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The effect of Cu addition on the electrochemical corrosion behavior of Ni
3
Al intermetallic alloy was investigated by potentiody-

namic polarization, open-circuit potential, linear polarization resistance, and electrochemical impedance spectroscopy in 1.0M
H
2
SO
4
solution. Performance of the pure elements (Cu, Ni, and Al) was also evaluated. In general, Cu addition improved the

corrosion resistance of Ni
3
Al. Electrochemical measurements show that corrosion resistance of Ni

3
Al-1Cu alloy is lower than that

of other intermetallic alloys and pure elements (Ni, Cu, and Al) in 1.0M H
2
SO
4
solution at 25∘C. Surface analysis showed that the

Ni
3
Al alloys are attacked mainly through the dendritic phases, and Cu addition suppresses the density of dendritic phases.

1. Introduction

Acid solutions are extensively utilized in the industry sector
for several purposes, such as acid pickling, industrial acid
cleaning, acid descaling, and oil well acidizing [1]. The
corrosion behavior of carbon steel in acidic solution is
significant considering its widespread applications, namely,
in the manufactures of pipe lines for petroleum industries.
Acid solutions are frequently used in the removal of rust
and scale-developed in industrial process. Since the steel is
the major structural material utilized in the construction
industry, there have been considerable efforts focused on the
prevention of steel corrosion. As most steels are stable in
neutral or alkaline media, acidic environments are the major
concern. However, a group of materials that could serve as
substitutes of steel are the intermetallics compounds when
exposed to acidic solutions because these compounds possess

good corrosion and oxidation resistance in media, con-
taining not only oxygen but also sulphur, good abrasion
resistance, and small density. Particularly, many researchers
have reported the beneficial effects of the addition of noble
elements for inhibiting the anodic and cathodic reactions
of the steel immersed in a corrosive environment [2–5]. In
low alloy steels the addition of copper plays a major role
in the improvement of corrosion resistance [6]. However, in
order to transport and store acids solutions like H

2
SO
4
, it is

important to select properly the materials suited for these
processes [7].

The ordered intermetallic alloys based on aluminides of
transition metals like Fe, Ni, Nb, Ti, and Co are among the
materials that can perform properly in industrial processes
exposed to acid solutions since the aluminum concentration
of these compounds contributes to the formation of a passive
layer of aluminum oxide, which is responsible for the good
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oxidation, corrosion, and sulfidation resistance at room tem-
perature or higher; besides these intermetallic compounds
retain strength and stiffness at elevated temperatures [8, 9].
In particular nickel aluminides based on Ni

3
Al and NiAl are

expected to be promising structural materials due to their
high melting point, low density, and high specific modulus
[10, 11] However major drawbacks of these materials are the
low ambient temperature ductility, poor fracture toughness,
and inadequate elevated temperature strength, which prevent
these materials from being used for practical applications.
It has been reported that macroalloying NiAl intermetallic
compound with Cu and Fe, ductility as high as 6% and
12% can be achieved [12]. It has also been reported that the
addition of elements like Cu, Co, Ti, and Fe can improve the
mechanical properties of Ni-Al intermetallics [13–15].

Additionally, numerous alloys based upon Ni
3
Al have

been developedwith broad applications ranging from furnace
rolls and radiant burner tubes for steel production to heat
treating fixtures, forging dies, and corrosion-resistant parts
for chemical industries [16, 17].This is due to the strong bond-
ing between Al and Ni, which remains at elevated temper-
atures, which produces excellent properties competitive with
those of superalloys and ceramics, such as highmelting point,
low densities, high strength, and good corrosion and oxida-
tion resistance [16–19]. Ni-Al type intermetallics are widely
used due to their high temperature oxidation resistance and
their ability to develop an Al

2
O
3
protective layer which also

provides corrosion resistance in molten salts [20, 21].
Despite the fact that nickel aluminides are of interest

for high temperature applications, various room temperature
applications are being discovered, for example, biomaterials,
and seawater atmosphere applications also [22–24]. Some
other uses are in fossil plants, where stainless steels, among
other materials, are commonly used [25, 26]. Low tempera-
ture corrosion performance of Ni-Al compounds is of interest
for high temperature applications because thesematerials will
not perpetually be at operating temperatures, since transients
like start-ups and shutdowns in fossil plants can occur. In
these plants, sulfur is present and, in these transients, con-
densation of H

2
SO
4
takes place producing the so-called “dew

point corrosion” which could lead to catastrophic failures
during service.Therefore, themain objective of this work is to
investigate the effect of the Cu addition on the corrosion
performance of the Ni

3
Al intermetallic alloy in sulfuric acid

at low temperature.

2. Experimental Procedure

2.1.Materials. Cast ingots of binaryNi-25 at.%Al and ternary
Ni25Al-𝑥Cu (𝑥 = 1, 3, and 5 at.%) alloys were produced in
quartz crucibles with an induction furnace in an inert atmo-
sphere from elements of 99.99% purity. Ingots were cooled
and subsequently solidified inside the crucibles in the furnace
at room temperature and in this condition were used in the
studies.

2.2. Sample Preparation. The test specimens were cut into
small parallelepiped pieces of 5.0 × 5.0 × 3.0mm using a
diamond tipped blade. For electrical connection, specimens

were spot-welded to a Ni20Cr wire and then mounted and
encapsulated in thermosetting resin. Sample surfaces were
ground to 600 grade grit paper and then first rinsed with
distilled water and later by ethanol in an ultrasonic bath
for 10 minutes. Specimens with this surface condition were
employed as the working electrode (WE) in the electrochem-
ical tests.

2.3. Electrochemical Measurements. The electrochemical per-
formance of the intermetallic alloys was determined by
open-circuit potential (OCP), polarization curves (PC),
linear polarization resistance (LPR), and electrochemical
impedance spectroscopy (EIS) measurements. The potentio-
dynamic tests were performed by means of an Interface 1000
Gamry Potentiostat/Galvanostat/ZRA analyzer. A saturated
calomel electrode (SCE) and a platinum wire were employed
as a reference and as a counter-electrode, respectively. All
the potentials described in the text are relative to the SCE,
unless stated differently. In order to evaluate the effect of the
Cu addition on the corrosion performance of the Ni

3
Al, the

intermetallic alloyswere exposed in a solution of 1.0MH
2
SO
4

at 25∘C for 48 hours.
PC were carried out by polarizing the samples in the

potential range of −300 to 1000mV at 1mV/s from rest
potential (𝐸corr). Prior to the test, the system was allowed to
stabilize for 30min. Corrosion current density, 𝑖corr, cathodic
and anodic Tafel slopes, and the corrosion potential, 𝐸corr,
were calculated using the Tafel extrapolation method in the
scanned potential ±250mV from 𝐸corr. Also the OCP as a
function of time of the working electrodes wasmeasured.The
polarization resistance, 𝑅

𝑝
, was obtained from LPR curves by

polarizing the working electrodes from −20 to 20mV, from
𝐸corr, at 1mV/s scan rate according to ASTM G59-97. From
the LPR curves, the slope of the linearly fitted 𝐸 versus 𝐼 data
was considered as 𝑅

𝑝
. The corrosion rates were calculated in

terms of the corrosion current, 𝑖corr, using the Stern-Geary
equation [27]:

𝑖corr =
𝑏
𝑎
𝑏
𝑐

2.303𝑅
𝑝
(𝑏
𝑎
+ 𝑏
𝑐
)

, (1)

where 𝑅
𝑝
is the polarization resistance and 𝑏

𝑎
and 𝑏
𝑐
are the

Tafel slopes.
EIS measurements were recorded under open-circuit

conditions using a sinusoidal excitation voltage of ±10mV,
and frequencies ranged from 100,000 to 0.01Hz. After testing,
corroded specimens were analyzed in a DSM 960 Carl Zeiss
scanning electronicmicroscope (SEM).The corrosion behav-
ior of the Ni, Cu, and Al was also evaluated as a baseline.

