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Abstract The effect of stress action on pyrite–chalcopyrite
galvanic corrosion was investigated using polarization curves
and electrochemical impedance spectroscopy (EIS) measure-
ments. When stress increased from 0 to 4×105 Pa, the corro-
sion current density of pyrite–chalcopyrite increased from
5.678 to 6.719 μA cm−2, and the corrosion potential decreased
from 281.634 to 270.187 mV, accompanied by a decrease in
polarization resistance from 25.09 to 23.79Ω·cm2. EIS results
show there have three time constants in the Nyquist diagrams,
which indicated the presence of different steps during the
corrosion process. Stress dramatically enhanced pyrite–chal-
copyrite galvanic corrosion by affecting the Cu1−xFe1−yS2
film and the double layer, whereas had little impact on the
adsorption species. When the stress changed from 0 to 4×
105 Pa, the pore resistance and capacitance of the Cu1−xFe1−
yS2 film, Rp and Qp, changed by 25.72 and 72.28 %, respec-
tively. The adsorption species resistance, Rsl, and capacitance,
Qsl, only changed by 9.77 and 2.31 %, respectively.
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Introduction

As the most common and exploitable sulfide minerals, py-
rite and chalcopyrite are often in contact with each other and

coexist together. When an electrolyte is present, galvanic
interactions occur, and these interactions play an important
role in the material characteristics. It has been widely ac-
cepted that galvanic effects may be one of the most impor-
tant electrochemical factors that govern the dissolution rate
of sulfide minerals [1]. There are a large number of reports
in the literature that explain the galvanic corrosion of pyrite–
chalcopyrite using potentiodynamic polarization measure-
ments [2], cyclic voltammetry [3], microelectrophoresis
[4], and Galvanox™ [5, 6]. Various surface techniques have
also been used, such as scanning electron microscopy [7],
energy dispersive X-ray analysis [2], X-ray photoelectron
spectroscopy [8–10], and X-ray diffraction [11].

To our knowledge, no quantitative data have been reported
on galvanic interactions between pyrite and chalcopyrite under
stress. Stress on these sulfide minerals is caused by both human
exploitation and natural geochemical processes. As a result of
stress, strain energy changes into electrochemical energy and
significantly influences the electrochemical behavior of these
sulfide minerals. In the mine environmental field, Sprocati et al.
[12] found that tectonic stress increased galvanic interactions
and induced metal pollution and acidic mine drainage in an
abandoned mine. In the hydrometallurgy and mineral process-
ing field, the use of high-energymills created a dramatic change
in the structure and surface properties of the solids [13, 14].
Stress relaxation caused changes in the reactivity of the solid
substances, which is known as mechanical activation [15]. The
mechanical energy was partially transferred to the particles, and
its effects included a multitude of elementary physicochemical
micro- and macroprocesses. Furthermore, it is well-known that
much of the Earth’s crust is under stress. Khilyuk et al. [16]
noted that excessive accumulation of stress is the primary cause
of all seismic events. Ubiquitous in the Earth’s crust, FeCl3 is
not only a common electrolyte but also deeply affects the
electrochemical behavior of metal sulfides. It is the most used
media to leach sulfide [17], the most abundant component of
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the Earth’s crust [18], and the most common component
of mine water [19, 20]. Therefore, the aim of this work
is to study the electrochemical response of a massive
pyrite–chalcopyrite couple in an FeCl3 solution under
differential stress conditions to obtain quantitative elec-
trochemical parameters. These observations will provide
the experimental basis from which to derive a better
understanding of the behavior of pyrite–chalcopyrite couples
in pressure solutions, under mechanical activation and under
geological stresses.

Experimental

Samples, reagents, and instrumentation

Two dense, compact masses of natural pyrite (origin: Yunfu
mine, China) and chalcopyrite (origin: Daye mine, China)
were used as experimental samples. The samples were cut
and shaped into 10×10×40-mm blocks. Reflected light
microscopy and X-ray diffraction analysis indicated that
the samples existed in a pure, homogeneous phase.
Electron microprobe analysis confirmed that the pyrite’s
Fe and S (in weight percent) content were 46.89 and
52.96 %, respectively, whereas chalcopyrite’s Fe, Cu, and
S content (in weight percent) were 30.70, 34.04 and
34.67 %, respectively. Before the experiments, fresh elec-
trode surfaces were prepared using metallographic abrasive
papers, and the surfaces were cleaned with filter paper and
rinsed with acetone until clean. After each experiment, the
used electrodes were repolished and reused.

The electrolyte was prepared from analytical grade chem-
icals and doubly distilled water. During all experiments, the
electrochemical cell (made of rigid polytetrafluoroethylene
with a capacity of 60 mL) was filled with FeCl3 solution
without purging the dissolved oxygen.

