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Abstract: The electrochemical corrosion behavior of the two Cu-40Ni-20Cr alloys prepared by conventional casting(CA) and
mechanical alloying(MA) with the different grain sizes was studied by using open-circuit potential(OCP), potentiodynamic
polarization and electrochemical impedance spectroscopy(EIS) methods in solutions containing chloride ions. The results show that
the free corrosion potentials of the two alloys move towards negative values, corrosion currents increase and therefore corrosion rates
become faster with the increase of chloride ion concentrations. EIS plots of CACu-40Ni-20Cr alloy are composed of single
capacitive loop, while EIS plots of MACu-40Ni-20Cr alloy are composed of double capacitive loops in solution containing lower
chloride ion concentrations. EIS plots of the two alloys have Warburg impedance with the increase of chloride ion concentrations.
Corrosion rates of MACu-40Ni-20Cr alloy become faster than those of CACu-40Ni-20Cr alloy obviously in solutions containing the
same chloride ion concentrations because MACu-40Ni-20Cr alloy is able to produce large concentrations of grain boundaries in the

course of reduction in grain size by mechanical alloying.
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1 Introduction

Usually, the corrosion behavior of nanocrystalline
materials is different from that of corresponding coarse
grained materials due to a large reduction of grain
size[1-3]. Thus, whether nanocrystalline materials have
good corrosion resistances or not have attracted
extensive attention from some material scientists. For
example, WANG and LI[4] found that corrosion
resistances of nanocrystalline surface of 304 stainless
steel prepared by sandblasting and annealing process
were improved in 3.5% NaCl solution because of faster
diffusion of passive element in the increased grain
boundaries of nanocrystalline materials which favored a
rapid formation of the protective film. LU et al[5]
reported the dissolution rate of the sputtered
nanocrystalline Cu-20Zr films was lower than that of the
cast alloy because of the electrochemical activity of Zr in
the different phases of the samples. BARBUCCI et al[6]
found that nanocrystalline CugyNij, alloys had faster
corrosion rates than corresponding coarse grained alloys.

CAO et al[7-8] also compared the electrochemical
corrosion behavior of nanocrystalline Cu-40Ni alloys
with the coarse grained alloys in solutions containing C1”
or H" and found a decrease of corrosion resistances in the
nanocrystalline alloys because of the increased number
of reactive atoms on alloy surface. However, no
determination of electrochemical corrosion mechanism
of nanocrystalline alloys is available at present, which
limits the practical applications of nanocrystalline alloys
[6-8].

Mechanical alloying as a kind of method of
preparing nanocrystalline powders has been widely used
in powder metallurgy. It has special importance for these
alloy systems in which very small mutual solubility of
element occurs either in solid state or in liquid phase
such as W-Ag, W-Cu, Ag-Ni and Cu-Cr alloys, which are
useful contact materials in electric industry but they are
difficult to prepare by conventional technique[9—11]. Hot
pressing is an effective densification method for
preparing bulk nanocrystalline materials[12—13] such as
Ag-Ni and Cu-Cr.

Cu-Ni alloys have been used extensively as pipelines,
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structural materials and ship hulls in marine
environments because they have corrosion resistance,
mechanical ductility, excellent electrical and thermal
conductivity, and excellent anti-fouling properties[14].
Additions of Cr to Cu-Ni alloys have been expected to
improve the corrosion resistances since Cr is a noble
element.

The aim of this work is to examine the
electrochemical corrosion behavior of bulk nano-
crystalline Cu-40Ni-20Cr alloy prepared by mechanical
alloying(MA) and hot pressing process when exposed
to solutions containing chloride ions and compare their
electrochemical corrosion behavior with coarse grained
Cu-40Ni-20Cr alloy prepared by conventional casting
(CA) technique in the favor of developing a better
understanding on the electrochemical corrosion
mechanism of nanocrystalline alloys.

2 Experimental

2.1 Alloy preparation

A Cu-Ni-Cr alloy containing (molar fraction, the
same below) 40% Cu, 40% Ni and 20% Cr (denoted here
as CACu-40Ni-20Cr) was prepared by conventional
casting appropriate mixtures of the pure components
(99.99 %) under a Ti-gettered argon atmosphere using
non-consumable tungsten electrodes. The alloy ingot was
subsequently annealed in vacuum at 800 ‘C for 54 h to
remove residual mechanical stresses and to achieve a
better equilibration of the alloy phases with about 120
pum in grain size. The actual average composition of this
alloy was 39.3% Cu, 41.0% Ni and 19.7% Cr according
to analysis by scanning electron microscopy and
energy-dispersive X-ray microanalysis(SEM/EDX).

