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Abstract

The corrosion behaviour of Cu-Al-Ni alloy in 0.5 mol dm~ H,SO, solution was investigated by electrochemical methods in-
cluding open circuit potential measurement, electrochemical impedance spectroscopy measurements, linear and potentiody-
namic polarization. Measurements were performed in 0.5 mol dm~* H,SO, at temperatures 20 and 40 °C. After polarization
testing, corroded electrode surfaces were ultrasonically cleaned in deionized water and examined by light and scanning elec-
tron microscopy, while the elemental composition at individual points of the alloy surface was determined by EDS analysis. The
results of the investigations revealed the occurrence of intergranular corrosion on the Cu-Al-Ni surface, which became more

pronounced with increasing temperature.
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1 Introduction

Cu-Al-Ni alloys belong to the group of shape memory al-
loys (SMAs), a relatively new class of functional materials
that can change from one crystallographic structure to
another, in response to temperature changes or to other
applied stresses.”™ If such alloys are plastically deformed
at low temperature, they will completely recover their orig-
inal shape when raised to a higher temperature. In the pro-
cess of recovering their shape, these alloys can produce a
displacement or a force as a function of temperature. This
unique effect of returning to an original geometry after a
large inelastic deformation is known as the shape memory
effect (SME). The shape memory phenomenon results from
crystalline phase changes known as “thermoelastic marten-
sitic transformation”. At temperatures below the transfor-
mation temperature, shape memory alloys are martensitic.
In this condition, their microstructure is characterized by
“self-accommodating twins”. The martensite is soft and
can easily be deformed by de-twinning. Heating above
the transformation temperature converts the material to its
high strength, austenitic phase.>®

Ni-Ti alloys are one of the most commonly used shape
memory alloys in practice due to their outstanding prop-
erties, such as excellent shape memory effect, unique su-
perelasticity, low elastic modulus, high corrosion resistance
and biocompatibility.”'" Their disadvantages lie in their
high production costs and low transformation temperature
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range (—100 to 100 °C), which is why they are now be-
ing replaced by cheaper alternatives like Cu-SMA alloys,
for less demanding applications. The main advantages of
Cu-Al-Ni alloys are their low price, relatively simple fab-
rication procedure, better machinability, better work/cost
ratio, and high electrical and thermal conductivity com-
pared to other shape memory alloys.*>12-'> Also, the stabil-
ity of the two—way shape memory effect, which is very im-
portant in its application as actuators, is superior to that of
Ni-Ti alloy."® Actuators based on Cu-Al-Ni alloy have been
tested for usage as prosthetic actuators, and also actuators
made from Cu-Al-Ni single crystals (produced by Nimesis
Special Industries) have been reported by NASA to be very
good candidates for space applications that need trigger
temperatures between 100 and 200 °C."”'® Besides usage
in the production of actuators, Cu-Al-Ni shape memory al-
loys have found their applications in various engineering
devices, sensors, automotive and aerospace industries, ro-
botics, etc.?'21319

Most studies on Cu-Al-Ni shape memory alloys have fo-
cused on their microstructure, mechanical and shape mem-
ory properties, and possible fields of application, but have
neglected their corrosion behaviour, which is very vital for
their practical use. The corrosion resistance of Cu-Al alloys
has been attributed to the formation of a protective layer
of alumina along with copper chlorides and oxides on the
alloy surface.?*?" Aluminium has a greater affinity towards
oxygen than copper, and higher stability of the Al,O, than
Cu,O. Some researchers have attributed the enhanced
corrosion resistance to the formation of duplex-layered
surface oxides composed of Cu,O x Al,O; x xH,0.% The
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presence of nickel is also important in the passivation of
CuNi alloys because of its incorporation in the Cu(l) oxide,
which reduces the number of cation vacancies that nor-
mally exist in Cu(l) oxides.?02"23

Again, a large number of the publications related to the
corrosion properties of Cu-Al-Ni alloys have focused on
the influence of chloride ions on the corrosion behaviour
of Cu-Al-Ni alloys.*®”23%> The present investigation aims
to determine the corrosion behaviour of Cu-Al-Ni alloy in
0.5 moldm~ H,SO, solution.

