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Abstract: The corrosion properties of the passive layers formed on iron-nickel-chromium electrodeposits
of Fe29Ni51Cr20 were investigated in 0.3 M borate solution at a‘ pH of 8.4. On the basis of measurements
by cyclic voltammetry, chronopotentiometry and electrochemical impedance spectroscopy, a low passive
dissolution/corrosion rate was identified for the electrodeposited Fe-Ni-Cr alloys due to the nature of the
established corrosion layer. The stability of this passive layer was further enhanced after corrosion under
oxidizing conditions. Mössbauer spectroscopic measurements confirmed the existence of a thin passive
layer on the amorphous electrodeposits.
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1 Introduction

Fe-Ni-Cr alloys have a very wide area of application within modern technology. One of the

possible potential developments of Fe-Ni-Cr alloy films is related to the preparation of high

temperature superconductor wires. These “second generation” of superconductors, used
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for the transmission of electricity are based on work reported earlier on the suitability

of substrates such as nickel and nickel alloys [1]. These alloys are textured and then

usually coated with a ceramic buffer layer. In addition to the existence of the texture

there is a requirement for the formation of a thin passive layer on the surface of the

substrate metal. The role of the ceramic buffer layer is to protect the metal substrate

during the heat treatment procedures and to provide a better adjustment to the lattice

parameters of the superconductor. A superconducting film is then applied to the metal –

ceramic composite leading to the establishment of the superconducting tape. The thermal

stability of the metallic substrate as well as the mechanical properties can be enhanced

by alloying the base metal (for this study nickel) with other metals such as chromium

and iron to form alloy electrodeposits on the substrate.

On the basis of this information, the aim of this study was to investigate the corro-

sion properties and the creation of a passive layer formed on the iron-nickel-chromium

electrodeposits. 57Fe conversion electron Mössbauer spectroscopy was used to detect and

explain the nature of the phase composition of the passive layer. The sensitivity of this

analysis was enhanced by enriching the iron isotopically with 57Fe in the electrodeposited

Fe-Ni-Cr alloys.

Mössbauer spectroscopy can be used to probe the local electronic density, the electric

field gradient as well as the magnetic field and the lattice vibrations at the site of the

Mössbauer active element. Therefore, on the basis of the Mössbauer parameters it is

possible to differentiate various microenvironments where the Mössbauer probe atom is

accommodated. In the case of iron-containing alloys, the authors have previously shown

that Mössbauer spectroscopy is sufficiently sensitive to distinguish between ordered or

disordered, crystalline or amorphous structures as well as ferromagnetic or paramagnetic

states, and therefore can be highly effective to determine both the qualitative and quanti-

tative phase analysis of alloy phases and oxide compounds formed on the surface of alloys

[2–4]. On this basis, it was anticipated, that this technique would also be effective in the

development of passive films on Ni-Cr-Fe in borate solutions.

The Fe-Ni-Cr electrodeposited films were prepared using trivalent chromium dimethyl-

formamide-water electrolytes with a continuous flow circulation cell process [5] which had

previously been shown to give good quality metallic alloy electrodeposits. Further work by

the authors [6] using Mössbauer spectroscopy, and x–ray diffraction (XRD) measurements

clearly show the electrodeposits from this process to be amorphous/microcrystalline de-

pending on the combination of the deposition parameters as well the dominant phase in

the electrodeposit was found to be ferromagnetic. In contrast, the thermally prepared

alloys of similar composition consisted only of a paramagnetic phase.

It is well established that the critical passivating current for the different amor-

phous/microcrystalline alloys is significantly smaller than that for crystalline metals and

therefore, it is now generally accepted that the corrosion rate of the amorphous/micro-

crystalline alloys tends to be small due to the strong tendency to give spontaneous passi-

vation. This was confirmed in our earlier work [7] using alloys of composition Fe50Ni25Cr25

passivated in sulphuric acid. However, higher passive current densities have been recorded
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for nanocrystalline materials, [8, 9] and this has been attributed by the researchers to

either the passive film being more defective or thinner compared to films formed on

polycrystalline materials. The authors also noted that enhanced stability of the passive

layer against local corrosion has been reported by other researchers for nanocrystalline

Fe-Ni-Cr alloys [10, 11].

On the basis of these conflicting results, an investigation was conducted to gain a bet-

ter understanding of the corrosion characteristics of the passive layers formed on elec-

trodeposited alloys exhibiting amorphous/microcrystalline structures.