All mineral stress experiments were performed on an
electronic universal testing machine controlled by computer.
Two resistance strain gauges were installed on the chalco-
pyrite sample’s axial and lateral surfaces. Depending on the
dynamic and static strain testing system, data for axial
stress, axial strain, and lateral strain were collected. To
compare rapid and continuously varying axial stresses (0,
2.0×105, and 4.0×105 Pa), polarization curves and electrical
impedance spectroscopy data were collected. The experi-
ments were conducted using a stationary electrode in an air-
conditioned room at 25±1 °C.

Polarization curves and EIS measurements

The polarization curves were measured with a Parstat-2263
equipped with a PowerSuite system. The working and counter
electrodes that were used to study pyrite and chalcopyrite had

exposed areas of 4 cm2. The reference electrode was a satu-
rated calomel electrode (SCE). The potentials are quoted with
respect to the SCE. The polarization scan was from −250 mV
relative to the open circuit potential (EOC) to +250mVrelative
to the EOC at a rate of 1 mV/s. The data were recorded after 1 h
of immersion in the working solution. The experimental con-
trol and the data analysis were performed using the PowerCorr
software created by Parstat Princeton Applied Research.

Electrochemical impedance spectroscopy (EIS) experi-
ments were performed at an open circuit potential in the
2×105- to 0.01-Hz frequency range. The amplitude of the
sinusoidal voltage was 5 mV·rms. The equivalent circuit
model for fitting the AC impedance was evaluated by
employing the ZSimpWin (Version 3.10) software from
PAR.

Results and discussion

Linear polarization measurements

Linear polarization measurements were used to study the
corrosion behavior of the pyrite–chalcopyrite galvanic sys-
tem in contact with a naturally aerated 0.0010-mol L−1

FeCl3 solution under different elastic axial stresses (0, 2×
105, 4×105 Pa). Specifically, the target stress (2×105, 4×
105 Pa) will be quickly reached via an elastic strain process
and kept at that stress until the experiment is finished. The
data were recorded when the chalcopyrite electrode reached
a steady state. Their Tafel plots are presented in Fig. 1. A
close look at Fig. 1 reveals some details about the chalco-
pyrite anodic behavior. With increasing stress, the anode
curve became steeper, and the entire curve exhibited an
obvious shift in the negative direction along the vertical
axis. According to the linear polarization Eqs. (1), (2), and

Fig. 1 Tafel plots for FeS2–CuFeS2 galvanic corrosion under differ-
ential stresses in 0.0010 mol L−1 FeCl3 solutions. 1 0 Pa, 2 2.0×10

5 Pa,
and 3 4.0×105 Pa
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(3), several kinetic parameters, such as the corrosion current
density, Tafel slope, transfer coefficient, and number of elec-
trons transferred, were calculated using the PAR software.

I ¼ icorr exp
2:303ðE � EcorrÞ

ba
� exp

�2:303ðE � EcorrÞ
bc

� �

ð1Þ

ba ¼ 2:303RT

bnF
; bc ¼ 2:303RT

anF
ð2Þ

a ¼ 1� b ð3Þ
Furthermore, the polarization resistance values, Rp, were

calculated from the Stern–Geary equation [21]:

Icorr ¼ babc
2:3ðba þ bcÞ �

1

Rp
ð4Þ

The linear polarization experimental results are listed in
Table 1. It can be observed that, with increasing stress from 0
to 4×105 Pa, the pyrite–chalcopyrite galvanic interaction cor-
rosion current density increased from 5.678 to 6.719 μA cm−2.
However, the corrosion potential became more negative and
decreased from 281.634 to 270.187 mV. Additionally, the
polarization resistance values, Rp, decreased from 25.09 to
23.79 Ω·cm2. These results showed that increased stress
benefited the pyrite–chalcopyrite electrochemical interaction
and induced more galvanic corrosion.

These phenomena provided strong evidence for the en-
hancement of pyrite–chalcopyrite galvanic corrosion in the
presence of a differential stress. Further, it should be noted
that the transfer coefficient and the number of electron
transferred, which are indicative of the electrode reaction
mechanism [22], did not significantly change under differ-
ential stresses. These results suggested that the addition of
differential stresses simply facilitated electron transfer but
did not change the pyrite–chalcopyrite corrosion mecha-
nism. From the stress–electrode potential discussion, one
can easily understand that stress causes a conversion of the
strain energy into electrochemical energy, which decreases
the chalcopyrite electrode potential and results in an in-
crease in galvanic corrosion. Our results clearly showed
how differential stress affected the pyrite–chalcopyrite an-
ode electrochemical interaction from a macroscopic per-
spective. To better understand how and to what extent
differential stress affected the pyrite–chalcopyrite anodic
electrochemical interaction from a microscopic perspective,
impedance studies were performed.

