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ABSTRACT 

Cu60Zr30Ti10 (at%) ribbon was prepared by melt spinning. Its glassy structure was confirmed by X-ray diffraction 
(XRD). Its corrosion behavior in HCl and NaCl solutions was investigated by electrochemical polarization measure-
ment. The surfaces before and after corrosion were observed with scanning electron microscope (SEM) and analysis 
was performed using electron dispersive spectroscopy (EDS). The results show that the decrease of current density is 
due to the formation of a mixture of simple oxides or complex oxidic compounds. In both cases, the corrosion potential 
decreases with increasing chloride concentration. The passive film forms easier in HCl than in NaCl. In addition, the 
higher is the chloride concentration, the easier is the passivation. 
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1. Introduction 

Metallic glasses have acquired significant attention from 
the scientific and technological viewpoints. They usually 
show high strength, a large elastic strain limit, and ex-
cellent wear and corrosion resistances, along with other 
remarkable engineering properties [1]. A number of me-
tallic glasses have been used in practical applications. 
For example, Pd-Cu-Ni-P metallic glasses were used as 
die materials while Zr-based metallic glasses were used 
for sporting equipments. In addition, the metallic glasses 
have also been proposed for some biomedical applica-
tions [2,3]. For example, it can be used for making bone 
fracture fixation and hip arthroplasty components where 
a low modulus comparable to bone is critical to avoid 
stress shielding. Furthermore, the superior strength 
would permit a smaller, less intrusive device that would 
be capable of withstanding the large forces generated 
within the skeletal system of the human body [2]. How-
ever, the applications of the metallic glasses require high 
chemical stability in various environments in order to 
ensure its lifetime. Without high corrosion resistance in 
the service environments, their favorable mechanical 
properties cannot be fully exploited. Up to now, a num-
ber of corrosion studies have already been reported for 
metallic glasses in different corrosive media [4-11]. In 
order to expand the fields of applications of the metallic  

glasses, the development of new metallic glasses with 
better mechanical properties and higher corrosion resis-
tance for lower cost is desirable. Compared with Zr- and 
Pd-based metallic glasses, Cu-based metallic glasses ex-
hibit even higher mechanical properties and lower cost 
[12,13]. The Cu-Zr-Ti ternary system is a typical glass 
forming system first explored by Inoue’s group [14]. The 
maximum size for glass formation in this system can be 
up to 5 mm [13]. However, it is found that the corrosion 
resistance of Cu-based metallic glasses is low in acidic 
solutions, especially when chloride ions are present [15]. 
In order to apply this type of metallic glasses as engi-
neering materials, the corrosion resistance and the effect 
of additional elements on Cu-based metallic glasses, such 
as Cu-Zr [10,11], Cu-Zr-Ti-Nb [16], Cu-Hf-Ti-(Mo, Ta 
and Nb) [17], Cu-Zr-Ti-Ni-(Nb, Cr, Mo and W) [18-20], 
Cu-Zr-Ti-(Mo, Ta and Nb) [15], and Cu-Zr-Al-Y [21] 
have been carried out. Many researches have shown that 
they are strongly susceptible to chloride-induced pitting 
corrosion. For example, Zender, et al. [22] investigated 
the corrosion performances of Cu46Zr42Al7Y5 and Zr58.5 

Cu15.6Ni12.8Al10.3Nb2.8 bulk metallic glasses in 0.001 - 0.1 
M HCl aqueous solutions. They found that in both cases 
the corrosion potential changed to more positive poten-
tials and the corrosion current increased with increasing 
chloride concentration. However, the pitting potential  
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decreased and the usable passive region became smaller 
with increasing chloride concentration. Recently, Gostin, 
et al. [5] have investigated the corrosion behavior of 
(Fe44.3Cr5Co5Mo12.8Mn11.2C15.8B5.9)98.5Y1.5 bulk metallic 
glass in 0.01 - 0.6 M NaCl aqueous solutions. They 
found that the corrosion potential was larger in 0.01 M 
NaCl aqueous solution than in 0.1 and 0.6 M NaCl 
aqueous solutions. Thus, it is of interest to investigate the 
influence of the Cl– concentration on the corrosion prop-
erty of metallic glasses. In present work, the corrosion 
behavior of Cu60Zr30Ti10 metallic glass is investigated in 
HCl and NaCl aqueous solutions with different Cl– con-
centration.  