3. Results and Discussion

3.1. Potentiodynamic Polarization Curves. Polarization
curves for unalloyed Ni

3
Al and ternary Ni

3
Al with additions

of 1, 3, and 5 at.% of Cu are shown in Figure 1(a). Figure 1(b)
shows a zoom at the zone where the electrochemical
parameters were determined. The polarization curves for
binary and ternary alloys present an active-passive behavior.
All alloys exhibit a wide passivation zone. Increasing the Cu
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Table 1: Electrochemical parameters of the tested materials in a 1.0MH2SO4 solution at 25∘C.

Material 𝐸corr
(mV)

𝑏
𝑎

(mV/Dec)
𝑏
𝑐

(mV/Dec)
𝑖corr

(𝜇A/cm2)
∗
𝐸pp

(mV)

∗
𝑖pp

(𝜇A/cm2)

∗
𝐸rp

(mV)

∗
𝑖rp

(mA/cm2)
Ni3Al −279 40 124 9.1 ± 0.05 −105 15000 ± 0.05 — —
Ni3Al-1Cu −279 49 90 2.8 ± 0.05 104 17000 ± 0.05 — —
Ni3Al-3Cu −272 65 140 3.8 ± 0.05 190 55000 ± 0.05 — —
Ni3Al-5Cu −249 90 157 4.5 ± 0.05 73 15000 ± 0.05 164 ± 0.00005 18
Ni −297 71 122 31.2 ± 0.05 −70 16000 ± 0.05 498 ± 0.00005 450 ± 0.00005
Cu −121 81 437 2.5 ± 0.05 — — — —
Al −682 274 136 56.0 ± 0.05 — — — —
∗
𝐸pp and 𝑖pp indicate the primary passivation potential and primary passivation current density.
∗
𝐸rp and 𝑖rp indicate the repassivation potential and current density, respectively.
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Figure 1: Polarization curves of the Ni
3
Al-𝑥Cu intermetallic compounds tested in a 1.0M H

2
SO
4
solution at 25∘C.

addition to the Ni
3
Al alloy induced a shift of 𝐸corr towards

positive direction of ordinate axis, which means that the
𝐸corr value turned nobler under these circumstances.

According to Table 1, the corrosion current density, 𝑖corr,
values of the ternary Ni

3
Al-𝑥Cu alloys were lower than

those of the binary alloy Ni
3
Al which presented an 𝑖corr

of 9.1 𝜇A/cm2. This means that the Cu addition to Ni
3
Al

induced a beneficial effect since the corrosion rate of alloy
was diminished. However, as the Cu addition was increased
from 1 to 5 at.%, the corrosion current density of ternary alloy
was increased from 0.0028 to 0.0045mA/cm2. In a similar
research, the effect of Cu addition on the corrosion behavior
of NiAl intermetallic exposed to 0.5M H

2
SO
4
solution was

studied [28], and the authors reported an 𝐸corr value of
−110mV together with an 𝑖corr equal to 0.02 𝜇A/cm2 in the
NiAl intermetallic alloy. Thus the minor corrosion current
density of NiAl as compared with that of Ni

3
Al studied in the

present work probably is due to the different concentration of
H
2
SO
4
and to the higher Al content of NiAl which promotes

the formation of the passive aluminum oxide film in a higher

content on surface of intermetallic. Also, the Cu addition to
NiAl intermetallic induced a decrease on its corrosion rate
expressed in terms of corrosion current density. Thus, the
effect of adding Cu to the Ni

3
Al intermetallic on its corrosion

rate is in agreement with previous investigations. A similar
effect of the enhancement of corrosion resistance as a con-
sequence of Cu addition has also been observed in steels as
was described in Introduction. For example, Pardo et al. [29]
studied the influence of cementation and electrodeposition
of copper coatings on the corrosion resistance of AISI 304
stainless steel immersed in 30wt.%H

2
SO
4
at temperatures of

25 and 50∘C. The authors stated that the improved corrosion
resistance is related to copper dissolution at the initial stages
of exposure tests and the presence of Cu2+ in the solution,
which makes the medium more oxidizing, increasing in this
way the stability of the passive layer. In addition, the presence
of copper at the surface reduces the overpotential of cathodic
reaction, enabling the transition from an active region to a
passive one. From Table 1, it can be seen that the primary
passivation potential, 𝐸pp, of the binary Ni

3
Al alloy was
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Figure 2: Polarization curves of Ni, Cu, and Al tested in a 1.0M H
2
SO
4
solution at 25∘C.

minor than that of ternary Ni
3
Al-𝑥Cu alloys. This indicates

that the binary intermetallic compound begins its passivation
at minor overpotentials with respect to corrosion potential,
𝐸corr. So, in this case, the addition of Cu shifted the 𝐸pp
towards nobler values. According to Figure 2, the metal Ni
exhibited a primary passivation and repassivation, whose 𝐸pp
and𝐸rp values are presented inTable 1.Thepolarization curve
of the metal Ni exhibited a wide repassivation zone. So, in
this case as content of Ni in the Ni

3
Al alloy is present in a

higher concentration, the passivation process remains in the
binary and ternary intermetallics, where this repassivation
behavior of the ternary Ni

3
Al-𝑥Cu alloys could be associated

with the adsorption of species such as CuSO
4
⋅5H
2
O,Cu

2
O, or

Cu
𝑥
(OH)
𝑦
and similar compounds of Ni.

