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_____________________________________________ 
Abstract 
A new phenomenon, i.e., complete ionization of ferric chloride, was discovered when the electrolyte when heated to 

70°С. Abnormal deposition of NiFe alloy components was prevented due to ionization once the ions were changed 

from (Fe2+Cl-)+ to Fe2+. Maintaining a chloride electrolyte concentration ratio of Ni/Fe = 4.26 when adjusting the pH 

with hydrochloric acid results in congruent electrochemical deposition of iron concentrations on the order of 0.06 

moll/l and films with the composition Ni81Fe19. Low concentration solutions increase salt dissociation and the 

content of two charged ions compared to that of one charged ions. A chloride and iron electrolyte concentration of 

0.004 moll/l with Ni/Fe = 4.26 confirms that the charge of the iron ions influences the composition of the resulting 

permalloy films. Congruent electrodepositing of permalloy films produces films with a composition corresponding 

to the given composition of the electrolyte, while considering the charge of the iron ions. The idea of congruent 

alloy electrochemical deposition and electrochemical deposition is introduced based on the charge of ions in the 

electrolyte. 

Keywords: permalloy, electrochemical deposition, chloride electrolyte, the charge of ions. 

_____________________________________________ 
Introduction. Anomalous nickel-iron alloy plating 
To obtain a nickel-iron alloy in [1], electrodepositing was conducted at 24°C and a pH of 3.1 with currents 

of 5, 10, and 20 mA/cm2 under joint discharge of chloride ions in the cathode electrolyte with a total concentration 
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of iron and nickel (Fe + Ni) of 1 moll/l and a changing Fe/(Fe + Ni) ratio. 

Preferential deposition of iron was observed, as shown in Figure 1. An increase in the iron content in the 

electrolyte led to an increase in the iron content of the alloy. The iron content in the alloy depends on the current 

density. The optimal results in terms of the appearance and coating with good current efficiency were obtained with 

an electrolyte containing 0.2 moll/l sodium citrate, which forms complexes with nickel and iron. 

A review of the literature [1-54] shows that electrolytic deposition of nickel alloys of iron has been carried 

out for many years. Initially, the composition of the bath for electrolytic deposition of nickel-iron alloys, in 

particular Ni80Fe20 or permalloy, consisted of a simple mixture of sulfate or chloride nickel salts and iron. For 

example, a patent [2] was used to produce magnetic film memory devices via NiFe electrodepositing from an 

electrolyte containing 3 g/l Ni, 0.35 g/l Fe, and 0.35 g/l Cu without a chelating agent. 

To circumvent the anomalous effects of an electrolyte with a much higher concentration of nickel, various 

additives and a complexting agent have been used to conduct depositions with a rotating cathode under alternating 

or pulsed direct currents and magnetic fields using solutions based on ionic liquids.  
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Figure 1. The dependence of the iron content in an alloy on the relative concentration of iron in a chloride solution 

for NiFe alloy electrodepositing. 1) J = 5 mA/cm2; 2) J = 10 mA/cm2; 3) J = 20 mA/cm2. 

 

The applied electrolytes are characterized by a wide range of molar ratios of nickel and iron varying from 

50 to 0.1. A one-to-one relationship between the electrolyte composition and the deposited film has not been 

established. The molar ratio is 4.26 for the Ni81Fe19 alloy. A study of the deposition process in a chloride electrolyte 

with a constant mole fraction of 4.26 was reported in 3 - 5. The film contained this alloy ratio of components. 
 

The hydrolysis of ferric chloride is described in [6] 
The interaction of salt ions with water leads to the formation of a weak electrolyte resulting from the 

hydrolysis of salt. Salt ions bind with water-generated ions, either H+ or OH-. According to Le Chatelier’s principle, 
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a decrease in the concentration of the ions should lead to further disassociation of water molecules into ions. If an 

ion participates in the formation of ions from the electrolyte, then another ion accumulates in the solution, and the 

pH changes. 

To strengthen salt hydrolysis, the solution is diluted and heated. According to the law of mass action, 

supplying one of the products of the hydrolysis to the solution decreases the hydrolysis of the salt. When a product 

of hydrolysis is removed, the hydrolysis of the salt is enhanced. 

Ferric chloride partially hydrolyzes. Solutions of fully hydrolyzed ferrous chloride tetra hydrate FeCl2 

4H2O contain a sludge of ferrous hydroxide, Fe(OH)2, in the form of colloidal particles. The dissociation constants 

are FeCl2-1.2 10-2 and Fe(OH)2-1.3·10-4. 

