points, also known as
the Curie and Kurnakov points, are affected by the amount of Fe in the solution. The
Curie and Kurnakov points decline with an increase of the Fe content. Fe-Ni system
contains very little information at low temperatures because the diffusion of Ni in Fe-Ni
is slow [39].

The anomalous co-deposition phenomena causes the Fe-Ni alloy to deposit on the
substrate. Brenner introduces the concept of anomalous co-deposition. According to this
concept, Fe is deposited more frequently than Ni, a more noble metal. In the unusual
event, the reduction process forms nickel hydroxide and catalystic iron hydroxide. With
increasing Fe?* ions in the electrolyte, the concentration of catalystic iron hydroxide
increases and surpasses that of nickel hydroxide. The deposition mechanism of Fe-Ni
alloy is given below [40]:

Fe?* + OH™ & FeOH™ and Ni?* + OH™ < NiOH* (1)
FeOH* + e~ & FeOH,4q and NiOH* + e~ & NiOH4q 2
FeOH,4q4 + e~ & Fe+ OH and NiOH,4 + e~ & Ni+ OH™ 3)

The above reactions indicate that adsorbed metallic hydroxide forms before
reducing Fe and Ni ions. The content of FeOH" is significantly larger than NiOH"
because of the significant inequality between the dissociation constant. Thus, the FeOH,q
began to occupy the NiOH,q adsorption site. This has the effect of partially inhibiting Ni
atom deposition.

Koo and Yoo [41] reported that Fe-Ni alloys are dominated by FCC structure at
lower Fe contents since Ni possesses an FCC structure. The intensity of the (220) peak
increases while the intensity of the (111) peak falls when the Fe content rises to 7.6 at.%.
A BCC phase appears at 40.4 at.% Fe. The peak broadening observed at 44.7° indicates
the Fe-Ni alloy comprises a mixture of FCC(111) and BCC(110) phases. According to
Leith et al. [21], Fe-Ni alloy films with a Fe concentration less than 50 mol% have an
FCC structure and show a (111) orientation with a strong (200) reflection. The deposited
films, on the other hand, have a BCC crystal structure with a (110) growth texture if the
Fe concentration is larger than 60 mol.%. The films contain mixed FCC/BCC phases
when the Fe content is between 50 and 60 mol%, as seen in Figure 4.
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Figure 4: XRD pattern of the Fe-Ni alloy with various compositions plated at 20 mA/cm? [21].

The Fe content present in Fe-Ni alloy films significantly impacts the magnetic
properties. The properties and composition of Ni-Fe alloy may be tuned by altering the
deposition parameters (i.e., applied current density, electrolyte concentration and
temperature, electrolyte pH, and additional agents). According to Su and Qiang's [42]
research, more Ni content is deposited when the Ni ions in the electrolyte increase and the
pH falls from 2.1 to 4.3. The saturation magnetization decreases as the Ni content rises in
films. The Hc, on the other hand, declines with Ni concentration in the range of 0.38 to
0.55, approaches a minimum of 43.14 Oe at 0.55 at.% Ni, and subsequently increases
with increasing Ni content. It could be explained by the fact that two factors might affect
the coercivity: (a) the presence of imperfections and (b) the high Ni content in films. The
Hc of Fe-Ni alloy films being deposited varies similarly to that of the mean internal
stresses, in the opposite direction of the crystallites size, and similarly to that of the grain
boundaries density. The leading causes of high Hc are internal stresses and grain
boundary density. The Hc¢ rises due to the pining of the magnetic domain walls at the
grain boundaries. The Ni content in the films is also influenced by the organic additives
used in the electrolyte. Shimokawa et al. [43] studied that By raising the citric acid
concentration in the citric-based electrolyte from 0 to 100 g/l, the Fe content elevates
from 18 to 50%.