The passive layer on the stainless steel surface formed under natural atmospheric

or wet corrosion conditions is only a few nm thick and consists mainly of chromium

oxides incorporating iron oxides/hydroxides and some nickel oxide. The composition

and structure of the passive layer strongly depends on the passivating media and the

corrosion or anodic potential. Enhancing the protective nature of the passive layer using

different chemical, physical or electrochemical methods is of continual interest for the

further development of practical applications of these materials. For example, it has been

reported that cycling or pulsing the potential is a commonly used procedure to facilitate

the production of thick, porous oxide layers with modified electrochemical properties on

stainless steel alloys [12–15]. Chromium, iron or nickel oxide enrichment was observed in

the passive film and this was associated with the values of the cathodic and anodic end

potentials and other circumstances. The alternate voltage (av) treatment carried out on

commercial stainless steel between different potential limits in passivating media is aimed

at enhancing the protective value of the layer [12]. The alternate voltage passivation

reported proved to be significantly more effective than the potentiostatic passivation.

However a more effective corrosion protection could be achieved if the av procedure was

followed by post-treatment in an oxidizing media.

In our work, a passivation procedure using a square-wave potential pulse of 3 Hz (step-

ping the potential between –0.7 V and 0.3 V vs. saturated calomel electrode (sce)) was

applied as a possible method for modification of the passive layer to provide an increase

in the amount of the iron oxides in the layer. Electrochemical impedance spectroscopy

was used to characterize the corrosion films formed by the spontaneous passivation on

the surface of the electrodeposited Fe-Ni-Cr alloys. Two corrosion conditions were tested;

the first involved corrosion immersion in a de-aerated solution of pH 8.4 and the second

involved wet corrosion of the specimen which was then exposed to atmospheric corrosion

conditions. The aim was to characterize the effect of the stability of the various corrosion

layers.

2 Experimental

The electrodeposited samples were prepared using a continuous flow plating system which

was developed and reported earlier [5]. The conditions are described in Table 1. The

average composition of the samples was Fe29Ni51Cr20. SEM/EDS (scanning electron

microscope with energy dispersive spectrometer) micro-analysis was carried out across
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the sample surface and showed the fluctuation of the Ni and Cr content to be within

5–10 w%. Iron was isotopically enriched with 57Fe to enhance the sensitivity of the

Mössbauer measurements. The specimens were produced with a surface area of 1 cm2.

Table 1 Parameters of electrodeposition.

Bath constituents / mol · dm−3 Electrodeposition conditions

CrCl3 · 6H2O 0.80 Time of deposition 27 min
NiCl2 · 6H2O 0.20 Electrolyte temperature 20 ◦C
57FeCl2 · 4H2O 0.02 Flow rate (circulation cell) 100 cm3/min
NaCl 0.50 Anode (40x60 mm) graphite rod
NH4Cl 0.50 Cathode (25 mm) copper plate
B(OH)3 0.15 Cathode potential –1.8 V vs sce
H2O deionized 500g Bulk pH 1.8
DMF 500g

Specimen A was obtained from the side, while the specimen B was obtained from the

middle of the original electroplated cathodes. The lateral components of the cut samples

were isolated with chemically resistant lacquer. A surface area of 0.5 cm2 from these

specimens were exposed to the electrochemical treatments. All parallel samples showed

similar electrochemical behaviour.

The passivating media used was 0.3 M Na3BO3 at a pH of 8.4, deoxygenated by

bubbling argon gas. A sce was used as the reference electrode. The solution movement in

the main compartment of the three electrode cell was achieved using a magnetic stirrer.

Prior to the corrosion/passivation measurements the samples were degreased with acetone

in an ultrasonic cleaning apparatus (type Realsonic 40S, power 120 W). The air-formed

oxides were removed using cathodic activation as follows: subsequent potential steps of –

1.25, –1.3 and –1.4 V were applied for 2 to 5 minutes and each step was repeated 5 times

until the reduction currents remained constant. While this electrochemical reduction

probably did not result in a totally free surface state, it did give comparable similar

conditions for all the parallel samples.