In order to understand the role of Al, Ni, and Cu in the
corrosion behavior of the present aluminides, polarization
curves of pure Ni, Al, and Cu elements are shown in
Figure 2(a). Figure 2(b) shows a zoom at the zone where
the electrochemical parameters were determined. From this
illustration it can be observed that the noblest corrosion
potential, 𝐸corr, corresponded to Cu, while Al element exhib-
ited the most active corrosion potential with 𝐸corr equal to
−682mV. The minor corrosion rate in terms of corrosion
current density corresponded to pure Cuwith an 𝑖corr value of
2.5 𝜇A/cm2. So, in this case as the copper presented theminor
corrosion rate, it seems that this element induced a diminu-
tion of the corrosion current density values of Ni

3
Al-𝑥Cu

alloys. Moretti and Guidi [30] carried out potentiodynamic
polarization tests of Cu exposed to a 0.5M aerated H

2
SO
4

solution at 20∘C and 30∘C. The authors reported corrosion
current densities of 0.0137 and 0.0161mA/cm2. After compar-
ing these values of current densities with the ones measured
in this work, it can be inferred that the increment of H

2
SO
4

concentration does not seem to induce an increment in

corrosion rate of pure Cu. Bastidas et al. [31] performed
potentiodynamic polarization tests in Cu exposed to various
concentrations of sulfuric acid from 0.001 to 1.0M H

2
SO
4

at 25∘C. The authors reported that, at low sulfuric acid con-
centration, the copper dissolution is the main process, while
for the highest H

2
SO
4
concentration (1.0M), a passivation

phenomenon may take place on the copper surface, yielding
the lowest corrosion rate. In previous investigations, the
copper passivation phenomenon originated by the exposure
to H
2
SO
4
acid at a concentration of 1.0M has been attributed

to the formation of CuSO
4
⋅5H
2
O and/or Cu

2
O [32]. So, the

passivation phenomenon observed in the present work in the
intermetallic Ni

3
Al-𝑥Cu compounds and in the pure Cu is

certainly due to the formation of a passive film formedby cop-
per oxide or copper sulphate on their surfaces, as is explained
in the previous research [32]. The passivation behavior
observed in the present work was also observed in a previous
research where the electrochemical behavior of copper elec-
trode in concentrated sulfuric acid solutions was studied. In
this research the passive filmwas constituted by an inner layer
of a mixture of copper oxides and an outer layer of copper
sulphate hydrate [33]. Also, the passivation process observed
in the present work in pure Cu and in the ternary Ni

3
Al-

𝑥Cu alloys could be related to the oxidation of Cu to Cu(I)
and Cu(II) species, as was reported by Hurtado et al. who
performed electrochemical studies of Cu-Ni alloy exposed
to 0.5M H

2
SO
4
solution [34]; the authors reported that the

anodic current is associated with the oxidation of metallic
copper to interfacial Cu(I) and Cu(II) species.

The anodic current density of pure Al increased with
increasing potential, but at around 100mV the increase of
current density tended to reach a kind of anodic limit current
density; this behavior is ascribed to the passive aluminum
oxide film that is formed on its surface, as is well known.
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Thus, when Ni is alloyed with Al, the passive aluminum
oxide film remains on surface of the intermetallic Ni

3
Al.This

passivation phenomenon is evident by looking at the polar-
ization curves displayed in Figure 1, where a wide passivation
zone is observed when the binary and ternary intermetallic
compounds are exposed to H

2
SO
4
. The Cu metal exhibits

a first passive zone within the small interval of potentials
from 400 to 480mV, but after 500mV a kind of anodic limit
current density is observed. This behavior is similar to that
reported by Arukalam et al. who reported a spontaneous
passivation process above 250mV for copper immersed
in 0.5M sulfuric acid [35]. The polarization curve of Ni
exhibited an active-passive-transpassive behavior. In this case
a first small passivation zone started at a passivation current,
𝐼pass, near to 15mA/cm2 and at passivation potential of about
−85mV. Also, for Ni, a second bigger passivation zone started
at a potential of 500mV. Besides, the corrosion potential,
𝐸corr, of pure Ni was equal to −297mV with its correspond-
ing corrosion current density, 𝑖corr, equal to 31.2 𝜇A/cm2.
Additionally, pure nickel displayed an anodic Tafel slope of
71mV/decade.The anodic Tafel slope determined for the pure
Ni in the present work is in agreement with the reported
one by Amin et al. [36], who studied the inhibition of
corrosion of Ni exposed to 1.0MH

2
SO
4
solution; the authors

observed that, for the Ni electrode without inhibitor, a linear
relation was observed between potential 𝐸 and log(𝑖) in
the active dissolution region, with an apparent anodic Tafel
slope of 67mV/decade. It is worth noting that the chemical
composition of passive films is very important in defining the
corrosion resistance [37]. Table 1 shows the electrochemical
parameters obtained from polarization curves.

3.2. Open-Circuit Potential Measurements. The change of the
𝐸corr value with time for the different alloys together with Ni,
Al, and Cu which were tested during 48 h in a solution of
1.0M H

2
SO
4
is presented in Figure 3. In the first moments of

immersion, the rest potential of each electrodemoves towards
less negative values due to the initial formation and growth of
the passive oxide film. In all cases after the initial rise in the
rest potential, a certain constant potential value (steady-state
potential) is attained.

In this plot, it can be observed that the Cu additions alloy
turned the 𝐸corr value of the Ni3Al alloy towards more noble
values for up to 200mV. In other words, the steady-state rest
potential (i.e., 𝐸corr) became more positive with the increase
in Cu content (except for 1 at.% Cu). In addition, the slope of
the linear rise in the rest potential (𝑑𝐸/𝑑𝑡) for intermetallic
alloys, which is a measure for the passivation rate [38],
increases according to the following order: Ni

3
Al < Ni

3
Al-

5Cu < Ni
3
Al-3Cu < Ni

3
Al-1Cu. These findings revealed that

the tested alloys tend to passivate in H
2
SO
4
solution, and the

rate of passivation depends on Cu concentration.This behav-
ior indicates a more active corrosion surface of binary Ni

3
Al

alloywhen comparedwith ternaryNi
3
Al-𝑥Cu alloys; also this

comportment is in agreement with the highest corrosion rate
exhibited by the binary Ni

3
Al alloy (Table 1). In this case, the

passivation phenomenon could be attributed to the formation
of CuSO

4
⋅5H
2
O and/or Cu

2
O protective phases. However,

the addition of 1 at.% Cu did not change in a significant way
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Figure 3: Variation of 𝐸corr values for the tested materials in a 1.0M
H
2
SO
4
solution as a function of exposure time.

the 𝐸corr value of the Ni
3
Al intermetallic alloy during the

whole exposure time, while for the pure elements (Al, Ni, and
Cu), the more active 𝐸corr value was observed in Al with a
mean𝐸corr value near to−580mV.This illustration shows that
the noblest 𝐸corr among the pure elements corresponded to
Cu, while Al displays the more active corrosion potential. In
this case, the most active corrosion potential and the highest
corrosion current density was exhibited by Al, which could
be attributed to the low corrosion resistance of the Al-oxide
layer formed on the aluminum surface, but when the Al
and Ni form the intermetallic Ni

3
Al compound, then the

aluminum oxide film formed on the intermetallic surface
probably is more compact and less porous, and the passivity
of this layer is enhanced by its modification with Ni-oxide.
The fact that the 𝐸corr value of pure Cu is the noblest during
the whole exposure time is in agreement with the corrosion
potential values determined from the polarization curves; see
Figure 1. Besides, copper addition caused a shift of the 𝐸corr
value towards nobler potentials during the 48 h of immersion.
Thus, when the Cu was added to the Ni

3
Al alloy, the nobility

of Cu induced an improvement of the passivation process
on surface of the ternary Ni

3
Al-𝑥Cu alloy, where this effect

is probably due to the modification of the aluminum oxide
layer by the copper oxide or sulphate. The initial decrease of
the 𝐸corr value observed in copper could be explained and
related to a previous research [34] where the authors studied
the electrochemical behavior of the annealed Cu-5wt.% Ni
alloy in 0.5M H