2. Experimental 

Cu60Zr30Ti10 (at%) ternary alloy ingots were prepared 
from the mixture of pure metals by arc melting in an ar-
gon atmosphere. Ribbon samples with a thickness of 50 
μm and a width of 1.3 mm were prepared by melt spin-
ning at the wheel speed of 30 ms–1. The glassy structure 
was confirmed by X-ray diffraction (XRD) using Cu Kα 
radiation.  

Corrosion behavior of the glassy alloys was investi-
gated by electrochemical polarization measurement. 
Prior to electrochemical measurements, the specimens 
were degreased in acetone, washed in distilled water and 
dried in air. Electrolytes were NaCl and HCl aqueous 
solutions whose concentrations were 0.005, 0.01, 0.5, 
and 1 M, respectively, which were prepared from reagent 
grade chemicals and deionized water. Electrochemical 
measurements were conducted using a three-electrode 
cell with a platinum foil as a counter electrode. The ref-
erence electrode was a standard saturated calomel elec-
trode (SCE). All potentials given in this article are re-
ferred to the SCE electrode. Potentiodynamic polariza-
tion curves were measured with an IM6ex instrument at a 
potential sweep rate of 0.05 mV·s–1. The cell was open to 
air at room temperature and measurement started after 
the immersion of the samples for 20 min so that the 
open-circuit potentials of the samples became almost 
stable. The working electrode was exposed only to an 
area of 0.04 - 0.08 cm2 while the rest of the specimen 
was embedded in a thermoplastic resin to provide elec-
trical isolation. The surfaces of before and after corrosion 
were observed with an SIRION scanning electron mi-
croscope (SEM) and analysis was performed using elec-
tron dispersive spectroscopy (EDS).  

3. Results 

The glassy structure of Cu60Zr30Ti10 alloy was con-
firmed by XRD, the result of which is shown in Figure 
1. The diffraction pattern exhibits the characteristic 
broad peak for a glassy structure without any distinct  

 

Figure 1. X-ray diffraction pattern for Cu60Zr30Ti10 glassy 
alloy. 
 
crystalline peaks within the sensitivity limit of XRD 
measurement, indicating the amorphous state of the 
melt-spun Cu60Zr30Ti10 ribbon.  

The corrosion behavior of the Cu60Zr30Ti10 glassy alloy 
was examined by potentiodynamic polarization meas-
urement. To ensure reproducibility, at least three meas-
urements were run for each specimen. Figure 2 shows 
the anodic and cathodic polarization curves in NaCl and 
HCl aqueous solutions open to air at room temperature, 
respectively. As shown in Figures 2(a) and (b), the an-
odic current density increases rapidly without the pres-
ence of any passive region when the Cl– concentration is 
less than 0.5 M. This indicates that the glassy alloy un-
dertakes strong active dissolution upon anodic polariza-
tion and accordingly has a poor corrosion resistance in 
less than 0.5 M Cl– solutions. However, the passive pro-
cedure starts out in more than 0.5 M Cl– solutions. The 
passive potentials are 0.57 V vs SCE in 0.5 M HCl, 0.52 
V vs SCE in 1 M HCl, 0.66 V vs SCE in 0.5 M NaCl, 
and 0.52 V vs SCE in 1 M NaCl, respectively. In addi-
tion, the large passive current density up to 0.01 Am–2 
indicates the pseudopassive behavior. Comparing with 
Figure 2(a) and Figure 2(b), the passive potentials in 1 
M HCl and 1 M NaCl are hardly the same, indicating the 
same passive ability of this glassy alloy in two solutions. 
However, the passive potential is larger in 0.5 M Cl– so-
lution than in 1 M Cl– solution, indicating that the pas-
sive procedure easily sets out under higher Cl– concen-
tration. In addition, the passive potential is larger in 0.5 
M NaCl than in 0.5 M HCl, indicating that the passive 
procedure happens easier in 0.5 M HCl than in 0.5 M 
NaCl. 