Nickel chloride NiCl2 6H2O hydrolyses and dissociates completely. The dissociation constants are NiCl2 - 

2.5 109 and nickel hydroxide Ni(OH)2-2.5 10-5. 

Effect of hydroxide on the deposition of permalloy films 
The anomalous character of the lower deposition rate deposition of nickel, which is more noble when 

compared to iron, is explained [1] on the basis of the influence of iron on the deposition of nickel, although this 

explanation has not been confirmed. 

This concept has been seen in subsequent works. To circumvent the anomalous effect of electrolyte is 

injected high concentration of nickel, various additives, using solution based on ionic liquids. The process is 

performed on alternating or pulsed current in a magnetic field and with rotating cathode. 

The applied electrolytes are characterized by a wide range of molar ratios of nickel to iron, i.e., from 50 to 

0.1. However, a one-to-one correspondence between the composition of the electrolyte and the film has not been 

established. 

In [7], an analysis of the solubility of Fe(OH)2 and Ni(OH)2 and the dissociation constants of FeOH+ and 

NiOH+ led to the conclusion that to reduce the deposition rate of the more noble nickel, the inhibition mechanisms 

for the deposition of nickel substances containing no noble iron ions are invalid for NiFe alloy deposition, as shown 

in Figure 2. 
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Figure 2. NiFe plating at a current density of 100 mA/cm2 in sulfate electrolyte. 

 

Measurements for the various current densities show an increase from 1 to 5 mA/cm2 for a fivefold increase 

in the pH in the cathode layer. The concentration of ion metal hydroxides was 0.21 moll/l for Fe and 10 -3 moll/l for 

Ni. These data do not explain or solve the problem of anomalous deposition. 

It can be argued that the small dissociation constants of FeOH+ indicate loss of the iron hydroxide colloid 

state and an influence on the deposition process only as mechanical impurities. 

Technique of permalloy films during electrochemical deposition of iron 

concentration in the order of 0.06 moll/l 
For the deposition of permalloy Ni81Fe19, we used a chloride electrolyte. The addition of hydrochloric acid 

was regulated by the pH-1.5-3.5 electrolyte. Permalloy precipitates from the specified molar ratio electrolyte content 

of nickel and iron of 4.26 in an electrolytic volume of 2 liters with a graphite anode. A fixed cathode is used in the 

form of vertically arranged silicon wafers. 

Rectangular areas of the permalloy films were obtained through the use of a photoresist mask on metallized 

layers using a NiCr Ni surface 100 mm diameter silicon wafer coated with a layer of SiO2. The temperature of the 

electrolyte was 60 or 70°C due to heating by a submersible heater and mixing by a magnetic stirrer. 

The main process parameters are maintained constant for the current density of 10-30 mA/cm2 in the areas 

of the nickel cathode on the silicon wafer surface not covered by the photoresist. 

This technique provides local permalloy films up to 40 microns thick without mechanical stress and with 

very good adhesion on silicon wafers.  

The film thickness was measured using a Microsystems MSA-500 instrument. The composition of the films 

was studied using an X-ray Philips XL 40 micro analyzer. The magnetization of the films on the plates was 

determined by a MESA Analyzer-200. 
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Electrochemical depositing of NiFe alloy at 70°C 
The results for the electrochemical deposition of permalloy in chloride electrolyte with a mole fraction 

Ni/Fe ratio equal to 4.26 as a function of temperature will allow the causes of abnormal deposition to be understood 

and ensure normal congruent deposition. 

In [3], the electrochemical permalloy composition is shown to be strongly dependent on the temperature of 

the electrolyte. 

This work obtained a very interesting composition dependence for the temperature for the electrolyte films 

with the following composition, in g/l: FeCl2 4H2O-11; NiCl2 6H2O-56; H3BO3-25; C7H5NaNO3S-1.5; and HCl-2.7 

ml/l. Holding 12 processes at the electrolyte temperature of 60°C and 70оС strongly modifies the iron content. 

Figure 3 shows that the sequence of the processes and the current do not affect the composition, which is 

determined only by the temperature. The permalloy films deposited at an electrolyte temperature of 60°С contain 

39.4% iron. The permalloy films deposited at an electrolyte temperature of 70°С contain 19.2% iron. Based on the 

results of the X-ray spectral analysis, for deposition in the same electrolyte, all current values showed a two-fold 

higher iron content at 60°С relative to that observed at 70°C. 

 

 
Figure 3. Iron content in permalloy films as a function of the current in a chloride electrolyte with a Ni/Fe ratio of 

4.26 at 60°C and 70°С, pH = 1.9. 