2
SO
4
solution. The investigators reported

that, immediately after immersion, the OCP measurements
of Cu exhibited an initial diminution from the initial value
and reached a steady state after 5 h of exposure in the aerated
and deaerated solution. In this case, the observed decrease
of potential is explained in terms of the dissolution of the
naturally formed copper oxide film, followed by the oxidation
of the metal to form Cu(II) species.
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Ni showed an initial increase of its OCP value; afterward
the OCP value reached a more or less steady state after the
10 hours of immersion. This behavior is in agreement with a
previous research [34], where the authors reported that, forNi
in the aerated electrolyte, the OCP increases monotonically,
from the initial immersion potential towards a more or
less steady-state value. This indicates that, in 0.5M H

2
SO
4

solution, the Ni is oxidized to form a passive layer.The inves-
tigators also established that the steady state was attained in a
relatively short time (3 h) in the aerated solution. In the deaer-
ated solution, however, the steady state was not attained, even
after 15 h. Because steady state was reached faster in the aer-
ated solution, this process depended on the concentration of
dissolved oxygen and therefore it can be inferred that it is
controlled by the cathodic reduction of oxygen.

According to curves shown in Figure 3, the more anodic
potentials of the Cu-containing specimens suggest that the
presence of Cu influences the kinetics of the anodic reac-
tion by shifting the 𝐸corr values toward nobler values. This
behavior is in agreement with the reported one by Oguzie
et al. [37] who investigated the effect of Cu addition on the
electrochemical corrosion behavior of stainless steels in both
the active and passive states in 0.1M H

2
SO
4
solution. The

authors reported that the Cu addition generally improved
the corrosion resistance and facilitated the passivation phe-
nomenon but did not notably affect the resistance of the
passive films. Generally, the effect of alloying of copper on the
corrosion of nickel/copper alloys is manifested by an increase
in nobility of the corrosion potential, a widening of the active-
passive transition range, an increase in critical and passive
current densities, and a contraction of the passive zone [39].

3.3. Corrosion Current Measurements. The variation of cor-
rosion rate in terms of the corrosion current density as a
function of exposure time for Ni

3
Al alloys and pure Cu,

Ni, and Al elements in 1.0M H
2
SO
4
solution is displayed

in Figure 4. It can be seen that, for pure elements, the Al
element exhibited the highest corrosion rate while the Ni
presented the minor corrosion rate for the 48 h of exposure.
Regarding pure Cu metal, the 𝑖corr of this element exhibited
a trend to increase as the exposure time had elapsed. This
behavior could be attributed to the good stability of the
passive film and its growth on the copper surface. Therefore,
the addition of Cu to the aluminide, Ni

3
Al, induced stability

on its surface film by themodification of the aluminumoxide.
Also, from the same illustration, it can be observed that the
addition of 1% Cu to Ni

3
Al alloy induced a diminution of

corrosion rate in the intermetallic compound after 16 hours
of exposure. Conversely, the additions of 3% and 5% Cu to
Ni
3
Al induced an increase of the corrosion rate up to about

0.01mA/cm2 in the intermetallic compound. The minor
corrosion rate of Ni

3
Al-1Cu as compared with the other

intermetallic compounds is consistent with the corrosion
current density values determined by the polarization curves;
see Figure 1. Besides, the corrosion rate of Ni

3
Al-3Cu and

Ni
3
Al-5Cu remained more or less stable during the whole

immersion time, while that of the Ni
3
Al-1Cu intermetallic

tended to diminish after the 30 hours of exposure in the acidic
media, which means that the passive film was very stable
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Figure 4: Variation of 𝑖corr values for the tested materials in a 1.0M
H
2
SO
4
solution as a function of exposure time.

when the Ni
3
Al intermetallic compound was alloyed with 3

and 5% of Cu.

3.4. Electrochemical Impedance Spectroscopy. Bode plots for
the metals and intermetallic alloys exposed to 1.0M H

2
SO
4

solution at 25∘C are shown in Figures 5–11. Analysis from
Bode diagram is simpler because it minimizes the dispersion
of the experimental data and shows a finer description of the
frequency-dependent behavior of the electrochemical data,
where these features are not observed in the Nyquist dia-
grams. From the Bode diagram the following basic elements
can also be identified in order to establish the configuration of
the equivalent circuits describing the electrochemical system
[40]; resistors (𝑅) that appear as plateaus, and in this case
|𝑍| = 𝑅 and 𝜙 → 0

∘, capacitors (𝐶), where |𝑍| is a straight
line with a −1 slope and 𝜙 → 90

∘, and elements associated
with diffusion, where |𝑍| has a −0.5 slope and 𝜙 = 45∘.
In general, three frequency regions referring to the high,
intermediate, and low frequency values are obtained from
Bode diagrams [41, 42].

Figure 5 shows the Bode plot for Ni. Ideally, at higher
frequency region (𝑓 > 1000Hz), the Bode plot exhibits
a plateau (horizontal line) of the |𝑍| values with the phase
angle approaching 0∘, and this is the response of the solution
resistance, 𝑅

𝑠
. However, in the Bode plot for Ni, the plateau

is observed at frequencies higher than 10 kHz. This could be
due to the presence of a film either porous or slimy onto Ni
surface. In the middle frequency region (1000 to 10Hz), an
ideal spectrum displays the maximum phase angle approach-
ing −90∘ and a linear slope of about −1 in log |𝑍| as log(𝑓)
decreases, and this is the characteristic response of capac-
itive behavior of the electrode and describes the dielectric
properties of the electronically conducting surface film. It is
known that a phase angle greater than or equal to 90∘ signifies
that the protective layer is an effective insulating film; hence
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Figure 5: Bode plots for nickel in 1.0M H

2
SO
4
solution at 25∘C.
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Figure 6: Bode plots for copper in 1.0M H
2
SO
4
solution at 25∘C.

there is no current leakage at defect sites, but if the phase angle
is less than 90∘, then the protective layer is permeable to ions
from solution [43]. In this case, the formation of twomaxima
phase angles is observed. At time 0 hours, a maximum phase
angle (80∘) is observed at 100Hz, and, as time elapses, a
new maximum phase angle at lower frequencies is observed
(3Hz). Both time constants showed similar values of phase
angle (70∘). This can be associated with the presence of two
protective layers, one of them (a film either porous or slimy)
in contact with the electrolyte and the other one (oxide film)

in contact with the Ni. Generally, at low frequency region
(𝑓 < 10Hz), the Bode plot exhibits a plateau (horizontal
line) of the |𝑍| values with the phase angle approaching 0∘,
and in this region the electron charge transfer process, the
mass transfer processes, or other relaxation processes taking
place at the film-electrolyte interface or within the pores of
the surface film are detected. However, in this case, these
features are observed at lower frequencies than 0.1Hz. |𝑍|
values show an increase in the early hours of immersion to
later show oscillating values. This may be associated with
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Figure 7: Bode plots for aluminum in 1.0M H
2
SO
4
solution at 25∘C.
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Figure 8: Bode plots for Ni
3
Al in 1.0M H

2
SO
4
solution at 25∘C.

processes of dissolution and regeneration of the surface
layers.These results were consistent with theNyquist diagram
(not shown), where it could be observed that the data
described a depressed, capacitive-like semicircle, with its
center at the real axis, indicating that the corrosion process
is under charge transfer control from the metal surface to
the solution through the double electrochemical layer, and,
as time elapsed, the semicircle diameter increased but after
6 hours the semicircle diameter decreases and increases

constantly. This behavior is consistent with that observed in
LPR measurements.