A Cu-Ni-Cr alloy containing 40% Cu, 40% Ni and
20% Cr (denoted here as MACu-40Ni-20Cr) was
prepared by mechanical alloying (MA) and hot pressing
process. Elemental Cu, Ni and Cr powders (purity >
99.9%) with particle size about 100 um were blended
with appropriate amounts of the powders of the three
metals. Mechanical alloying was carried out in a
QM-1SP planetary miller. Three powders were first
stir-mixed in a stainless steel vial with hardened GCr15
steel ball. The mass ratio of ball to powder was about
10:1. The vial with powders was evacuated to about 10
Pa and then filled with pure argon. During ball milling a
relay was used to control intermediate stops of 15 min
every 1 h to avoid excessive heat effect. The whole
powders were prepared by mechanical alloying for 60 h
in order to obtain alloying on atomic level. Nearly fully
dense sample was prepared by hot pressing at the
temperature of 800 ‘C for 10 min and the pressure of 20
MPa in vacuum of about 0.06 Pa using a graphite die
with inner diameter of 20 mm. During hot pressing all

signals including the temperature, its displacement and
deformation can be attributed to a computer, from which
the deformation and densification curve can be
obtained[12]. Finally, the resulting ingot was annealed
for 1 h at 800 C to stabilize the grain structure and
relieve mechanical stresses induced by hot pressing.
Measurements of the average grain size using the profile
of the X-ray diffraction peaks gave a value of about 8 nm
after ball milling, which increased up to 25 nm after hot
pressing and to 33 nm after annealing.

Flat specimens were cut from the alloy ingots by a
diamond-wheel saw, which was embedded in epoxy resin
and area exposed was 1 cm®. The specimen surface was
mechanically polished emery up 1000 grit to ensure the
same surface roughness, followed by washing with
acetone and di-distilled water.

2.2 Experimental method

All electrochemical measurements were carried out
in 0.05 mol/L Na,SO, neutral solutions used as base and
different chloride ion concentrations such as 0.02, 0.05,
0.10 and 0.50 mol/L were added. The solutions used
during the experimental work were prepared with
bi-distilled water and analytical grade reagents. Open
circuit potential(OCP) and potentiodynamic polarization
curves were measured by PARM273A, advanced
electrochemical system of Princeton applied research
made in EG&G Company(USA).
parameters as corrosion potential(E,,), corrosion current
(Ieorr), anodic and cathodic Tafel slopes (B, f.) were
fitted by Corrview software. Polarization rang was from
—0.25 to 0.80 V versus OCP. The scanning rate was 0.5
mV/s. Saturated calomel electrode(SCE) was employed
as the reference electrode, platinum electrode as the
counter electrode and the specimens as working
electrode.

Electrochemical impedance spectroscopy(EIS) was
measured by M5210, advanced electrochemical system
of Princeton applied research made in EG&G Company
(USA). Frequency range was from 10° to 10 Hz. EIS
analysis and circuit fitting were carried out by Zview2
software.

Electrochemical

3 Results and discussion

3.1 Electrochemical corrosion behavior of CACu-40
Ni-20Cr
3.1.1 Open circuit potentials and potentiodynamic
polarization curves
The curves of open circuit potentials of CACu-
40Ni-20Cr alloy in solutions containing different
chloride ion concentrations with time are shown in Fig.1.
The free corrosion potentials decrease and become stable
quickly when chloride ions are added in neutral solutions.
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Fig.1 Curves of open circuit potentials of CACu-40Ni-20Cr
solutions

alloy in containing different chloride ion

concentrations

The free corrosion potential is =77 mV in 0.05 mol/L
Na,SO, neutral solution. With the increasing chloride ion
concentrations, the free corrosion potentials are —101,
—118, —156 and —205 mV, respectively. The free
corrosion potentials move towards negative values in
different degrees. This shows that the present alloy is
very easy to be corroded with the increase of chloride ion
concentrations.