After activation the samples were then immersed in the de-aerated passivating media

for 18 h of corrosion testing. In order to increase the passivity of the samples a wet-dry

cycle of corrosion exposure was also used which involved 18 h of wet corrosion immersion

followed by 18 h of exposure in air at ambient temperature and humidity. After the

oxidizing effect of the atmospheric exposure the electrochemical impedance measurements

were repeated in a de-aerated solution with a stable corrosion potential. This method

ensured that the differences in the corrosion rates for the two types of corrosion layers

can be attributed only to the stability of corrosion layers.

The Solartron 1250 FRA and 1286 Electrochemical Interface were used to measure

the electrochemical impedance spectra (EIS) at the steady-state corrosion potential es-

tablished in a de-aerated 0.3 M borate solution. The amplitude of the sine wave potential

perturbation was 7 mV rms, and the data were recorded in the frequency range between
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20 kHz and 5 MHz. To reduce the high frequency impedance distortion, the reference

electrode was shunted by a platinum wire with a capacitance of 0.1 μF. The impedance di-

agrams were validated using the complex nonlinear least squares (CNLS) fitting procedure

included in the Zplot (version 2.6, Scribner Associates, Inc.) electrochemical impedance

software. The calculation was carried out by data modulus weighting ( |Z|−2). The stan-

dard error of the fit was calculated as, s2
r = weighted sum of squares/degrees of freedom.

The residuals of the “best fit” models were randomly distributed over the measured data

between the 12 kHz and 0.1 Hz frequency range.

Fig. 1 XRD pattern of Fe29Ni51Cr20 electrodeposit. The large peaks represent the Cu

substrate since the penetration depth of the X–ray is higher than the thickness of the

deposit.
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Fig. 2 Mössbauer spectrum of an untreated electrodeposited sample A.

In some cases before the corrosion immersion, an alternate voltage polarization was

applied to modify the passive layer to increase in the quantity of iron oxides. The electrode

potential was stepped between –0.7 and 0.3 V vs. sce for 30 minutes with anodic pulse

time 0.2 s and cathodic pulse time 0.1 s (square wave potential cycling (SWPC)).

Following the activation-passivation treatment and the prolonged corrosion, the elec-

trochemical analysis was carried out in fresh solutions. All electrochemical measurements
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were carried out on samples that were treated or not treated with SWPC. However, in

this study the focus was on the electrochemical characterization of the corrosion layers

formed on samples treated with SWPC.

The samples were characterised using the XRD method. The powder diffraction

patterns were recorded using a computer controlled powder diffractometer (DRON-2).

The measurements were performed with a goniometer set at a speed of 1 ◦ cm−1; and

β-filtered CoKα radiation (λ=1.7890), in the range of 2Θ=3–110 ◦ at 295K. The powder

diffraction patterns were evaluated by an “EXRAY” peak searching computer program

(Klencsár, 1998) which gave the cell parameters.

A conversion electron Mössbauer spectra of the electrodeposited alloys and the cor-

roded Fe-Ni-Cr electrodeposits with and without SWPC pre-treatment also were mea-

sured with a conventional Mössbauer spectrometer (WISSEL) at room temperature, using

a radiating source of 1.85 GBq 57Co(Rh). The γ-rays were irradiated perpendicular to the

sample plane in a laboratory manufactured gas counter with 2π back scattering geometry,

with flowing He + 4% CH4 gas at 15 cm3 min−1 and applying high voltage at 1200 V. The

evaluation of Mössbauer spectra were made by least-square fitting of Lorentzians using

the Mosswinn program [16]. The isomer shifts are given relative to α-iron.

3 Results

3.1 XRD and Mössbauer spectroscopic characterization

The broad peaks recorded by the XRD of the electrodeposit at 2θ=52 and 60 degrees

(Figure 1) reflects a microcrystalline character, which is similar to those reported earlier

for Fe-Ni-Cr alloy coatings electrodeposited under different plating conditions [6].

The Mössbauer spectrum of the deposited sample (Figure 2) is also similar to those

reported earlier for Fe-Ni-Cr microcrystalline electroplated alloys [6, 7].

Figure 3 shows the Mössbauer spectra of electrodeposited sample A after completion

of the electrochemical treatments.

The Mössbauer spectra of all the figures show the electrodeposits were decomposed

into a dominant broad sextet and a small singlet as well as a minor doublet. The Möss-

bauer parameters of the components are shown in Table 2.