2 Experimental
2.1 Materials and test solution

The investigated Cu-Al-Ni alloy, composed of 83.1 % Cu,
12.8 % Al, and 4.1 % Ni in wt%, was produced by melting
pure components (Cu, Al, and Ni) in a vacuum induction
furnace in a protective argon atmosphere. The melting
furnace was connected to a device for continuous vertical
casting, so the melting and casting of the alloy was car-
ried out in an argon protective atmosphere. The resulting
8 mm diameter bars were cut with a precision Isomet cut-
ter made by Buehler USA to small rollers, T cm in height.
The preparation of the electrodes for electrochemical
measurements consisted of soldering Cu-Al-Ni alloy rollers
to insulated copper wires, followed by their insulation with
Polyrepar S acrylate, to leave only one non-insulated roller
base of 0.502 cm? bare, to be used as working electrode
surface in contact with the electrolyte.

Mechanical preparation of samples before each experi-
ment involved wet grinding of electrode surfaces with suc-
cessive grades of emery papers (down to 2000 grit), using a
Metkon Forcipol 1 V grinding/polishing machine. The sur-
faces were subsequently polished with Al,O, suspension
(particle size of 0.3 um), and then ultrasonically washed in
ethanol solution and with deionized water.

The 0.5 mol dm= H,SO, was prepared from the 96 %
H,SO, obtained by Kemika.

2.2 Electrochemical measurements

The electrochemical experiments were carried out in a
three-electrode glass cell in which Cu-Al-Ni electrode
served as a working electrode, saturated calomel electrode
as reference electrode and platinum sheet electrode as an
auxiliary electrode. The electrochemical cell was a jacket-
ed model available for temperature control by connect-
ing to a Huber Kiss circulator. A PAR 273A potentiostat/
galvanostat connected to a PAR M5210 lock-in amplifier
was used for all electrochemical measurements. The open
circuit potential measurements (E,c) were recorded in
60 min time period immediately after electrode immersion
in the electrolyte. Electrochemical impedance spectrosco-
py measurements were performed at £ in a frequency in-
terval from 0.01 Hz to 50 kHz using the signal amplitude of
10 mV. Linear polarization measurements were performed
with the scanning rate of 0.2 mVs™" in the potential region
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of =20 mV around the corrosion potential, while potentio-
dynamic polarization experiment was performed in a wide
potential range (—0.250 V (vs. Eoo) to 1.250 V), at a scan
rate of 0.5 mVs™".

2.3 Surface study

Corrosion surface morphology, after potentiodynamic po-
larization measurements, was investigated using an optical
microscope MXFMS-BD (Ningbo Sunny Instruments Co.)
and with the scanning electron microscope TESCAN VECA
TS 5136 MM equipped with an EDS system for elemental
analysis.

3 Results and discussion

The open circuit potential of Cu-Al-Ni alloy in 0.5 moldm ™3
H,SO, solution was measured immediately after immer-
sion of the electrode in the solution at temperatures of
20 °C and 40 °C. The obtained Ex vs. time plots are shown
in Fig. 1.
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Fig. T — Open circuit potential measurements for Cu-Al-Ni alloy
in 0.5 moldm~ H,SO, solution at 20 °C and 40 °C

Slika T — Mjerenje potencijala otvorenog strujnog kruga za leguru
Cu-Al-Ni u 0.5 moldm~3 otopini H,SO, pri 20 °C i 40 °C

Fig. 1 shows that, upon immersion of the electrode in the
electrolyte solution, the open circuit potential changed
towards negative values with some occasional instabili-
ty, which can be explained by the dissolution of the air-
formed Cu and Al oxides on the surface of the alloy.?® The
open circuit potential values for Cu-Al-Ni alloy are more
negative when measured at 40 °C, indicating a negative
influence of temperature on the corrosion susceptibility of
the alloy. After a certain time, changes in the open circuit
potential had reduced, and a stable value was established.

Electrochemical impedance spectra were taken imme-
diately after the open circuit potential measurements of
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the Cu-Al-Ni electrode in H,SO, solution at 20 and 40 °C.
The obtained results are presented in Fig. 2 in Nyquist and
Bode plots. The lines in Fig. 2 represent the modelled data,
and symbols represent experimental data.

