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Abstract: The corrosion behavior of a copper-based shape memory alloy (Cu—Al-Mn—Zn—Zr) in 3.5 wt.% NaCl
solution was investigated by means of potentiodynamic polarization measurements, electrochemical impedance
spectroscopy (EIS) and X-ray photoelectron spectroscopy (XPS). At the beginning of corrosion, oxidation products
formed on the surface of the shape memory alloy and constantly covered the reaction surface, resulting in the decrease
of corrosion rate. After 4 d of immersion in NaCl solution, the corrosion product layer became thick and porous, leading
to the increase of corrosion rate, and the corrosion reaction mechanism changed from polarization control to diffusion
control. The diffusion impedance increased with increasing thickness of the oxide layer for the samples immersed in
NaCl solution for 6—15 d. During the whole corrosion process, the reaction mechanism of the alloy changed and the
corrosion resistance was improved continuously. The corrosion products mainly contained CuO, ZnO, ALOs,
MnO/Mn;03;, MnO, and Al(OH)s. Transition of the corrosion products from Cu,O to CuO and Al,Os to Al(OH);
occurred during corrosion.
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1 Introduction

Copper-based shape memory alloy has some
potential applications in the industry due to its low
cost, wide hysteresis, superelasticity and good cold
working properties [1-3]. When using shape
memory alloy pipe joint for pipe connection, first
expanding the shape memory pipe joint at low
temperature (below its martensite transformation
temperature) and connecting two pipes with it, then
heating the connector at a relative -elevated
temperature, the shape memory alloy joint will
restore its diameter to original value and hold the
two pipes tightly [4]. A connector made by the
shape memory alloy with wide hysteresis had a

wide range of application temperatures [5].
Especially in marine engineering and petroleum
engineering, the shape memory alloy pipe joint with
wide hysteresis is an effective component on
quickly plugging up the leakage in case of pipeline
rupture caused by unexpected events [6].
Cu—Al-Mn shape memory alloy is a new kind
of shape memory alloy due to good comprehensive
mechanical properties and shape memory
performance [7]. The researches on it mainly
focused on composition design, plasticity, orderly
and disordered transformation, thermoelasticity and
stress-induced martensite phase transformation,
heat treatment, intelligent application and other
aspects [8]. In recent years, breakthroughs in
plasticity and superelastic properties have made it
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develop rapidly in applications [9]. KAINUMA
et al [10] developed a ductile Cu—Al—Mn alloy with
Al content lower than 18%, which showed excellent
cold processing performance; however, the
martensite in this alloy after the deformation was
extremely easy to be stabilized, leading to the poor
reversibility of the alloy. Previous study [9-11]
showed that the designed Cu—Al-Mn—Zn—Zr alloy
had wide hysteresis, superelasticity, good
martensite stabilization resistance and excellent
cold working properties, which could be an ideal
candidate for low cost pipe joint. However, the
corrosion properties could be evaluated when using
in marine engineering industry.

In this work, the corrosion behavior of the
wide hysteresis Cu—Al-Mn—Zn—Zr alloy under
different annealing temperatures was characterized
by potentiodynamic polarization measurements,
electrochemical impedance spectroscopy (EIS) and
X-ray photoelectron spectroscopy (XPS). The
corrosion mechanism of the alloy in 3.5 wt.% NaCl
solution was discussed.

2 Experimental

2.1 Alloy preparation

The alloy ingot was prepared by medium-
frequency induction melting and iron mold casting
(180mm x 85 mm x 30mm), with the raw
materials of pure copper, aluminum, zinc and
electrolytic manganese and Cu—Zr intermediate
alloys. The composition of shape memory alloy is
shown in Table 1. After removing the surface
defects by mechanical milling, the ingot was
homogenized at 850 °C for 2 h, and then hot-rolled
3 times to reduce the thickness from 20 to about
2.5 mm. The hot-rolled plate was then solution-
treated at 800 °C for 20 min.

Table 1 Composition of test sample (wt.%)

Cu Al Mn Zn Zr

78.5 8.8 8.5 4 0.2

2.2 Electrochemical test

For corrosion tests, the samples with
dimensions of 10 mm x 10 mm X 2 mm were cut
from the solution-treated plate by wire cutting
machine. The surfaces of all samples were ground
using 1200 grit sand paper and polished. The
samples were subsequently immersed in 90%

ethanol for 5 min to clean the surface, dried in hot
air, and then immersed in 3.5 wt.% NaCl solution at
room temperature ((25+2) °C).