 

The film deposition speed of different compositions depending on the current has a slight dependence on 

the current magnitude at 275 mA, after increasing simultaneously. The electrochemical equivalent of permalloy 

deposition for the electrolyte has a single value for the films based on the growth rate for samples obtained at 60 and 

70оС. However, the doubling of the iron content in the film at a lower temperature may be associated with the 

charge value of the iron ion. 

Electrochemical equivalents for metals with double valence give a natural change in the deposition rate 

relative to their valence. When the current is determined by the electrochemical charge ions, ferric iron, nickel and 
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cobalt are precipitated 1.5 times slower than in the bivalent case. 

Ionic balance in the hydrolysis of FeCl2 
[8] discusses the ionic equilibrium in the FeCl2 electrolyte through thermodynamic calculations of 

equilibrium constants and considers adverse reactions as well as mass and charge balance equations, which are used 

to accompany the hydrometallurgical leaching process. Ion activity coefficients were calculated using the Bromley 

equation. In contrast with the generally accepted view of complete dissociation of salts in an electrolyte, partial 

dissociation was observed. 

Distribution under standard conditions of FeCl2 hydrolysis according to the concentration of the electrolyte: 

neutral molecules FeCl2
o, doubly charged ion Fe2+, singly charged ions (Fe2+Cl-)+, and singly charged hydroxide 

(Fe2+OH-)+. 

When used for deposition of permalloy concentration FeCl2 order 0.1 moll/l solution contains equal 

concentrations once charged ions (Fe2+Cl-)+ and Fe2+ ions. While adding hydrochloric acid difference between these 

concentrations increased. The contents of the neutral molecules FeCl2
o and hydroxide ions (Fe2+OH-)+ is 

considerably smaller than the ions (Fe2+Cl-)+ and Fe2+. For these calculations, the significant impact hydroxide 

(Fe2+OH-)+ deposition should not have. 

When heated electrolyte, increasing ionization and because the number of momentary ions (Fe2+Cl-)+ or 

(Fe2+OH-)+ can be less than the number of ions Fe2+. Neutral molecules become very little. 

A new phenomenon full ionization of ferric chloride at a temperature of 70оС allows to interpreting the 

changes of the contents of iron in twice in the film, as a change in ion charge twice, from which deposition. At 

higher temperatures the electrolyte is ion Fe2+. Ion with a single charge it (Fe2+Cl-)+. Around the cathode transfers 

one electron complex, iron deposition at the cathode and Cl- ion excretion in the electrolyte with a change in pH of 

the electrolyte in the type field. 

Based on the ratio of the electrolyte components, the mechanism of anomalous deposition changed from 

suppression of nickel iron hydroxide deposition to doubling the deposition rate of iron ions (FeCl)+ compared to that 

of multiply charged Fe2+. At 70°С, a concentration ratio change occurs due to full ionization of the singly charged 

ion (FeCl)+ and deposition of the electrolyte with multiply charged Fe2+, which corresponds to the normal, 

conventional idea of nickel-iron alloy deposition. 

Reviewed explanation of the anomalous deposition of nickel-iron alloy based on the hydrolysis of ferric 

chloride not only explains why the phenomenon discovered 60 years ago, but also gives the solution to the problem 

of playing films in frequent reception of structure normal deposition. Due to the occurrence of the temperature 

regime of the 70оС and the composition of the electrolyte concentration ratio of chloride Ni/Fe = 4.26 in 

electrochemical obtained permalloy films Ni81Fe19. Numerous previous studies with a wide range of electrolyte 

composition had different relative content of ions (FeCl)+ and Fe2+, that conducted to a large spread in the whole 

film. 
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The electrochemical deposition of NiFe alloy films with chloride electrolyte 

containing low salt concentration 0.0037 moll/l 
Examining NiFe alloy electrochemical deposition based on the charge of iron ions in the electrolyte with 

temperature change [1-7] allows for a new approach to creating the electrolyte. The charge of the ions in the 

electrolyte may depend not only on temperature but also on the concentration of iron. It is well known that reducing 

the concentration increases the electrolytic dissociation of salts. [8] 

A study of solutions of FeCl2 4H2O to ascertain electrolytic dissociation  
Figure 4 shows the optical transmittance data at 495 nm and 975 nm at room temperature for a solution of 

FeCl2 4Н2O as the concentration of FeCl2 varied from 0.00156 to 0.45 moll/l. Dilute electrolyte leads to increased 

bandwidth light. Since the concentration of FeCl2 equal to 0.025 moll/l, there is a feature based on the spectrum at a 

wavelength of 975 nm. Electrolyte dilution leads to continuous uptake at this wavelength, corresponding ions of 

iron. At a wavelength of 495 associated with chlorine ion is a significant increase in bandwidth. Hence, as a result of 

electrolytic salt dissociation FeCl2 begins education of the second charge of iron ion.  