The broad sextet (as an envelop of a number of sextets belonging to the individual Fe

microenvironments) is attributed to the highly disordered ferromagnetic Fe-Ni-Cr alloy

phase which was identified and reported earlier [6]. The singlet clearly relates to the

equilibrium paramagnetic fcc (face centered cubic) phase which was identified during in

earlier studies [3, 4]. The doublet is associated with an amorphous ferrihydrite phase,

Fe5HO8·4H2O as a corrosion product which has been previously reported [17]. A small

amount of this phase is even present in the potentiostatically passivated sample. After

the potential square wave cycling of samples, the Mössbauer spectra reveal the increase

of relative intensity of the doublet related to the ferrihydrite formation. This provides

evidence of the formation of a corrosion product on the surface of the electrodeposit. The
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Fig. 3 Mössbauer spectra of electrodeposited sample A: (a) passivated at 0.25 V vs sce

for 100 minutes; (b) after potential square wave cycling between –0.7 and +0.3 V for 30

minute (duration of the cathodic and anodic pulse was 0.2 and 0.2 s, respectively), and

(c) after prolonged corrosion in 0.3 M Na3BO3 solution at pH 8.4.

thickness of the corrosion layer on the electrodeposit surface was estimated to be 10 to

15 nanometers, which relates approximately to that calculated from the electrochemical

polarization results. Furthermore, it was found that the relative intensity of the 2nd and

5th lines to the 1st and 6th lines, which reflect the magnetic anisotropy, decreases with

the corrosion treatments. This clearly demonstrates the effect of the outermost corrosion

which gives similar results to that found in earlier work relating to multilayer deposits

[18].
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Table 2 Mössbauer parameters of electrodeposited and thermally prepared Fe-Ni-Cr

samples.

Component Parameter electrodeposited

sample A

electrodeposited

sample A pas-

sivated at 0.25

V vs sce for 100

minutes

electrodeposited

sample A after

potential square

wave cycling

between –0.7

and +0.3 V for

30 minute

electrodeposited

sample A af-

ter prolonged

corrosion in

0.3 M Na3BO3

solution at pH

8.4

Sextet

δ/mms−1 0.029 ± 0.02 0.023 ± 0.02 0.025 ± 0.02 0.027 ± 0.02
H/T 27.52 ± 0.6 26.56 ± 0.6 26.36± 0.6 26.86± 0.6
A/% 97.25 ± 0.4 96.2 ± 0.4 94.0 ± 0.5 95.1 ± 0.5

Doublet

δ/mms−1 0.38 ± 0.03 0.39 ± 0.03 0.39± 0.03 0.35± 0.04
Δ/mms−1 0.63 ± 0.03 0.64 ± 0.03 0.64 ± 0.03 0.69± 0.04
A/% 2.0 ± 0.15 2.7 ± 0.2 5.1 ± 0.25 3.8± 0.2

Singlet
δ/mms−1 –0.10 ± 0.02 –0.10 ± 0.02 –0.10 ± 0.02 –0.10 ±0.02
A/% 0.72 ± 0.22 1.1 ± 0.3 0.9 ± 0.2 1.1 ± 0.25

3.2 Electrochemical characterization

3.2.1 Potentiodynamic, chronopotentiometric polarization, and square wave potential
cycling measurements

Figure 4 shows typical potentiodynamic polarization curves in 0.3 mol dm−3 Na3BO3

solution of pH 8.4 recorded with a high scan rate of 0.1 V s−1.

Fig. 4 Cathodic-anodic potentiodynamic curves of the Fe29Ni51Cr20 alloy electrodeposits:

1 – sample A, 2 – sample B. Scan rate 0.1 Vs−1.
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Figure 4 also shows one broad anodic current peak present at approximately –0.37 V.

Close to the zero current potential on the potentiodynamic curves, the chromium disso-

lution/passivation occurs and the continued current increase above –0.7 V is due to the

iron dissolution. Previous studies by Carmezin et al. have also supported these findings

[19]. On this basis, a passivating pretreatment was performed with square wave potential

cycling between –0.7 V cathodic and 0.3 V anodic potentials. A rapid passivation of the

electrodeposited Fe-Ni-Cr alloys can be observed during the potential cycling passivation

treatment. Figure 5 shows the switching of the electrode potential of an activated sample

from –0.7 V to 0.3 V corresponding to the passive range results in the anodic current

decaying to almost zero within 0.2 s.

Fig. 5 The input square wave potential versus time, and the resulting current versus time

curves: for the Fe29Ni51Cr20 electrodeposit 1–A, and 2–B sample.

