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bstract

Electrochemical tests of amorphous Cu46Zr42Al7Y5 in comparison to amorphous Zr58.5Cu15.6Ni12.8Al10.3Nb2.8 (Vit106a) were conducted by
otentiodynamic polarization at room temperature in 0.001–0.1 M NaClaq (pH 8). The influence of corrosion on the surface topography was studied
y X-ray diffraction and SEM. Electrochemical measurements indicate a good corrosion resistance of both bulk metallic glasses in NaCl solutions

ith low molarity at pH 8 due to the formation of protective oxide films. However, at high NaCl molarity the Cu–Zr–Al–Y glass shows no passive

ayer and is very susceptible to pitting corrosion. The mechanisms of the formation of the oxide films as well as the nucleation and growth of
itting were clarified by associating microstructural investigations with the results of electrochemical measurements.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Many efforts were attempted to develop bulk metallic glasses
n different alloy systems: in the early 90s Peker and Johnson [1]
s well as Inoue [2] developed Zr based bulk metallic glasses
hich were due to their excellent mechanical properties, i.e.
igh elastic limit and strength, of high interest, e.g. for golf
lubs or penetrators [3]. Bulk metallic glasses based on late
ransition metals, e.g. Fe, Co, Ni, Cu, have many potential advan-
ages such as higher elastic limit and strength in comparison to
hose based on early transition metals. Recently, Xu et al. [4]
eported about quaternary Cu based alloys, Cu46Zr47−xAl7Yx

0 < x < 10), which possess unusually high glass forming ability.
or any application, however, the corrosion resistance of these
lasses has to be adequate.

The corrosion of metallic alloys is strongly influenced by
lloying elements as well as by the microstructure. In general,
he amorphous structure is known to improve the corrosion resis-
ance of an alloy, which can be explained with respect to the lack

f defects like dislocations or grain boundaries, the optimized
omposition (not available as a single crystalline phase) and the
hemical homogeneity of the metallic glass.

∗ Corresponding author. Tel.: +49 231 755 3015; fax: +49 231 755 5978.
E-mail address: daniela.zander@bci.uni-dortmund.de (D. Zander).
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First investigations of the corrosion behavior of bulk amor-
hous Zr55Cu30Ni5Al10 showed the rapidly formation of pas-
ivating surface layers in 0.1 M Na2SO4 (pH 2–8) and 0.1 M
aOH (pH 13) solutions which are stable in a wide pH and
otential range [5]. Later investigation regarding the passiva-
ion behavior of bulk amorphous Zr55Cu30Ni5Al10 compared
o the crystalline counterpart and zirconium in weakly alka-
ine sulphate solutions revealed that the barrier effect of anodic
lms grown on the amorphous alloy were slightly lower than on
irconium. Anodic layers on the surface of Zr–Cu–Ni–Al con-
ist apparently of a mixture of simple oxides or complex oxidic
ompounds of all alloying elements [6]. The influence of addi-
ional alloying elements such as Ti, Cr, Nb or Ta were studied
o improve the corrosion resistance of amorphous Zr–Al–Ni–Cu
lloys in HCl as well as NaCl solutions [7]. The addition of Nb
nd Ta exhibited rather low corrosion rates below 0.1 mm/year
fter immersion for 64 h; the largest effect of additional elements
n the corrosion resistance can be obtained for Nb followed by
a, Ti and Cr [8].

First investigations on the influence of microstructure on
he corrosion of amorphous and crystalline Cu–Zr alloys in
N NaCl, 1N HCl and 1N H2SO4 [9,10] revealed only minor

ifferences in the corrosion behavior. Recently good corrosion
esistance was reported of bulk Cu50Zr40Al5Nb5 metallic glass
n comparison to Cu–Zr–Al alloys in 1 M HCl and 3 mass% NaCl
11]. It was assumed that the addition of 5% Nb to Cu55Zr40Al5

mailto:daniela.zander@bci.uni-dortmund.de
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eads to depletion of Cu in the surface film, but increases Zr
nd Nb; thus leading to the formation of a Zr(Nb)-rich protec-
ive surface film. The aim of this paper is to present results on
he pitting corrosion of bulk Cu46Zr42Al7Y5 in comparison to
r58.5Cu15.6Ni12.8Al10.3Nb2.8 metallic glasses and to clarify the
orrosion mechanisms.