Weak electrolyte solutions for alloy deposition increase not only the dissociation of salts but also the 

content of doubly charged ions over that of singly charged ions.  

 

 
Figure 4. Transmission spectra of solutions at 975 nm and 495 nm as the concentration of FeCl2 varied from 

0.00156 to 0.45 moll/l. 

 

Figure 5 shows the optical transmittance spectra at room temperature for an FeCl2 4Н2O solution at 

wavelengths of 495 nm and 975 nm as the FeCl2 concentration varied from 0.00156 moll/l to 0.45 moll/l. Dilute 

electrolyte concentrations lead to an increased width of the light absorption band. When the concentration of FeCl2 

is equal to 0.025 moll/l, a feature in the spectrum is observed at a wavelength of 975 nm. Electrolyte dilution leads 
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to a continuous intensity increase at this wavelength, which corresponds to the iron ion content. The band at a 

wavelength of 495 is associated with chlorine ions, and a significant increase in the width of this absorption band is 

observed. Hence, as a result of electrolytic salt dissociation, FeCl2 begins to ionize the second charge of the iron ion.  

The results of the study of simple electrolytes are mapped with ionic equilibrium in electrolytes FeCl2, 

obtained from the Bromley Equation [8]. 

 
Figure 5. Distribution under standard conditions of FeCl2 hydrolysis according to the concentration of the 

electrolyte: doubly charged Fe2+ ions and singly charged ions (Fe2+Cl-)+.  

In a solution with a high concentration of FeCl2 content one charging ions FeCl+ prevails over the number 

two charging Fe2+ ions. By choosing a concentration of FeCl2 must obtain a deposition of iron ions, Fe2+ rather than 

ferric chloride FeCl+, which creates in perceptible film admixture of chlorine and changes the speed due to the 

magnitude of the electric charge. 

The electrochemical deposition of NiFe alloy films with chloride electrolyte 

containing low concentration of basic salts 
In works [3-5], complete dissociation of ferric chloride is achieved by heating the electrolyte to a 

temperature of 60-70°C. 

Electrochemical deposition of films of Ni81Fe19 with a low concentration of impurities in the electrolyte, 

i.e., moll/l: Ni-0.046 and Fe-0.01, at room temperature (19-25°C) improves the accuracy of the film composition 

and enhances the magnetic properties. 

In a solution with a high concentration of FeCl2, the singly-charged FeCl+ ions dominate when compared to 

the doubly charged Fe2+ ions. By choosing a concentration of FeCl2 to obtain a deposition of Fe2+ iron ions rather 

than ferric chloride FeCl+, a precipitable film admixture of chlorine is created, which changes the deposition rate due 

to the magnitude of the electric charge. 

An electrodepositing process must have equal Ni2+ ions and iron ions, Fe2+. Iron chloride (Fe2+Cl-)+ creates 

a precipitable film admixture of chlorine, and for the largest current, it increases the speed of iron electrodepositing 

compared to that of the doubly charged iron ions. The choice of the concentration of FeCl2 should result in a 
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preferential film content of iron ions, i.e., Fe2+ rather than iron chloride (Fe2+Cl-)+. 

For different iron ion contents, the deposition from electrolytes with FeCl2 occurs differently. When a 

current density of 4 mA/cm2 is used for deposition on molybdenum foil, the dependence of the iron content in the 

films on the concentration of salt in the electrolyte was obtained, as shown in Figure 6. A study on the composition 

of the films was conducted using a PhilipsXL 40 X-ray microanalyzer. 

 

 
Figure 6. Iron content in the NiFe alloy films electrochemically deposited from a chloride electrolyte with 

concentrations NiCl2 of 0.064 moll/l and FeCl2 0.015 moll/l and 2, 4 and 8 times dilutions. 

 

On the content of iron in permalloy films by diluting chloride electrolyte, it should be that films with 

permalloy Fe19Ni81 are obtained by simple electrochemical chloride electrolyte with the attitude of the Ni/Fe = 4.26 

and concentrations of Fe+2-0.004 moll/l. Consequently, at these concentrations of chlorides of nickel and iron in 

molten nickel and iron ions charges Ni2+, Fe2+ have same amount on cathode discharge two. 

Electrochemical deposition of permalloy films with varying degrees of nickel electrolyte 
The change in the sedimentation rate, iron and magnetic properties of permalloy films with a constant 

content of iron and variable content of nickel in chloride electrolyte on a silicon substrate was examined. 

