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Abstract: The effects of crystallization on the corrosion resistance of a Cu52.5Ti30Zr11.5Ni6 bulk amorphous alloy in 1 mol/L HCI,
and 6 mol/L NaOH solutions were studied. The amorphous alloy was identified by differential thermal analysis(DSC) and by X-ray
diffraction(XRD). The partially and fully crystallized alloys were prepared by controlling the annealing temperatures at 738 and 873
K for 1 and 12 min, respectively, and the corrosion resistances of those annealed alloys were compared with that of the amorphous
alloy by immersion test and potentiodynamic measurements in 1 mol/L HCI and 6 mol/L NaOH solutions. The results show that the
partially crystallized alloy exhibits high corrosion resistance, whereas full crystallization results in deteriorated corrosion resistance

compared with that of the as-cast amorphous alloy.
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1 Introduction

In the past decade, multi-component bulk metallic
glasses(BMGs) have attracted large interest due to their
unique properties[1-2]. Recently, quite a number of
alloy families based on Zr, Pd, Fe, La, Cu and Mg have
been developed, which exhibit an excellent glass-
forming ability, and thus can be cast in bulk with
dimension ranging from millimeters to
centimeters at cooling rates of less than 100 K/s[1—4].
Among the systems developed, Cu-based bulk metallic
glasses are particularly interesting because of the
combination of good mechanical property, less price and
potential for industry applications. JOHNSON et al[5]
developed firstly Cud7Zr11Ti34Ni8 BMG with a size of
4mm in thickness, opening the door to the possibility of
fabrication of Cu-based bulk metallic glass.
Subsequently, INOUE et al[6—7] and ZHANG et al[8]
reported a new BMG of Cu60Zr30Ti10 with critical size
of 3 mm in diameter, which exhibited a very good
mechanical property with compressive/tensile yield
strengths up to 1.9 GPa. The glass formation ability and
mechanical properties can be further enhanced by the
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addition of a small amount of Sn, Be and Y with
maximum sample size up to d5 mm and tensile
strengthen over 2.5 GPa. However, the drawback of Cu-
based BMGs originates from the chemical instability[9],
which limits their applications.

It is well known that amorphous alloys have
comparatively  higher corrosion resistance than
conventional crystalline alloys due to their chemical
homogeneity and being free from defects such as grain
boundaries, precipitates and segregations, which are
more susceptible to chemical attacks[10]. Apart from the
homogeneity and structure, the compositions of
amorphous alloys also affect the corrosion resistance of
the alloys[11]. The effect of the compositional changes
on the corrosion resistance has been widely studied for
amorphous alloys, such as Fe-based[12—14], Zr-based
[15-16] alloys. It was found that additions of valve-
metals, such as Cr, Mo, Ta, Ti or Nb, improve the
corrosion resistance of the alloys a lot since they promote
the spontaneous passivation of the alloys. Recently, there
were also studies focusing on the effect of partially
crystallization of the amorphous alloys such as
Fe-based[17—-18], Mg-based[19] and Zr-based ones[20—
21], on their corrosion behavior. However, some studies
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indicated that the partially crystallized alloys exhibit
improved corrosion resistance[17—19], while others had
the opposite conclusion[20—21].
studies of Cu-based bulk metallic glasses have been
conducted in recent years[22—23], and most of them
reported the difference in corrosion resistance caused by
additional elements[24—27]. The work on the effect of
crystallization on the corrosion resistance of Cu-based

Limited corrosion

alloys is rare and incomplete. The aim of the present
work is therefore to fill in the gap by studying the
corrosion and passivation behavior of different structural
states, i.e. amorphous, partially and fully crystallized,
respectively, of the Cu52.5Ti30Zr11.5Ni6 alloy obtained
by controlled annealing of the alloy.

2 Experimental

Cu-based amorphous alloy ingots with nominal
composition of Cu52.5Ti30Zr11.5Ni6 were prepared by
arc melting the mixtures of the constituent elements of
high purities in an argon atmosphere and cast into 5 mm
diameter rods by copper-mold suction casting. The
samples were evacuated in quartz tubes back-filled with
argon, and annealed at the temperatures of 738 and 873
K for 1 and 12 min respectively. The heating and cooling
rates were 40 and 200 K/min. The structure of the
samples were examined with XRD using CuK, radiation
at tube voltage of 40 kV and tube current of 30 mA. The
extent of crystallization was also estimated by DSC
measurement of the enthalpy change of the
crystallization peak.

Corrosion behaviors of the metallic glasses were
evaluated by immersion tests and potentiodynamic
polarization measurements. The specimens were
mechanically polished in cyclohexane with SiC paper
down to 600 grit, and polished with 0.5 um alumina
powders. They were then degreased in acetone, dried in
air and further exposed to air for 24 h before the tests.
Electrolytes used were 1 mol/L HC] and 6 mol/L NaOH
aqueous solutions, respectively, prepared from reagent
grade chemicals and deionized water. Corrosion rates
were estimated from the mass loss after immersion in the
solutions for durations from one day to a few weeks.
Potentiodynamic polarization curves were measured with
a Solartron model 1287 potentiostat and a three-electrode
cell. The counter electrode was graphite and the
reference electrode was saturated calomel (SCE,
o(SHE)=0.241 V). The samples were immersed in the
electrolyte for 20 min before measurements were done in
order to stabilize the open-circuit potentials of the
samples. Polarization curves were then measured with
the cell open to air at a sweep rate of 5 mV/min at 298 K.

