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ABSTRACT:

The correlation between corrosion behavior rate of annealed Fe-xC-5Cu alloys and their

microstructure and phase composition is presented. The metallurgical analyses, including, X-

Ray diffraction (XRD), the scanning electron microscopy (SEM) with energy dispersive

analysis (EDX), and induction hardening characterization are conducted to study the Fe-C-Cu

alloys. Corrosion parameters in H2SO4 1N solution have been established by carrying out

electrochemical studies such as potentiodynamic (Tafel polarization and linear polarization,

LP) and electrochemical impedance spectroscopy (EIS). The coupled effect

copper/microstructure is discussed. Alloying Cu showed a beneficial effect on hypoeutectoid

steel and harmful effect on hypereutectoid steel. The improved corrosion resistance is related

to cementite morphology and by a copper dissolution/re-deposition process.
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1. INTRODUCTION

The Fe-C-Cu system is of interest for ferrous and nonferrous metallurgy. It is known that

copper provides hardening in steel and cast iron, noticeably raises the corrosion resistance,

improves the deformability of steels, and influences the antifriction properties and the wear

resistance of graphitized steels.
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The copper rich alloys of the system are promising as new cost effective, high strength, high

conductivity copper alloys. However, in some cases, the presence of copper in ferrous alloys

has negative aspects. Seo et al. [1] established that copper reduces the stability of the passive

layer. It is known that a small amount of residual copper in steel scrap, which is difficult to

remove by conventional steelmaking process, is a reason of “surface fissures” during hot

rolling process. The solubility of copper in solid iron, and therefore the influence of carbon on

the solubility, is considered as important factors affecting surface fissures formation. Features

of phase relations in the Fe-C-Cu alloys appeared to help solving the problem of copper

separation from steel scrap, which is important for both metallurgical processing difficulties

and environmental problems.

Depending on the copper content, the chemical composition of the iron in relation to other

elements can influence the kinetics of formation of the structure [2]. Copper can change the

intensity of pearlite formation and produce an ambiguous effect on the mechanical properties

of irons [3]. The causes and mechanisms of this complex action of copper have not been

studied exhaustively, though in the recent years the studies and applications of copper and

copper steel irons have been amplified [4-7].

It was reported in previous studies that the mechanism of the beneficial effect of copper

addition on the stainless steels is based on the suppression of anodic dissolution by the noble

metallic copper enriched on the surface film of austenitic stainless steels in sulfuric acid [8,

9]. The deposition of copper on a locally corroded surface was recognized for both ferritic and

austenitic stainless steels [10, 11]. A recent study showed that copper improves the pitting

corrosion resistance through re-deposition of previously dissolved copper [12-14]. Although

the effect of copper metals on active–passive transition is widely studied, the influence of

copper on the stability of a passive film is not sufficiently recognized. Though copper does

not have high solubility in steels, the solubility of copper in ferrite is ~0.2% [15] and ~4% in

austenite [16], its addition is interesting from the prospect of precipitation strengthening and

improvement of corrosion resistance. The precipitation strengthening of ferritic and ferritic–

austenitic steels by Cu rich bcc precipitates is well known since the early work of Russell et al

[17]. At high copper concentration, special phase (ε-Cu) not dissolving in the main phases is

formed. ε-Cu was designated as a copper-rich phase containing 4 wt% Fe (at 1094°C), or less,

according to the temperature [18]. The progressive transition of coherent bcc Cu precipitates

to incoherent fcc ε-Cu with increasing size is well characterized by Heo et al [19]. The small

grains of this phase contain up to 96%Cu. The presence of the ε-Cu in ferrite increases the

hardness of ferritic steels [20]. Dispersed inclusions of this phase can influence the stability of
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passive film and therefore susceptibility of ferrite to pitting corrosion [21]. In literature only

few studies of the Fe–C-Cu alloys with the copper, concentration higher than 5 wt %, is at

hand [22-24].

Our study presents the influence of high content copper on the stability of passive film on the

surface of two different microstructure alloys when the precipitation of the ε-Cu is possible

and when indirect influence of copper on morphology cementite precipitation is observed.

