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In recent years, there has been growing interest in the use of TiNi shape memory alloys (SMAs) as 

functional/smart materials for a variety of applications. In this study, (Ti51Ni49−xRex) shape memory 

alloy has been modified by adding various amounts of rhenium (Re) (x = 0, 0.1 and 0.3 %) at the 

expense of Ni. As a first step towards studying the effect of Re (as an alloying element) on the 

microstructure, phase transformation, mechanical properties and uniform and pitting corrosion 

processes of the three tested (Ti51Ni49−xRex) shape memory alloys, we have reported the results of 

cyclic polarization measurements on passivity breakdown and initiation and propagation of pits on the 

surfaces of the three tested alloys in aerated neutral 0.05 M KBr solution. The potentiodynamic anodic 

polarization curves of the three tested alloys exhibited no active dissolution region due to spontaneous 

passivation. The passive region is followed by pitting corrosion as a result of breakdown of the passive 

film induced by Br
-
 anions. Cyclic polarization measurements allow the pitting potential (Epit) and the 

repassivation potential (Erp) to be determined. Epit increased with increase in Re content in the tested 

samples. Pitting morphology studies showed that the severity of pitting attack suppressed upon 

alloying Ti51Ni49 shape memory alloy with Re. These findings demonstrated that the presence of Re 

enhanced the pitting corrosion resistance of the tested alloys to an extent depending on the Re content. 

ICP-AES (inductively coupled plasma atomic emission spectrometry) was also employed as an 

independent method of chemical analysis to confirm results obtained from cyclic polarizations 

measurements.  
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1. INTRODUCTION 

Shape memory alloys (SMAs) belong to a group of functional, smart materials with the unique 

property of ‘‘remembering” the shape they had before pseudoplastic deformation. Such an effect is 

based on crystallographic reversible thermo-elastic martensitic transformation. Due to these 

characteristics and super elasticity, SMAs, especially those of Ni and Ti, have attracted considerable 

attention as materials for medical devices such as guide wires, stents, filters, catheters, implants and 

others [1–3]. 

In general, Ti and Ti-base alloys exhibit excellent corrosion resistance due to a strongly 

adherent, highly insoluble passive film formed spontaneously on the surface. It is widely agreed that 

the passive film consists of an outer hydroxide layer and an inner oxide layer, the latter being a main 

contributor to corrosion resistance [4]. These materials are therefore in a passive state at the open-

circuit potential. When the potential shifts in the positive direction, almost the entire current passed is 

consumed by the anodic oxide film growth. However, at a rather high potential and in the presence of 

activation (aggressive) anions, as halides, the breakdown of passivity may occur [5-13]. Ti-base alloys 

have many commercial applications, which require a high resistance against pitting, or conversely, the 

breakdown of passivity is used to obtain a high rate of electrochemical dissolution [14].         

This paper describes one part (the 1
st
 part) of a four-part series, the objectives of which were to 

study the effect of Re (as an alloying element) on the microstructure, phase transformation, mechanical 

properties and uniform and pitting corrosion processes of a Ti51Ni49 SMA in an aggressive Br
-
 

environment. The goal of this part is to throw more light on the specific role that Re (as an alloying 

element) plays on passivity and passivity breakdown, and hence the initiation of pitting corrosion, of 

the tested SMAs in KBr solutions. Measurements were carried out with the use of cyclic polarization 

measurements. An independent method of chemical analysis (ICP-AES) was also employed to 

determine the concentration of Ni
2+

 in solution due to pitting corrosion of the tested alloys in KBr 

solutions. The aim of the ICP method is to clarify the effect of Re on the rate of pitting attack and to 

confirm cyclic polarization measurements. Morphologies of pitted surfaces were investigated as a 

function of Re content in the tested SMAs. 

 

 

 

2. EXPERIMENTAL 

         The SMAs used in this work were double melted and casted under vacuum, using a Skull 

Induction Vacuum (SIM) melting furnace. In the second melt, different amounts of Re, as an alloying 

element, were added to adjust the atomic chemical composition. Then a third melting process was 

made to ensure entirely melting and homogeneous distribution of all alloying elements in the heat. 