During the square wave potential cycling passivation, the reactions are expected

at –0.7 V and involve the partial reduction of the higher valencey oxides to lower va-

lence states. However, this potential is not low enough to result in the reduction of

the chromium oxides within the barrier layer. At 0.3 V, the transient anodic current

mainly results from the iron dissolution/passivation, and oxidation of the adsorbed Fe(II)-

hydroxides to hydrated Fe(III)-oxides, and this results in an increase in the volume of the

deposited part of the passive film which agrees with earlier published work [20, 21].

The stability of the corrosion layers formed on electrodeposited alloys was investigated

with chronopotentiometric measurements at different reduction currents. Figure 6a shows

a typical potential decay curve for the SWPC treated sample previously immersed in the

de-aerated borate solution of pH 8.4 for 18 h.

The reduction behaviour of the corrosion passive films resulted in two potential arrests.

The Cr-containing oxides cannot be characterized using galvanostatic cathodic reduction

as the arrests relate to the partial reduction of hydrous iron oxides. The potential arrests
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Fig. 6 (a) Potential decay curve following a –0.07 mA cm−2 current step from the cor-

rosion potential: for Fe29Ni51Cr20 electrodeposit 1–A sample after 18 h immersion time

following a SWPC treatment, and (b) steady-state reduction curve constructed from

current step potential decay traces after 18 h immersion time, 2–B sample.

at –0.73 and –0.93 V were attributed to the reduction of hydrated Fe2O3 and Fe3O4 to

soluble Fe2+, respectively, which is in agreement with earlier results reported by Bardwell

et al. [22]. The estimated thickness of the more easily reduced part of the passive layer

was found to be approximately 14 nm.

Figure 6b illustrates that the steady-state cathodic curve constructed from current

step potential–time traces are associated with the significant reduction current of the

oxide reduction/hydrogen evolution for the electrodeposited Fe-Ni-Cr alloy. This can

also be seen from the backward scans of the potentiodynamic curves in Figure 4.

3.2.2 Electrochemical impedance spectroscopic measurements

EIS was used to obtain a detailed characterization of the metal dissolution in passive state.

The impedance spectra were recorded in potentiostatic mode at the corrosion potential

of the Fe29Ni51Cr20 electrodeposits after various passivation/corrosion treatments.

It has been well documented that the transfer function of a highly blocked, electroni-

cally conductive barrier layer is expected to be capacitive (i.e. vertical line in the complex

impedance Z plane as in case of an ideally polarizable surface [23]). However, it becomes

essentially resistive (semicircle in the Z plot) if the dissolution/growing of the passive

film and cathodic reaction occur through the layer and at the oxide-solution interface. It

has also been reported that the processes of passive dissolution at the anodic potential

are governed by the electrical and mass transport properties of the passive layer [24–27].

However, at the mixed potential, the corrosion processes at the oxide/solution interface

also need to be further investigated.

The impedance diagrams which are plotted on the complex impedance plane and the

Bode plots for the different corrosion layers of the electrodeposited A and B samples,

respectively, are shown in Figures 7 and 8.
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Fig. 7 Measured and calculated (according to the EC model of Fig. 9a.) impedance

diagrams determined at the corrosion potential Ecorr = –0.086 V of the electrodeposited

sample A after 18 h corrosion immersion followed the SWPC treatment: (a) in complex

plane: 1-o- measured, 2-x- fitted data; (b) and (c) the corresponding Bode plots: 1, 2 –

with symbols the measured, with solid lines the fitted data; 1- original data, 2 – 1 data

set with subtraction of solution resistance.

The complex plane impedances shown in Figures 7a and 8a do not show definite

semicircle-like arcs, therefore exact values of the steady-state polarization resistances

(Rp = | Z(jω)|ω→0 − | Z(jω)|ω→∞ ) cannot be estimated by graphical extrapolation. The

low frequency impedance limit can be observed from the Bode plots shown as curve 1

in Figures 7b and 8c. The magnitudes of the impedance at low frequency do not differ
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Fig. 8 Measured and calculated (according to the EC model of Fig. 9b.) impedance

diagrams determined at the corrosion potential Ecorr = –0.312 V of the electrodeposited

sample B after 18 h wet immersion and 18 h atmospheric corrosion followed the SWPC

treatment: (a) in complex plane 1-o- measured, solid line- fitted data; inset (b) 1 –

HF part and 2 – calculated HF CPE||R sub-circuit of EC model on Fig. 9b; (c) the

corresponding Bode plots 1, 2-o- measured, solid lines- fitted data, 1 – original data,

2 – 1 data set with subtraction of solution resistance.

markedly for the corrosion films formed under de-aerated and aerated conditions. How-

ever, for the corrosion film formed in air, the LF slope of the log|Z|-logf curve is markedly

higher than 0, therefore, showing capacitive behaviour of the passive layer due to a slow

charge transfer “leakage” reaction at the electrode/solution interface.