The  polarization and  electrochemical
impedance tests of samples immersed in 3.5 wt.%
NaCl solution for different time were carried out on
an IM6ex electrochemical workstation, using Pt as
the auxiliary electrode and the saturated calomel
electrode (SCE) as the reference electrode. An area
of 1 cm? on the surface of sample was exposed in
NaCl solution, while the other part was sealed with
paraffin. All electrochemical measurements were
performed after the open circuit potential (OCP)
was stabilized. Samples immersed in NaCl
solution for 0, 1, 3 and 6d were tested by
potentiodynamic polarization measurement. The
scan range is from —0.6 to 0 V and step length is
1 mV/s. The experimental data was analyzed by
Origin9. The samples immersed in NaCl solution
for 0, 1, 3, 6, 10 and 15d were tested by
impedance spectra, with the AC voltage signal
amplitude of 5 mV and the frequency between
10 mHz and 100 kHz. The impedance data were
analyzed by Zview software.

2.3 X-ray photoelectron spectroscopy (XPS)

analysis

The samples immersed in NaCl solution for
1 and 15 d were used to investigate the corrosion
products of the designed alloy during corrosion.
The corrosion product layer was measured by K,
1063 X-ray photoelectron spectroscopy (thermal
Fisher science), using a monochromatic Al K,
X-ray source. The spot diameter was 400 um. The
step length of wide scanning was 1 eV and step
length of narrow scanning was 0.05eV. High-
resolution photoelectron spectra of Cu 2p, Al 2p,
Zn 2p and Mn 2p were tested.

3 Results

3.1 Potentiodynamic polarization behavior

The polarization curve is widely used to
monitor the corrosion rate of alloys. By analyzing
the polarization curve, the corrosion current density
(Jeorr), corrosion potential (¢corr) and polarization
slopes (B and f:) can be obtained. The corrosion
rate and corrosion resistance of the sample can be
analyzed by corrosion current density and corrosion
potential. Figure 1 shows the polarization curves of
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samples immersed in NaCl solution for different
time. The curve recorded as 0 d indicates that a
freshly polished specimen is exposed to newly-
prepared NaCl solution.

lg[J/(A-cm™)]

-0.8 06 04 02 0 0.2

o/V
Fig. 1 Polarization curves of samples immersed in NaCl
solution for different time

Since the analysis of the polarization curve
must meet the polarization control conditions, the
following equation can be used to fit the data within
the range of (pcont0.1) V [12]:

e G I

where J and ¢ are the polarization current density
and applied potential in the polarization curve,
respectively, Jeorr 1S the corrosion current density,
@corr 18 the self-corrosion potential, and £, and f. are
the anode and cathode Tafel slopes, respectively,
which can be expressed as [13]:

1 dinjJ| 1 dinjJ,|

, — 2
B, de B de @

Ja and J. are the anodic and cathodic current
densities corrected for any changes in the reactant
concentration on the electrode surface with respect
to its bulk value, respectively.

Equation (1) shows the relationship between
polarization current density and overpotential. The
corrosion current density (Jeorr) and Tafel slopes

(fa and f.) can be fitted from the polarization curves.

Table 2 shows the fitting results of electrochemical
parameters. The Adj. R-square ( R*) shows the
goodness of fit, and can be computed by [14]

Roi-fs 3)
Is

where Tss is the total sum of square, and Rss is the

residual sum of square. The R*? values for the
equivalent circuits are given in Table 2, which are
closeto 1.

Table 2 Corrosion current density Jeor, corrosion
potential gcorr, fa, fc and R? of fitting results

t/ Jeorr/ ﬂa/ ﬁc/ (0corr/

EZ
d (nA-em?) V! v \Y%
0 29.8 0.1483 —-0.3515 -0.2920 0.9936
1 9.51 0.1162 -0.1902 —0.3370 0.9988
2 8.06 0.1173 -0.2017 -—0.3516 0.9963
4 7.48 0.1211 -0.1896 —0.3770 0.9922
6 6.77 0.1499 -0.3217 -0.3366 0.9970

The corrosion current density decreases with
the increase of the immersion time, indicating that
the reaction rate of the alloy surface decreases
continuously in the first 6 days. As the corrosion
develops with time, the surface activity increases,
leading to a decrease of the corrosion potential in
the first 4 days. However, it increases at 6 d. The
anodic Tafel slope decreases significantly at 1 d,
then keeps stable, and rises again after corrosion for
4d.