Pouring of heats was carried out into an investment casting ceramic mold. This mold was preheated to 

1000 ºC before the pouring process. A quantitative chemical analysis of these alloys was performed by 

using electron probe micro-analyzer equipped with a wavelength dispersive X-ray spectrometer 

analysis system. The composition of these alloys are; Ti51-Ni49, Ti51-Ni48.9-Re0.1 and Ti51-Ni48.7-Re0.3 

(atom. %). These alloys were cast as cylindrical rods for the electrochemical tests. These rods were 



Int. J. Electrochem. Sci., Vol. 7, 2012 

  

2645 

machined carefully and mounted in polyester resin after the electric contact, with special care taken to 

prevent the presence of crevices. The exposed area was ~ 1.0 cm
2
. Before each run, the samples were 

wet ground with 600-grit silicon carbide (SiC) paper, washed in distilled water, and immersed in the 

electrochemical cell. The samples were then subjected to open circuit conditions until a steady state 

potential was reached. This procedure was accomplished in 60 min and the potential value obtained 

was considered the corrosion potential (Ecorr). 

All chemical and electrochemical tests were performed in 0.05 M KBr solution, as the 

corrosive medium, prepared with analytical grade chemicals and doubly distilled water. The solution 

was naturally aerated and the temperature was held at 25 ◦C using a temperature control water bath. A 

conventional electrochemical cell was used, consisting of a platinum counter electrode and Ag/AgCl 

reference electrode. A Luggin–Haber capillary was also included in the design. The tip of the Luggin 

capillary is made very close to the surface of the working electrode to minimize IR drop. In order to 

avoid Cl
-
 diffusion in the cell, the reference electrode was connected to the working electrode through 

a bridge filled with the solution under test, the capillary tip of the bridge was very close to the surface 

of the working electrode to minimize the IR drop. In addition, Cl
-
 ion was potentiometrically detected 

in the test solution before and after each polarization experiment using an Ag/AgCl selective electrode 

and a standard solution of AgNO3 and a HANNA pH-meter model pH 211. The aim is to make sure 

that the pitting attack originates only from Br
-
 anions. In all cases, the obtained results revealed the 

absence of Cl
-
 ion in the tested solution. 

The electrochemical cell was connected to a potentiostat; Autolab frequency response analyzer 

(FRA) coupled to an Autolab Potentiostat/Galvanostat (PGSTAT30) with FRA2 module connected to 

a personal computer. Pitting corrosion induced by the aggressive attack of Br
-
 anion has been 

evaluated in terms of passivity breakdown and both nucleation of pits and growth of pre-existing pits, 

using cyclic polarization measurements. Such measurements were carried out by sweeping linearly the 

potential from the starting potential into the positive direction at a given scan rate till a required 

potential value and then reversed with the same scan rate till the starting potential to form one 

complete cycle. 

For studying the influence of alloyed Re on the morphology of pitting, the three tested samples 

were exposed to pitting attack in 0.05 M KBr solution at a constant applied anodic potential (Ea) that 

exceeds their pitting potential values. Each sample was held at the given potential for 5.0 min, and 

finally washed thoroughly and submitted to 20 min of ultrasonic cleaning in order to remove loosely 

adsorbed ions. The morphology of the electrode surface was then examined using an Analytical 

Scanning Electron Microscope JEOL JSM 6390 LA.  

The resultant solutions (i.e., the three solutions obtained after holding each alloy of the three 

tested alloys at Ea for 5.0 min) were used for evaluation of the rate of pitting corrosion via 

determination of Ni
2+

 released. The amount of nickel released into the corrosive medium was taken as 

a measure of the pitting corrosion rate. In this respect, an independent method of chemical analysis, 

namely ICP-AES was employed, using Perkin–Elmer Optima 2100 Dual View inductively coupled 

plasma atomic emission spectrometry (ICP-AES) instrument connected with AS 93 Plus autosampler.   
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3. RESULTS AND DISCUSSION 

Fig. 1 shows cyclic polarization plots recorded for the three tested (Ti51Ni49−xRex) shape 

memory alloys (x = 0, 0.1 and 0.3) in 0.05 M KBr solution at a scan rate of 1.0 mV s
-1

 at 25 ◦C.  

-1.0 -0.5 0.0 0.5 1.0 1.5

-0.001

0.000

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.3 Re

0.1 Re

Zero Re

-0.5 0.0 0.5
-0.0001

0.0000

0.0001

0.0002

E
rp

E
pit

j
pass

j 
/ 
A

 c
m

-2

E / V(Ag/AgCl)

Autocatalytic

Nature of

Pitting

Region II

I

III

j 
/ 
A

 c
m

-2

E / V(Ag/AgCl)

 
Figure 1. Cyclic polarization plots recorded for the three tested (Ti51Ni49−xRex) shape memory alloys 

(x = 0, 0.1 and 0.3) in 0.05 M KBr solution at a scan rate of 1.0 mV s
-1

 at 25 ◦C. 

