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Five well-known Zr-based alloys of the systems Zr–Cu–Al–(Ni–Nb, Ni–Ti, Ag) (Cu 5 15.4–36 at.%)

with the highest glass-forming ability were comparatively analyzed regarding their pitting

corrosion resistance and repassivation ability in a chloride-containing solution. Potentiodynamic

polarization measurements were conducted in the neutral 0.01 M Na2SO4 1 0.1 M NaCl

electrolyte and local corrosion damages were subsequently investigated with high resolution

scanning electron microscopy (HR-SEM) coupled with energy dispersive x-ray spectroscopy

(EDX). Both pitting and repassivation potential correlate with the Cu concentration, i.e.,

those potentials decrease with increasing Cu content. Pit morphology is not composition

dependent: while initially hemispherical pits then develop an irregular shape and a porous rim.

Corrosion products are rich in Cu, O, and often Cl species. A combination of low Cu and high Nb

or Ti contents is most beneficial for a high pitting resistance of Zr-based bulk metallic glasses.

The bulk glassy Zr57Cu15.4Al10Ni12.6Nb5 (Vit 106) and Zr52.5Cu17.9Al10Ni14.6Ti5 (Vit 105) alloys

exhibit the highest pitting resistance.

I. INTRODUCTION

Among the various families of bulk metallic glasses

(BMGs), the Zr-based alloys are until today most actively

studied. The strong interest in Zr-based BMGs is due to

their high glass-forming ability and excellent mechan-

ical properties such as very high strength and large

elastic deformation capability at room temperature.

These qualities render them attractive for various appli-

cations, e.g., sporting goods, springs, or electronic casings.1

For most of those applications, a high corrosion resistance

in various environments is mandatory for a long lifetime

of a part made from a BMG. Fabrication of bulk parts

(thickness .1 mm) requires alloys with the highest glass-

forming ability. Therefore, this study focuses on a compar-

ative corrosion analysis of different Zr–Cu-based alloys,

which are well known as excellent bulk glass formers.

The corrosion behavior of Zr-based bulk and non-

BMGs has been the subject of a number of fundamental

studies. They exhibit excellent passivation ability in

halide-free electrolytes owing to easy formation of

passive films rich in Zr oxides.2–6 At the same time,

however, they are quite susceptible to pitting corrosion in

halide-containing environments.2,4,5,7–11 Alloying elements

may have a significant influence on both their passivation

ability and their pitting susceptibility.6,7,12–16 A clear

understanding of those alloying effects is necessary for

the design of new Zr-based BMGs with improved pitting

corrosion resistance.

Most of the Zr-based BMGs are composed of a

combination of valve metals, e.g., Zr, Al, Nb, or Ti,
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with late transition metals, e.g., Cu, Ni, Ag, Fe, or Co,

in well-defined concentration ratios. According to surface

analytical studies, native and anodic passive films on

Zr-based BMGs are very thin barrier-type films consisting

mainly of Zr oxides. Other valve metals, like Nb and Ti,

are also incorporated into the passive film4,17–21 and are

assumed to improve film properties.13,22 As a result, the

partial replacement of Zr with Nb or Ti in Zr-based

metallic glasses yields an increase of the pitting

potential.12,14,23,24 On the contrary, late transition metals,

e.g., Cu or Ni, are depleted in the passive film and instead

tend to accumulate at the metal/film interface in the

metallic state.4,17,18,21 Moreover, Cu is considered to play

a central role in the pit growth mechanism of Zr–Cu-based

metallic glasses. According to a frequently proposed

mechanism, the initial breakdown of the passive film occurs

at weak points of the underlying metallic glass, e.g., at

structural defects or at mechanically induced defects.25

During pit growth, the local selective dissolution of Zr

and other valve metal components leaves the surface locally

rich in Cu species, which then react with chloride to form

CuCl. CuCl in turn undergoes hydrolysis to form Cu2O,

which is deposited within the pitted region.4,10,19,21,26–28

Consequently, it may be expected that the Cu content in

Zr–Cu-based BMGs determines their pitting resistance.

However, no systematic studies in this regard have been

carried out so far. A major difficulty for such a study is the

compositional limitation due to glass formation consider-

ations: for a known BMG composition, it is not possible to

vary the Cu content systematically and significantly without

reduction of the glass-forming ability, which is related with

partial crystallization upon solidification.

The objective of the present study is to compare

the pitting resistance and repassivation ability of

prominent Zr–Cu-based BMGs of the systems

Zr–Cu–Al–(Ni–Nb, Ni–Ti, Ag) (Cu 5 15.4–36 at.%).