However, lifting the citric acid concentration from 0 to 30 g/l lowers H¢ from 380
to 20 A/m. The addition of saccharin in the electrolyte causes a reduction in the size of
the crystallites/grains and internal stresses in the deposited films. However, the
composition of Fe-Ni alloy films is only marginally impacted by saccharin.
Simultaneously, saccharin significantly affects the magnetic properties. The Hc,
correlated with crystallite size and internal stresses, is reduced considerably by adding
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saccharin to the electrolyte. The Hc of films is low at low internal stresses [44].
Contrarily, saccharin raises the sulfur content in the deposited films, which is not
dissolved in Fe-Ni alloys. When the coating has been subjected to high temperatures, the
sulfur segregates on the grain boundaries, encouraging intergranular fracture and grain
boundary embrittlement [45].

2. Fe-Ni-Cr Alloy Films: The Fe-Ni-Cr alloy films exhibit fascinating and distinctive
properties for many applications. Fe-rich Fe-Ni-Cr alloy films exhibit good corrosion
resistance, whereas Ni-rich alloy films exhibit unique magnetic properties. The high Cr
content in these films will have the same high hardness and corrosion resistance as pure
Cr [9]. Furthermore, these alloy films are an attractive choice for constructing low-cost
bio-devices because of their resistance to harsh conditions and excellent biocompatibility
[46].

According to Huang et al. [24], Fe-rich Fe-Ni-Cr films are crystalline, whereas
Cr-rich Fe-Ni-Cr films are amorphous. For the Cr-rich Fe-Ni-Cr alloy films deposited at
20 and 25 A/dm?, the XRD diffraction pattern exhibits no diffraction pattern. A widened
peak of (110) is seen for Fe-rich alloy films deposited at 15 A/dm?. Tavoosi and Barahimi
[25] have also explored that the Fe-Ni-Cr alloy films deposited at current densities below
20 A/dm? consist of Fe-y and amorphous phases.

A crystalline solid solution of Fe-Ni-Cr is called Fe-y. The Fe-y phase peak has
vanished beyond 30 A/dm?, and an amorphous phase is present. The current density also
influences the morphologies of these deposited films. Network fractures and the
characteristic nodular morphology are visible at lower current densities in the deposited
films. The content of Cr in these alloys reduces the quality by forming cracks and
generating high internal stresses. It can be difficult to prevent or minimize cracking in Fe-
Ni-Cr alloy films, which reduces the maximum feasible coating thickness. The inclusion
of CrH and/or CrH, in the deposited films, which later disintegrate into metallic Cr and
hydrogen gas, causes shrinkage in it. This shrinkage contributes to the crack generation in
the deposited films [47]. To overcome these problems, organic additives such as
saccharin are introduced in the electrolyte to decrease internal stresses and improve
deposit quality. However, the addition of organic additives will reduce corrosion
resistance because they hinder the creation of a passive oxide layer on the surface [48].

The electrodeposited amorphous-like Fe-Ni-Cr films are ferromagnetic in contrast
to the traditional Fe-Ni-Cr alloys, which exhibit a non-magnetic property. The Hc value
between 5 and 40 Oe is seen in all deposited Fe-Ni-Cr alloy films, and saturation
magnetization falls linearly with Cr content. The deposited films become non-magnetic
when the Cr content exceeds 40 wt.% [23]. The decrease in the magnetic saturation is due
to decreased Fe-Fe exchange interactions and enhanced interactions between Fe and Cr
atoms. As a result of the antiferromagnetic interaction between Fe and Cr atoms, the
magnetic saturation of the formed films is further reduced [49]. Adelkhani et al. [9] have
investigated that current density influences the film composition. The content of the Fe
and Ni is decreased by raising the current density from 5 to 15 A/dm?, but Cr shows the
opposite tendency. With increasing current density, the metal ions Ni?** and Fe?
reduction occurs predominantly under diffusion control and reaches a minimal value.
Although, the reduction of the Cr** ions depends on the thermodynamic characteristics of
the Cr.
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The thermodynamic properties indicate that the deposition of Cr takes place at a
greater deposition overpotential than the Fe and Ni deposition. The deposition
overpotential is directly proportional to the current density. As a result, raising the current
density raises the Cr content. Several researchers also demonstrate similar behavior [7].
Moreover, the grain refinement process is positively impacted by the current density,
which results in a reduction in grain size. The decrease in the grain size is due to an
enhancement in the nucleation rate that overcomes the grain growth rates. As current
density increases from 10 to 50 mA/cm?, the grain size of Fe-Ni-Cr alloy films decreases
from 64 to 38 nm. Fe-Ni-Cr alloy films exhibit higher Cr content and smaller grain size at
high deposition current densities that result in low saturation magnetization and high Hc.