Potentiodynamic polarization
CACu-40Ni-20Cr alloy in solutions containing different
chloride ion concentrations are shown in Fig.2. The
present alloy has passivating phenomena but passivating
ranges become wide and afterwards narrow with the
increase of chloride ion concentrations. This shows that
the present alloy may produce pitting corrosion.
Electrochemical parameters fitted by Corroview software
are listed in Table 1. Corrosion currents increase and
corrosion rates become faster with the increase of
chloride ion concentrations.

For CACu-40Ni-20Cr alloy, the main corrosion
reactions are copper, nickel and chromium anodic dis-
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Fig.2 Polarization curves of CACu-40Ni-20Cr alloy in

solutions containing different chloride ion concentrations

=600

Table 1 Electrochemical parameters of CACu-40Ni-20Cr alloy
in solutions containing different chloride ion concentrations

c(NaCl)/ B/ B/ Peor! Jeon!
(mol-L™" mV mV mV  (107A-cm™)
0 91.27 92.09 -81.81 0.650 3
0.02 7291 68.14 -103.75  0.709 7
0.05 41.61 99.86 -119.72  1.2000
0.10 169.81 10599  -16581 29734
0.15 133.01 11035  —206.38  3.6840

solution and oxygen cathodic reduction. The courses of
anodic dissolution may be described as

Cu+Cl —CuCl+e )
CuCHCI — CuCl; 2)
Ni—Ni*'+2e (3)
Cr—Cr'+3e 4)

Metal ion and chlorides were hydrolyzed into
hydroxides. These processes may be described as

CuCl; +2H,0—Cu(OH), | +2HCl+e 5)
Ni**+2H,0—~Ni(OH),+2H" (6)
Cr’*+3H,0—Cr(OH);+3H" (7

Cathodic reduction reaction may be described as
O,+4e+2H,0—40H" ®)

The passivating film formed on alloy surface has
great influence on the electrochemical corrosion behavior.
Corrosion resistances have relation to the adhesion
between passivating film and matrix alloy and the ability
of preventing electron and ion from getting into matrix
alloy. The corrosion products Cu(OH),, Ni(OH), and
Cr(OH); are cubic lattice of p-type semiconductors in
which Cu2+, Ni2+, Cr3+, or O* can penetrate each other,
therefore the ion resistances decrease. Chloride ions can
exchange with O% from corrosion products and produce
some new holes in solutions containing chloride ions.
These holes decrease the resistance and film protection.
Thus, the corrosion rates become faster. Further more, it
is more difficult to form completely passivating film on
the alloy surface. Thus, the ability of ions into matrix
alloy will increase.

3.1.2 EIS analysis

Electrochemical impedance spectroscopy(EIS) is a
powerful tool in studying corrosion processes of alloys.
EIS gives more information about the electrochemical
processes taking place on the surface and is considered a
good confirmation of other electrochemical techniques
[15]. EIS plots of CACu-40Ni-20Cr alloy in solutions
containing different chloride ion concentrations
are shown in Fig.3. When CACu-40Ni-20Cr alloy was
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Fig.3 EIS plots of CACu-40Ni-20Cr alloy in solutions
containing different chloride ion concentrations: H 0.05
mol/L Na,SO,; @ 0.05 mol/L Na,SO,+0.02 mol/L NaCl;
A 0.05 mol/L Na,SO,+0.05 mol/L NaCl; ¥0.05 mol/L
Na,S04+0.10 mol/L NaCl; 4 0.05 mol/L Na,SO,4+0.50 mol/L
NaCl

immersed in 0.05 mol/L Na,SO, neutral solution and
0.05 mol/L Na,SO, plus 0.02 mol/L NaCl solution, their
EIS plots are composed of single capacitive loop without
Warburg impedance. Thus, corrosion processes are
controlled by electrochemical reactions. The equivalent
in Fig.4. After chloride ion
concentrations increase up to 0.05mol/L or more, their
EIS plots consist of a capacitive loop at high frequency
portion and a diffusion tail induced Warburg impedance
at low frequency portion. Warburg impedance as a line
with gradient of 45° at low frequency portion showed
that corrosion processes were controlled by diffusion.
The capacitive loop at high frequency portion is
impedance of discharged process when charged particles

circuit is shown

pass double layer. The center of capacitive loops,
semicircles of which are little collapsing at high
frequency portion, deviate from solid axle because of
dispersion effect [15]. The equivalent circuit is shown in
Fig.5, where Ry is denoted as solution resistance, R, as
charge transfer resistance, Z,, as Warburg impedance and
CPE, as constant phase angle element. The impedance
of CPEy; could be calculated by[16]

