
Hindawi Publishing Corporation
ISRN Corrosion
Volume 2013, Article ID 921825, 6 pages
http://dx.doi.org/10.1155/2013/921825

Research Article
An Investigation on Dislocation Density in Cold-Rolled
Copper Using Electrochemical Impedance Spectroscopy

Elyas Rafiee,1 Mansour Farzam,1 Mohammad Ali Golozar,2 and Ali Ashrafi3

1 Technical Inspection Engineering Department, Petroleum University of Technology, Abadan, Iran
2Department of Materials Engineering, Isfahan University of Technology, Isfahan 8415683111, Iran
3Department of Materials Science and Engineering, Shahid Chamran University of Ahvaz, Iran

Correspondence should be addressed to Mansour Farzam; farzam@put.ac.ir

Received 7 February 2013; Accepted 1 March 2013

Academic Editors: C.-H. Hsu and S. J. Lee

Copyright © 2013 Elyas Rafiee et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Variation of electrochemical impedance with dislocation density was investigated using electrochemical impedance spectroscopy
(EIS). For this purpose, EIS measurements were carried out on 10, 20, 30, 40, and 50% cold-rolled commercially pure copper in
0.1M NaCl (pH = 2) solution. Nyquist plots illustrated that the electrochemical reactions are controlled by both charge transfer
and diffusion process. Increasing dislocation density, the magnitude of electrochemical impedance of samples was decreased.
Decreasing magnitude of impedance at intermediate frequencies indicated increasing double-layer capacitance. Charge transfer
resistance decreased from value 329.6Ωcm2 for annealed sample to 186.3Ωcm2 for sample with maximum dislocation density
(1.72 × 1015m−2). Phase angles were lower for samples that contained more dislocation density, indicating more tendencies to loss
of electrons and releasing atoms into electrolyte.

1. Introduction

It has been reported that after deformation of a metal
more than yield limit, hardening occurs which is due to
multiplication and rearrangement of dislocations and the
more severe the cold deformation, the more generation of
dislocations [1–4].

Tensile properties of metals such as yield strength, ulti-
mate tensile strength, and ductility depend heavily on density
of dislocations. Also, dislocation density plays a significant
role on brittle to ductile transition, fatigue, hardness, work
hardening, and plastic behavior of metals and alloys [5–
8]. Furthermore, dislocations have considerable effect on
physical properties of metals such as density [9–12], thermal
conductivity [13, 14], and electrical resistivity [9, 13, 14].

In this respect, some researchers [5, 15, 16] have investi-
gated density of dislocations by ultrasound waves and have
proposed some relationships between dislocation density and
changes in the speed of elastic waves propagation. Sablik
and Landgraf [17, 18], Kobayashi et al. [19], and Yaegashi
[20] reported some relationships between dislocation density

and magnetic properties. Kikuchi et al. [21] investigated the
relation between AC permeability and dislocation density in
pure iron as well. Also, other researchers tried to correlate
dislocation density with stored energy and critical transfor-
mation temperatures using differential scanning calorimetry
[4, 7, 22] and high-resolution dilatometry [23], respectively.

The strain field and energy of dislocation line intersects
with metal surface increase the susceptibility of the metal
to corrosion [24–26]. Since corrosion is an electrochemical
degradation, electrochemical techniques can be utilized for
studying the corrosion process. Electrochemical impedance
spectroscopy (EIS) is one of the most useful, nondestructive,
sensitive, powerful, and fastest electrochemical characteriza-
tion techniques presently available [27–29] and is becoming
a beloved analytical instrument in evaluation of electrical
properties and interfaces of a wide range of materials.
This technique includes a comparatively simple electrical
measurements that can easily be automated, and its results
become correlated with many complex materials variables
[30–32]. Therefore, it seems that it can be used for studying
the variation of dislocations density in a metal. Having this
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in mind, the aim of this work is to investigate the effect of
dislocation density on electrochemical impedance in cold-
rolled copper using EIS.