On the other hand, the values of the corrosion current 
density icorr were determined by graphical extrapolation 
from the polarization curves. The intersection point of 
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the vertical line corresponding to the corrosion potential 
Ecorr, with the tangents on the anodic and cathodic 
branches was determined. The Ecorr and icorr values in all 
solutions are listed in Table 1. The relationship between 
the Cl– concentration and Ecorr is plotted in Figure 3. It is 
clearly observed that the corrosion potential decreases 
with increasing Cl– concentration in both HCl and NaCl. 
It indicates that the stability of the metallic glass de-
creases with increasing Cl– concentration at thermody-
namic point of view. The relationship between the Cl– 
concentration and icorr is plotted in Figure 4. The corro-
sion current density in HCl solution slightly increases 
when the Cl– concentration is less than 0.1 M, and then 
decreases with increasing Cl– concentration. It indicates 
that the general corrosion decreases when the HCl con-
centration exceeds 0.1 M. The corrosion current density 
sharply decreases with increasing NaCl concentration, 
and then maintains a low value when the NaCl concen-
tration exceeds 0.1 M.  

In addition, the corrosion rate was calculated by Fara-
day’s law [23]:  

73.16 10
Corrosion rate (cm y) corri M

z F 
  


 

,   (1) 

where icorr is the corrosion current density (A·cm–2), M is 
the molar mass of the metal (g·mol–1), z is number of 
electrons transferred per metal atom, F is the Faraday’s 
constant, and ρ is the density of the metal (g·cm–3). The 
corrosion rate values in all solutions are listed in Table 1. 
The relationship between the corrosion rate and the Cl– 
concentration is plotted in Figure 5. As shown in Figure 
5, the corrosion rate increases when the HCl concentra-
tion is less than 0.1 M, and then decreases with increas-
ing Cl– concentration. It indicates that the corrosion re-
sistance increases when the HCl concentration exceeds 
0.1 M. However, the corrosion rate decreases with in-
creasing NaCl concentration, and then maintains a low 
value when the NaCl concentration exceeds 0.1 M. 

Furthermore, SEM was employed to investigate the 
morphologies of the samples after polarization tests. Fig-
ure 6 and Figure 7 show the SEM micrographs of the 
surfaces corroded in HCl and NaCl solutions, respec-
tively. As shown in Figures 6(a)-(c), the pits can be 
clearly observed on the surfaces in less than 0.5 M HCl 
solutions, indicating the occurrence of the pitting in less 
than 0.5 M HCl solutions. However, the pits disappear 
and the cracked passive film due to the heavy attack of 
corrosion can be observed in 1 M HCl, as shown in Fig-
ure 6(d). As shown in Figure 6(a) and Figure 6(b), the 
number and depth of the pits increase with increasing 
chloride concentration, indicating the decrease of the 
corrosion resistance. However, the number of the pits 
obviously decreases and the passive film can be observed  

Table 1. The corrosion potential Ecorr, corrosion current 
density icorr, and corrosion rate of Cu60Zr30Ti10 glassy alloy. 

Type of 
solution

Concentration 
M 

Ecorr 
mV vs SCE 

icorr 
Am-2 

Corrosion rate 
cm/y 

0.005 12.79 2.19 0.34 

0.01 2.30 2.39 0.37 

0.5 –59.94 1.04 0.16 
HCl 

1 –76.91 0.48 0.08 

0.005 23.45 2.70 0.42 

0.01 3.89 0.33 0.05 

0.5 –63.07 0.83 0.13 
NaCl 

1 –78.12 0.17 0.03 
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Figure 2. The polarization curves in aqueous solutions con-
taining different Cl– concentration open to air at room 
temperature. (a) For HCl; (b) For NaCl. 
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Figure 3. The relationships between the Cl– concentration 
and corrosion potential Ecorr. 
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Figure 4. The relationships between the Cl– concentration 
and corrosion current density icorr. 
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Figure 5. The relationships between the Cl– concentration 
and the corrosion rate. 