The Nyquist diagram (Z;,,, vs. Z,) of the Cu-Al-Ni elec-
trode in H,SO, at both temperatures show fragments of a
large incomplete semicircle, which are of typical imped-
ance response for corrosion surface film, which mostly
consists of cuprous and aluminium oxides.**%
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Fig. 2 — Nyquist plot (a) and Bode plot (b) for Cu-Al-Ni alloy in
0.5 moldm~ H,SO, solution at 20 °C and 40 °C

Slika 2 — Niquistov (a) i Bodeov (2) prikaz za leguru Cu-Al-Ni u
0,5 moldm~* otopini H,SO, pri 20 °C i 40 °C

In the Bode format (logarithm of impedance, Z, and phase
angle respectively vs. logarithm of frequency, f) at high fre-
quencies (f > 1 kHz), the impedance response is dominat-
ed by the electrolyte resistance. In the medium frequency
region, the linear log |Z| vs. log f relationship with a slope
close to —1 and a phase angle of = —70°, reflect the ca-
pacitive behaviour of the system. At low frequency, the
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slope of = —0.5 and the phase angle of = —30° point to-
wards the presence of a slow diffusion process. The overall
impedance of the system and hence corrosion resistance
of the alloy, decreases with increasing temperature, indi-
cating that the electrode surface gets less protection.

The impedance response also shows more than one time
constant, which reflects the diversity of the interfacial phe-
nomena in the system under investigation. Fig. 3 shows the
equivalent circuit proposed to fit the experimental data,
which consists of an electrolyte resistance R, (=7 Q cm?)
connected with two time constants. The first time constant
observed in the high frequency region results from the fast
charge transfer process in the metal dissolution reaction. In
this case, R, represents the charge transfer resistance, and
Q, represents the constant phase element and replaces
the capacitance of the electrical double layer. To account
for the surface layer of corrosion products and diffusion
process in the low frequency region, additional equivalent
circuit parameters were introduced, such as R, for the sur-
face layer resistance, Q, for constant phase element of the
surface layer (Q, replaces the capacitance of surface layer),
and a Warburg impedance W for the diffusion process.

el

Q

w

Fig. 3 —Proposed equivalent circuits for modelling the imped-
ance data

Slika 3 — Predlozeni ekvivalentni krug za modeliranje impedan-
cijskih podataka

The constant phase element is related to the impedance,
Zcpg, according to Eq. (1):%7

Lo = [Q(jw)q4 (1)

where the constant Q accounts for a combination of prop-
erties related to both the surface and the electroactive spe-
cies; jw is the complex variable for sinusoidal perturbation
with w = 2nf, and n is the exponent of CPE.

CPEs are used in the analysis of impedance data to ac-
count deviations that occurred by surface roughness on a
microscopic level. For a smooth electrode, n approaches
the unity and CPE is equivalent to a capacitor. Porous sur-
faces show lower n values.

The parameters of the equivalent circuit were evaluated
using a simple least square fit procedure, and are present-
ed in Table 1.
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Table T —Impedance parameters of Cu-Al-Ni alloy in 0.5 M
H,SO, solution
Tablica 1 — Impedancijski parametri za Cu-Al-Ni leguru u 0,5 M

otopini H,50,

T/°C  R,/Qcm? Q(—Q11§"1c(:1{2 n, R,/Qcm?
20 7.73 48.36 0.90 34.61
40 7.24 62.54 0.88 18.05

Toc &0 o R/keem W10
20 122.61 0.70 6.07 5.73
40 205.59 0.62 3.14 9.46

The results obtained indicate that an increase in electrolyte
temperature leads to a corresponding decrease in charge
transfer resistance (R;) and surface layer resistance (R,),
while the capacitance of the double layer (Q,), the capac-
itance of the surface layer (Q,) and the diffusion element
(W) increase. This direction of change is attributed to the
negative influence of temperature increase on the protec-
tive properties of the electrode/solution interphase.

Polarization measurements were conducted in a narrow
range of potentials, around Ege (=20 mV), to determine
the values of polarization resistance that corresponds to
the corrosion resistance of the alloy. The values of the po-
larization resistance were determined from the slopes of
the linear part of the curves shown in Table 2. Thereafter,
potentiodynamic polarization measurements were per-
formed over a wide range of potentials (from —250 mV
to 1.250 V) to determine the corrosion parameters. The
results are shown in Fig. 4.