The H¢ of Fe-Ni-Cr alloy films depends on several factors, such as grain size (D),
microstructure, and chemical composition. Out of these factors, the D is the most
influential parameter that influences the Hc. If D exceeds the magnetic exchange length,
the domain wall pinning occurs along the grain boundaries, resulting in high coercivity in
the deposited films. However, the Hc decreases when D is below the exchange length
because the domain wall effect is crossed out, and each grain acts as a single domain. The
exchange length depends on the Fe content and reduces with a drop in the Fe. For Fe-Ni
permalloy, the exchange length is 14 — 28 nm [51]. The H¢ of the deposited films is
increased from 157.6 to 356.0 A/m by increasing the current density from 64 to 38 nm
[7]. It shows that the grain size of these films is above the exchange length. Fe has the
best magnetic properties, and the amount of Fe in Fe-Ni-Cr ternary alloy coatings affects
their magnetic behavior. Ni is another important element that has soft magnetic
characteristics. As a result, saturation magnetization rapidly decreases as Fe and Ni
content is reduced.

3. Fe-Ni-Co Alloy Films: Fe-Ni-Co alloy films have been widely explored as soft magnetic
materials because they have better properties when compared to Fe-Ni alloy. Fabricating
the Fe-Ni-Co alloy films with high saturation magnetization (>2 T) and low H¢ by the
electrodeposition process is challenging. Also, the deposition of ternary alloy by the
electrochemical process is complex because the composition and magnetic properties
depend on the deposition parameters, such as electrolyte pH and temperature, additives,
deposition time, and electrolyte ionic concentrations. The composition and microstructure
of the deposited films can be regulated by adding different additives. The additives
include sulfur, thiourea, sodium lauryl sulfate, boron/phosphorous, saccharin, sodium
dodecyl sulfate, Triton X-100, 1-dodecyl-3-methylimidazolium chloride. Mardani et al.
[52] have reported the effect of three different surfactant additives on the deposited Fe-
Ni-Co alloy film.

The additions include Triton X-100, an anionic surfactant; sodium dodecyl sulfate
(SDS), a nonionic surfactant; and 1-dodecyl-3-methylimidazolium chloride (IL), a
cationic surfactant. The deposited films are compact, smooth, bright, and crack-free, but
different morphologies are obtained. Zhang and Ivey [53] have explored the ammonium
citrate additive effect on properties.

The Fe-Ni-Co alloy film has relatively high Hc deposited from an electrolyte with
no ammonium citrate. On the other hand, low citrate concentrations cause the Hc to
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decrease; a citrate concentration of 30 g/L results in a minimum H¢ of 18 Oe. It can be
attributed that the citrate bath results in low stress in the deposited films. The ammonium
citrate forms citrate-complex ions in the electrolyte, delaying metal atom deposition.
Adatoms can fit into preferred lattice locations more frequently. As a result, they lead to a
structure with fewer imperfections and less stress. However, the Hc rapidly rises when the
citrate concentration exceeds 30 g/L.

The film thickness is another vital parameter on which coercivity depends.
Tabakovic’s group [54] reported an expression that relates to the film thickness (t) and Hc
of Fe-Ni-Co alloy film:

HC = Ct_n

where C is a constant and n=4/3. For Fe-Co-Ni alloy films with thicknesses
between 100 nm to 1000 nm, the value of n is around 1. [28]. The HC declines with the
rise in t. There may be minor departures from this trend due to structure and composition
changes. The BS of these films is much higher than Fe-Ni alloy films. According to
Khomenko et al. [26], the enhancement in the BS may come from various causes. One
might include rearranging the atomic orbitals to maintain the maximum possible magnetic
moment by aligning the spins that are subjected to the exchange forces.

