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CORROSION BEHAVIOR OF CuAINiMn ALLOY IN 0.9% NaCl
SOLUTION

KOROZIJSKO PONASANJE LEGURE CuAINiMn u 0,9% NaCl OTOPINI

L. Vrsalovié, . Gotovac', S. Gudi¢'. 1. Ivani¢’. 8. Kozuh®, B. Kosec®, M. Bizjal’, T, Holjevac
Grguri¢®, R. Pezer’, M. Goji¢’

'Sveuciliste u Splitu, Kemijsko-tehnoloski fakultet, Rudera Boskovica 35, 21000 Split
. Sveuciliste u Zagrebu, Metalurski fukulter Sisak. Aleja narodnih heroju 3, 44103 Sisak
“Univerza v Ljubljani, Naravoslovnotehniski fakultet, Askerceva c. 12. 1000 Ljubljana, Slovenija

Izvorni znanstveni rad - Original scientific paper
Abstract

The corrosion behavior of the CuAINiMn alloy in 0.9% NaCl solution at pH 74. a=ad
temperatures of 25, 37 and 50 °C, was investigated by electrochemical methods such as
monitoring the open circuit potential. linear and potentiodynamic polarization methods.
Investigations were also performed in 0.9% NaCl solution at 37 °C and different pH of solution
(pPH = 3.4, 5.4 and 7.4). Results of the investigations have shown that increasing the temperature
leads to the shift of the open circuit potential values in the negative direction and also leads to
increase of the corrosion current density and decrease of the polarization resistance values.
Decreasing the pH of solution leads to the increase of the corrosion current density and decrease
the values of polarization resistance.

fl

After the polarization measurements, corroded electrode surfaces was examined using an optical
microscope and SEM. Microscopic images have shown the significant corrosion damages on the
CuAINiMn alloy surface, which manifests itself in the form of a thin leaf. with a larger part of
the surface being covered with sheets of corrosion products loosely bonded to the surface which
were elevated from the surface of the electrode. SEM surface analysis revealed the existence of
two layers on the surface of the alloy: the exterior is extremely damaged., which represent sheets
of loosely bonded surface, and an inner layer that also shows significant corrosion damage. The
elemental composition of corrosion products on the surface of the samples was determined by
EDS analysis.

Keywords: CuAINiMn alloy, corrosion, polarization, electrochemical methods
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Sazetak

Korozijsko ponasanje legure CuAINiMn u 0.9% NaCl otopini pri pH = 7.4 i temperaturi otop==
od 25, 37 i 50 °C ispitano je elektrokemijskim metodama kao S$to su pradenje potenciz
otvorenog strujnog kruga. metodama linearne i potenciodinamicke polarizacije. Ispitivanja s
takoder provedena u 0.9% NaCl otopini pri 37 °C i razli¢itim vrijednostima pH otop:=
(pH = 3.4. 54 i 7.4). Rezultati ispitivanja su pokazali da povecanje temperature elektrol:
dovedi do negativiranja potencijala otvorenog strujnog kruga. a takoder 1 do povecams
jednosti gusto¢a Korozijske struje i do smanjenja vrijednosti polarizacijskog otpors
Snizavanje pH otopine dovodi do povecanja gustoce korozijske struje i do smanjenja vrijednoss
polarizacijskog otpora.

Nakon polarizacijskih mjerenja korodirane povrsine elektroda ispitane su optickim mikroskopo=
i pretraznim elektronskim mikroskopom (SEM). Mikroskopske snimke su pokazale znacajns
korozijska ostecenja na povrsini CuAINiMn legure koja se manifestiraju u vidu svojevrsnog
listanja. pri ¢emu je veci dio povrSine prekriven s listicima korozijskih produkata labaw:
vezanim za povrsinu koji se¢ uzdizu s povrsine elektrode. SEM analiza povrsine otkrila
postojanje dvaju slojeva na povrsSini legure: vanjski izrazito oStecen. koji predstavlja listice
korozijskih produkata labavo vezane za povrsinu, i unutarnji sloj na kojem su takoder vidljive
znacajna korozijska ostecenja. EDS analizom odreden je elementarni sastav korozijski®
produkata na povrsini uzoraka.