. Experimental

Cu46Zr42Al7Y5 and Zr58.5Cu15.6Ni12.8Al10.3Nb2.8 ingots were prepared
y arc melting in a Ti-gettered argon atmosphere. Bulk Cu46Zr42Al7Y5 and
r58.5Cu15.6Ni12.8Al10.3Nb2.8 (Vit106a) metallic glasses with a thickness of
mm and a rectangular shape (about 5 mm × 15 mm) were produced at Cal-

ech by casting in a copper mold. Details of the experimental procedure are
escribed elsewhere [4].

The potentiondynamic curves were obtained using a FAS1 potentiostat
Gamry Instruments) with a voltage scan rate of 0.1 mV/s. All the potential
alues are reported with respect to the reference electrode (EHg/HgO versus
CE). The electrochemical tests using the d.c. (potentiodynamic polarization)

echnique was carried out in deaerated, not stirred 0.001–0.1 M NaClaq elec-
rolytes (pH 8, 298 K) to study the pitting corrosion of Cu46Zr42Al7Y5 and
r58.5Cu15.6Ni12.8Al10.3Nb2.8. For all measurements a three electrode electro-
hemical cell was used with an Hg/HgO reference electrode and a platinum
ounter electrode. The samples were embedded in a thermoplastic resin to pro-
ide electrical isolation. Sample surfaces were ground up to 1200 grid with wet
iC-emery paper.

The microstructure before and after corrosion was studied by X-ray diffrac-
ion (Cu K� radiation), optical microscopy and scanning electron microscopy
SEM + EDS, Hitachi S-4500).

. Results and discussion

Figs. 1 and 2 show potentiodynamic polarization scans
btained for Cu46Zr42Al7Y5 (Fig. 1) and Zr58.5Cu15.6Ni12.8
l10.3Nb2.8 (Fig. 2) bulk metallic glasses in 0.001–0.1 M HClaq

pH 8). In both cases the corrosion potential changes to

ore positive potentials with increasing chloride concentra-

ion. This change in the corrosion potential depending from the
hloride concentration can be explained by the Nernst equa-
ion which considers the concentrations of the oxidized and

ig. 1. Potentiodynamic polarization of Cu46Zr42Al7Y5 metallic glass in
.001 M and 0.01 M NaCl solution (pH 8, 298 K, 0.1 mV/s).
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ig. 2. Potentiodynamic polarization of Zr58.5Cu15.6Ni12.8Al10.3Nb2.8 metallic
lass in 0.001 M and 0.01 M NaCl solution (pH 8, 298 K, 0.1 mV/s).

educed component. Zr58.5Cu15.6Ni12.8Al10.3Nb2.8 exhibits a
ore negative corrosion potential than Cu46Zr42Al7Y5. From

he thermodynamic point of view Cu46Zr42Al7Y5 seems to
e more noble than Zr58.5Cu15.6Ni12.8Al10.3Nb2.8. Investigat-
ng the kinetics in more detail it was observed that the cor-
osion current (see Figs. 1 and 2) and therefore the corro-
ion rate is higher for Zr58.5Cu15.6Ni12.8Al10.3Nb2.8 than for
u46Zr42Al7Y5 specially for low chloride concentration. In
.001 M NaClaq corrosion rates of 4.7 × 10−7 m/a were obtained
or Zr58.5Cu15.6Ni12.8Al10.3Nb2.8 and of 2.7 × 10−7 m/a for
u46Zr42Al7Y5. Corrosion rates of 10−6 m/a were observed for
oth alloys in 0.01 M NaClaq. For both glasses the corrosion
urrent increases with increasing chloride concentration.