3.2 Impedance spectra

Figure 2 shows the electrochemical impedance
spectra of samples immersed in NaCl solution for
different time. The Nyquist spectra show a linear
pattern in the high frequency zone and a semicircle
pattern in the low frequency zone. The impedance
spectrum at 0 d is composed of a high frequency
capacitive reactance arc and a sloping line with a
slope of 1, suggesting that the surface of the sample
was smooth without oxidation product. Impedance
spectra from 1 to 15d contain the multiple time
constant. With the increase of immersion time, the
radius of the semicircle of Nyquist plot increases,
suggesting that the charge transfer resistance of the
oxide film increases with the immersion time. The
width of the peak in the Bode plot in Fig. 2(b)
increases with the increase of the immersion time,
and two obvious peaks can be found in the Bode
plots at the immersion time of 10 and 15 d. The
phase angle of the sample exposed for 10 d is
higher than that of sample exposed for 15 d in low
frequency region.

According to the characteristics of the alloy
and its impedance spectrum, three different
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equivalent circuits were used to fit the impedance
data of samples exposed in NaCl solution for
different time. Three similar equivalent circuits
were selected to describe the corrosion behavior of
Cu—Al-Mn—Zn—Zr alloy in this study according
to Ref. [15]. Table 3 shows the corresponding
equivalent circuits used for fitting the impedance
data. Equivalent elements are as follows: R is
resistance of the electrolyte; CPE, and CPE, are
constant phase elements; R. is charge transfer
resistance; Rgm 1S resistance of the oxide film
formed on the metal surface; W, is semi-infinite
Warburg impedance; Ws 1is finite Warburg
impedance; x?is the goodness of fit parameter.
Equivalent circuit I represents a sample with
the bare surface of metal under semi-infinite
diffusion condition. Equivalent circuits II and III
refer to the two forms of Rsi(CPE(Rsim(CPE, Zy)))
that is the equivalent circuit of electrode coated
with an inert porous layer. Zr is Faraday impedance
on the electrode surface, which is the sum of charge
transfer resistance and diffusion impedance.
Without considering the diffusion impedance, Z;
can be replaced by charge transfer resistance, R, in

4.0
35 (a) _ :z 0d
. _Ci 0.9 4d /205 Hz
30r < 06215 He yt/ﬁ‘?6 ]JIZ
& Uoosl \ e *ff\
g 251 " 013Hz 64142
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Z 20rF Z'I(kQ+cm?)
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Equivalent circuit II. If considering the contribution
of diffusion to Faraday impedance, Z should be
replaced by the diffused Warburg impedance (Wr)
in series with a charge transfer resistance, and the
equivalent circuit can be expressed with equivalent
circuit III. For the corrosion process of copper
alloys, equivalent circuit III was often used to
characterize the diffusion impedance of ions inside
the surface corrosion product layer [15].

The electric double layer formed on the
surface can generally be equivalent to a capacitor.
However, due to the influence of dispersion effect,
the frequency response characteristics of the electric
double layer are different from those of the pure
capacitor. Therefore, the CPE is used to represent
the electric double layer, and its impedance value
(Zcpe) can be given by the following equation [16]:

ZCPE:Q(j a))fn (4)

where 1/Q is the admittance of the electrical double
layer capacitance, j is the imaginary number (j>=—1),
o 1is the angular frequency and n is the CPE
exponent. The CPE exponent can be affected by the
surface state of the electrical double layer. CPE is
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Fig. 2 Electrochemical impedance spectra of samples immersed in NaCl solution for different time: (a) Nyquist plots;

(b) Bode plots

Table 3 Corresponding equivalent circuits and goodness of fit parameter ()

2

Equivalent circuit No. X
0d 1d 2d 4d 6d 10d 15d
Ry, CPE,
s I 0.0002 - - - - - -
R, CPE,
. - 11 - 0.0004 0.0004 0.0009 0.0095 0.0011 0.0015
CPE,
R, CPE, "
S, 111 - 0.0036 0.0012 0.0002 0.0003 0.0003 0.0003
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equivalent to the pure resistance R for »n=0, pure
capacitance for n=1, and inductance L for n=1,
respectively.