Kljuéne rije¢i: CuAINiMn legura. korozija. polarizacija, elektrokemijske metode
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. INTRODUCTION

~~er and its alloys belongs to a group of technically most com: v used metal materials that

application in electrical engineering (electrical conductor manufacturing), heat

= zer manufacturing, boilers in the food and chemical industry, civil engineering, ete. [1-31.

wzson tor their large application lies in desirable propertics of these materials such as high
oo oal and thermal conductivity. good corrosion resistance. and favourable mechanical
wemermes [1-2].0 A special group of copper alloys are shape memory which has characteristic

as superelasticity and shape memory effect owing to the reversible martensitic

wrerormanon [4-6]. Cu-based shape memory alloys are currently derived from three binary
= vstems Le. Cu-Al Cu-Zn and Cu-Sn [7]. Copper based shape memory alloys are less
“ooemsnoe compared to Ni-Ti alloy and are easier for preparation and processing [7.8].
st important disadvantage of polyeriystaline CuAINi alloys is the small reversible
“rmanon (one-way shape memory effect up to 4% and two-way effect around 1.5%) and their
o2t average stress levels [9]. The addition of alloying elements to Cu-Al-Ni alloy
sorczses their mechanical properties and corrosion resistance, while the presence of the
wecoctates of AUNI-X (where X is alloying element) is essential to the passivation of Cu-Al-Ni
& s (6] Several investigations have performed on Cu-Al-Mn-X alloys (X=Ni, Ag, Mg or Ti)
wns therr results have shown that their various properties. damping and low critical stress to

rroduce martensitic transtormation were improved through alloying [10-13].
~vwz o tharr very diverse applications, Cu-shape memory alloy are exposed to various corrosive
s ronments. which can compromise their integrity. In this investigation the corrosion
woperties of Cu-Al-Mn-Ni alloy has been investigated in deaerated 0.9% NaCl solution at
t temperatures of electrolvte and different pH of solution.

R~ >uln 11

2 EXPERIMENTAL

213-A12.5-Ni2.5-Mn alloy was obtained by melting technically pure components (Cu. Al. Ni
222 Mn) in a vacuum induction furnace under a protective atmosphere of argon. The melting
“umace is connected to a vertical continuous casting device and the entire process (melting and
casting) 1s carried out in a protective atmosphere. The alloy 1s solidified in a water-cooled
crvstallizer to form an alloy rod of a certain diameter which coming out between the rollers that
~otate in the direction of melt flow.

Vorking electrodes was obtained by cutting CuAINiMn alloy into cylindrical samples and then
ey are connected by soldering with insulated copper wire to ensure good electrical contact.
samples are isolated with Polirepar S acrylate leaving only one base of cylindrical sample
P =0.502 cm’) to be exposed to the clectrolyte. Before each experiment, the electrode surface

as mechanically treated with different grit emery papers (from 400 to 1500). polished with
41-0; polishing paste (particle size 0.05 pm), ultrasonically degreased in ethanol, rinsed with
deionised water and immersed in electrolyte solution.
Measurements were undertaken in a double wall glass three-electrode electrochemical cell
connected to a thermostatic bath to ensure adjusting and maintaining the constant temperature of
the electrolyte during the measurements. Electrochemical cell was equipped with Pt-plate
counter electrode and saturated calomel electrode as the reference electrode. Electrochemical
measurements were performed with a PAR 273 A potentiostat/galvanostat.
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The evaluation of corrosion behaviour of CuAINi alloy in 0.9% NaCl solution were performs
by open circuit potential measurements (Eoc) in 60 min time period, linear polarization methoe
in the potential region of £20 mV around corrosion potential, with the scanning rate of
mV s~ and potentiodynamic polarization method in the potential region of —0.250 V from o=
circuit potential to 1.100 V. with the scanning rate of 0.5 mV s~

After the potentiometric polarization measurements the surface of the electrode were washed
deionized water. dried in the desiccator and then visualized by Canon IXUS1000 camerz
macro mode and the light microscope with magnification of 100 times. A more detailed surfas
analysis was performed with Scanning Electron Microscope Tescan Vega 5136 MM paired »
Energy Dispersive Spectroscopy Microscopy (SEM/EDS).

3. RESULTS AND DISCUSIONS
Figure | illustrates the influence of electrolyte temperature on the value of open circuit curs

potential of CuAINiMn alloy in 0.9 % NaCl solution at 37 "C, while Figure 2 shows =
influence of solution pH on the value of Eq¢.

-0.28 'ggg [
'g‘gg ' P 034 |\ e
uxJ :0.34 i - -__ g -Olss [ | -___\_‘_‘ - .-. - = -
N s N -0.38 - r
@ -0.36 ~ N gl 9® 040 S
S 038 - | = > 042 L _
t -0.40 — : o w 044 - i W e sy B
042~ | = -0.46 sk
044 — o -0.48 - oH=34
-0.46 ' L -0.50 : | .
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 7C
t/ min t/ min
Figure 1. Variation of the open circuit potential Figure 2. Variation of the open circuit potential
with time for the CuAINiMn alloy in 0.9% NaCl with time for the CuAINiMn alloy in 0.9% NaC!
solution at different temperatures of electrolyte. solution at different pH values of electrolyte.