Rearranging the structure in response to changes in the chemical composition can
be another source. The change in the chemical composition causes competition between
the BCC and FCC phases or structural modifications. According to Ohashi et al. [56], the
Co65Ni12Fe23 films with mixed BCC and FCC phases had a higher Bs 2.0 — 2.1 T than
Co65Ni12Fe23 films with BCC phases. Similar behavior was also observed in the
Co52Fe26Ni22 alloy film that consists of the mixed BCC and FCC phases [57].

The Fe ion concentrations have an impact on the Fe-Ni-Co film composition,
according to Kockar et al. [58]. With an increase in the Fe ion concentrations, the Fe and
Co rise while their Ni contents fall. The magnetic saturation is enhanced from 1.08 T to
1.36 T, and Hc is decreased from 60 Oe to 13 Oe with increasing Fe and Co contents and
lowering Ni content in the films.

Magnetic properties of Fe-Ni-Co alloy films are influenced by internal stress and
play a vital role in incorporating these materials into magnetic devices. High magnetic
stresses in the films may fail these devices due to the loosening/unconnection of film
from the substrate. Saito et al. [59] have studied that the internal stress of Co-rich Fe-Ni-
Co alloy films (60-70 at.% Co, 8-15 at.% Ni, and 15-27 at.% Fe) reduces from ~ 800 to ~
500 MPa by enhancing the annealing temperatures up to 250 °C. Rasmussen et al. [60]
have determined the stresses of the pulse-reverse electrodeposited Co-rich alloy films at a
deposition temperature of 40 °C and pH of 3.9 — 4.2. The deposited FeNiCo film has
stresses in the range of 69-101 MPa.

4. Fe-Ni-W Alloy Films: The addition of W improves the microhardness, wear resistance,
and magnetic properties of Fe-Ni alloys. It has been investigated by He at el. [30] that the
W concentration affects the morphologies of the deposited film. At 18 wt% of W, Fe-Ni-
W alloy films are smoothed. The surface gets significantly rougher, and microcracks
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appear above this W content. The high content of W introduces more internal stresses;
thus, the Fe-Ni-W alloy films are more fragile. Zelenovic et al. [32] deposited the Ni-
24%Fe-11%W powders by electrodeposition process.

The current density and electrolyte temperature did not affect these powders'
composition because the codeposition of the Ni, Fe, and W is controlled by the slow
diffusion of their electroactive species. The effect of pH on the alloy film composition has
been studied by Donten et al. [61]. The optimal pH range for the deposition of Fe-Ni-W
alloy films is 5-10. A pH greater than 10 causes the creation of iron hydroxides, which
lowers the Fe?* ions in the electrolyte solution, whereas a pH lower than 5 causes the
development of precipitated tungstic acid.

The impact of substrate temperature on the properties of Fe-Ni-W alloy films has
been shown by Mundotiya et al. [31]. The alloy films deposited at a substrate temperature
value of 5°C have low coercivity and high permeability of 257 A/m and 487,
respectively, compared to those deposited at 10 °C and 21 °C. Furthermore, when the
temperature rises, the internal stresses and roughness of the formed films also increase.

The Hc increases with temperature because the internal stresses and surface
roughness also act as a barrier to the movement of the magnetic domain wall. Citrate
addition to the electrolyte affects the internal stresses of the deposited Fe-Ni-W alloy
films [62]. By raising the citrate content, the coercivity of the deposited films increases.
The increase in coercivity is due to changes in the stresses. The stress is compressive.
Compressive stresses lead to high coercivity, while tensile stresses reduce coercivity.