The CPEs in Equivalent circuits I and II are
equivalent to the capacitances of electric double
layer or compact passive film. O can be expressed
as [17]

O=—-o (%)

&8,
where ¢ is the dielectric constant, g is the
permittivity of the free space and d is the thickness
of the space charge layer [18].

The diffusion in the corrosion process can be
expressed by Warburg impedance. When the
thickness of diffusion stagnant layer is limited,
Warburg impedance is denoted as W, and its
impedance value (Zw) can be given by the
following equation [19]:

7 Wi tanh(joT;)”

6

Y (o) ©
where
2

7= ™

W, =\2c (8)

where 9 is the Nernst diffusion layer thickness, D is
the average value of the diffusion coefficients of the
species, and o is the Warburg coefficient defined as

S RT 1
V22 F? 4 Cy Dy

where Dy is the diffusion coefficient of the metallic
ion, A is the electrode surface area (1 cm?), n; is
the number of transferred electrons, R is the molar

)
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gas constant, F' is the Faraday constant, 7 is the
thermodynamic temperature, and Cwv is the bulk
concentration of the diffusing species. When the
thickness of diffusion stagnant layer J is much close
to o, Warburg impedance can be expressed
by semi-infinite diffusing impedance W,. The
imaginary part of the /¥, impedance is equal to the
real part. W, is an oblique line with a slope of 1 in
Nyquist plots.

In equivalent circuit III, the Warburg
impedance is characterized the diffusion process
inside the surface oxide product layer [20], J, which
represents the thickness of the film where the
diffusion takes place.

According to the above analysis, impedance
spectrum of 0 d sample was fitted by equivalent
circuit I, and those of 1-15 d samples were fitted by
equivalent circuits II and III, respectively. The
Chi-square of the comparison results was calculated
to select the best fitting model. The goodness of fit
parameter x> for each of the three equivalent circuits
was calculated by the following equation [21]:
. ZZN: [Z/-Z'(@)F +[Z'-Z" (@)

2
i=l o

(10)

where N is the number of data points, Z;/ and
Z;" are the measured real and imaginary impedances,
respectively, Z/(w;) and Z"(w;) are the calculated
real and imaginary impedances from the model,
respectively, and ¢” is the variance of the measured
data.

According to the data in Table 3, equivalent
circuit II could be better to characterize the
impedance spectrum of 1 and 2 d samples, while
equivalent Il could characterize the
impedance spectrum of 4, 6, 10 and 15 d samples.
The fitting results are shown in Table 4.

circuit

Table 4 Elements of equivalent circuit for new alloy after being immersed in salt spray environment for different time

id (91?20111/12) (Q‘I-CQ&:‘z-s") n (Qj-eé;iqz) (Q-l-cQé:-z-s") = (flle'fz:mnliz) (gV-Vc’ia T P x

0 7.144  721x10*  0.59763 598.4 - - - 5429  —  0.58207 0.0002
1797  541x10*  0.68599 659.3 0.01553  0.79567 905.3 - - ~ 0.0004
2 7.002  3.68x10%  0.7593 803.6  0.001018  0.79567 804.15 - - ~ 0.0004
4 1081  3.17x10* 071381 8344  2.17x10*  0.67337 62721 2669 0.516 0.59195 0.0002
6 1496  320x10* 0.81454 8704  5.96x10*  0.60264 470.06 8563 2.576 0.42939 0.0003
10 9771  5.40x10*  0.65082 825.5  2.65x10*  0.5544 430.8 3258 4.898 0.57206 0.0003
15 1067  5.54x10*  0.52746 796.5  1.54x10*  0.50005 370.5 6714 2.715 0.52616 0.0003
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According to the results in Table 4, the
corrosion products formed on the surface of the
sample have a greater hindrance to corrosion
reaction rate with the increase of corrosion time. In
the impedance spectra of 0 to 6d, the charge
transfer resistance R increases with the increase of
the corrosion time. The growth rate of R slows
down at 4 and 6d, and decreases slowly at
immersion time of 10 and 15d. There is a
significant Warburg impedance in the 4-15d
impedance spectra, where Wr and T increase with
the increase of corrosion time. Although the Rfim
decreases with the increase of the corrosion time,
the total impedance of the sample shows an upward
trend.