3 Results and discussion

In order to obtain partially and fully crystallized
samples, DSC was employed to accurately perform the
heat treatments of the samples. Fig.1 shows the DSC
curve of the as-cast Cu-based alloy. It is observed that
the crystallization of the as-spun sample takes place with
two exothermic peaks, and there is a slight glass
transition (7,=688 K) before the occurrence of the first
one. It is noticeable that the glass transition at low
heating rate for this alloy before the occurrence of the
first one is undetectable. The first annealing temperature,
ie. 738 K, is chosen above the onset temperature of
crystallization (7,=734 K) and the second temperature,
i.e. 873 K, is chosen after the second large exothermic
peak. The annealing treatments for 1 and 12 min lead to
partial and full devitrifications, respectively. The
decreasing magnitude of the exothermic peaks with
increasing annealing time indicates a decreasing amount
of the amorphous phase.

20 K/min

400 425 450 475 500 525 550 575
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Fig.1 DSC curve of as-cast Cu-based alloy

Fig.2 shows the XRD patterns of the as-cast and
annealed samples. For the as-cast sample, the typical
broad peak without any distinct crystalline peak indicates
a fully amorphous structure. The XRD patterns for the
annealed samples show well-defined peaks. Only
Cu,¢Zr; crystallites are present in the amorphous matrix
after annealing at 738 K for 1 min. However, Cu;Ti and
NisZr are also found when the matrix is annealed at 873
K for 12 min.

The corrosion rates of as-cast and annealed samples
in 6 mol/L NaOH solution at 298 K are shown in Fig.3.
It is found that the partially crystallized sample shows
superior corrosion resistance in this alkaline solution.
Especially, the corrosion rate of partially crystallized
samples is almost half that of the as-cast samples, while
the fully crystallized sample exhibits the worst corrosion
resistance.
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Fig.2 XRD patterns of cast as-cast and annealed samples:
(a) Annealed at 873 K for 12 min; (b) Annealed at 738K for 1
min; (c) As-cast
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Fig.4 Potentiodynamic polarization curves of as-cast and

annealed samples in 1 mol/L HCl solutions at 298 K open to air

Table 1 Results of potentiodynamic polarization measurements

Solution Sample Oeor! V Jp/(A~cm72)
As-cast -0.2893  6.2472X10>
1 mol/L )
Hel Annealed at 738 K —0.2834 3.846 7X10
Annealed at 873K —0.3131 8.5770X10™
As-cast -0.5570 7.8262%x107*
6 mol/L i
NaOH Annealed at 738 K —0.5319 1.1014X10
Annealed at 873K —0.6762 8.1828Xx107*

(3]
=
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e
=

.
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Fig.3 Corrosion rates of as-cast and annealed samples in 6
mol/L NaOH solution

Fig.4 shows the polarization curves for the samples
in 1 mol/L HCI solution. The polarization behaviors are
similar to each other except that of the fully crystallized
sample. The fully crystallized sample exhibits a process
with active passive transition, and there is a wide passive
region at the end of the corrosion as well as the other two
samples. While the amorphous and partially crystallized
alloys suffer from active dissolution immediately and
then exhibit a spontancously passivated behavior,
possibly because of the unstable surface films of the
alloys in the chloride-ions-containing solutions. From the
polarization curves in Fig.4 and the data in Table 1, the
partially crystallized sample shows a little improvement
in the corrosion resistance compared with that of the
as-cast sample, viz., the higher ¢, the lower critical
passivating current density(J,).

Their polarization curves in 6 mol/L NaOH solution
are also shown in Fig.5. All of them show current plateau,
associated with a passive film formation on the alloy
surface in Fig.5. The three alloys are spontaneously
passivated with significantly low passive current density
of the order 10* A/ecm®. There is a large extent between
pitting potential and corrosion potential(pco), Which
means that the alloys have high pitting resistance[17] in
6 mol/L NaOH solution. In general, these features
indicate a rapid formation of protective anodic films with
low electronic conductivity, which is a typical behaviour
of valve-metals, e.g. Al, Zr, Hf[18]. However, when
anodic voltage becomes larger, the surface films of the
alloys dissolve and transform to porous surface film, i.e.
trans-passive dissolution. Moreover, they show active
cathodic reaction as the cathode current density changes
rapidly with potential. Among the three samples, the
partially crystallized sample annealed at 738 K shows the
best corrosion resistance, viz., the highest ¢, and the
lowest J,, as shown in Table 1. The results of the
immersion tests and the potentiodynamic polarization
tests are in good agreement. They also demonstrate that
the corrosion resistance of the as-cast amorphous alloy
can be improved by controlled annealing, which induces
nucleation of crystallites in the amorphous matrix. The
mechanism of such improvement is still unknown. But
some researchers proposed that the presence of the
amorphous and crystalline interface may promote the
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diffusion of passive elements of the alloys for faster
formation of the protective passive film[19, 28]. When
the annealing time is longer, the crystallites grow up and
lead to deterioration in the corrosion resistance of the
alloy. It may be due to the formation of compositional
heterogeneities and more boundary regions, therefore
increasing the susceptibility to the localized corrosion.
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Fig.5 Potentiodynamic polarization curves of as-cast and
annealed samples in 6 mol/L NaOH solutions at 298 K open to
air

4 Conclusions

The effect of structure evolution on the corrosion
resistance of the amorphous Cu52.5Ti30Zr11.5Ni6 alloy
was investigated by using tests and
potentiodynamic polarization measurements in 1 mol/L
HCI and 6 mol/L NaOH solutions, respectively. The
results show that the partially crystallized sample has
higher corrosion resistance than that of the amorphous
alloys, while the fully crystallized sample shows

immersion

deterioration in the corrosion resistance.
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