Since both driving force (corrosion-tendency) and kinetic
corrosion-rate) considerations are crucial in determining the
xtent of corrosion of a metal surface, a key factor controlling the
ate is the existence of the phenomenon of passivity for certain
etals and alloys. Very low values in the range of 10−7 A/cm2

or the passive current were observed which indicate a very good
assivation behavior for both alloys at higher potentials and pH
and are comparable with the passive currents from stainless

teel under similar conditions.
The initiation of a pit occurs when electrochemical or chem-

cal breakdown exposes a small local site on a metal surface to
amaging species such as chloride ions. As expected the pit-
ing potential decreases with increasing chloride concentration
or both alloys. The usable passive region becomes smaller with
ncreasing chloride concentration. Amorphous Cu46Zr42Al7Y5
xhibits no passive region in 0.01 M NaClaq and is therefore
ery susceptible for pitting corrosion. Qin et al. [11] investigated
he influence of Nb on Cu–Zr–Al metallic glasses and reported
orrosion rates of 10−4 m/a for Cu55Zr40Al5 and 10−5 m/a for
u50Zr40Al5Nb5 in 0.5 M NaClaq and no passive region during

olarization.

Microstructural investigation (Fig. 3) of the surface of
u46Zr42Al7Y5 after polarization in 0.01 M NaCl solution (pH
) revealed pits as well as corrosion products all over the sam-
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Fig. 3. SEM of Cu46Zr42Al7Y5 metallic glass after polarization in 0.01 M NaCl
solution (pH 8, 298 K, 0.1 mV/s).
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ig. 4. X-ray diffraction of Cu46Zr42Al7Y5 metallic glass after polarization in
.01 M NaCl solution (pH 8, 298 K, 0.1 mV/s).

le surface after polarization up to −0.26 V(SCE). EDS studies of
he surface as well as of the corrosion products (obtained by col-
ecting those products from the surface) indicate a very complex
orrosion mechanism initiated by chlorides which leads to cor-
osion products where all elements such as Cu, Zr, Al, (Y) as well
s Cl are involved in. The X-ray study of Cu46Zr42Al7Y5 after
olarization up to −0.26 V(SCE) in 0.01 M and 0.1 M NaClaq
pH 8) (see Fig. 4) reveals still an amorphous microstructure
nd additional crystalline peaks which can be determined as Cu
nd CuO. The loss of intensity for the sample after corrosion in
.1 M NaClaq can be explained by a thicker passivation layer.

It is well known from Cu–Al alloys that the addition of only a
mall amount of Al leads to galvanic corrosion due to the com-
ination of a noble element such as Cu (+0.35 V) and a base
lement such as Al (−1.66 V). In addition compositional het-
rogeneities between, e.g. Cu and Al in the amorphous matrix
ill support the nucleation of pits. Since Cu is known to form a

rotective passive layer of CuO in chloride solutions at pH 8 [12]
he formation of AlCl3 as well as Cu or CuCl as an additional cor-
osion product can be assumed during pitting. The large amount
f Zr which was observed by EDS of Cu46Zr42Al7Y5 after cor-

[
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[
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osion might be attributed to the formation of an amorphous
rO2 layer. Earlier corrosion studies of Zr69.5Cu12Ni11Al7.5 [13]
howed the formation of an amorphous ZrO2 layer. Corrosion
nvestigations of Cu50Zr40Al5Nb5 in 0.5 M NaClaq [11] indi-
ate the depletion of Cu in the surface film and increases Zr and
b; leading to the formation of a Zr(Nb)-rich protective surface
lm. Further TEM investigations of the passive layer are under-
ay and should give more details also about the precipitation
f Cu and the influence of Y on the formation of the passive
ayer. However the formation of CuO and ZrO2 leads to a large
athodic surface area in comparison to the small anodic area
n the pit; this results in the corrosion reaction observed in the
morphous Cu46Zr42Al7Y5.

. Conclusion

Electrochemical tests of Cu46Zr42Al7Y5 in comparison to
r58.5Cu15.6Ni12.8Al10.3Nb2.8 (Vit106a) bulk metallic glasses

ndicate a good corrosion resistance in NaClaq with low molarity
t pH 8 due to the formation of protective oxide films. Corro-
ion rates in the range of 10−7 m/a to 10−6 m/a were observed
ependent on the chloride concentration. The Cu–Zr–Al–Y
lass, however, shows no passive layer at higher NaClaq molar-
ty (0.01 M) and is very susceptible to pitting corrosion. It is
ssumed that the corrosion mechanism of Cu46Zr42Al7Y5 metal-
ic glass consists of passivation of Zr and Cu and galvanic
orrosion coupled with pitting corrosion.
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