(shown in Figures 6(c) and (d)), indicating the increase 
of the corrosion resistance. As shown in Figure 7, the 
pits and corrosion products distribute on the surfaces 
corroded in all NaCl solutions. The size of the pits de-
creases with increasing chloride concentration, indicating 
the increase of the corrosion resistance. However, the 
number of the pits in 0.5 M NaCl increases, which would 
be a reason for the decrease of the corrosion resistance. 
In addition, in order to clearly observe the passive film, 
the enlarged SEM microstructures in 0.5 and 1 M NaCl 
solutions are shown in Figure 8. One can clearly observe 
from Figure 8 that the local passive film appears. These 
SEM results are in coherent with the potentiodynamic 
polarization measurements.  

4. Discussion 

As shown in Figure 6 and Figure 7, the pits display on 
all corroded surfaces except for in 1 M HCl, indicating 
that the Cu60Zr30Ti10 metallic glass is susceptible to pit-
ting corrosion in chloride media. However, the pitting 
corrosion doesn’t appear in the potentiodynamic polari-
zation curves, as shown in Figure 2. The reasons would 
be as follows. Ideally, metallic glasses are regarded as 
being physically and chemically homogeneous, free from 
secondary phases or inclusions which should diminish or 
prevent the occurrence of galvanic or localized corrosion 
[24]. However, in practice the presence of defects in cast 
samples cannot be completely avoided, at least in com-
mercial production [25]. Not surprisingly, several studies 
show that some metallic glasses have high pitting sus-
ceptibility and pits are initiated at the interface between 
such defects and the surrounding matrix [5, 10, and 26]. 
The surface morphology of the melt-spun glassy ribbon 
is illustrated in Figure 9. There are three types of regions, 
including the relatively flat region, the troughs, and the 
pores. It would be a reason for the pitting corrosion. The 
other reason would be the selective dissolution of Ti and 
Zr, and/or simultaneous dissolution of Cu, Ti and Zr 
[10,27-29]. 

As shown in Figure 2, there is a sharply increase of 
current density in polarization curve when the chloride 
concentration exceeds 0.5 M. It is generally thought of 
the formation of a CuCl film on the surface in chloride 
media [10, 30 and 31]. In order to further investigate the 
composition of the passive film, the EDS analysis was 
performed on the passive films in 1 M HCl and 1 M 
NaCl. The results are shown in Table 2. It is clearly from 
Table 2 that the compositions for the passive film consist 
of O, Zr, Ti, and Cu, respectively. It indicates that the 
passive film is composed of a mixture of simple oxides 
or complex oxidic compounds .of all alloying elements. 
Earlier corrosion studies of Zr69.5Cu12Ni11Al7.5 showed 
that the formation of an amorphous ZrO2 layer [32]. Cu 
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is known to form a protective passive layer of CuO in 
chloride solution [33]. Corrosion investigations of 
Cu50Zr40Al5Nb5 in 0.5 M NaCl [34] indicated the deple-
tion of Cu in surface film and increases Zr and Nb, lead-
ing to the formation of a Zr (Nb)-rich protective surface 
film. In addition, it is clearly from Figure 2 that the pas-
sive potential decreases with increasing chloride concen-
tration. This would be due to the fact that the pure ele-
ment displays a lower passive potential in higher chloride 
concentration. For example, the pure zirconium shows a 
stable passive state up to +0.15V in 1.0 mol/L HCl and 

+0.25V in 0.1 mol/L HCl, respectively [10,35]. Thus, the 
higher is the chloride concentration, the easier is the pas-
sivation.  