 

For all tested alloys, the anodic excursion span does not exhibit an active dissolution up to the potential 

corresponding passivity breakdown and initiation of pitting corrosion, namely the pitting potential 

(Epit). The lack of active dissolution may be attributed to spontaneous passivation of the TiNi SMAs 

[14]. These results demonstrate that the passive film is stable in this range of potential.  

The insert of Fig. 1 focuses on the region of passivity and its breakdown as a function of alloy 

composition. It is obvious that the passive current density, jpass, decreases with increase in %Re in the 

tested samples, and a slight increase in jpass with applied potential is observed in all cases. The decrease 

in jpass with increase in alloyed Re content reflects, for the first sight, the increased resistance of Re-

containing SMAs alloys towards pitting attack. On the other hand, the increase of jpass with potential 

could be attributed to general weakness and thinning of the passive film as a result of the adsorption of 

the aggressive Br
-
 anions on the oxide surface. EDX examinations of the electrode surface confirmed 
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such adsorption, see later. This adsorption is expected to enhance as applied potential made more 

positive.  

These results reveal that the rate of pit nucleation depends on the applied potential, suggesting 

the existence of nucleation sites of different energies which nucleate at distinct potentials. In other 

words, the more positive is the applied potential, the more will be the active sites available for pit 

nucleation. In addition, an increase in the applied potential may increase the electric field across the 

passive film and therefore enhances the adsorption of the Br
-
 anions.  

Referring again to Fig. 1, it is observed in all cases that the electrode retains its passivity up to 

the pitting potential (Epit) at which the passive current (jpass) rises abruptly revealing initiation and 

growth of pitting (see region I). It is obvious that the pitting potential is shifted in the noble direction 

upon alloying TiNi alloy with Re. This positive shift in Epit is more significant in presence of 0.3 Re 

than in presence of 0.1 Re. These results may indicate that the presence of Re, as an alloying element, 

in the tested alloy increases its pitting corrosion resistance, Rpit, and hence the rate of pitting corrosion 

decreased, to an extent depending on Re content. The numerical values of Rpit were calculated from the 

corresponding log j vs E plot of Fig. 1 (not shown here) based on the equation: Rpit = |Ecorr - Epit|, where 

Ecorr is the corrosion potential.  

 

 

 

Figure 2. SEM micrographs recorded for pitted surfaces of (a) Ti51Ni49 alloy, (b) Ti51Ni49Re0.1 alloy 

and (c) Ti51Ni49Re0.3 alloy in 0.05 M KBr solution at 25 
o
C. Conditions of pitting attack; 

potentiostatic regime, where each alloy was held at a constant applied anodic potential, Ea, (Ea 

> Epit of any tested alloy) for 5.0 min. Image (d) is recorded for a passivated Ti51Ni49 alloy 

surface.  
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The suppression in the rate of pitting corrosion of the tested TiNi alloy with the increase in 

%Re in the alloy was further confirmed chemically using inductively coupled plasma-atomic emission 

spectroscopy (ICP-AES). This method of chemical analysis involved determination of Ni
2+

 ions in 

solution after each pitting corrosion test performed for studying pitting morphologies (see more details 

in the experimental part) as a function of alloy composition. The amount of nickel released into the 

corrosive medium, as a result of the aggressive attack of Br
-
, was taken as a measure of the corrosion 

rate. Obtained results showed that [Ni
2+

] in solution obviously decreases upon alloying the tested alloy 

with Re. The [Ni
2+

] is always smaller in presence of 0.3 Re than in case of the 0.1 Re-SMA. Meaning 

that the rate of pitting corrosion suppresses with the percentage of the alloyed Re in the tested samples.  

Pitting morphology studies came to the same conclusion, as shown in Figs. 2a-c which present 

morphologies of the pitted surfaces of the three tested SMAs in 0.05 M KBr solutions at 25 
o
C. These 

morphologies were recorded after exposing the samples to pitting attack under potentiostatic regime. 

Each electrode was held at a constant applied anodic potential, Ea, (Ea > Epit of any tested alloy) for 5.0 

min.It was observed that no pitting phenomena occurred on the surfaces of the three tested alloys 

exposed to a potential negative to Epit due to passivation (see image d that recorded for Ti51Ni49 alloy 

as a representative example). Almost similar morphologies were obtained for the passivated surfaces 

of the two tested Re-containing SMAs (such morphologies not included here). On the contrary, if the 

sample is polarized at fixed anodic potential beyond Epit, passivity breakdown followed by initiation 

and propagation of pits occur, as shown in images a–c. In all cases, the formed pits are surrounded on 

all sides by the regions covered with oxide layer and corrosion products that accumulate around the 

edges of pits. It is obvious that, with increase in the alloyed Re, the pitted areas decrease. In other 

words, the areas of the protective oxide layer increase at the expense of the pitted ones with increase in 

alloyed Re. This means that the ratio of pitted area to total surface area (i.e., pit area density) decreased 

with increase in Re content, corresponding to increased resistance against pitting. It follows from the 

micrograph depicted in image c that the severity of pitting attack is greatly suppressed in presence of 

0.3 Re, with no corrosion products. This confirms that Ti51Ni48.7Re0.3 alloy possesses the highest 

pitting corrosion resistance among the tested SMAs.  