2. MATERIALS AND METHODS

2.1. SAMPLES PREPARATION

The alloy samples are produced by arc melting on water-cooled copper crucible by

electromagnetic high frequency (HF) under argon atmosphere (Table 1). The samples are

prepared with a total weight of 30g by weighing appropriate of the components with purity of

Fe (Aldrich 99.89%), Cu (99.98%) and graphite. The alloys buttons are melted two times for

better homogenization. The weight loss was less than 2 % after melting (Fig-1). The melted

alloy buttons are sealed in evacuated quartz tubes for homogenization heat treatment. The

alloy was homogenized at 500°C for 60 min, and at 1000°C for 60 min. After the heat-

treatment, the alloys are machined using an electrodischarge machine (EDM), samples are cut

as 10 mm diameter disks. For metallographic characterization and electrochemical

measurement the specimens are respectively hot and cool mounted in resin, four samples are

prepared for each alloy to guarantee the reliability of the results.

Table 1. Composition of the alloys

Fig.1. The annealed alloys before cutting

A
lloy Fe Cu C

VHN0
wt% at% wt% at% wt% at%

(A) 94,8 94,68 5 4,39 0,2 0,93 161

(B) 93,5 89,00 5 4,39 1,5 6,61 323
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2.2. SAMPLES ANALYSIS

X-ray diffraction analysis was used to identify the present phases in the samples (Fig-2).

Microstructures of the samples are studied using metallographic samples prepared by

sequential polishing with silicon carbide emery paper followed by diamond polishing.

Polished samples are etched using 4% Nital for 30s.The scanning electron microscopy (SEM)

with energy dispersive analysis (EDX) was used for microstructural analysis. The

Metallographic of the elaborated alloys was performed on a FEI Quanta 400 Scanning

Electron Microscope (SEM) using backscattered electrons to verify the chemical composition

of copper. The average copper fraction was automatically measured. The micro-Vickers

hardness testing was carried out on the Fe(C,Cu) alloys. The average value of six readings

was recorded for each hardness point. Metallography of the elaborated alloys was performed

with an optical microscope.

2.3. Electrochemical measurements

The corrosion behavior of the samples was evaluated by using an EG & G

Potentiostat/Galvanostat Model 273A corrosion measurement system, driven by 352 SoftCorr

III software, for linear polarization (LP) measurements, a sweep from -30 to +30 mV versus

open-circuit potential at a sweep rate of 0.1 mV.s-1 was used and the polarization resistance

(Rp) was measured from the slope of E vs i curve in the vicinity of corrosion potential.

Electrochemical impedance spectroscopy (EIS) was measured using PGZ 301

Potentiostat/Galvanostat and a Solartron 1255 frequency response analyzer withVolta master

4 software. EIS was recorded at open circuit potentials Eocp, in the frequency ranging from

100 kHz to 10 mHz, with a sinusoidal signal perturbation of 10 mV. The software ZView 2.3

(Scribner Associates) was used for analyzing the EIS results. The impedance plot forms a
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semicircle, the diameter of which gives the charge-transfer resistance. This can be used in a

Stern-Geary type equation to determine the corrosion current density, , and thus the

corrosion rate: 1 2.3⁄ × ( + )⁄ × 1⁄ (1)

The alloy was mechanically ground with emery paper up to 1200 grit, degreased in acetone,

rinsed with bidistilled water, dried and transferred quickly in a Tacussel glass cell filled with

100 mL of naturally aerated H2SO4 1N solution.  A saturated sulfate electrode (SSE) and

graphite electrode are used as reference and auxiliary electrodes, respectively. All measured

potentials are reported to this reference electrode.

3. RESULTS AND DISCUSSION

3.1. Microstructure

The choice of these alloys makes the quantity of cementite increase and the structure change

from the ferritic to the ferrite–cementite one corresponding to the carbon content. The XRD

curve of Fe-0.2C-5Cu (A) and Fe-1.5C-5Cu (B) (Fig-2) mainly constituted of the major peaks

of the ferrite iron phase (α) and the cementite phase. Besides these dominant peaks, small

peaks related to copper phase are detected in the XRD spectrum of the two alloys. The

greatest difference between the XRD curves of the alloys (A) and (B) is the greater intensity

of peaks associated with the cementite phase in the XRD curve of alloy (B) as compared to

alloy (A). However the copper phase was present in the greatest amounts in alloy (B).

Hypoeutectoid steel, Alloy (A) , is ferrite and pearlite, diffusion of carbon produced an all-

pearlite structure and more copper dissolved in the iron, this reduced the amount of free

copper, hence lowering the overall hardness of the constituent (Fig-3(a) ).

Copper promotes stabilization and refinement of pearlite as mentioned by Amara et al [2].