EIS measurements

EIS measurements are often used to obtain information
about the properties of a system, such as the presence of
defects, reactivity of an interface, adhesion properties, and
barrier properties. Knowledge of these parameters is impor-
tant when predicting corrosion behavior [23]. In this work,
EIS was used to study the microkinetics properties of the

Table 1 Electrochemical parameters of FeS2–CuFeS2 galvanic corrosion in 0.0010 M FeCl3 solutions under differential stresses

Chalcopyrite stress (105 Pa) Ecorr (mV) icorr (μA·cm
−2) ba (mV) bc (mV) Transfer

coefficient
Number of electron
transfer (n)

Rp (Ω·cm
2)

α β

0 281.634 5.678 568.731 773.157 0.424 0.576 0.482 25.09

2 275.749 5.966 601.245 778.245 0.436 0.564 0.466 24.72

4 270.187 6.719 666.883 819.607 0.449 0.551 0.430 23.79

Ecorr corrosion potential, icorr corrosion current density, ba anode Tafel slope, bc cathode Tafel slope

Fig. 2 Bode plots and phase
angles (a), Nyquist impedance
spectra (b), and equivalent
circuit (c) for FeS2–CuFeS2
galvanic corrosion under
differential stresses in
0.0010 mol L−1 FeCl3
solutions. Where 0 Pa (filled
diamonds), 2.0×105 Pa (filled
triangles), and 4.0×105 Pa
(filled circles) experimental and
simulated (solid lines)
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covering layer and the double layer of a pyrite–chalcopyrite
galvanic electrode in contact with a naturally aerated 0.0010-
mol L−1 FeCl3 solution under different elastic axial stresses (0,
2.0×105, 4.0×105 Pa). Specifically, the target stress (2×105,
4×105 Pa) will be quickly reached via an elastic strain process
and kept at that stress until the experiment is finished. The data
collection was performed after 1 h of stabilization.

Figure 2 shows the Bode plot diagram and a typical
Nyquist diagram for pyrite–chalcopyrite obtained in a
0.0010-mol L−1 FeCl3 solution under different elastic axial
stresses. Three time constants were clearly observed from
the three distorted capacitive loops. The complexity of the
Nyquist diagrams indicated the presence of different steps
during the corrosion process. Considering that there are
three time constants, the analysis of the impedance diagram
is presented in Fig. 2c. Re is the combined resistance of the
electrolyte and other ohmic resistances, Rct is the charge
transfer resistance, and Qp corresponds to the capacitance
of the coating layer. Previous studies [24, 25] show that
electrochemical reactions on the surface of chalcopyrite
electrodes in different potential intervals had different pas-
sive layer. From OCP to ∼0.5 V (vs. SCE), the coating layer
is Cu1−xFe1−yS2. Based on the above studies, and consider-
ing the potential in our EIS experiments that was addressed
in this potential region, we conclude that the coating layer in
this work is Cu1−xFe1−yS2, which created via the reactions
shown in interaction (5) or (6) [24, 26]. Rp is the pore
resistance of this film. Qdl is the double layer capacitance.
Rsl and Qsl refer to the adsorption species, such as iron-
containing compounds. Such a model has previously been
used by Velásquez et al. [27] to model the interfacial behav-
ior of chalcopyrite in alkaline solutions. Furthermore, Qc,
Qsl, and Qdl were modeled by a constant phase element
(CPE) [28]. The CPE is a distributed element defined as
Q01/Kpn, 0≤n≤1. In this expression, n is a dimensionless
number and defines how different the interface is from an

ideal capacitor; when n01, the capacitance is considered
ideal. K is a constant whose units are in farads secondn−1

per square centimeter, and p0jω with ω02πf. Q is equiva-
lent to the impedance when the capacitance is C0K(2pf)n−1.
Therefore, the CPE behaves as a capacitance that varies with
the frequency. This modification to the ideal capacitance has
already been explained by distribution effects [29], porosity
[30], and the distribution of interfacial capacitances [31].

CuFeS2þ4H2O ! Cu1�xFe1�yS2þxCu2þþyFe3þþzSO4
2�

þ8zHþþð2xþ3yþ6zÞe� ð5Þ

CuFeS2 ! Cu1�xFe1�yS2þxCu2þþyFe2þþ2ðxþyÞe�y � x ð6Þ
The EIS experimental results are shown in Table 2. On the
whole, the increase in stress was accompanied by a decrease
in the resistance parameter (Rp, Rct, and Rsl) and exponent
(n1, n2, n3) values and an increase in the capacitance param-
eter (Y0, 1, Y0, 2, Y0, 3) values. Generally, the resistance
parameter values, R, represents to what extent charge can
transfer to a corresponding interface. The capacitance param-
eter, Y0, characterizes the ions and to what extent they can
diffuse through and accumulate on a corresponding layer. The
exponent n represents the roughness of the surface. Larger
resistance and capacitance parameter values and a smaller
exponent n value indicate that the kinetics of the electrochem-
ical process and the porosity of the film on the electrode
surface increase with increasing stress. According to the above
stress–electrode potential discussion, when stress increases,
the chalcopyrite electrode potential decreases.