1.4
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Fig. 4 reveals that the anodic parts of the curve have a so-
called “S-shaped” profile?, and can be divided into three
separate areas; the Tafel region, the pseudo-passive area
where the maximum and minimum anode current density
occur (i.e., the decrease in the value of the anode current
density due to the formation of a surface layer of corrosion
products that slow down the alloy dissolution process), and
a third region where the anode current density increases
again.?® Similar polarization behaviour was observed for
Cu-Al-Ni alloy in NaCl solutions.*®2* The slope of the an-
ode Tafel direction of about 60 mV dec™" suggests that the
anodic process is determined by the diffusion of soluble
compounds from the electrode surface into the bulk of the
solution.? Awad and associates* have proposed the fol-
lowing copper dissolution mechanism:

2Cu + SO, <> Cu S0, + 2e- 2)
Cu,S0, — 2Cu* + SO + 2e- 3)
2Cu,SO, — 2Cu + 2Cu?** + 2502~ (4)

The adsorption of sulphate on the copper surface over a
wide range of anode potentials has been experimentally
demonstrated.*® According to this mechanism, which has
been accepted by some other authors, the disproportiona-
tion of adsorbed Cu (I) compounds leads to the formation
of soluble Cu (II) compounds.

Corrosion parameters were determined from the polariza-
tion curves shown in Table 2.
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Table 2 — Corrosion parameters from the polarization measure-
ments
Tablica 2 — Korozijski parametri odredeni polarizacijskim mjere-
njima
T/°C  R,/Qcm® i../pAcm™?  E,./V | Vg, /mma™
20 6410 1.46 —0.210 0.0199
40 3462 2.92 —0.231 0.0398
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Fig. 4 — Potentiodynamic polarization curves for Cu-Al-Ni alloy
in 0.5 moldm~ H,SO, solution at 20 °C and 40 °C

Slika 4 — Potenciodinamicke polarizacijske krivulje za leguru
Cu-Al-Ni u 0,5 moldm™2 otopini H,SO, pri 20 °C i 40 °C

Corrosion rate v,,,, was calculated according to ASTM G
59-97 standard procedure,*' wherein the corrosion rate
(mm per year) can be determined from Eq. (5), in which
E.W. is the equivalent weight of the corroding species in
grams, and p is the density of the corroding material in
gcm™3.

Veoy =3.27-107 (i, /p) - ELW.

corr (5)
From Table 2, it can be seen that increasing the electrolyte
temperature leads to an increase in corrosion current den-
sity and a decrease in polarization resistance, correspond-
ing to more severe corrosion of the Cu-Al-Ni alloy.
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After potentiodynamic polarization measurements, the
corroded Cu-Al-Ni electrodes were cleaned thoroughly
in deionized water in an ultrasonic bath, dried, and ex-
amined using a light microscope in the dark field mode
(Fig. 5). The images show intense corrosion at the grain
boundaries (intergranular corrosion), which in some places
goes into localized corrosion. Shallow round damage due
to localized corrosion was also observed on the surface
away from the grain boundaries.

After polarization measurements, a more detailed insight
into the state of the electrode surfaces was obtained by
SEM/EDS analysis (Figs. 6-8). Fig. 6a) and Fig. 7 show the
state of the Cu-Al-Ni alloy surface after potentiodynamic
polarization in 0.5 mol dm™ H,SO, at a temperature of
20 °C, while Fig. 6b) and Fig. 8 show the electrode surface
after polarization at 40 °C.

Fig. 5 — Cu-Al-Ni alloy surface after polarization measurements
in 0.5 moldm~3 H,SO, at 20 °C

Slika 5 — Povrsina legure Cu-Al-Ni nakon polarizacijskih mjerenja
u 0,5 moldm~ otopini H,SO, pri 20 °C

401

The surfaces are clearly without any corrosion products,
and the images show occurrence of intense intergranular
corrosion at the grain boundaries, which in some places is
combined with severe localized corrosion, characterized
by deep pits.

EDS analysis in marked points has shown that all alloying
elements were present on the surface, with the percentage
of aluminium and nickel being slightly lower than their per-
centage in the original alloy before corrosion dissolution.
In the investigation of the corrosion behaviour of Cu-Al
and Cu-Al-Be alloys in H,SO, media, Kuo et al. had found
the formation of the intergranular corrosion resulting from
the preferential etching of grain boundaries when samples
were polarised at 0.6 V.?® Therefore, the reduction of Al
content on the grain boundaries as well as on the spot
nearby the grain boundary suggests preferential dissolution
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Fig. 6 — SEM images of corroded Cu-Al-Ni alloy surfaces after po-
tentiodynamic polarization in 0.5 moldm=* H,SO, solu-
tion at (a) 20 °C and (b) 40 °C

Slika 6 — SEM snimka korodirane povrsine Cu-Al-Ni legure nakon
potenciodinamicke polarizacije u 0,5 mol dm™ otopini
H,SO, pri 20 °C i 40 °C