An analysis of the impedance diagrams from Figures 7 and 8 reveal that the impedance

data are composed of distributed or overlapping time constants of parallel R||C or R||CPE

circuits (except for the solution resistance-high frequency capacitance). The phase angle-

frequency curves calculated from the data after subtracting the solution resistance clearly
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indicate (cf. curves 2 on Figures 7c and 8c) a high frequency (3.4 kHz) time constant for

the air-corroded B sample. The equivalent circuits (ECs) proposed to fit the impedance

diagrams shown in Figures 7 and 8 are shown in Figures 9a and 9b for both samples

A and B, respectively.

Fig. 9 Equivalent circuits corresponding to the CNLS calculation of impedance spec-

tra of Figure 7 and 8: (a) Fe-Ni-Cr electrodeposit, sample A after 18 h corrosion at

Ecorr = –0.086 V (b) Fe-Ni-Cr electrodeposit, sample B after 18 h wet and 18 h dry cor-

rosion cycle followed the SWPC treatment, at Ecorr = –0.312 V. The physical meanings

of the elements are described in the text.

An examination of Figures 7a-8a shows that the physical interpretation of the ECs

can be based on the correlation of the interfacial corrosion reactions and the electronic

properties of the passive film. The equivalent circuit presented in Figure 9a is interpreted

in the following manner: the solution resistance is connected in series with an MF-LF

sub circuit. This CPE||R-CPE||R circuit represents the description of the processes at

the passive film/solution interface.

Literature reports that the passive film for austenitic stainless steels can be best

described as a duplex structure [19, 28]. In neutral/alkaline solutions the outer part of

the film consists mainly of hydrated trivalent iron and chromium oxides, whereas the

inner part of the film consists of an anhydrous Cr enriched Fe-Cr oxide. The first parallel

CPE||R sub-circuit of Figure 9b can be formally ascribed to the conductivity of the inner

semiconductive barrier layer while the second parallel CPE||R-CPE||R sub-circuit can be

attributed to the outer layer|solution polarization.

At the corrosion potential (∼ ± 0.1 V) the oxide layer of an Fe-Ni-Cr alloy can be

characterized as a non-stiochiometric, n-type semiconductive oxide in which the electron

donor defects are partially or fully ionized and due to this, the space charge layer in the

film is in the depleted state (Uflatband= –0.5 V [19, 29, 30]). The upward bending of the

conduction band energy relative to the Fermi level gives rise to a potential drop in the

space charge layer which hinders the anodic half reaction. Therefore the anodic reaction

is governed by electron and transport properties of the passive layer. Taking into ac-
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Fig. 10 Measured and calculated (according to the EC model of Fig. 9a.) impedance

diagrams determined at the corrosion potentials of two parallel electrodeposited samples

after 18 h corrosion immersion followed the SWPC treatment: 1,2 and 3,4 are the suc-

cessively measured spectra of each sample, respectively. Ecorr values were: 1-o- –0.086 V;

2-x- –0.089 V; 3- +− –0.296 V; 4-∇ - –0.299 V. (a) in complex plane: 1-4 measured,

solid line- fitted data; (b) and (c) the corresponding Bode plots: 1-4 –with symbols the

measured, with solid lines the fitted data;
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count the point defect model described in the literature by Macdonald et al. [24, 25] and

modified by Bojinov et al. [26, 27] for the description of the passive dissolution of the

anodically formed passive films of Fe-Cr and Ni-Cr alloys, the transport of interstitials or

vacancies¶ involves the outward movement of the cation defects (mainly Fe2+
i in the inter-

stitial positions and the outward movement of oxide ion defects (VO2+) which supply the

O2−ions from water at the film/solution interface for the film dissolution and growth. If

the film/solution interface is impermeable to the charge carriers, then the diffusion of an

electroactive species in the film can be represented by a finite-length diffusion impedance

element with a reflective boundary condition which has been previously reported [24, 32].