Generally, the anodic dissolution of Ni in acid solutions
involves uniform dissolution with the following reaction
path (which considers the water adsorption process in the
mechanism of electrooxidation) [36, 42]:

Ni+H2O←→ NiOH+H+ + e− (2)
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Figure 9: Bode plots for Ni

3
Al-1Cu in 1.0M H

2
SO
4
solution at 25∘C.
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Figure 10: Bode plots for Ni
3
Al-3Cu in 1.0M H

2
SO
4
solution at 25∘C.

NiOH+H+ ←→ Ni+ +H2O (3)

Ni+ ←→ Ni2+ + e− (4)

where the cathodic reaction is the reduction of H
3
O+, occur-

ring on the electrode surface:
2H3O

+
+ 2e− ←→ 2H2O+H2 (5)

However, it also has been suggested that the passivating film
formed on a nickel electrode in acid solutions is formed

by Ni(OH)
2
, NiO, NiOOH, or NiOOH intermediates [39].

This suggests that the time constant observed in high-
middle frequency can be a hydroxy-derivative of Ni which is
adhered to the metallic surface, and the time constant at low
frequencies corresponds to a thin film of NiO.

Figure 12(a) shows the superficial aspect of Ni after the
corrosion test in 1.0MH

2
SO
4
solution at 25∘C. After the cor-

rosion test, the working electrodes used were washed gently
with distilled water and ethanol before analysis by SEM.
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Figure 11: Bode plots for Ni
3
Al-5Cu in 1.0M H

2
SO
4
solution at 25∘C.

(a) Nickel (b) Copper (c) Aluminum

Figure 12: Micrograph of the corroded surfaces of (a) nickel, (b) copper, and (c) aluminum in 1.0M H
2
SO
4
solution at 25∘C.

During the surface inspection, the presence of corrosion
products onto themetallic surfaces was not detected, indicat-
ing that these were soluble and theywere dissolved during the
washing step of theworking electrodes.TheNi surface did not
show a significant attack, since the presence of lines generated
by the grinding process is still observed.The superficial attack
undergone by the Ni corresponds to that defined as uniform
corrosion.

Figure 6 shows the Bode plot for Cu. Cu behavior is
very similar to that observed behavior with Ni. At higher
frequency region (𝑓 > 1000Hz), the plateau of the |𝑍|
values with the phase angle approaching 0∘ is observed at fre-
quencies higher than 10 kHz. Again, this could be due to the
presence of a film either porous or slimy onto Cu surface. In
the middle frequency region (1000 to 10Hz), a maximum in
the phase angle is observed. However, the shape of the phase
angle spectrum is not according to a Gaussian distribution.
Thewidth of the spectrum is located from the high frequency
region to the low frequency region.This suggests the presence

of two time constants. As time evolved, phase angle increases
from 70∘ to 76∘ and after 6 hours decreases (66∘) until the end
of the test. This is associated with an increase in the slope of
the relationship log𝑓-|𝑍| and a subsequent decrease.This can
be due to the presence of two protective layers, one of them
(a film either porous or slimy) in contact with the electrolyte
and the other one (oxide film) in contact with Cu. At low
frequency region (𝑓 < 10Hz) the plateau of the |𝑍| values
with the phase angle approaching 0∘ is observed at lower
frequencies than 0.1Hz. |𝑍| values tend to increase (6 hours)
and subsequently their values decrease until the end of the
test. This may be associated with a continuous dissolution
process of the protective surface layers. These results also
were consistent with theNyquist diagram (not shown), where
it could be observed that the data described a depressed,
capacitive-like semicircle, with its center at the real axis,
indicating that the corrosion process is under charge transfer
control from the metal surface to the solution through
the double electrochemical layer, and, as time elapsed,
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the semicircle diameter increased but after 6 hours the
semicircle diameter decreased constantly. This behavior is
consistent with that observed in LPR measurements. Studies
in 0.5MH

2
SO
4
solution show that theNyquist plot comprises

two capacitive semicircular arcs at low and high frequency
regions, corresponding to two time constants. High and low
frequency loops are attributed to charge transfer resistance
for electrical double layer relaxation and diffusion mass
transport of Cu ions from the surface, respectively, and the
depressed nature of the capacitive semicircle is typical for
solid metal electrodes that show frequency dispersion of the
impedance data [35]. In this case, it is possible that due to the
higher acid concentration the corrosion process is increased,
and instead to observe two distinct time constants apparently
only one is observed. This time constant corresponds to
overlapping processes of charge transfer and diffusion.

Although copper is a relatively noble metal, it reacts
easily in ordinary, oxygen-containing electrolytes. Corrosion
behavior of copper in acidic, neutral, and alkaline solutions
has been studied, and in all cases the dissolution of copper
is balanced by oxygen reduction. Corrosion rate of copper
is influenced by the pH and has its lowest value in slightly
alkaline solutions. Stable oxides of copper can be formed
reversibly in the pH range 8–12, and at pH values below 7, the
dissolution of copper becomes significant, especially below
pH 4-5, where the formation of stable surface oxides is not
possible.The growth of copper(I) oxide takes place in a range
of pH values above 4, and the film thickness decreases rapidly
with pH decreasing below 4. Copper dissolution is controlled
mainly by diffusion in the solution phase, in solutions of pH
below 4, but with increasing pH, the formation of cubic Cu

2
O

oxide crystals is favored. This results in a change in dissolu-
tion control frommixed diffusion in oxide film, in solutions at
pH 4-5, to diffusion in oxide film at pH > 6 [44].

However, because the concentration ofCu+ at themetallic
surface is much higher than Cu2+ [45], Cu dissolves through
a monovalent species associated with anions. The initial step
of the copper dissolution process is a charge transfer reaction
resulting in formation of an adsorbed Cu+ species [46]:

Cu 󳨀→ Cu+ads + e
− (6)

The adsorbed Cu+ species associates with an anion X𝑛−
(hydroxyl or sulfate), which diffuses from the bulk solution
onto electrode surface [47]:

X𝑛−bulk 󳨀→ X𝑛−surf (7)

𝑛Cu+ads +X
𝑛−

surf 󳨀→ [(Cu
+
)X𝑛−]surf (8)

Then the complex species diffuses into the bulk solution:

[(Cu+)X𝑛−]surf 󳨀→ [(Cu
+
)X𝑛−]bulk (9)

Increase in corrosion rate is owing to the increased diffusion
rate of the complex species. Thus, only sulfate anions can be
thought of to be the species which increases the corrosion rate
of copper.