Comparing with Figure 6(d) and Figure 7(d), the pit 
does not appear on the surface corroded in 1 M HCl, 
while appear on the surface corroded in 1 M NaCl. It 
would be related with the different distribution of the 
alloying elements on the surface in HCl and NaCl solu-
tions because the corrosion of metallic glass is strongly 
influenced by the alloying elements [22]. Asami, et al. [15] 
investigated the concentration of the alloying elements of  

 

      
(a)                                                            (b) 

 

      
(c)                                                            (d) 

Figure 6. SEM micrographs of the corroded surfaces in different HCl concentrations, (a) 0.005 M; (b) 0.01 M; (c) 0.5 M; (d) 1 
M, respectively. 
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(a)                                                            (b) 

 

      
(c)                                                            (d) 

Figure 7. SEM micrographs of the corroded surfaces in different NaCl concentrations, (a) 0.005 M; (b) 0.01 M; (c) 0.5 M; (d) 
1 M, respectively. 
 
Cu60Zr30Ti10 metallic glass on the surface immersed in 1 
N HCl and 3% NaCl, respectively. They found that the 
cationic fraction of the surface film after immersion in 
3% NaCl was almost the same as the alloy composition, 
but in the surface film formed in 1 N HCl solution, its 
cationic fraction of Cu was more than the alloy composi-
tion. In addition, one can observe from Table 2 that the 
content of Cu and Zr + Ti is more in 1 M HCl than in 1 
M NaCl. Thus, one can presume that the passive film 
forms easier and faster in HCl than in NaCl, resulting in 
the formation of the passive film to prevent the occur-

rence of the pitting corrosion in 1 M HCl. On the other 
hand, it is well-known that Cu is nobler than Zr and Ti, 
i.e. the standard equilibrium electrode potentials for the 
Zr/Zr4+, Cu/Cu2+ and Ti/Ti2+ couples are –1.529 VSHE, 
+0.337 VSHE and –1.628 VSHE, respectively. This large 
electrochemical potential difference between Cu and Zr 
(Ti) can provide a sufficient potential window for a se-
lective dissolution of Zr (Ti) in Cu-Zr-Ti metallic glass. 
In addition, the stability of the oxide of the alloying ele-
ment is different from each other. For example, Zr- and 
Ti-oxides are more stable chemically and denser struc-  
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(a)                                                            (b) 

Figure 8. The enlarged SEM micrographs related to the passive films in 0.5 M NaCl (a) and 1 M NaCl (b), respectively. 
 

 

Figure 9. SEM surface morphology of the ribbon before 
corrosion. 
 
turally than Cu-oxides [20]. These results would result in 
the different corrosion behavior in HCl and NaCl.  

5. Conclusions 

The influence of the concentration of HCl and NaCl so-
lutions on corrosion properties of Cu60Zr30Ti10 glassy 
alloy was investigated. The results are as follows. 

The corrosion potential decreases with increasing 
chloride concentration in HCl and NaCl. It indicates that 
the stability of the metallic glass decreases with increas-
ing chloride concentration at thermodynamic point of  

Table 2. Content of alloying elements in passive film in 1 M 
HCl and 1 M NaCl, respectively. 

 O (at%) Zr (at%) Ti (at%) Cu (at%) 

1 M HCl 33.63 21.48 3.97 40.91 

1 M NaCl 45.32 13.70 7.36 33.62 

 
view. 

The corrosion current density and corrosion rate in 
HCl solution slightly increase, and then decrease when 
the chloride concentration exceeds 0.1 M. However, the 
corrosion current density and corrosion rate sharply de-
crease with increasing NaCl concentration, and then 
maintain a low value when the NaCl concentration ex-
ceeds 0.1 M.  

The passive film can form when the chloride concen-
tration exceeds 0.5 M in HCl and NaCl solutions. The 
passive potentials are 0.57 V vs SCE in 0.5 M HCl, 0.52 
V vs SCE in 1 M HCl, 0.66 V vs SCE in 0.5 M NaCl, 
and 0.52 V vs SCE in 1 M NaCl, respectively. This indi-
cates that the higher is the chloride concentration, the 
easier is the passivation. The passive film is composed of 
a mixture of simple oxides or complex oxidic compounds 
of all alloying elements. 

The passive film forms easier in HCl than in NaCl, 
which is due to the different distribution of the alloying 
elements on the surface in HCl and NaCl solutions. 
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