The restrictive finite-length diffusion impedance can be expressed by the expression as

WF = σW (jω)−0.5coth(j τdω)0.5 where the diffusion time constant is defined as τd = d2/ D

(d – film thickness , D – diffusion coefficient), and σW is the Warburg parameter. It

is known that at the LF limit the WF reduces to a series RLF -CLF circuit where the

CLF =(τ d)
0.5/ σW frequency independent redox capacitance dominates the resultant ca-

pacitive behaviour. An examination of the impedance diagrams reveals that the transport

of mobile defects is probably not the rate determining step at as low a frequency as 5 mHz

because the blocking (capacitive) behaviour is absent at the LF part. Therefore, in the

de-aerated solution, where the O2 concentration is very low, it can be assumed that the

cathodic reaction is charge transfer controlled. The transfer resistances Rct of ECs shown

in Figure 9 can be assigned to the impedance of the interfacial cathodic reaction. The rate

determining step of anodic reaction which likely involves the oxidative dissolution of the

Fe2+
i at the oxide/solution interface can be accounted formally with the R-WINF charge

transfer resistance-Warburg diffusion impedance connected in series according to a mixed,

charge transfer and diffusion controlled kinetics. If the concentration wave caused by the

disturbed diffusion process at the lowest frequency does not penetrate through the entire

thickness of the diffusion layer, i.e. the (D/ω)0.5〈〈d relation holds, then the infinite-length

diffusion impedance describes the mass transport process, WINF = Y −1(jω)−0.5, where

Y −1 is usually denoted as Warburg parameter σW Ohm·cm2·s−0.5.As the complex non-

linear-least-squares curve fitting for the impedance data of the corroding electrodeposits

CNLS gives a better weighted sum of squares as a good fit, if a restrictive finite-length

Warburg impedance [32] (the concentration wave is blocked at the metal/film interface)

substitutes the infinite length Warburg impedance, it can therefore be deduced that the

diffusion process is occurring in the film-side of the interface. However, in order to get

a better idea of the nature of passive dissolution reactions on the electrodeposited alloy

further investigations is required.

It is well known that the non-ideal capacitive impedance elements accounting for the

double layer charging or other ionic movements can be formally described with a constant

phase element (CPE) as ZCPE= Y −1(jω)−n. Clearly, if n=1 then Y has the meaning

of a capacitance in F cm−2. If the value of exponent n is between 0.5–1 then ZCPE

¶ According to the notation proposed by Kröger and Vink [31] the typical defects in a spinel-type lattice
of iron-oxide passive films [26]: Fe2+

i – interstitial iron (II) cation in octahedral, VFe3− – triple negative
iron ion vacancy in tetrahedral positions, and VO2+ – doubly positive oxygen vacancy.
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can be related to a non-ideal double layer capacitance with distributed coupling of the

double layer capacitance of a rough or porous surface with the electrolyte resistance, or

in the case of passive films, it has been shown [23, 33] in the literature that the constant

phase behaviour can be caused by the inhomogeneity of conductivity in the depth of

the film. For the electrodeposits corroded either in a de-aerated solution or exposed to

air, the calculated YCPE parameter in Table 3 gives a reasonable value for the double

layer capacitance on an inhomogeneous oxide covered surface, from which according to

the C = Y (ω∗)n−1 relation [34] a 15.5 or 14.8 μF·cm−2 double layer capacitance can be

calculated.

Table 3 Parameters used to fit the EIS spectra of Fe29Ni51Cr20 electrodeposited alloys

corresponding to the models of Figure 9 between 17 KHz and 24 mHz frequency range1.

Parameters of impedance
spectra on Figs. 7-8

Fe29Ni51Cr20
electrodeposit A

Fe29Ni51Cr20
electrodeposit B

Mean value Error % Mean value Error %

Rs/ Ω 32.6 0.3 23.6 0.8
YCPE-HF/ μF·cm−2·sn−1 40.9 28.1
nHF 1 fixed
RHF/ Ω·cm2 1.1 33.5
YCPE-dl/ μF·cm−2·sn−1 25.3 0.3 25.8 16.2
ndl 0.85 0.4 0.90 2.1
Cdl/ μF·cm−2 15.5 14.8
Rf/ kΩ·cm2 2.5 39.7 0.3 50.2
YCPE-f/ μF·cm-2·sn−1 17.7 3.6 14.8 28.5
nf 0.52 1.5 0.69 3.3
Rct/ kΩ·cm2 208.3 2.4 893.7 8.8
Weighted sum of squares of fit 0.0035 0.0072
Degree of freedom 38 36
Standard error % 1.0 1.4

1 Sample A was corroded in de-aerated borate solution for 18 h, sample B was exposed to air for 18 h

following the 18 h wet corrosion. Measurements were carried out in de-aerated borate solution at pH 8.4.