SEM_MAG: 2000 x _HV: 20.0 kV_WD: 20.0 mm

El. wt. % | at. %

Cu 85,61 | 74,34

Al 10,99 | 22,47

Ni 3,40 3,20
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Fig. 7 — SEM/EDS analysis of corroded Cu-Al-Ni alloy surfaces after potentiodynamic polarization
in 0.5 moldm~ H,SO, solution at 20 °C

Slika 7 — SEM/EDS analiza korodirane povrsine Cu-Al-Ni legure nakon potenciodinamicke pola-
rizacije u 0,5 mol dm= otopini H,SO, pri 20 °C
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El. wt. % | at. %
Cu 88,14 | 79,15
Al 8,15 | 17,24
Ni 3,71 3,61
12 14 16 18

Fig. 8 — SEM/EDS analysis of corroded Cu-Al-Ni alloy surfaces after potentiodynamic polariza-
tion in 0.5 moldm™— H,SO, solution at 40 °C

Slika 8 — SEM/EDS analiza korodirane povrsine Cu-Al-Ni legure nakon potenciodinamicke pola-
rizacije u 0,5 mol dm~=3 otopini H,SO, pri 40 °C

of Al. It can be explain by the action of a low pH of the 5 _impedance, kO
solution as well as high anodic potentials at which potenti- — impedancija, kQ
odynamic polarization was performed.

f — frequency, Hz
— frekvencija, Hz
Ry — electrolyte resistance, Q cm?
. — otpor elektrolita, Q cm?
4 Conclusion i .
R — charge transfer resistance, kQ cm?
Investigated was the corrosion behaviour of Cu-Al-Ni alloy — otpor prijenosu naboja, kQ cm?
in 0.5 moldm~ H,SO, at (a) 20 °C and.(b) 40 °C. chrgas- R, _ surface layer resistance, kQ cm?
ing the temperature led to a decrease in the polarization _ otpor povriinskog sloja, kQ cm?
resistance value and an increase in the corrosion current e
density value, indicating more intense corrosion of the Cu- Q - constant phase element, 5" cm
ALN 4l ! 8 — konstantni fazni element, Q7' s"cm2
-Ni alloy.
Y R, — polarization resistance, kQ cm?
The surface image of the Cu-Al-Ni alloy after polarization - polarizacijski otpor, kQ cm?
measurements by light and SEM microscopy indicated the — corrosion current density, uA cm2
appearance of intergranular corrosion along with pitting — gustoca korozijske struje, pAcm?
corrosion. Increasing the electrolyte temperature led to E.. _ corrosion potential, V
greater damages to the surface. — korozijski potencijal, V
EDS elemental surface analysis at a certain point revealed  Veor — corrosion rate, mm a71_1
the presence of all alloying elements on the surface. At ~ brzina korozije, mma
higher temperatures, the copper content was slightly high-  p — density of the corroding material, gecm~>
er and the aluminium content lower, which could indicate — gustoca korodiranog materijala, gcm™
its higher dissolution from the surface. E.W. — equivalent weight of the corroding species, g
— ekvivalentna masa korodiranog materijala, g
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SAZETAK

Interkristalna korozija Cu-Al-Ni legure u 0.5 moldm= H,S0, otopini

Ladislav Vrsalovic?" Senka Gudi¢,? Lana Terzic? Ivana Ivanic,®
Stjepan Kozuh,* Mirko Gojic® i Emeka Emmanuel Oguzie©

Korozijsko ponasanje Cu-Al-Ni legure u 0,5 mol dm~* H,SO, otopini ispitivano je elektrokemij-
skim metodama kao $to su mjerenje potencijala otvorenog strujnog kruga, mjerenje metodom
elektrokemijske impedancijske spektroskopije, linearne i potenciodinamicke polarizacije. Mjere-
nja su provedena u 0,5 moldm™ H,SO, pri temperaturama od 20 i 40 °C. Nakon polarizacijskih
mjerenja korodirane povrsine elektroda ultrazvucno su ocis¢ene u deioniziranoj vodi i ispitane
svjetlosnim i pretraznim elektronskim mikroskopom, dok je elementarni sastav na pojedinim toc-
kama na povrsini odreden EDS analizom. Rezultati ispitivanja pokazali su da dolazi do interkristal-
ne korozije na povrsini Cu-Al-Ni legure, cCiji intenzitet raste s povecanjem temperature elektrolita.
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