Sil'man et al [15] also explained that the copper increases the stability of austenite.

In hypereutectoid steel (alloy (B)) the XRD analyses and microstructure (Fig-2 and Fig-3)
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.

indicates both of pro-eutectoid cementite and ε-Cu exist. The size and shape of the ε-Cu

particles within cementite varies significantly. EDS-X-ray microanalysis performed on this

two microstructures showed that copper concentration possessed a non-uniform chemical

composition. It is interesting to note that the concentration of Cu is deviated from the original

composition, since the calculated average concentration of copper is less than the real

concentration (see tables on Fig-3(C) and (D)). The amount of ε-Cu phase in this alloy cannot

be calculated on the basis of the presented data because we do not know the solubility of

copper in the other phases of the eutectoid mixtures and the composition of copper itself has

been determined only approximately. As mentioned by Banas et al [21]; the stability of pro-

eutectoid cementite is a result of thermokinetic processes that accompany the phase

transformations in iron and steel alloyed with copper. The mechanism of formation of ε-Cu is

due to the cementite plates formed in the eutectoid transformation. It squeezes the copper

earlier dissolved in these austenite volumes due to the very low solubility of copper. The latter

strengthen the pro-eutectoid cementite and slightly increase the bulk hardness of this

constituent (Fig-4(a)).The ferrite layers formed in the process also emit a part of the dissolved

copper and it accumulates on the boundaries between the cementite flakes and the ferrite

layers enveloping the cementite plates as shown in Fig-3(B) and related in [16]. Fig-4(b),

show the variation of Vickers hardness VHN as function of the reverse of the indentation d

for each alloy; VHN0 are calculated from the origin of the lines VHN vs 1/d,

)( 0VHNVHN d  , consequently, the VHN0 increases from 161 of the alloy (A) to 323 HVN

Fig.3. Optical micrograph of Fe-xC-5Cu alloys, etched with 4% Nital (A),(B). SEM

backscattered electron microanalyses performed of copper concentration on

the two alloys (C), (D).
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for alloy (B). The small particles of the dispersed ε-Cu in the hypereutectoid microstructure

have influenced the hardness values and increase the bulk hardness of the alloy (B). The

introduction of copper into hypereutectoid steel coarsens the microstructure of the particles

and increases the grain size, whereas the introduction of copper into hypoeutectoid steel

refines the microstructure elements.

3.2. Electrochemical studies
Cyclic polarization curves for the Fe-C-Cu alloys in H2SO4 1N studied are shown in Fig-5.

Cyclic Polarization measurements are performed in order to determine the tendency of the

alloys to undergo localized (pitting or crevice) corrosion when placed in the electrolyte

solutions. The arrows indicate potential scan directions. The samples are kept at the free

corrosion potential for 30 mn and then the cyclic polarization responses are measured from -

250 with respect to the corrosion potential to 1600mV/SSE and back of each sample in H2SO4

1 N conducted at a sweep rate of 0.5 mV/s.  Curves show a typical current-potential (i–E)

polarization, several characteristic regions can be distinguished results are showed on table 2.

It is found that the general appearance of potentiodynamic curves significantly changes as the

microstructural morphology changes. The appearance of the anodic curve (active region)

seems unchanged for both alloys; the dissolution reaction of iron is not affected by the

cementite morphology. However, the anodic polarization behavior of the annealed samples

was different in the secondary passive potential region. For example at 1000mV/SSE the

anodic current of Fe-1.5C-5Cu alloy is greater than on Fe-0.2C-5Cu alloy; the high amount of
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free copper is oxidized by the dissolved oxygen, since the potential of O2/H2O ( =+1.23 / ) system is greater than Cu2+/Cu ( = +0.34 / )system. Cyclic

polarization curves also reveal a more resistant oxide film on sample (A) than on (B) at

anodic potentials. The electrochemical parameters obtained from LPR and EIS are given in