The electrolyte composition had the following specified concentrations: moll/l: NiCl2- 0.0016; FeCl2- 

0.00037; H3BO3- 0.404; C7H5NaNO3S- 0.0146, NH4OH- 0.0047. The films were held at a temperature of 22 ± 3°C 

and pH = 6.0 ± 0.5. 

The analysis of the results presented in Figure 7 shows that when the chloride hydrate content of nickel in 

the electrolyte was 7.6 g and 1.5 g of ferric chloride hydrate was present, the corresponding ratio of nickel and iron 

was 4.26, and the iron content in the film was less than 19%. The deposition mainly resulted in nickel. 
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Figure 7. The iron content in the NiFe alloy films in a chloride electrolyte with concentrations of NiCl2 of 0.048-

0.064 moll/l and FeCl2 of 0.0037 moll/l. 

 

The content of nickel in the electrolyte must be reduced because a higher speed compared to that for the 

deposition of nickel iron occurs due to the higher electrochemical potential of nickel, which is more noble. An iron 

content of 19% is obtained by reducing the concentration of nickel in the electrolyte to 16%. 

The magnetic properties of the thin films are presented in Figure 8, which shows a comparison of the 

magnetization for two plates. NiFe film "1" contains 20.4% Fe and NiFe film “2” contains 18.7% Fe. The magnetic 

properties of the permalloy films are enhanced with the addition of an ammonia chloride electrolyte. The coercivity 

decreases and increases the magnetization. Electrolyte 1 containing 3.3 g nickel chloride hydrate and 1.5 g ferric 

chloride hydrate with ammonia additive 1 ml/l resulted in the optimal magnetic permalloy films. 
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Figure 8. Magnetization curves of permalloy films derived from a chloride electrolyte with a low concentration 

containing (Ni)-3.3 g/l (0.016 moll/l) and (Fe)-0.75 g/l (0.0037 moll/l) "30" and with an additive in an electrolyte 
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with low concentrations of Ni-3.1 g/l (0.014 moll/l) and Fe-0.75 g/l (0.0037 moll/l) of a "28" ammonia solution 1 

ml/l (NH3-0.0047 moll/l). 

ss 

The effect of the temperature of the electrolyte on the ability to obtain permalloy films containing 19% iron 

is presented for selected concentrations of iron in solution in Figure 9. At low concentrations of nickel and iron 

chlorides, the room temperature deposition rate is significantly less than that at higher concentrations and 70°С. 

 

 
Figure 9. Electrochemical deposition of FeNi alloy films containing 19% iron from electrolytes with concentrations 

of Fe of 0.0037 moll/l at a temperature point, 0.034 moll/l at a temperature of 65°C, 0.11 moll/l at a temperature of 

70°С, and 0.22 moll/l at a temperature of 60°C. 

Conclusion 
When an electrolyte is heated, ionization increases, and because the quantity of (Fe2+Cl-)+ ions can be less 

than that of Fe2+ ions, the number of neutral molecules becomes very small. The results for the composition of 

permalloy films elucidated a new phenomenon, i.e., full ionization of ferric chloride into Fe2+ ions in an electrolyte 

at a temperature of 70°C. 

The ratio of ion electrolyte components changes the anomalous deposition of nickel deposition via iron 

hydroxide suppression by doubling the deposition rate for singly charged iron ions (FeCl)+ compared with that of 

doubly charged Fe2+. Deposition of an electrolyte with Fe2+ corresponds to the normal, generally accepted notion of 

deposition of nickel-iron alloy. 

The explanation of the anomalous deposition of nickel-iron alloy based on the hydrolysis of ferric chloride 

not only explains why the phenomenon was discovered 60 years ago but also solves the problem of creating films 

with normal deposition structures. A temperature of 70°С and an electrolyte concentration ratio of Ni/Fe chloride of 

4.26 in electrochemical deposition provide permalloy films of Ni81Fe19. Numerous previous studies with a wide 

range of electrolyte composition used different relative contents of ions to create a wide distribution in the whole 
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film. 

The creation of permalloy films from dilute solutions with a concentration of iron 0.0037 moll/l increases 

the depletion of ferric chloride and the electrolytic content of doubly charged ions relative to singly charged ions. 

The use of dilute chloride electrolyte for NiFe deposition with a ratio of Ni/Fe = 4.26 confirms the principle that the 

charge of iron ions influences the composition of permalloy films. Chloride electrolytes laced with ammonia can be 

used for the deposition of permalloy films with good magnetic properties at room temperature. 

The deposition process for permalloy films from an electrolyte with chemical additives should be called an 

electrochemical process. The concepts of congruent alloy electrochemical deposition and electrochemical deposition 

based on the charge of ions in an electrolyte have been introduced for the first time. 
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