2. Experimental

In order to prepare samples with different dislocation densi-
ties to perform electrochemicalmeasurements, commercially
pure (99.98%) copper strips were annealed at 500∘C for
2 h, to remove residual stresses and obtain a recrystallized
microstructure having the lowest dislocation density, fol-
lowed by cold rolling at ambient temperature to obtain 10, 20,
30, 40, and 50% reductions in area.

Tensile tests were carried out on cold-rolled strips to
determine the yield stresses of samples. In this regard,
standard tensile specimens were cut from strips according to
ASTM E8-04 with gauge length of 50mm. Tensile tests were
performed using a constant strain rate of 2 × 10−3 s−1.

Samples for electrochemical tests were cut from cross-
section of rolled strips. In order to avoid further deformation
during cutting, samples were cut using electrodischarge
machining (EDM) method. Samples and connecting copper
wire were coated by Epoxy resin as to expose only one side of
samples to solution. All samples were mechanically polished
with silicon carbide abrasive paper down to 2000 grade,
and then 0.05𝜇m Al

2
O
3
slurry was used to get mirror-like

finished surfaces. Finally, samples were ultrasonically washed
in ethanol. This treatment ensures good reproducibility of
electrochemical measurements. These specimens were used
as working electrode in the EIS tests. The EIS measurements
were done using potentiostat/galvanostat autolab.

To achieve the steady state open-circuit potential, speci-
mens were immersed in the solution for 20min. Impedance
measurements were made at open-circuit potential using a
sinusoidal signal of 10mV amplitude and frequencies in the
range of 0.01Hz to 100 kHz in a conventional three-electrode
glass cell containing an Ag/AgCl reference electrode and Pt
counter electrode. All tests were performed in 0.1M NaCl
solution at room temperature and pH value of 2. At least three
EIS tests were carried out for each sample.

3. Results and Discussion

Figure 1 shows stress-strain curves of cold-rolled speci-
mens. Dislocation multiplication and their interactions lead
to increasing ultimate tensile strength, yield strength and
decreasing ductility as plastic deformation increases.

Yield strength and true strain values of cold-rolled sam-
ples are listed in Table 1. As it can be seen, yield strength has
increased by cold working.

Empirical data achieved by numerous metals and alloys
suggests that the yield stress of a metal is related to the total
dislocation density by

𝜎 = 𝜎
0
+𝑀𝛼𝐺𝑏𝜌

1/2
, (1)

where 𝛼 is a constant,𝑀 average Taylor factor, 𝜎
0
is friction

stress that for FCC metals is equal to zero, 𝐺 is the shear
modulus, 𝑏 is the length of Burgers vector, and 𝜌 is the

Table 1: Yield strength and true strain corresponding to each
amount of cold work.

Specimen code C10 C9 C8 C7 C6 C5
Cold work (%) 0 10 20 30 40 50
True strain 0 0.09 0.18 0.26 0.34 0.40
Yield strength
(0.2%) (MPa) 162.54 221.88 255.15 275.33 290.52 292.31
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Figure 1: Stress-strain curves of cold rolled samples.

measured dislocation density [7, 12, 33–35]. This relation
has some theoretical bases and has been proved in many
experimental works performed on metals and alloys [33].

Employing yield stress values obtained from stress-strain
curves and theTaylor factor𝑀 = 3.06,𝜎

0
= 0 for FCCmetals,

𝛼 = 0.2, 𝐺 = 46GPa, and 𝑏 = 2.5 × 10−10m for copper
[36], dislocation densities corresponding to each deformation
in this work were calculated (Table 2). Results were in a
good agreement with former works by other researchers,
for example [37]. As it can be seen, by increasing deforma-
tion, dislocation density is increased from 5.33 × 1014m−2
for annealed specimen to 1.72 × 1015m−2 for maximum
deformed specimen (true strain = 0.4).

Cold working is capable of affecting not only themechan-
ical properties of metals, but also their corrosion behavior.
However, there is not a clarified correlation between cold
working and corrosion properties because the cold working
influences differently the corrosion resistance depending on
metal, deformation, and environment [38].