During the corrosion process, oxidation
products are constantly formed on the surface
of the sample. It is speculated that during 1-2d
corrosion process, the alloy surface has not
completely covered by corrosion products. But with
the increase of the coverage area, the charge
transfer resistance increases.

The results also show that Warburg impedance
appears for impedance spectra at 4 and 6 d. Wr
increases with the increase of corrosion time but is
still less than R, indicating that the corrosion
product layer completely covers the surface of the
alloy and influences the diffusion of ion [22]. The
decrease of the surface area of the alloy makes the
charge transfer resistance continue to increase,
while the increase of ion concentrations in the
porous oxidation product layer also makes Rfim
continuously decrease. However, with a small T;
value and a thin oxide layer, the corrosion product
layer has little influence on the diffusion, and the
corrosion rate is still under the polarization-
controlled.

In the impedance analysis results of 10—15 d,
the charge transfer resistance decreases slowly, and
Wr and T values significantly increase, indicating
that the corrosion product layer on the surface of
the alloy becomes thicker and thicker according to
Egs. (6)—(8). The barrier for particle diffusion
increases, and the control step of corrosion changes
from polarization to diffusion. However, under the
control of diffusion, the large decrease of Rfim
indicates that the concentration of ions in the
surface oxidation layer increases and changes the
concentration of reaction, resulting in the change of
reaction rate and the slow decrease of Re:.

3.3 XPS spectra

XPS measurement was performed on sample
immersed in the 3.5 wt.% NaCl solution for 1 and
15 d. Figure 4 shows the wide XPS spectra of the
corrosion product layer of the samples immersed in
NaCl solution for 1 and 15 d. The main elements in
the passive layer are Cu, Al, Mn, Zn, CI and O. Zr
was not detected due to its low concentration in the
alloy.

Cu 2p;

C1s C12p Aj2p,

Lo

100 0

1300 1100 900 700 500 300
Binding energy/eV
Fig. 3 Wide XPS spectra of corrosion product layer of
samples immersed in NaCl solution for 1 and 15 d

3.3.1 Cu 2p spectra

Figure 4 shows the Cu 2p spectra of the
corrosion product layer of sample immersed in
NaCl solution for 1 and 15 d. The fitting parameters
are given in Table 5. The spectrum of 1 d sample
has a weak satellite peak at 943.6 eV and a main
peak in Cu 2pi» spectrum with small full width.
This is a typical characteristic spectrum of Cu,O.
The spectrum of 15 d sample has two strong Cu**
satellite peaks at 943.6 and 963.0 eV, respectively.
The peak in Cu 2p1» spectrum has wide full width.
This is the typical characteristic spectrum of CuO.
The peaks of metallic Cu and CuO are difficult to
distinguish due to the small difference of binding
energy between them. The Cu 2p3» spectrum is
used to analyze the contents of Cu, Cu,O and CuO
quantitatively. The passive layer for 1d sample
contains 48.22% of Cu and 51.78% of CuO, while
that for 15 d sample contains 82.31% of CuO and
17.69% of Cu0.

The Cu2p spectra confirmed from the
electrochemical test that the passive film formed at
earlier stage of corrosion was mostly Cu,O. With
the extension of the immersion time, the content of
CuO increased significantly. The transition of the
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corrosion layer surface principal component from
Cuz0 to CuO occurred during the 30 d corrosion.
The results are in accordance with Ref. [23]. CuCl
and Cux(OH);Cl, which commonly appear in the
corrosive layer [24], were not found in the present
study.
3.3.2 Al 2p spectra

Figure 5 shows the Al 2p spectra of the
corrosion product layer of sample immersed in
NaCl solution for 1 and 15 d. The fitting parameters
are given in Table 6. The peak intensity of the Al 2p
slightly decreased during the corrosion process.

Table 5 Fitting parameters for Cu 2p spectra

Mo-yang YIN, et al/Trans. Nonferrous Met. Soc. China 31(2021) 1012—-1022

Al mainly exists in the form of Al,O; and
AI(OH);. Al,Os is formed at the early stage of
corrosion in the NaCl solution and its molar
fraction decreases from 85.37% to 50.94% and the
molar fraction of Al(OH); increases from 14.63% to
49.06% when the immersion time increases from
1 to 15 d. The spectra also show the Cu 3p spectra
caused by Cu and its corrosion products.