5. Fe-Ni-Mo Alloy Films: It is well known that pure metallic Mo cannot be deposited from
an aqueous solution because of its higher overvoltage than hydrogen. Nevertheless, an
alloy can be created by co-depositing Mo with iron-group metals [63]. According to
Fekih et al. [64], the amount of Mo increases in Fe-Ni-Mo alloy films as the amount of
molybdate in the electrolyte increases. Mo-rich films exhibit strong corrosion resistance,
whereas deposit films with low Mo content exhibit good magnetic characteristics. A
higher molybdate concentration in the electrolyte promotes the formation of molybdenum
oxides, which obstructs the deposition process.

According to Huang et al. [33], the Fe-Ni-Mo alloy films have numerous cracks
and microcracks dispersed across the surface. In contrast, the Fe-Ni alloy film exhibits
cauliflower-like morphology without cracks. The origin of these cracks represents high
residual stress in films. The Mo atom would occupy the Ni in the Ni lattice during the
electrodeposition process because its radius is more significant than Ni atoms. It would
cause the Ni lattice to expand and lead to the creation of cracks. Moreover, the Fe and Mo
in the Ni lattice increase the interplanar spacing of the Ni lattice and result in a larger Ni
crystal, which broadens the diffraction peaks and shifts the XRD peaks towards the lower
degrees. Peak broadening and shifting suggest that Fe and Mo are the solid solutions in
the Ni crystal. According to Badrnezhad et al. [36], a higher Mo content in the deposited
film causes more crack propagation during the deposition.

The amount of Mo in the deposit impacts the Bs and Hc of the deposited Fe-Ni-
Mo alloy films. By raising the Mo concentration in the deposited layer, the Bs drops
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while the Hc rises [65], [66]. Mo is a non-magnetic alloying element that reduces
saturation magnetization. The microstructure changes caused by an increase in the Mo
content are responsible for the increase in domain walls pinning, results in an increase in
Hc. The content of Mo can be controlled by adjusting the deposition parameters,
including current density, pH, deposition time, and concentration of metals in the
solution. The Fe and Ni content increases with the Fe-ions and Ni-ions in the electrolyte.
The Mo content can be tuned by controlling the concentration of Mo-containing salt [67].
The content of the Fe and Mo increases by raising the current density [36]; however, the
Ni content in deposited films decreases [37].

The Hc of Fe-Ni-Mo films also varies by changing the film thickness [54]. The D
of the deposited films reduces with the increasing thickness of the films. Zhou et al. [35]
reported that the Hc decreases from over 100 Oe for thickness = 32 nm to under 10 Oe for
thickness = 107 nm. The Hc is proportional to the effective anisotropy constant, Kes, and
this relationship is proposed to cause the decline in coercivity. If D is lower than the
exchange length and the grain orientation is random, the ke¢ decreases.

IV.SUMMARY

Fe-Ni-based ternary alloys are promising soft magnetic materials. In these Fe-Ni-
based alloys, transition metals such as Co, Cr, Mo, and W are commonly incorporated to
improve their properties. Electrodeposition is a widely used technique for the synthesis of
these ternary alloys. In the electrodeposition process, the deposition parameters affect the
deposited ternary alloys' composition, morphology, and microstructure. The commonly used
deposition parameters are current density, additives, concentration of electrolyte, pH, etc.
And, the properties of these alloys depend on the morphology, composition, and
microstructure of the deposited films.

This chapter discusses soft magnetic Fe-Ni-based ternary alloy films, including Fe-
Ni-Co, Fe-Ni-Cr, Fe-Ni-Mo, and Fe-Ni-W deposited by electrodeposition techniques. These
alloys' soft magnetic properties strongly depend on the composition, microstructure, and
morphology. The composition of the deposited films depends mainly on the nature of the
electrolyte. Chloride and sulfate-based electrolytes are generally utilized to deposit these soft
magnetic films. These electrolytes are economical for the deposition of Fe-Ni-based alloy
films. The applied current density and composition can tune the microstructure and grain size
of the deposited ternary alloy films. The grain size decreases with increasing the current
density, which influences the coercivity of the deposited films. And, the saturation
magnetization is controlled by the composition of the deposited alloy films.
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