It is apparent that the rise in electrolyte temperature leads to the changes of the Eo¢ CuAINiN
alloy in the negative direction, which is particularly evident for the measurement at 50 °C. Ts
influence of the solution pH on the value Eoc is shown in Figure 2. Lowering the pH values =
the electrolyte leads to the negation of the open circuit potential of the CuAINiMn alloy, whick |
particularly pronounced at the beginning of the measurements. Values of Eoc for the CuAINiNG
alloy in the NaCl solution at pH = 5.4 changes in negative direction in the first 10 minutes afis
the electrode immersion in the electrolyte solution, and after that have positive changes and afis
60 minutes the values of Egc is almost the same as the values of Egc of the alloy in Nz
solution at pH = 7.4. Different behavior shows the investigated alloy in a NaCl solution
pH = 3.4, where the value of the open circuit potential changes in negative direction within =
first 35 minutes of immersion in the solution and then the potential stabilization is followed bs
certain fluctuation of the open circuit potential values which was not observed in %
measurements at higher pH values of the solution.
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a< reason for this behaviour is probably due to the fact that at the lower pH of the NaCl
solation there is a hwhu adsorption of chloride ions on the alloy surface, which causes higher

cmanges of the values of open circuit potential to the negative direction. while potential

tuations are results of the initial surface dissolution of the alloy.

% linear polarization measurement were undertaken immediately after Eoc measurements in

er to determine polarization resistance values ( R;,) which represent the resistance of metal to
—orrosion. and is defined by the slope of the polarization curve near the corrosion potential, by
the quatmn (1)

Al

AE 5
=—(Qcm)

(1)

The influence of the temperature on the slope of the linear parts of the polarization curves is
shown in Figure 3, while the influence of the pH of the solution is shown in Figure 4.

-0.30‘ -0.33
-0.31 - — 20 3
<o ‘ e 0.34 - |
v 50°C i -0.35 -~
ﬁ -0.33 - ﬁ -0.36
g 034 - g 0 ‘
S 035 S 038 -
W -0.36 o = w0 -0.39
-0.37 - ) = ‘ -0.40 - pH=74
- H=5,
-0.38 et 041 - :Dru=3.1 ‘
039 — : — -0.42 - _r il|
15 -0 5 0 5 10 15 20 15 10 -5 0 5 10 15 20
& ; 2
il uA cm? i pnAcm
Figure 3. Results of the investigation by linear Figure 4. Results of the investigation by linear

polarization method for CuAINiMn alloy in 0.9%
NaCl solution at 25 "C (). 37 °C (-) and 50 "C (-).

polarization method for CuAINiMn alloy in 0.9%
NaCl solution at pH = 7.4 (=). 5.4 (=) and 3.4 (-).

From the Figures 3 and 4 it is apparent that elevation of the electrolvte temperature as well as

lower electrolyte pH value have

a negative

polarization resistance values.
Potentiodynamic polarization curves were recorded in wide potential area from -250 mV vs, £,
up to 1.1 V and the results are shown in Figure 5 and 6.

impact on the corrosion stability of the CuAINiMn
alloy and lead to a decrease in the slope of the linear curve parts indicating

a lowering the

16 16 -
— 25°C —pH=Ta
1.2 r rc 138 il
m— . — =
w . W X {
Y 08~ { W os |
s ' ~ 0.4
g 04 g 0.
> 90 2 00 E
w e w B
0.4 - e 0.4 — 4;,§ ;
08 - ‘ ek OV | TN e s
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il Aem? i/ Acm’

Figure 5. Potentiodynamic polarization curves for
CuAINiMn alloy in 0.9% NaCl solution at 25 °C
(). 37 °C (-) and 30 °C (-).

Figure 6. Potentiodynamic polarization curves for
CuAINiMn alloy in 0.9% NaCl solution at
pH=74(-). 54 (~)and 3.4 (-). 11
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Figure 5 shows the influence of electrolyte temperature on the potentiodynamic polarizat
curve for CuAINiMn in 0.9% NaCl solution. Increase in electrolyte temperature leads to
increase in the anodic and cathodic current density resulting in higher corrosion density. :
greater corrosion attack on the CuAINiMn alloy. There is also a negative correlation of corross
potential with an increase in electrolyte temperature.

Lowering the pH value of the electrolyte (Figure 6) greatly influences on the increase in &
anodic current density and also leads to a shift of the corrosion potential to a negative direct

Corrosion parameters which are determined from potentiodynamic polarization measures

and are presented in Table 1, along with the values of the polarization resistance obtained
linear polarization measurements.