Figure 2 shows Nyquist plots of deformed samples after
20min immersion in 0.1M sodium chloride solution (pH =
2) at 25∘C. These impedance diagrams indicate a depressed
capacitive semicircle and diffusion line for all samples.
Depressed capacitive semicircles describe the charge transfer
reaction occurring during copper dissolution at corrosion
potential. In electrochemical systems, the depressed semicir-
cles in Nyquist diagram have been ascribed to the roughness
of surface, the existence of a porous corrosion product film,
or the inhomogeneous nature of the surface [31, 32, 39, 40].
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Table 2: Dislocation densities corresponding to each deformation in this work.

Specimen code C10 C9 C8 C7 C6 C5
Dislocation density (m−2) 5.33 × 1014 9.94 × 1014 1.31 × 1015 1.51 × 1015 1.7 × 1015 1.72 × 1015
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Figure 2: Nyquist plots of deformed samples.

Diameter of the semicircles indicates charge transfer
resistance. It can be seen that the diameter of the semicir-
cles varies with the dislocation density of the samples and
decreases by increasing dislocation density.

Corrosion of copper in NaCl solutions having low chlo-
ride concentrations occurs through the formation of CuCl
which is not protective and is converted toCuCl

2

− by reacting
with chloride ions. In this condition, CuCl

2

− is created at the
metal surface and then diffuses into the bulk solution [41–43].
Reactions are as follows:

Cu → Cu+ + e− (2)

Cu+ + Cl− → CuClads (3)

CuClads + Cl
−
→ CuCl

2

− (4)

The cathodic reactions in this environment are oxygen
and H+ reduction according to

O
2
+ 4H+ + 4𝑒− → 2H

2
O (5)

2H+ + 2𝑒− → H
2

(6)

Here the semicircles are followed by a diffusion line at
lower frequencies attributed to the diffusion of species to
or from metal surface and illustrate that the electrochemical
reactions are controlled by both charge transfer and diffusion
process. According to the previous equations, corrosion of
copper will depend on the movement of O

2
, H+, CuCl

2

−,
and Cu+ to and from metal/solution interface. On the base
of mixed potential theory, enhanced movement of Cl− or
CuCl
2

−, to or from the electrode surface, will increase the
anodic reaction rate, while enhancement of O

2
and H+

movementwill accelerate the cathodic reaction rate; therefore
corrosion rate, will increase. However, it has been reported
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Figure 3: Bode diagram of samples.

that mostly transport of CuCl
2

− from metal surface to the
bulk solution controls the corrosion rate [41, 44–46].

Bode diagrams of samples are plotted in Figure 3.
Although the differences created are small, increasing dislo-
cation density, the impedance magnitude of samples surface
is decreased. The Bode plots show resistive region at high
frequencies and capacitive region at intermediate frequencies
but do not show a clear resistive region (horizontal line)
at low frequencies. This strict descending behavior at low
frequencies is due to Warburg impedance.

As mentioned previous, the magnitude of impedance in
bode plot at intermediate frequencies is related to capacitive
behavior of electrochemical system, and as seen, this value
decreases by increasing deformation. Since this value of
impedance is proportional to reciprocal of capacitance (𝑍 ∝
1/𝐶), therefore double-layer capacitance will increase by
increasing dislocation density. The double-layer capacitance
is calculated by

𝐶 = 𝜀
0
𝜀
𝐴

𝑑
, (7)

where 𝜀
0
is the vacuum permittivity, 𝜀 is the dielectric

constant of the medium, 𝐴 is area of the electrode surface,
and 𝑑 is thickness of double layers.Thus, since for all samples
𝜀
0
and 𝜀 are constant and impact of surface areas was applied,

increase of capacitance is due to the decrease of double-layer
thickness.

Bode-phase plots of samples shown in Figure 4 are used
for investigating the variations of phase angle and time
constants with plastic deformation. All of these diagrams
show two time constants, one at low frequencies that belongs
to CuCl film and the other at higher frequencies referring
to double layers. No changes in general shape of curves
with increasing dislocation density show identical reaction
mechanisms for all samples.
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Figure 4: Bode-phase plots of samples.
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Figure 5: Used equivalent circuit for fitting experimental data.