3.3.3 Zn 2p spectra

Figure 6 shows the Zn 2p spectra of the
corrosion product layer of sample immersed in
NaCl solution for 1 and 15 d. The fitting parameters

Immersion time/d Proposed compound Peak binding energy/eV FWHM/eV Molar fraction/%
: Cu/CuO 932.37 0.96 48.22
Cu0 932.58 1.46 51.78
s Cu/CuO 93s5.1 2.67 82.31
Cu0 932.91 1.79 17.69
(a) (b)
Strong Cu? Cu/Cu0O
satellite

Cu,O

Weak Cu/CuO
satellite

Cu2p,;
Strong Cu?*
sate/llite

950 940 930

Binding energy/eV

970 960

950 940 930

Binding energy/eV

970 960

Fig. 4 Cu 2p XPS spectra of corrosion product layer of sample immersed in NaCl solution for different time: (a) 1 d;

(b)15d

(@

(b)

ALO,

78 76 74 70 68

Binding energy/eV

72

82 80 78 76 74 70 68

Binding energy/eV

84 72

Fig. 5 Al 2p XPS spectra of corrosion product layer of samples immersed in NaCl solution for different time: (a) 1 d;

(b) 15 d
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Table 6 Fitting parameters for Al 2p spectra

Immersion time/d Proposed compound Peak binding energy/eV FWHM/eV Molar fraction/%
. ALO; 74.48 2.29 85.37
Al(OH); 74.16 1.33 14.63
s ALO; 77.58 2.41 50.94
Al(OH); 74.31 6.2 49.06

(2)

ZnO
AN

1025 1024 1023 1022 1021 1020
Binding energy/eV

(b)

—

1025 1024 1023 1022 1021 1020
Binding energy/eV

Fig. 6 Zn 2p XPS spectra of corrosion product layer of
samples immersed in NaCl solution for different time:
(a)1d;(b)15d

are given in Table 7. The peak at 1021.8 eV belongs
to Zn and the other small peak at 1022.1 eV is
attributed to ZnO. The peak intensity of Zn 2p
decreases significantly and the molar fraction of
Zn0O in the corrosion product layer increases from
21.20% to 67.44% when the immersion time
increases from 1 to 15d. This suggests that
dezincification occurs during the corrosion process.
3.3.4 Mn 2p spectra

Figure 7 shows the Mn spectra of the corrosion
product layer of sample immersed in NaCl solution
for 1 and 15 d. The fitting parameters are given in
Table 8. The peak intensity of Mn 2p of sample
immersed in NaCl solution for 15d slightly
decreases compared with that of sample immersed

in NaCl solution for 1 d. Mn exists in the form of
Mn, MnO, Mn;03; and MnO,. The molar fraction of
Mn in the corrosion product layer decreases from
14.16% to 9.26%. The molar fraction of
MnO/Mn,0s and MnO; change little. These suggest
that the contents of Mn and its oxides mainly
decrease by the dissolution of the corrosion product
layer.

4 Discussion

It has been generally accepted that the
corrosion of the Cu-based alloys in neutral
chloride solutions involves the cathodic reduction
of oxygen [25,26]:

0,+2H,0+4e—~40H" (11)

The major anodic reactions of Cu dissolution
are as follows [27]:

Cu+2Cl — CuCl; +e (12)
2CuCl; +H,0—~Cu,0+4CT +2H" (13)

Further oxidation of Cu, with the corrosion
product of CuO, occurs with a prolonged
immersion time under conditions of dissolved
oxygen. Cu,O could be oxidized to CuO through a
sequence of reaction as follows [28]:

Cu,0+0,+H,0—=2Cu0O+H,0, (14)
Cu0+H,0,—2Cu0+H,0 (15)

In the Zn-containing alloys, dezincification
occurs because of the highly negative electrode
potential in neutral chloride solutions:

Zn—7Zn**+2e (16)

An additional passivation process occurs due
to the formation of zinc oxide film during the
dezincification process [29]:

Zn+H,O0—~ZnO+2H"+2e (17)