Rsol Rl
\/\/\ Y-
>._
CPEy,

Fig.4 Equivalent circuit of CACu-40Ni-20Cr alloy in 0.05
mol/L Na,SOy solution and 0.05 mol/L Na,SO, plus 0.02 mol/L
NacCl solution

R, R Z,
NN s
CPEy

Fig.5 Equivalent circuit of CACu-40Ni-20Cr alloy in 0.05
mol/L Na,SOy, plus 0.05 mol/L or more NaCl solution

Z=Y,”" W "[cos(nn/z)—jsin(nn/z)] )

where Z is denoted as the impedance of CPEy, j as
imaginary part, /¥ as angular frequency, Y, as constant
and n as exponent (0<<n<:1).

Fitting results are shown in Table 2. All of charge
transfer resistances decrease and therefore corrosion
rates become faster with the increase of chloride ion
concentrations. From Table 2, dispersion factor CPEg-P
is less than 1. It fully demonstrates that the present alloy
has dispersion effect in corrosion processes.

3.2 Electrochemical corrosion behavior of MACu-40

Ni-20Cr alloy
3.2.1 Open circuit potentials and potentiodynamic

polarization curves

The curves of open circuit potentials of
MACu-40Ni-20Cr alloy in solutions containing different
chloride ion concentrations are shown in Fig.6. The free
corrosion potentials keep constant basically with the
increase of time when chloride ions are added in
solutions. The free corrosion potential is —101 mV in
0.05 mol/L Na,SO, neutral solution, while the free
corrosion potentials are =136, =161, =170 and —258 mV,
respectively with the increase of chloride ion
concentrations. The free corrosion potentials move
towards negative values obviously.

Table 2 Equivalent circuit parameters of CACu-40Ni-20Cr alloy in solutions containing different chloride ion concentrations

c(NaCly/ Ry Ry CPE4-T/ Z,-R/ Z-T/
-1 -2 -2 —6 -2 CPEqy-P -2 -2 Zy-P
(mol-L ) (Q-cm ) (Q-cm °) (10 °F-cm ) (Q-cm °) (Q-:cm )
0 57.370 416 310 7.22 0.752 6

0.02 31.130 87618 27.33 0.714 1

0.05 30.520 14 961 29.67 0.715 4 8770 33.61 0.490 1

0.10 17.100 5195 41.93 0.7572 12113 45.89 0.529 0

0.15 6.975 4657 37.44 0.704 4 7793 51.24 0.5519
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Fig.6 Curves of open circuit potentials of MACu-40Ni-20Cr

alloy in solutions containing different chloride ion
concentrations
Potentiodynamic  polarization curves of MA

Cu-40Ni-20Cr alloy in solutions containing different
chloride ion concentrations are shown in Fig.7.
Electrochemical parameters fitted by Corroview software
are listed in Table 3. Corrosion potentials move towards
negative values, corrosion currents increase and therefore
corrosion rates become faster with the increase of
chloride ion concentrations. When MACu-40Ni-20Cr
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500 0.02 mol/L NaCl
4 — (.05 mol/L Na,SO4+
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Fig.7 Polarization curves of MACu-40Ni-20Cr alloy in

solutions containing different chloride ion concentrations

Table 3 Electrochemical parameters of MACu-40Ni-20Cr alloy
in solutions containing different chloride ion concentrations

c(NaCly/ B/ B/ Peord! Jeon!
(molLh) MV mV mV (10 7A-em )
0 125.15  100.83  —105.63 1.770 1
0.02 98.32 10578  —135.00 4.0230
0.05 177.06 7791  —166.10 48168
0.10 101.52 6638  —168.77 51836
0.15 7194 12743  —258.82 7.553 3

alloy was immersed in 0.05 mol/L Na,SO, neutral
solution and 0.05 mol/L Na,SO, plus 0.02 mol/L NaCl
solution, the passivating phenomena can be found in
polarization curves. The passive phenomenon becomes
weaker when the chloride ion concentrations increase up
to 0.10 mol/L or more.
3.2.2 EIS analysis