Generally, except under high cathodic overpotentials,
copper does not displace hydrogen, and the presence of

dissolved oxygen is essential for its cathodic reduction [46,
48]. Therefore the cathodic reaction is the reduction of
oxygen which diffuses from the bulk solution and adsorbs
onto the electrode surface [47]:

O2, bulk 󳨀→ O2, surf (10)

O2, surf 󳨀→ 2Oads (11)

Oads + 2H
+
+ 2e− 󳨀→ H2O (12)

This suggests that the time constant observed in high-middle
frequency can be a hydroxyl or sulfate derivative of Cu which
is adhered to the metallic surface, and the time constant at
low frequencies corresponds either to the metallic surface or
a thin film of copper oxides.

Figure 12(b) shows the superficial aspect of Cu after the
corrosion test in 1.0M H

2
SO
4
solution at 25∘C. The Cu sur-

face did not show a significant attack, but it is observed that
the lines generated by the grinding process are thinner than
those observed on the surface of nickel.This suggests that the
Cu corrosion process was higher than that of Ni.The superfi-
cial attack undergone by the Cu corresponds to that defined
as uniform corrosion.

Figure 7 shows the Bode plot for Al. At higher frequency
region (𝑓 > 1000Hz), the plateau of the |𝑍| values with the
phase angle approaching 0∘ is observed at frequencies higher
than 60 kHz, as time elapse. Again, this could be due to the
presence of a film either porous or slimy onto Al surface. In
the middle frequency region (1000 to 10Hz), a maximum in
the phase angle around 800Hz is observed. It is observed
that as time elapses the width of the phase angle spectrum
is shifted to the high frequency region; that is, the width of
the spectrum is located from the middle frequency region to
the high frequency region.This suggests either the formation
of a slimy film or a porous oxide onto the metal surface. In
the first three hours of immersion, the maximum phase angle
increases from 75∘ to 80∘ and remained virtually constant
during the rest of the test. This is associated with an abrupt
increase in the slope of the relationship log𝑓-|𝑍|. The high-
middle frequencies time constant could be assigned to the
charge transfer of the corrosion process and to the formation
of a protective layer. Prabhu and Rao [49] indicated that the
corrosion process of aluminum includes the formation of Al+
ions at the metal/oxide interface and their migration through
the oxide/solution interface where they are oxidized to Al3+,
and, at the oxide/solution interface, OH− or O2− ions are also
formed. The fact that all the three processes are represented
by only one time constant could be attributed either to the
overlapping of the loops of processes or to the assumption
that one process only dominates and, therefore, excludes
the other processes. The other explanation offered to the
high frequency capacitive loop is the oxide film itself. At
low frequency region (𝑓 < 10Hz) the plateau of the |𝑍|
values with the phase angle approaching 0∘ is not observed.
The apparent presence of a new time constant is observed.
However, from Nyquist plot (not shown), a large capacitive
semicircle at high-middle frequencies and an inductive loop
at low frequencies were observed. The capacitive semicircle
at high-middle frequencies characterizes the active state of
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the interface when the Al is exposed to the sulfuric acid
solution and it is related to the charge transfer of the corrosion
process and the double layer behavior, and the inductive loop
observed is attributed to the adsorption of species which
promotes the corrosion rate [50]. In this case, the inductive
loop may be related to the relaxation process obtained by
adsorption and incorporation of ions and charged intermedi-
ates onto and into the oxide film [34, 49]. Behavior described
from EIS measurements is consistent with that observed in
LPR measurements.

In acid solution the mechanism of dissolution of alu-
minum is as follows [49]:

Al+H2O 󳨀→ AlOHads +H
+
+ e− (13)

AlOHads + 5H2O+H
+
󳨀→ Al3+ + 6H2O+ 2e

− (14)

Al3+ +H2O 󳨀→ [AlOH]
2+
+H+ (15)

[AlOH]2+ +X− 󳨀→ [AlOHX]+ (16)

Thus soluble complex ion formed leads to the dissolution
of the metal. The major cathodic reaction is evolution of
hydrogen gas according to the following steps:

H+ + e− 󳨀→ Hads (17)

Hads +Hads 󳨀→ H2 (18)

This suggests that the time constant observed characterizes
the active state of the Al surface and the inductive loop is
related to the relaxation process due to the adsorption and
incorporation of ions and charged intermediates onto and
into the oxide film.

Figure 12(c) shows the superficial aspect of Al after the
corrosion test in 1.0M H

2
SO
4
solution at 25∘C. It is observed

that the Al surface shows a severe attack. The presence of
pitting attack and corrosion through grain boundaries are
observed. Clearly aluminum was unable to develop a protec-
tive oxide.

Figure 8 shows the Bode plot for Ni
3
Al. The impedance

spectrum is very similar to the Ni, though some differences
are observed. At higher frequency region (𝑓 > 1000Hz), the
plateau of the |𝑍| values with the phase angle approaching
0∘ is observed at frequencies higher than 30 kHz. This could
be due to the presence of a film either porous or slimy onto
Ni
3
Al surface. In themiddle frequency region (1000 to 10Hz),

a maximum in the phase angle is observed, but the shape
of the phase angle spectrum is not according to a Gaussian
distribution; that is, the width of the phase angle spectrum
is located from the high frequency region to the low fre-
quency region, suggesting the presence of two time constants.
Maximum phase angle decreases after 3 hours from 81∘ to
76∘. However the slope of the relationship log𝑓-|𝑍| remains
practically constant. A constant slope and a wider spectrum
may be due to the presence of a protective slimy film strongly
adhered to themetallic surface. At low frequency region (𝑓 <
10Hz) the plateau of the |𝑍| values with the phase angle

approaching 0∘ is not clearly observed; instead an apparent
plateau is observed. From Nyquist diagram (not shown)
a contraction of 𝑍real was observed; that is, there is a rela-
tionship between the apparent plateau and the contraction of
capacitive loop at low frequencies. Some authors suggest that
the contraction of the capacitive loop is due to the presence of
processes controlled by mass-transfer [51, 52], where this sort
of mass-transfer processes can show three different diffusion
characters [53]: the first one is called semi-infinite diffusion
process and it happens when the thickness of stagnant layer
is infinite (Warburg diffusion), the second one happens when
the thickness of the stagnant layer is finite and there is a
contraction of the real part and it is called transmissive finite
diffusion process, and the third one happens when only the
transmission takes place in a limited distance and it is called
reflective finite diffusion process. Therefore, it can be consid-
ered that there is a transmissive finite diffusion process due to
the presence of a slimy film strongly adhered to the metallic
surface. It is observed that the |𝑍| values tend to increase (18
hours) and subsequently their values fluctuate until the end
of the test. The initial behavior may be due to the presence of
the viscous layer which limited the charge transfer processes,
and subsequently its dissolution or its detachment resulted
in the observed fluctuations. This behavior is consistent with
that observed in LPR measurements.

It is known that the high corrosion resistance of the
intermetallic compounds of Ni

3
Al type is due to its ability

to develop a protective passive film with a high chemical
stability (Al

2
O
3
) [54]. Therefore its performance depends on

its ability to develop a continuous and stable film of Al
2
O
3
.

Accordingly, the main anodic and cathodic reactions are
those described above (reactions (13)–(18)).