Upon reversing the scan into the cathodic direction, higher current is noticed corresponding to 

continued growth of pits even after scan reversal. This continued growth of pits even after scan 

reversal is seen only in case of Ti51Ni49 alloy (i.e., in absence of Re), as shown in region II, reflecting 

the higher pitting corrosion susceptibility of such alloy as compared with Ti51Ni48.9Re0.1 and 

Ti51Ni48.7Re0.3 shape memory alloys. This finding, as will be seen and fully discussed, confirms that 

alloying Ti51Ni49 with Re improves its resistance towards pitting attack.    

Finally, a well-defined hysteresis loop is developed. The appearance of the hysteresis loop is 

typical of the pitting behaviour of metals [15]. Then pit growth is hindered due to repassivation of pit 

and current decreases gradually with decreasing the anodic potential. Finally, the decreasing current 

intersects the forward scan at a certain potential, known as the repassivation potential (Erp), see region 

III [16]. The repassivation potential Erp corresponds to the potential value below which no pitting 

occurs and above which pit nucleation begins [17]. The most important pitting corrosion parameters, 

namely Epit and Erp are well-defined in the insert of Fig. 1.  
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Charge passage measurements using software of the Autolab frequency response analyzer 

(General Purpose Electrochemical System, GPES, Version 4.9) showed that the total charge passed 

between Epit and Erp (i.e., after complete formation of the hysteresis loop) was 65×10
−2

, 50×10
−2

, and 

27×10
−2

 C cm
-2 

 for Ti51Ni49, Ti51Ni48.9Re0.1 and Ti51Ni48.7Re0.3 shape memory alloys, respectively. The 

high value of the charge consumed during hysteresis loop formation of Ti51Ni49 alloy suggests that 

Ti51Ni49 alloy finds it difficult to repassivate in this system, while Ti51Ni48.9Re0.1 and Ti51Ni48.7Re0.3 

alloys tend to repassivate more easily. This means that Ti51Ni49 alloy suffers from severe pitting during 

the reverse scan much more than Ti51Ni48.9Re0.1 and Ti51Ni48.7Re0.3 alloys. The ease repassivation 

tendency of Ti51Ni48.7Re0.3 alloy is undoubtedly due to the effect of Re as an alloying element, see 

later.  

The linear current–potential relationship observed in region III for all samples suggests that an 

ohmic controlled process is taking place [18]. It is known that during the growing process of an 

occluded pit, the concentration of metallic cations increases gradually due to the active dissolution 

within the pit [18–20]. Once the saturated concentration is reached, a salt film will be formed at the 

bottom of the pit. The dissolved metallic cations move outward through the salt film under the action 

of electric field across the film. The stronger the field is, the faster the metallic cations move through 

the film. Hence, in this stage the growth of the pit is controlled by the ohmic potential drop across the 

salt film [18–20].  

Pitting corrosion is a localized breakdown of the oxide film in which holes or pits are formed 

on the metal surface. It is initiated by adsorption of aggressive anions at the defective surface oxide 

film, resulting in the local breakdown of the oxide on the surface. Bromide, the present aggressive 

anion, acts in this manner; it adsorbs on the oxide/solution interface under the influence of electric 

field in competition with the passive layer forming species for active surface sites on the oxide [21].  

Such adsorption of Br
-
 anions is confirmed from the EDX spectra presented in Figs. 3a-c. This 

is clearly seen from the signal characteristic for Br. Therefore, it can be concluded that the passive film 

formed on the alloy surface contains a certain amount of incorporated Br. The atomic percentage of 

each element detected by EDX on the surfaces of the three tested samples is depicted in the tables 

under each EDX spectra. These tables were constructed based on ZAF Method Standardless 

Quantitative Analysis, covering the energy range (0–20 keV) at 20.0 kV and at a counting rate of 10 

747 cps. The obtained EDX data indicated that the passivated and corroded surfaces at all locations 

(even inside pits) had the elemental composition Ti,Ni,O,C, and Br, in addition to Re in case of 

Ti51Ni48.9Re0.1 and Ti51Ni48.7Re0.3 alloys. It is obvious that the atomic percentage of Br is suppressed, 

and hence the rate of the aggressive attack of Br
-
 anions is decreased, upon alloying TiNi alloy with 

Re. These findings confirm polarization measurements that Re, as an alloying element, improves the 

resistance of the tested samples towards pitting corrosion induced by the aggressive Br
-
 anions. 