Table 3. Cathodic curves are more influenced, the βc, which is connected with the kinetics of

the Hydrogen evolution reaction (HER), shows similar catalytic activity of these two alloys

with different microstructures and different compositions. Cathodic current start increasing

from Eocp with increasing potential due to the reduction of hydrogen, which is more

pronounced in the presence of pro-eutectoid cementite (alloy Fe-1.5C-5Cu). Copper has a low

diffusivity and solubility in Fe3C,( = 2.6 ∗ 10 . [25]) since the corrosive

medium becomes more oxidant with the presence of Cu2+ cations. This behavior is confirmed

by the shift of the apparent transpassive region to lower potentials (about 962 mV/SSE)

leading the local attacks to occur. However, instead of oxygen being evolved, the metal

corrodes locally with formation of visible pits. Also the higher obtained corrosion current

density (8.29 µA/cm2) indicates a greater number of active corrosion sites that can be

responsible for localized corrosion. In Fe-0.2C-5Cu curve, the transpassive region shifts

towards more positive potentials, thus, leading to the conclusion that, the passivation film is

more stable. A negative hysteresis is obtained in cyclic polarization curves. Hysteresis can

provide information on pitting corrosion rates and how readily a passive film repairs itself.

Table 2. Different potentials calculated from cyclic curves I-E of the Fe(C,Cu) alloys

Alloy Fe-0.2C-5Cu exhibit a small hysteresis loops in sulfuric acid electrolyte indicating high

resistance to localized corrosion, which is not the case for the alloy Fe-1.5C-5Cu, a large

hysteresis loop is observed; then a more susceptibility to pitting corrosion. Negative

hysteresis occurs when a damaged passive film repairs itself and pits do not initiate. Two

important potentials, are used to characterize the hysteresis loop; Flade potential (EF) when

electrode activation takes place during the reverse potential scan and primary passivation

potential (EP), which is higher than EF, and occurred during the forward scan. It was reported

in [26] that in Fe|nM H2SO4 system, Flade potential is connected with local pH and varies

Alloy
Ecor EF Ep ∆ = − ipp

(mV/SSE) (mV/SSE) (mV/SSE) (mV/SSE) (µA/cm2)
(A) -676 167 658 1334 2
(B) -636 202 602 1238 1.74
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inversely with the pH. In the case of the Fe-0.2C-5Cu|0.5M H2SO4 system for which EF =

167 mV, the local pH is higher than Fe-1.5C-5Cu|0. 5M H2SO4 system. The increase in local

pH indicates conditions more favorable to passive film formation; thereby reducing the

overall free energy of the system, and hence, greater stability of passivity. The more positive

the value of EP, the more resistant the alloy is to initiation of localized corrosion. The

difference between Ecor and Ep in Fe-0.2C-5Cu (∆ = 1334 ) is higher than in Fe-1.5C-

5Cu (∆ = 1238 ). A decrease in this difference has been associated with increased

susceptibility to localized corrosion [27].

Impedance measurements are undertaken to provide information about the kinetics of

electrochemical process on Fe-xC-5Cu|0.5M H2SO4 interface. It is clear from the spectrum

impedance of Fig-6(a) having semi-circle shape. This indicates that the corrosion process is

mainly controlled by charge transfer [28]. The results obtained from dc measurement, Tafel

curve and linear polarization resistance, and ac measurements, are in good agreement.

However a difference between RLPR and Rct on Fe-1.5C-5Cu alloy is noted, probably due to a

little diffusion of H+ ions, the latter is transported from the bulk solution to the steel surface

by mass transfer, the local pH is increased. The impedance parameters obtained following the

fitting of the EIS experimental results by using the EC displayed in Fig-6(c) are listed in

Table 3. Two time constants are identified on Fig-6(a), a capacitive half circle in the high

(HF)–medium (MF) frequencies range, and an inductive loop in the low frequency (LF)
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range. The inductive half circle at low frequencies is related to the adsorbed intermediate

product formed during the dissolution of electrode [29, 30].This inductive loop can be

Table 3. Electrochemical parameters deduced by Tafel, LPR and EIS method for Fe-xC-5Cu
in H2SO4 0.5M

by a parallel inductance (L) and resistance (RL). Some authors assigned it to the relaxation of

the intermediates belonging to the adsorption phenomenon leading to a secondary passivity in

the transpassive peak region [31, 32].We suppose that a part of Cu2+ ion is re-deposed by

reduction reaction. According to G.Song [33], the state is an active adsorption. From these

EIS results, it can be seen that the morphology of cementite has a significant effect on the

impedance of the samples. This means that the passive layer is less stable for alloy (B); the

values of Rct (charge transfer resistance) and Cdl (double ionic layer capacity) deduced from

spectrum impedance, showed a small values of Rct for alloy (B) however a sharp increase of

the Rct with alloy (A) is observed, indeed, and inverse tendency was noted for capacity

measurement. This increase in the capacitance Cdl could be related to the growing area of

copper deposit on the surface of the sample. In our particular case, the higher Lewis acidity

Fe3C compared to metallic iron (α-Fe) sites present in the sample (B) provides a preferential

site on the surface for the interaction with copper. This leads to microgalvanic cells between

copper and ferrite phase (-Fe); resulting in selective dissolution of ferrite and in an influence

on the kinetics by galvanic effect [34, 35].