EIS plots of MACu-40Ni-20Cr alloy in solutions
containing different chloride ion concentrations are
shown in Fig.8. MACu-40Ni-20Cr alloy plots are
composed of double capacitive loops, a small and a big
semicircle at high and low frequency portions when alloy
was immersed in 0.05 mol/L neutral Na,SO, solution and
0.05 mol/L Na,SO4 plus 0.02, 0.05, 0.10 mol/L NaCl
solution. Thus, corrosion processes are controlled by
electrochemical reactions. Their equivalent circuits are
shown in Fig.9. After chloride ion concentrations
increase up to 0.50 mol/L, its EIS plot consists of double
capacitive loops and a diffusion tail induced Warburg
resistance at low frequency portion. Corrosion processes
are controlled by ion diffusion in passivating film. Their
equivalent circuits are shown in Fig.10 where R is
denoted as solution resistance, CPE,, as electric capacity
over alloy surface, R, as resistance of electrolyte in the
film, Z,as Warburg impedance. Fitting results are listed
in Table 4. Charge transfer resistances decrease and
therefore corrosion rates become much faster with the
increase of chloride ion concentrations.
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7711 Sl 0.05 mol/L Na,SO4+0.02 mol/L NaCl
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Fig.8 EIS plots of MACu-40Ni-20Cr alloy in solutions
containing different chloride ion concentrations
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Fig.9 Equivalent circuit of MACu-40Ni-20Cr alloy in 0.05
mol/L Na,SO, neutral solution and 0.05 mol/L Na,SO4 plus
0.02, 0.05 and 0.10mol/L NaCl solutions
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Table 4 Equivalent circuit parameters of MACu-40Ni-20Cr alloy in solutions containing different chloride ion concentrations
c(NaCl)/ Ry R,/ R/ W,-R/ W,-T/ CPE4-T/ CPE,-T/ CPE,-P/
mol'L™) (Qem?) (Qem?) (Qem?) (Qem?) (Qem?d) " (10°F-em?) CPEarP (10 °F-cm™) (F-cm?)
0 76.49 5579 161 350 3.5357 0.8229 8.8155  0.5549
0.02 42.25 4096 128 860 6.361 4 0.802 3 13.4370  0.6660
0.05 39.00 1023 25601 24.236 0 0.7589  115.8100 0.5593
0.10 32.48 1374 32890 18.456 0 0.778 9 31.8940  0.662 4
0.50 13.61 490.60 7 651 10 559 18 812 0.84 24.882 0 0.794 7 919820 0.6929
Reol Ry R, W, MACu-40Ni-20Cr alloy produces large concentrations of

CPE,;

Fig.10 Equivalent circuit of MACu-40Ni-20Cr alloy in 0.05
mol/L Na,SOy plus 0.50 mol/L NaCl solution

3.3 Effect of grain size on electrochemical corrosion
behavior of Cu-40Ni-20Cr alloys

Corrosion rates of MACu-40Ni-20Cr alloy become
faster than that of CACu-40Ni-20Cr alloy obviously in
solution containing the same chloride ion concentration.
MA Cu-40Ni-20Cr alloy has more homogeneous
able to produce large
concentrations of grain boundaries in the course of
reduction in grain size by mechanically alloying. Atom in
grain boundaries is arranged irregularly and its lattice
distortion energy increases, grain boundaries have trend
to decrease its energy automatically. When the sample
was immersed in solution containing different chloride
ion concentrations, there were large concentrations of
grain boundaries prior others to dissolute. It could also
help chloride ions to transfer freely. Thus, MA
Cu-40Ni-20Cr alloy corrodes more easily than
CACu-40Ni-20Cr alloy.

microstructure and  is

4 Conclusions

1) For the two Cu-40Ni-20Cr alloys, the free
corrosion potentials move towards negative values and
corrosion rates become faster with the increase of
chloride ion concentration.

2) EIS plots of CACu-40Ni-20Cr alloy are
composed of single capacitive loop, while EIS plots of
MACu-40Ni-20Cr alloy are composed of double
capacitive loops in solution containing lower chloride ion
concentrations. Thus, corrosion processes are controlled
by electrochemical reactions. EIS plots of the two
present alloys have Warburg impedance with the
increase of chloride ion concentrations and therefore
corrosion processes are controlled by diffusion.

3) The corrosion rates of MACu-40Ni-20Cr alloy
become faster than that of CACu-40Ni-20Cr alloy
because the reduction in the grain size of

grain boundaries.
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