An additional passivation reaction occurs in
the chloride solution for alloy with Al addition. A
layer of aluminum oxide is formed due to the
surface dissolution of aluminum [30]:
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Table 7 Fitting parameters for Zn 2p spectra
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Immersed time/d Proposed compound Peak binding energy/eV FWHM/eV Molar fraction/%

Zn 1021.87 1.75 78.8

: ZnO 1022.04 3.38 21.2

Zn 1021.72 1.56 32.56

P ZnO 1022.11 2.12 67.44

Table 8 Fitting parameters for Mn 2p spectra

Immersed time/d Proposed compound Peak binding energy/eV FWHM/eV Molar fraction/%

Mn 638.27 3.37 14.16

1 MnO/Mny03 643.28 1.47 37.17

MnO, 641.47 2.94 48.67

Mn 638.74 3.24 9.26

15 MnO/Mn,03 641.49 3.25 46.30

MnO, 642.06 3.24 44 .44

(a) (b)

MnO,

MnO/Mn,04

642 640 638

644

642 640 638 636

Binding energy/eV

646 644

Fig. 7 Mn 2p XPS spectra of corrosion product layer of samples immersed in NaCl solution for different time: (a) 1 d;

646 636
Binding energy/eV
(b)15d
AI+4CI— AICI, +3e (18)
AICI, +3H,0— ALOs+6H™+8CI™ (19)

A dense Al;Os film can protect the alloy from
extensive corrosion but it may be continuously
dissolved in chloride solutions according to
Ref. [31]:

AP**(in ALLO3-nH,O crystal lattice)+Cl +2H,0—
Al(OH)CI+2H" (20)

Al(OH),ClI+H,0— Al(OH)s+H*+CI- 1)
or

Al**(in ALOs-nH>O crystal lattice)+2Cl +2H,0—
AI(OH),Cl;+2H" 22)

Al(OH),Cl;+H,0— Al(OH)s+H™2C1” (23)

Progression of these reactions causes local
acidity, thus accelerating dezincification and
dealumination corrosion.

According to electrochemical analysis, for 0 d
corrosion sample, Reactions (12) and (13) may take
place. The oxidation products containing Cu,O and
Al,Os are formed on the alloy surface during the
first 4 d corrosion. The absolute value of Tafel slope
after corrosion for 1d is lower than that of 0d,
suggesting that the corrosion reactions in 1d are
much more active. This could be attributed to the
generation of Cu,O according to Reactions (14) and
(15). According to potential-pH diagram of
Cu—ClI'—H20, Reactions (14) and (15) are more
likely to occur than Reaction (13).

Although the Tafel slope of 1 to 4 d is almost



Mo-yang YIN, et al/Trans. Nonferrous Met. Soc. China 31(2021) 1012—-1022 1021

the same, the polarization current decreases and R
increases, suggesting that the reactivity of corrosion
reaction increases but the total reaction rate
gradually decreases, which could be attributed to
the decrease of the corrosion reaction surface area.
The porous oxide product is continuously formed
on the surface of the alloy and completely covers
the surface at 4d corrosion according to the
previous analysis of the impedance spectrum.

After 6 d corrosion, the diffusion impedance of
porous oxide layer increases. In the porous oxide
layer, the concentration of ions increases and pH
declines, promoting the consumption of Al,O; and
the generation of Al(OH);. The reaction rates of
Reactions (20)—(23) increase, leading to the
decrease of the charge transfer resistance. The
generation of Al(OH)s promotes the formation of
porous oxide layer, thus significantly increasing the
diffusion impedance and improving the corrosion
resistance.

5 Conclusions

(1) With the extension of corrosion time, the

corrosion current density measured by the
polarization curve decreased, while the total
impedance measured by the EIS increased

continuously. The corrosion resistance of the
Cu—Al-Mn—Zn—Zr shape memory alloy increased
with increase of the immersion time in NaCl
solution.

(2) EIS results showed that the corrosion
reaction was mainly controlled by polarization for
samples immersed in NaCl solution at the first four
days, and further increasing the immersion time, the
reaction was mainly controlled by diffusion.

(3) The corrosion product at the first day of
corrosion mainly contained Cu,O, ZnO, AlLOs,
MnO/Mn,03, MnO, and Al(OH)s. After long time
corrosion, a transition of the corrosion product from
Cu20 to CuO and Al,Os3 to AI(OH); occurred.
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