On the basis of all the results obtained in this study, we propose the following schematic for

the chosen alloys in sulfuric medium. With Fe-xC-5Cu|0.5M H2SO4 system containing

dissolved oxygen, both ferrite phase and Cu dissolve, however the dissolved Cu re-deposits as

Cu oxides [36]. This re-deposits is more pronounced in the case of Fe-1.5C-5Cu, due to the

attendance of ε-Cu phase. During the potentiodynamic polarization test, the process of Cu re-

deposition is more accelerated in Fe-1.5C-5Cu than in Fe-0.2C-5Cu alloy, by the cathodic

polarization (high cathodic current Fig-5). As has been shown above, from Flade potentials,

the local pH diminishes, and the cathodic overpotential in the hydrogen evolution is increased

through Cu contribution [37]. The process involves into the following steps; dissolved oxygen

A
lloy

Ecor

mV/SSE

Tafel LPR EIS

βa βc RLPR icor Rs Rct RL L Qdl n

mV/dec mV/dec Ω.cm2 A/cm2 Ω.cm2 Ω.cm2 Ω.cm2 H.cm2 µF/cm2

(A) -647 126 259 21.72 1,64 2.974 21.46 6.616 12.78 375 0.90

(B) -636 207 273 8.56 8.29 2.986 3.71 1.182 0.24 638 0.89
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and hydrogen cations coexist in the sulfuric acid solution. At the vicinity of the metal/solution

interface, the composition of the Fe-xC-5Cu steels mainly consists of Fe with a small amount

of Copper. When the Fe dissolves, the Cu may subsequently become detached from the metal

surface. As the Fe-1.5C-5Cu steel does not have a uniform Cu network a preferential

dissolution occurs of Fe adjacent the pro-eutectoid cementite. As soon as the Cu is separated

from the surrounding carbide, the copper is oxidized to Cu2+ ions by reduction of the

dissolved oxygen. When Cu is associated with ferrite phase, the Fe will be preferentially

dissolved by galvanic corrosion; Cu2+ in a Fe, H2O and O2 system acts as an oxidant to the

ferrite phase. Therefore, a proportion of the Cu2+ will reduce and then re-deposit onto the

substrate through a reduction reaction (consumption of the electrons produced by oxidation of

the ferrite phase). The amount of deposit Cu should increase with an increase of the Cu2+ ion

concentration in the solution [38].

With the Fe-0.2C-1.5Cu alloy, the selective dissolution and re-deposition process will repeat

until the Cu enriched layer is stabilized. As a consequence of the Cu accumulation on the Cu

containing steel surface, the resistance corrosion increase with an increase of the deposit

copper. On the other hand, the phase angle maxima for Fe-1.5C-1.5Cu alloy are far removed

from 90°, compared to Fe-0.2C-5Cu alloy. This deviation is related to the presence of a

defective passive barrier film and no continuous layer can be present [39], the dissolution/re-

deposition process is disturbed by the presence of pro-eutectoid cementite. Thus, we can

conclude that the hypereutectoid steel is more susceptible to pitting corrosion than the

hypoeutectoid steel.

4. CONCLUSION

The effect of Cu on the corrosion resistance of both hypoeutectoid and hypereutectoid

microstructures, in sulfuric media, is investigated. Conclusions are as follows:

Action of copper in Fe-xC-5Cu alloys occurs as dissolution/re-deposition process.

The oxidation reaction of iron (active region), in both alloys, is not affected by the cementite

morphology.

Copper increases significantly the corrosion resistance of Fe-0.2C-5Cu steel in sulfuric media,

the improved corrosion performance could be associated with two factors: The remaining

metallic copper at the surface reduces the overpotential of the cathodic reaction, hydrogen

evolution. Copper dissolution makes the acid medium more oxidant; increasing the stability

of the passive layer.
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The presence of dispersed ε-Cu and its interconnection with the pro-eutectoid cementite phase

increases the susceptibility to localized corrosion.

The dissolution/re-deposition process, in hypereutectoid structure, is disturbed by the

presence of pro-eutectoid cementite.
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