This localized breakdown of the surface oxide film, induced by Br
-
 anions in the present case, 

eventually exposes the underlying metal. Recent studies support the idea of oxide film removal via 

pitting corrosion to expose underlying reactive metal. Gaspar et al. [22] exposed zero-valent iron 

(Fe(0)) to water containing carbon tetrachloride (CCl4) and examined the surface with Auger electron 

spectroscopy (AES) and time-of-flight secondary ion mass spectroscopy (ToF-SIMS) to map chemical 

distributions on the surface. 
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Figure 3. EDX spectra and analysis recorded for the corresponding pitted surfaces presented in Fig. 2. 

(a) Ti51Ni49 alloy, (b) Ti51Ni49Re0.1 alloy and (c) Ti51Ni49Re0.3 alloy.  

  

The chemical maps showed that high densities of elemental Cl and Cl
-
 existed at the area 

associated with pits on the surface of the Fe(0). This implies that pitting corrosion can effectively 

remove the oxide film and promote chemical reactions in localized areas by exposing the underlying 

metal or partially oxidized dissolved metal ions. Other studies have shown that pretreatment of zero-

valent metals with solutions containing acids or chloride, promotes pitting corrosion [23]. Similar 

findings were also obtained in our previous study [24], during pitting corrosion studies of Zn in 

thiosulphate solutions, where high atomic % of elemental S (resulted from the adsorption of the 

aggressive S2O3
2-

 anions) existed at the area associated with pits on the surface of Zn. This exposure of 

the underlying metal induces rapid metal dissolution at the localized pitting site and the dissolved 

metal ions undergo hydrolysis reactions that develop a high concentration of H
+
 inside of the pit 

(autocatalytic nature of pitting) [15–17]. 

The role played by Re in enhancing Rpit of the tested TiNi alloy in these solutions may be 

explained on the basis that any localized dissolution will preferentially dissolve the alloy matrix 

(Martenzitic phase; detailed microstructure studies will be presented in a future complementary study), 

and leave the surface enriched in unreactive Re atoms.  

Enrichment of alloy surface in unreactive Re atoms during dissolution blocks the active sites 

available for matrix dissolution. At this stage, dissolution is retarded and pitting ceases. In order for 

pitting to recommence, the potential must be raised even higher [to (Epit)alloy] to activate dissolution at 
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the less favourable sites. As the Re content is increased from 0.1 to 0.3, Re atoms will appear with 

greater frequency.  

Therefore, dissolution processes will be retarded until increasingly higher potentials are 

reached. Therefore, (Epit)alloy must increase with Re content, as shown in Fig. 1.  

The high corrosion resistance of TiNiRe alloys may also be attributed to the incorporation of 

Re atoms in the alloy passive film. This incorporation may repair the film defects and precludes 

significant dissolution of the oxide film.  

This makes it more difficult for Br
-
 ions to migrate through the passive oxide film. Re would as 

a result increase the difficulty of soluble film formation required for film rupture to occur [25]. Re may 

also slow down the rate of metal dissolution by reducing the amount of free metal ions in the pit 

solution resulting in a decrease in diffusion of Br
-
 into the pit and reduction in diffusion of metal 

cations out of the pit [26]. 

 

 

 

4. CONCLUSION  

The electrochemical behavior of (Ti51Ni49−xRex) shape memory alloys, SMAs, (x = 0, 0.1 and 

0.3 %) have been studied in 0.05 M KBr solution based on cyclic polarization measurements, 

complemented with SEM/EDX examinations. cyclic polarization measurements revealed that the 

susceptibility of Ti51Ni49 alloy towards pitting attack was suppressed when the percentage of the 

alloyed Re was increased. The 0.3Re-containing SMA (i.e., Ti51Ni48.7Re0.3 alloy) presented the highest 

corrosion resistance towards pitting corrosion in KBr solutions among the tested SMAs. 

Morphological studies of pitted surfaces, based on SEM examinations, revealed that the severity of 

pitting decreased with increase in alloyed Re content in the test samples. ICP-AES method of chemical 

analysis came to the same conclusion and confirmed polarization measurements and pitting 

morphology studies.        
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