As it is seen in bode-phase plots, generally, the more
dislocation density the lower phase angle. Increasing surface
energy of metal induced by dislocations, the tendency to loss
of electrons and releasing atoms into electrolyte accelerates.
Therefore after polarizing by a signal in EIS test, it is expected
that current response in sample with higher dislocation
density be faster, hence, phase angle at a constant frequency
be lower.

A significant trouble for impedance spectroscopy at
high frequencies is the parasitic segments and the phase
angles linked to the potentiostatic control of the system [31];
therefore this behavior of some points at high frequencies is
attributed to this fact.

Using equivalent circuit shown in Figure 5, the values
of equivalent circuit parameters calculated by fitting of
impedance spectra of samples are listed in Table 3. In
this equivalent electrical circuit (EEC), 𝑅

𝑠
is the solution

resistance, 𝑄 represents the capacitance of the double layers,
𝑅ct the charge transfer resistance, and 𝑊 is the Warburg
impedance.

Use of Constant Phase Element (CPE) instead of pure
capacitance (𝑄 in the EEC) is due to making a good fitting.
Constant phase element indicates the nonideal capacitive
behavior of the electrochemical system because on themicro-
scopic view, electrode surface is rough and inhomogeneous
[30].

As exhibited in Table 3, the charge transfer resistance 𝑅ct
decreases while the Warburg impedance 𝑊 increases with
increasing cold work. Thus, it can be concluded that the
corrosion rate and themovement of ions within the corrosion
product increase with increasing deformation. Decrease of
charge transfer resistance with straining is chiefly ascribed
to a higher migration of atoms from active sites in this
environment.

Table 3:Values of equivalent circuit parameters calculated by fitting.

Sample 𝑅
𝑠

(Ωcm2)

CPE
𝑅ct

(Ωcm2)
𝑊

(s1/2/Ωcm2)𝑌
0

(s𝑛/Ωcm2) 𝑛

C10 18.98 0.002002 0.8 329.6 0.01104
C9 17.09 0.002221 0.8 296.1 0.01227
C8 16.54 0.001491 0.8 260 0.01459
C7 15.49 0.001598 0.8 243.7 0.01577
C6 16.4 0.001579 0.8 223.5 0.01505
C5 13.67 0.001895 0.8 186.3 0.01806
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Figure 6: Good agreement between the experimental and simulated
data generated using the circuit.

Since dislocations enhance atomic migration, plastic
deformation may promote and accelerate formation of
surface CuCl film. As regards charge transfer resistance 𝑅ct
continuously decreasing with increasing deformation, it can
be concluded that CuCl film formed on electrode surface
does not have enough adhesion and compactness to protect
the metal and is not able to prevent further dissolution of
surface atoms of metal what has been reported by other
researchers [41–43].

In Figure 6, white squares represent the measured data
and solid line represents the best fit using the equivalent
circuit shown in Figure 5. It can be seen that there is a very
good agreement between the experimental and simulated
data generated using the EEC, indicating the validity of
proposed EEC.

4. Conclusions

(1) Electrochemical impedance spectroscopy at corro-
sion potential is very sensitive to variation of electro-
chemical activity induced by dislocations.

(2) Semicircles in Nyquist plots are followed by a dif-
fusion line at lower frequencies that illustrates that
the electrochemical reactions are controlled by both
charge transfer and diffusion process.

(3) Charge transfer resistance of samples decreases with
increasing dislocation density.
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(4) Decreasing the magnitude of impedance at interme-
diate frequencies by increasing dislocation density
indicates decrease of the double-layer thickness.

(5) Bode-phase diagrams show two time constants and
identical reaction mechanism for all samples.

(6) Increasing dislocation density leads to decreasing
phase angle, indicating more tendencies to loss of
electrons and releasing atoms into electrolyte.
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