For that, the anodic polarization behavior of five

BMGs, i.e., Zr57Cu15.4Al10Ni12.6Nb5 (Vit 106),

Zr52.5Cu17.9Al10Ni14.6Ti5 (Vit 105), Zr59Cu20Al10Ni8Ti3,

Zr55Cu30Al10Ni5, and Zr48Cu36Al8Ag8, was studied in

a selected chloride-containing electrolyte. These distinct

alloy compositions were determined as being the ones at

which in a specific multicomponent system the maximum

glass-forming ability and therefore, the best casting-ability

up to the maximum critical diameters was achieved.1,29 Cu

is in all cases the second main element and varied in this

study between 15.4 and 36 at.%. The third element in these

alloys is Al and its content varied in a narrow range of

8–10 at.%. Four of the alloys contain Ni in the range of

5–12.6 at.%, while one of the alloys has no Ni and

instead has 8 at.% Ag. The first three alloys contain up

to 5 at.% Nb or Ti, which are known to typically have

a beneficial effect for pitting resistance.

Moreover, the present research focuses on analyses

of crack initiation and propagation in BMGs, which

determine fracture toughness and fatigue resistance.

The environmental conditions appear to be of crucial

importance for those phenomena.30,31 First studies

on stress corrosion cracking and fatigue corrosion

phenomena of Zr-based BMGs32,33 revealed the critical

effect of NaCl solution media on enhancing the crack

growth rate and reducing the fatigue endurance limit.

This implies that the above-described chloride-induced

local corrosion processes dominated by Cu reactions

also control those stress-corrosion degradation processes.

To analyze this in more detail, for selected alloy compo-

sitions, a reliable set of characteristic electrochemical cor-

rosion parameters is needed and can be derived from the

results of the present study.

II. EXPERIMENTAL

Five Zr–Cu-based BMGs with Cu concentration

varying between 15.4 and 36 at.% were selected for

this study. Their nominal compositions (in at.%) are:

Zr57Cu15.4Al10Ni12.6Nb5 (Vit 106), Zr52.5Cu17.9Al10Ni14.6Ti5
(Vit 105), Zr59Cu20Al10Ni8Ti3, Zr55Cu30Al10Ni5, and

Zr48Cu36Al8Ag8. Ingots of each composition were pre-

pared from a mixture of pure elements (purity 99.9% or

higher) by arc melting under Ar atmosphere. The weight

of ingots was 50 g and had a roughly spherical cap

shape with a diameter of approximately 35 mm. To ensure

a homogeneous chemical composition, the ingots were

re-melted at least three times. To verify their homogeneity,

chemical analysis of the ingots at three different random

locations was done with inductively coupled plasma optical

emission spectrometry (ICP-OES). Exemplary results for

the Zr59Cu20Al10Ni8Ti3 alloy are shown in Table I, which

indicates a high level of homogeneity. Similar results

were obtained for the other alloys. The oxygen concentra-

tion in the ingots was determined by carrier gas hot extrac-

tion and was found to be in the interval 0.005–0.019 wt%.

TABLE I. The chemical composition of a Zr59Cu20Al10Ni8Ti3 alloy

ingot determined at three random locations in the ingot confirming a

high level of compositional homogeneity. The concentration of

metallic elements was measured by ICP-OES. Each given value

represents the mean of four individual measurements of the same

specimen (corresponding to one location). Values in brackets represent

standard deviation.

Concentration of analyzed elements, wt%

Zr Cu Al Ni Ti Sum

Location A
71.10 16.79 3.57 6.21 1.84

...
(0.35) (0.10) (0.01) (0.04) (0.01)

Location B
71.58 16.98 3.59 6.27 1.85

...
(0.33) (0.04) (0.01) (0.01) (0.01)

Location C
71.41 16.93 3.59 6.26 1.85

...
(0.28) (0.03) (0.01) (0.01) (0.01)

Mean value
71.36 16.90 3.58 6.25 1.85

99.94
(0.36) (0.10) (0.01) (0.03) (0.01)

Nominal 71.42 16.87 3.58 6.23 1.91 ...
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From those ingots, rods with a diameter of 2 mm and

a length of 75 mm were obtained by suction casting in a

water-cooled Cu mold. The rods were sectioned into

several slices, which were used for subsequent inves-

tigations. X-ray diffraction (XRD) and differential scan-

ning calorimetry (DSC) analyses confirmed their fully

glassy nature (not shown here). The XRD and DSC

analyses were performed at three different locations along

the rod (close to the ends and in the middle) and yielded

very similar results indicating a high level of homogeneity

also for the rods.

For the electrochemical tests, the 15 mm long specimens

of each alloy were taken from the middle region of rods

and were electrically connected to a steel wire and

embedded in epoxy resin. This way, only the cross-

section is exposed to the environment. These specimens

were then subjected to conventional metallographic pro-

cedures. Previous work demonstrated that the anodic

response of Zr–Cu-based BMGs can be significantly

influenced by their surface finishing state.34 In particular,

fine-polishing procedures with nanoparticle suspensions

can lead to Cu enrichment at the surface. Therefore, in the

present work, prior to the polarization measurements, the

cross-section of the samples was prepared only by

grinding using SiC abrasive paper from P360 to P4000.

Repeated electrochemical tests were performed on the

same embedded specimen (after re-grinding) to minimize

possible effects due to the cooling rate gradient along the

rod (the cooling rate at the bottom side is higher than at

the top side).