The phase shift vs. frequency plot (curve 2) in Figures 7c and 8c reveal that at

the high frequency part of the diagram there is no sign of an HF time constant for the

electrodeposited alloy corroded in de-aerated solution compared with the corroded alloy

in an aerated condition. This may be due to the absence of Cr-rich barrier layer in the

passive film. For the air corroded samples the simulation of the HF CPE|| R sub-circuit

can also be seen in the b inset of the Figure 8 (curve 2). The structural models proposed

for the impedance spectra reveal the formation of an inner barrier layer and a hydrous

part of the passive film on the air-corroded electrodeposit. Similar results have already

been reported with stainless steel [19, 28]. For the electrodeposited alloy corroded in de-

aerated solution it can be assumed that a thinner layer of Fe-rich passive film exists where
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the rate of the cathodic process is significant. As a consequence of this, the corrosion

rate is inversely proportional to Rct (Table 3). In the passive state this is approximately

five times lower for the electrodeposited alloy corroded in aerated conditions compared

to the alloy corroded in the de-aerated solution.

The satisfactory standard errors of the fit in Table 3 show the validity of our impedance

evaluations. However, it is known that EIS is a very sensitive tool to characterize the

instantaneous surface state of the corroding specimen. Even in case of a steady-state

corrosion process, the LF impedance data may be distorted caused either by the slow

drift in time or the interfacial parameters may be different on parallel samples due to dif-

ferent roughness, porosity or incidental change in composition. We have investigated the

reproducibility of the impedance spectra measured under the same corrosion conditions

on different Fe29Ni51Cr20 samples and successively on the same sample.

Fig. 10 is a good reproduction of an EIS spectra as demonstrated by the measured

data of the corroded samples in de-aerated borate solution for 18 h, as well, all data-sets

could have been fitted to the same EC model of Fig. 9a. Similar observations were

also gained on the parallel air-corroded samples. The standard errors of the fits varied

between 0.6–2.2 % for each system. Based on the standard errors of the Rct values of

Table 4 we can consider that the air-formed passive films exhibit significantly higher

corrosion stability than that formed during corrosion in de-aerated solution.

Further investigation may reveal whether the ability of the electrodeposited Fe-Ni-Cr

alloy offers protection against non-uniform pitting corrosion as has been observed for

other amorphous/microcrystalline materials recorded in the literature [8, 11].

Table 4 Reproducibility of the fitted charge-transfer resistances of the corrosion process

of Fe29Ni51Cr20 electrodeposits.

Rct / kΩ·cm2

2 parallel samples were
corroded in de-aerated bo-
rate solution for 18h2

2 parallel samples were
exposed to air for 18 h
following the 18 h wet
corrosion3

Mean value 220.2 1016.2
Standard error % 4.1 6.0

2 number of parallel measurements was 4
3 number of parallel measurements was 3

In the literature, research illustrates the structure-property relationship of electrode-

posited iron based alloys of various compositions produced with different deposition vari-

ables [35, 36]. A number of alloys of amorphous-nanocrystalline structure have been

reported to exhibit good corrosion resistance compared to other variants. In our work,

we have given a detailed electrochemical characterization of the complex corrosion films

existing on the amorphous Fe29Ni51Cr20 alloy electrodeposited from trivalent chromium

dimethylformamide-water electrolytes.
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4 Conclusions

The high charge transfer resistance values obtained by the CNLS fitting of the impedance

data reveal the stability of the corrosion films of the Fe29Ni51Cr20 alloy in borate solution.

The structural models derived from the impedance spectra confirmed the presence of

an inner barrier within the passive film on the electrodeposited Fe-Ni-Cr alloy corroded

under aerated conditions.

Mössbauer spectroscopic results support the formation of a Fe rich passive film (mainly

ferrihydrite) in the electrodeposits, the amount of this can be increased by the cathodic

to anodic potential cycling passivation procedure.
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