Figure 13(a) shows the superficial aspect ofNi
3
Al after the

corrosion test in 1.0M H
2
SO
4
solution at 25∘C. In general

the characteristic microstructure of the Ni
3
Al consists of

two phases where the matrix corresponds to 𝛾Ni-𝛾
󸀠

Ni3Al and
the dendritic phase to 𝛽NiAl-𝛾

󸀠

Ni3Al [55, 56]. This type of
microstructure is characteristic of intermetallic Ni

3
Al and its

formation is attributed to the difference between the melting
points of the constituent phases. From figure, it is possible
to observe that the Ni

3
Al base alloy showed only localized

attack (dissolution) in dendritic phases, that is, the phases
with the higher aluminum content. It is considered that this
localized attack is the reason for the fluctuations observed in
measurements of 𝑖corr (Figure 4). Once the dendritic phases
were dissolved 𝑖corr values remain stable. The matrix phase of
the intermetallic alloy did not show a significant attack; it only
showed the presence of lines generated by the grinding pro-
cess. This kind of preferential dissolution is observed due to
the formation of microgalvanic cells, where the matrix phase
acted as cathode and the dendritic phase as anode. In the pres-
ence of twophaseswhere one of the phases has either different
chemical composition or microstructure, one of these phases
will act as cathode and the other as an active anode; this will
cause the preferential dissolution of one of the phases, the one
which acts as active anode, inducing preferential, localized
dissolution within the alloy [28]. These results indicate that
the presence of the 𝛽 phase is chemically less stable.
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Figure 13: Micrograph of the corroded surfaces of (a) Ni
3
Al, (b) Ni

3
Al-1Cu, (c) Ni

3
Al-3Cu, and (d) Ni

3
Al-3Cu in 1.0M H

2
SO
4
solution at

25∘C.

Figure 9, Bode plot for Ni
3
Al-1Cu, shows that the Cu

additionmodified the electrochemical behavior of the Ni
3
Al-

base alloy. At higher frequency region (𝑓 > 1000Hz) the
behavior was similar. In the middle frequency region (1000
to 10Hz), a maximum in the phase angle is observed, but the
phase angle spectrum is wider and the presence of a second
time constant is evident. A slight increase in the phase angle
(74∘ to 77∘) and also a slight increase in the slope of the rela-
tionship log𝑓-|𝑍| are observed. A constant slope and a wider
spectrummaybe due to the presence of a protective slimyfilm
strongly adhered to the metallic surface. This is associated
with the observed behavior at low frequency region (𝑓 <
10Hz) where a plateau is well defined, and the |𝑍| values
increase as time evolves. However, from Nyquist diagram
(not shown), a slight contraction of 𝑍real was observed. This
indicates that there are still processes controlled by mass-
transfer. It has been suggested that the suppression of the low
frequency inductive loop from the impedance spectra of the
Cu-containing austenite and ferrite implies inhibition of the
mass transfer process due to the presence of Cu [37].

Figure 13(b) shows the superficial aspect of Ni
3
Al-1Cu

after the corrosion test in 1.0MH
2
SO
4
solution at 25∘C. From

figure it is possible to observe that the addition of Cu led to
an increase in the ratio 𝛾-𝛾󸀠/𝛽 due to the reduction in the
number and volume of the dendritic phases. This indicates
that the amount of 𝛽-phase into dendrites is less, and there-
fore the Ni

3
Al-1Cu alloy only showed slight localized attack

(dissolution) in dendritic phases. Again, thematrix phase did
not show a significant attack.

Figure 10 shows the Bode plot for Ni
3
Al-3Cu. The main

differences are observed at the middle and low frequency
regions. In the middle frequency region (1000 to 10Hz), a
maximum in the phase angle is observed; the width of the
phase angle spectrum is located from the high frequency
region to the low frequency region. Maximum phase angle
increases after 3 hours from 76∘ to 79∘, but after that a
decrease is observed (76∘ to 74∘).The slope of the relationship
log𝑓-|𝑍| increases after 3 hours and then decreases as time
evolves. At low frequency region (𝑓 < 10Hz) an apparent
plateau is observed. From Nyquist diagram (not shown) a
contraction of𝑍real was observed.This indicates that there are
processes controlled bymass-transfer.The behavior observed
is consistent with the LPR measurements.

Figure 13(c) shows the superficial aspect of Ni
3
Al-3Cu

after the corrosion test in 1.0M H
2
SO
4
solution at 25∘C.

From figure it is possible to observe the presence of three
phases, the matrix (𝛾-𝛾󸀠) and two dendritic phases. The
corrosion attack in the dendritic phases was different. It may
be inferred that the main difference between the dendritic
phases is the proportion of the 𝛽-phase. The dendrites with a
higher content of 𝛽-phase showed a greater attack than those
dendrites with lower 𝛽-phase content. The matrix phase did
not show a significant attack.

Figure 11 shows the Bode plot for Ni
3
Al-5Cu. The main

differences are observed at the middle and low frequency
regions. In the middle frequency region (1000 to 10Hz), a
maximum in the phase angle is observed, but width of the
phase angle spectrum is located from the high frequency
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region to the lower frequency region. As time evolves, the
maximum phase angle decreases from 78∘ to 74∘. The slope
of the relationship log𝑓-|𝑍| steadily decreases as time passes.
At low frequency region (𝑓 < 10Hz) the plateau of the |𝑍|
values is not clearly observed, instead an apparent plateau is
observed. From Nyquist diagram (not shown) a contraction
of 𝑍real was observed, like an inductive loop. This indicates
that there are processes controlled by mass-transfer. It is
observed that the |𝑍| values constantly decrease until the end
of the test.

Figure 13(d) shows the superficial aspect of Ni
3
Al-5Cu

after the corrosion test in 1.0M H
2
SO
4
solution at 25∘C.

Again, from figure, the presence of three phases is observed,
the matrix (𝛾-𝛾󸀠) and two dendritic phases. The proportion
of dendrites with high 𝛽-phase content is less; however the
dissolution of the dendrites with low 𝛽-phase content was
greater than that observed in the Ni

3
Al-1Cu (Figure 13(b)).

The matrix phase did not show a significant attack.

3.5. Analysis of Impedance Data. In order to interpret the
electrochemical behavior of a system from EIS spectra, an
appropriate physical model of the electrochemical reactions
occurring at the electrode surface is necessary. Interpretation
of the electrochemical behavior of a system from EIS spectra
requires an appropriate physicalmodel of the electrochemical
reactions into the electrode surface. In this sense, the equiv-
alent circuits are used to model the electrochemical behavior
and calculate the parameters of interest, such as electrolyte
resistance (𝑅

𝑠
), charge transfer resistance (𝑅ct), and double

layer capacitance (𝐶dl). However, when a nonideal frequency
response is present, it is accepted to employ distributed circuit
elements in an equivalent circuit. The most widely used is
the constant phase element (CPE). CPE is used in a model in
place of a capacitor to compensate the inhomogeneity in the
system which takes into account the irregularities of the sur-
face such as roughness or because properties such as double
layer capacitance and charge transfer rate are nonuniformly
distributed. CPE is an element whose impedance value is
a function of the frequency and whose phase is independent
of the frequency and its impedance is defined as

𝑍CPE =
1

𝑄 (𝑗𝜔)
𝑛
, (19)

where 𝑄 is a proportional factor that indicates the combina-
tion of properties related to both the surfaces and electroac-
tive species independent of frequency; 𝑗 is imaginary number
(√−1); 𝜔 is the angular frequency and equal to 2𝜋𝑓, where
𝑓 is the frequency; and 𝑛 has the meaning of a phase shift
and is related to a slope of the log |𝑍| versus log𝑓 plots and
usually is in the range 0.5 and 1. When the value of 𝑛 is equal
to 1, the CPE describes an ideal capacitor with 𝑌

𝑜
equal to the

capacitance. For 0.5 < 𝑛 < 1 the CPE describes a distribution
of dielectric relaxation times in frequency space, and when
𝑛 is equal to 0.5 the CPE represents a Warburg impedance
with diffusional character. In these situations the semicircle
in the 𝑍re-𝑍im spectra is more and more depressed and the
depression degree depends on the phase of the CPE [57].