Table 1. Corrosion parameters for CuAINiMn alloy in 0.9 % NaCl solution

Measurement conditions s Eeor R;
(nA em™) (V) (kQ em’)
25°C.,pH=74 7.3 -0.320 3420
37°C,pH=74 10.7 -0.354 2.120
37°C.pH=54 11.2 -0.354 1.739
37°C,pH=34 14.6 -0.441 1.204
50°C,pH=74 22.1 -0.391 0914

After polarization measurements, the surface of the CuAINiMn electrode was examined usin
light microscope, and the results of investigations have shown in Figure 7.
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e)
Figure 7. CuAINiMn alloy surface images after polarization measurements 0.9% NaCl solution (pH=7 4 at diferent
temperatures of electrolyte: a) 25 °C. macro image b) 25 °C. with magnification of 100 times. ¢) 37 °C. macro image
d) 37 °C. with magnification of 100 times. ¢) 50 °C. macro image d) 50 °C. with magnification of 100 times

At macro image of the CuAINiMn alloy surface, after polarization measuremen: in NazCl
solution at 25 °C (Figure 7 a), significant corrosive damage is observed. There is a rupture of thin
layers of corrosion products from the surface, while on the edges of the electrode there are
indication of the appearance of pitting corrosion. This behaviour differs from the behaviour of
the CuAINi alloy which was investigated under the same conditions and where the dominant
corrosion attack was pitting corrosion without the appearance of these poorly attached surface
layers [14].

Figure 7 ¢) and d) shows the state of CuAINiMn alloy surface after potentiodynamic polarization
measurement in 0.9% NaCl solution at 37 °C and in Figure 7 e) and f) at 50 °C. After
polarization at 37 °C, intense corrosion damages is seen on the surface of the electrode in the
form of a thin leaf (exfoliation), with a large part of the surface covered with sheets of corrosion
products loosely bonded to the surface which were elevated from the surface of the electrode.
After polarization measurements at 50 °C, the surface of CuAINiMn alloy are completely
hollowed out as a result of pitting corrosion (Figure 7 €) and f)).

More detailed information on the surface condition of the samples was given by the SEM / EDS
analysis, the results of which are shown in Figure 8 a)-d). Figure 8 shows the surface of

CuAINiMn alloy after potentiodynamic polarization measurement in a 0.9% NaCl solution at
50 °C.

11
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Two layers of corrosion products are visible on the electrode surtace, porous outer surface
and also highly damage interior layer. The elemental composition of the surface layer shows
the dominant element Cu along with the detected presence small amount of Al. Mn and CL.

wt. at.
Element % %
Cu 98.20 96.85
Al 0.58 1.34
Ci 0.67 1.3
Mn 0.56 0.64
. ! T
b)
wt. at.
Element %, 5
Cu 94.45 93.48
Ni 3.46 3.72
Mn 2.08 2.319
. Al 0.01 0.01
| Cl 0.00 0.00
c) d)

Figure 8. SEM images of CuAINiMn alloy surface after potentiodynamic polarization in 0.9 NaCl <=
(pH =74 and T = 50 "C) with magnification of 1000 times a) and ¢) along with EDS surface analysis b} 1 d).

The elemental analysis of the inner surface layer revealed the presence of small quantities &
which is not detected in the outer surface layer. Also, the percentage of Mn is higher and
percentages of Al lower then in outer surface layer.

Unlike CuAlINi electrodes, where surface layers of corrosive products emerged in the form
raised "spikes" beneath which there were pits [15], the investigated CuAINiMn alloy she
much greater corrosion destruction of the surface. These observations are contradicted by
literature findings in which alloying CuAINi alloys with elements such as Mn or Ti leass
improved mechanical properties of the alloy and increases their corrosion resistance [6]. 2
end associates [6] have found that the addition of Mn as a alloying element to CuAINi alley
the amount up to 0.7% leads to the increased corrosion resistance of the alloy due i
reduction of the grain size in the material as well as the increase in the stability of the pas
film on the alloy surface. However, further increase in Mn content in the alloy increases
grain size and reduces corrosion resistance. Since the content of Mn in the investigated alloy
relatively high (2.5%), this could be one of the reason for the worsening of corrosion resist
due to grain size growth.
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4. CONCLUSIONS

B

@)

o

Increasing the electrolyte temperature as well as decreasing the pH leads to the shifting
open circuit potential of the CuAINiMn alloy towards negative values, increasing the
corrosion current density and reducing the polarization resistance values.

Microscopic images show significant corrosion damages on t CuAINiMn alloy surface,
which manifests itselt in thin layers like leaves, with a large part of the surface covered
with corrosion-free slip sheets bonded to the surface that rises from the surface of the
clectrode. Electrode surfaces from which loosely bonded corrosion products are removed
have visible damage caused by pitting corrosion.

SEM surface analysis revealed the existence of two layers on the surface of the alloy: the
exterior which is extremely damaged, and consist of thin layers of the corrosion products
loosely bounded to the surface. and the inner layer which also shows significant corrosion
damage.

Using EDS surface analysis the elemental composition of the surface was determined
The dominant element in both layers was Cu along with the small quantities of Al Mn
and Cl in the upper layer of corrosion product, while in inner laver was found Ni and
relatively higher percentage of Mn compared with upper laver.
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