To more thoroughly understand how stress affects the
pyrite–chalcopyrite electrochemical interaction, we defined a
variation of the resistance or capacitance parameter value,Δx.

Δx ¼ x1 � x0
x0

� 100 % ð7Þ

Table 2 Impedance parameters of FeS2–CuFeS2 galvanic corrosion in 0.0010 M FeCl3 solutions under differential stresses

Chalcopyrite
stress
(105 Pa)

Rp

(Ω·cm2)
Rct

(Ω·cm2)
Rdl

(Ω·cm2)
Qp Qdl Qsl

Y0, 1
(S·cm−2·s−n)

n1 Y0, 2
(S·cm−2·s−n)

n2 Y0, 3
(S·cm−2·s−n)

n3

0 1,730 7,291 8,221 2.843E−9 0.9603 3.68E−6 0.7376 9.014E−4 0.6355

2 1,513 6,463 7,801 3.325E−9 0.9585 4.912E−6 0.7244 9.101E−4 0.6068

4 1,285 5,656 7,418 4.898E−9 0.9331 5.527E−6 0.7154 9.222E−4 0.6044

Table 3 Variation of the resis-
tance parameter and capacitance
parameter value

Chalcopyrite stress (105 Pa) ΔRp (%) ΔRct (%) ΔRdl (%) ΔY0, 1 (%) ΔY0, 2 (%) ΔY0, 3 (%)

2 12.54 11.36 5.11 16.95 33.48 0.97

4 25.72 22.42 9.77 72.28 50.19 2.31

80 Ionics (2013) 19:77–82



where x0 is the resistance or capacitance parameter value
without stress and x1 is the resistance or capacitance parameter
value with 2×105 or 4×105 Pa of stress. Based on Eq. (7), we
derived the variation of resistance and capacitance parameter
values and provided them in Table 3. From the data in Table 3,
when stress increased from 0 to 4×105 Pa, it is clear that: (1)
the pore resistance of Cu1−xFe1−yS2 film, Rp, decreased by
25.72 % and coating film capacitance, Qc, increased by
72.28 %, respectively; (2) the charge transfer resistance, Rct,
decreased by 22.42 % and double layer capacitance, Qdl,
increased by 50.19 %, respectively; and (3) the adsorption
species resistance, Rsl, decreased by 9.77% and the adsorption
species capacitance, Qsl, increased by 2.31 %, respectively.

As already mentioned above, the Qdl/Rct pair represents
the charge transform capacitive and resistance behavior in
the double layer region. In this work, increased stress
resulted in higher capacitance and lower resistance of the
double layer, indicating the charges are more easily diffused
through the electric double layers, that is the chalcopyrite
electrode electrochemical dissolution changes easier. In ad-
dition, the Qc/Rp pair represents the capacitive and resistive
behavior of the coating layer, and their values reveal to what
extent they can inhibit mineral dissolution. Similarly, higher
capacitance and lower resistance of the film indicate the film
had less capability to inhibit mineral dissolution. At last, the
Qsl/Rsl pair represents the capacitive and resistive behavior
of the adsorption species, and their values reveal to what
extent the species can adsorp on the mineral surface. The
results reveal that higher stresses are a disadvantage to
species adsorption.

Conclusions

The electrochemical behavior of the pyrite–chalcopyrite
galvanic cell in an FeCl3 solution under differential stress
was studied using polarization curves and electrical imped-
ance spectroscopy. Two conclusions can be drawn from this
research:

1. Linear polarization results showed that stress can speed
up the electrochemical pyrite–chalcopyrite galvanic cor-
rosion. When stress increased from 0 to 4×105 Pa, the
corrosion current density increased from 5.678 to
6.719 μA cm−2. The corrosion potential changed from
281.634 to 270.187 mV and was accompanied by a de-
crease in the polarization resistance value from 25.09 to
23.79 Ω·cm2.

2. EIS experimental results showed that stress enhanced
pyrite–chalcopyrite galvanic corrosion mainly by affect-
ing the properties of the Cu1−xFe1−yS2 film and the
double layer; however, stress had little effect on the
adsorption species. When stress changed from 0 to 4×

105 Pa, the pore resistance, Rp, and capacitance, Qp, of
the Cu1−xFe1−yS2 film changed by 25.72 and 72.28 %,
respectively. The adsorption species resistance, Rsl, and
capacitance, Qsl, only changed by 9.77 and 2.31 %,
respectively.
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