For Ni and Cu, in the lower frequency region, the phase
angle does not approach 0∘, also from the Nyquist plot, in

the lowest frequency region, the −𝑍img versus 𝑍real curves, a
deviation from the𝑍real axis or a contraction of the capacitive
loop was observed. This is evidence that a diffusion process
should be taken into account.Therefore the equivalent circuit
model was constructed on that basis and it is given in
Figure 14(a). As discussed previously, the impedance spectra
indicate the presence of two time constants. The first time
constant represents the surface layer (rich in metal hydrox-
ides and/or metal sulfates) through which the metal ions
diffuse. 𝑄

𝑓
represents the CPE of the surface layer, 𝑅

𝑓
is

the resistance of the ion conducting paths that developed
in the surface layer, and𝑊 is the element for the finite length
Warburg (FLW) diffusion:

𝑍
𝑊
=

𝑅
𝑊
∗ tanh ([√−1 ∗ 𝑇 ∗ 𝜔]

𝑃

)

(√−1 ∗ 𝑇 ∗ 𝜔)
𝑃

. (20)

FLW is the solution of the one-dimensional diffusion equa-
tion of a particle, where 𝑇 = 𝐿2/𝐷 (𝐿 is the effective diffusion
thickness, and 𝐷 is the effective diffusion coefficient of the
particle) and 𝑃 = 0.5. This version of the Warburg element
terminates in a finite resistancewhere at very low frequencies,
𝑍re approaches 𝑅𝑊 and 𝑍im goes to zero.

The second time constant represents the charge-transfer
process of metal dissolution or the oxide dissolution, where
𝑅ct describes the charge-transfer resistance and 𝑄dl the
constant phase element (CPE) relating to the double layer
capacitor. Similar models have been employed for Cu (or its
alloys) treated with different inhibitors [44, 58–60].

In order to model the Al impedance spectra (Figures 7
and 15(a)) different models were used. However, the equiv-
alent circuit with the best fit is that shown in Figure 14(b).
In this equivalent circuit of nine elements 𝑅

𝑠
is the solution

resistance and 𝑅ct is the charge transfer resistance, 𝑅𝐿 and 𝐿
represent the inductive elements, including a constant phase
element in parallel with the series capacitors𝐶

1
, 𝐶
2
and series

resistors 𝑅
1
and 𝑅

2
[49]. The polarization resistance 𝑅

𝑝
and

double layer capacitance 𝐶dl are calculated from

𝑅
𝑝
= 𝑅
𝐿
+𝑅ct +𝑅1 +𝑅2,

𝐶dl = 𝐶1 +𝐶2.
(21)

Because the intermetallic alloys showed a big capacitive loop
(Figure 15(b)), and the width of the phase angle spectrum is
located from the high frequency region to the low frequency
region, and also at lower frequency region, an apparent
plateau and the contraction of capacitive loop were observed;
the equivalent circuit used is shown in Figure 14(c). 𝑅

𝑠
is the

solution resistance; 𝑅ct and 𝑄 are the resistance and the CPE
associated with the charge-transfer reaction, respectively.
𝑅
1
and 𝐿 are the resistance and inductance related to the

adsorption/desorption process, respectively. This equivalent
circuit has been used when the complex plane plot presents
one big capacitive loop and one inductive loop at low
frequencies.The capacitive loop is associated with the double
layer capacity and the inductive loop is associated with
the adsorption/desorption processes [34]. For modeling the
equivalent circuits, an error criterion of 𝜒2 ≪ 10−4 was used.
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Figure 15: Examples of Nyquist plots for (a) Al; (b) Ni
3
Al-5Cu.

From simulations 𝑅ct values were obtained and compared
with those of corrosion current measurements.

Figure 16 shows the variation of 𝑖corr values versus time
for the materials evaluated. 𝑖corr values were obtained from
𝑅ct values calculated for each simulated condition. The
calculation of 𝑖corr was realized using Stern-Geary expression
(1) and the 𝑏

𝑎
and 𝑏
𝑐
values reported in Table 1. Comparing

Figure 16 with Figure 4, the excellent agreement between
the 𝑖corr values calculated from the EIS measurements with
those from LPR measurements is observed. This suggests
that the equivalent circuits proposed are suitable to simulate
the impedance spectra and are consistent with the surface
processes previously described. EIS measurements confirm
that the Ni

3
Al-1Cu alloy showed the best performance and Al

and Cu the worst performance. It is assumed that the worse
performance of the Ni

3
Al alloys with higher content of Cu

was due to the presence of dendrites with different content of
𝛽-phase.

4. Conclusions

Effect of Cu addition on the corrosion behavior of Ni
3
Al and

pure elements (Cu, Ni, and Al) in 1.0M H
2
SO
4
solution was

studied by electrochemical measurements. Results indicate
the following: polarization curves for intermetallic alloys
(Ni
3
Al, Ni

3
Al-𝑥Cu) showed an active-passive behavior with

a wide passivation zone, OCPmeasurements indicate that the
Cu addition influences the kinetics of the anodic reaction by
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Figure 16: 𝐼corr variation against time for the tested materials.
Determined from the 𝑅ct values of EIS measurements.

shifting the 𝐸corr values toward nobler values, and from LPR
measurements it is observed that the addition of 1% Cu to
the Ni

3
Al alloy reduces the corrosion rate of the base alloy;

however, the additions of 3% and 5% Cu increase slight the
corrosion rate. EIS results agree with LPR measurements. In
general, impedance spectra obtained are determined by two
time constants, which may be associated with the presence
of two protective layers, one of them (a film either porous or
slimy, relating to the mass transport) in contact with the elec-
trolyte and the other one (oxide film, relating to the charge
transfer process) in contact with the metallic surface. The
equivalence circuit parameters obtained show an excellent
agreement between the 𝑖corr values calculated from the EIS
measurements and those from LPR measurements, suggest-
ing that the equivalent circuits proposed are suitable to simu-
late the impedance spectra and are consistent with the surface
processes described. SEM analysis shows that Cu addition
reduces the presence of dendritic phases and that the degra-
dation process of the intermetallic alloys was caused by local-
ized attack (dissolution) of the dendritic phases; this is due to
the formation of microgalvanic cells, where the matrix phase
acted as cathode and the dendritic phase as anode.
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