The polarization tests were carried out with a Solartron

SI1287 electrochemical interface and a standard

three-electrode cell with a saturated calomel electrode

(SCE, E5 0.241 V versus SHE) as the reference electrode

and a Pt net as the counter electrode. All the tests

were carried out in a 0.01 M Na2SO4 1 0.1 M NaCl

solution under ambient atmosphere (without purging).

Prior to immersion in the electrolyte, the ground

samples were exposed to air with a relative humidity

of approximately 30% at room temperature for 20 h

to ensure a reproducible surface state.34,35 Before the

start of the dynamic polarization tests, the samples

were maintained at open circuit conditions for 30 min,

while their open circuit potential (OCP) was monitored.

To study the pitting and repassivation behavior, the

samples were slowly anodically polarized (0.5 mV s�1)

to beyond the pitting potential, and when the measured

current density reached a defined value of 1 mA cm�2,

the polarization direction was reversed and the

measurement was stopped at �0.5 V versus OCP.

Each experiment was repeated at least five times.

After selected polarization tests, the sample cross-

sections were examined by scanning electron micros-

copy (SEM) and energy dispersive x-ray spectroscopy

(EDX).

III. RESULTS

A. Pitting susceptibility and repassivation ability

To study the susceptibility to pitting corrosion and the

repassivation ability of the different Zr–Cu-based bulk

glassy alloys, potentiodynamic anodic polarization exper-

iments were carried out in a chloride-containing electro-

lyte, i.e., 0.01 M Na2SO4 1 0.1 M NaCl. The potential

was swept in the positive direction until stable pit growth

was clearly established (per definition: when the current

density reached a value of 1 mA cm�2), and then swept

backwards. Ranking of the pitting susceptibility of the

investigated alloys was done according to their pitting

potential, EP, and their repassivation potential, ER, which

were determined from the polarization curves. EP, the

potential at which stable pit growth commences, is clearly

indicated by a sharp increase in the current density from

the passive current density level during polarization in the

positive direction. However, the determination of ER,

defined as the potential at which pits repassivate during

the backward scan, is not as straightforward and various

methods have been proposed.36 Here, ER was conven-

tionally taken as the potential at which the measured

current density decreases abruptly from the high level

associated with massive dissolution inside the pits.

More exactly, ER was considered to be the potential at

which the measured current density decreases below

0.2 mA cm�2 (on the backward scan).

Representative polarization curves for the five different

Zr–Cu-based BMGs in 0.01 M Na2SO4 1 0.1 M NaCl

are shown in Fig. 1. All alloys exhibit very low cor-

rosion current density values below 10�3 mA cm�2 and

FIG. 1. Representative linear anodic polarization curves of

Zr–Cu-based BMGs in 0.01 M Na2SO4 1 0.1 M NaCl solution

(scan rate 0.5 mV s�1). Corrosion, pitting, and repassivation potentials

(Ecorr, EP, and ER) are indicated by small arrows. The dashed horizontal

arrow indicates the tendency of decreasing EP and ER values with

increasing Cu content of the bulk glassy alloy.
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a tendency to transfer into a passive plateau at current

density values in the range of 10�3 mA cm�2. The cor-

rosion current density values determined in this study

are significantly lower than those observed in previous

works, e.g., by about one order of magnitude compared

to Gebert et al.34 This is attributed to aging of the samples

in this study (for 20 h), which is expected to yield more

protective native surface oxide films than those on freshly

polished samples.34 The corrosion potential, Ecorr, is rather

similar for all alloys, i.e., about �0.3 V versus SCE.

As shown in Fig. 2, there is no clear dependence of

Ecorr on alloy composition. Previous surface analytical

studies revealed that surface films on Zr-based metallic

glasses formed naturally in air or under electrolyte

exposure consist mostly of Zr oxides and contain addi-

tionally small amounts of other valve metals (in their oxide

states), e.g., Al, Nb, and Ti.4,17–19,21,37 Accordingly, the

similar Ecorr values of the glassy alloys studied

here are attributed to their similar surface chemistry,

i.e., consisting mostly of Zr oxides. Upon further

increase in the potential (see Fig. 1), a sudden rapid

increase in the current by several orders of magnitude

occurs at EP for all alloys, corresponding to the onset

of stable pit growth. The current density (related to

the geometric surface of the electrode) rapidly reaches

the preset value of 1 mA cm�2 at which point the sweep

direction is reversed. Still, the current density con-

tinues to increase up to values of 10–100 mA cm�2,

which are sustained as the potential is further decreased.

Massive release of white corrosion products from pits

was observed during the experiments. The white color

of the corrosion products indicates the presence of large

amounts of ZrCl4 and/or CuCl. Upon further decrease of

the polarization on the backward scan, repassivation of

pits (or more generally said, cessation of pit growth)

takes place at potentials ER, which are significantly less

noble than EP. The high pitting current and the large

hysteresis in the potential scan indicate poor repassivation

ability for all five glassy alloys. In fact, as the measured

anodic current in the backward scan at E , ER does not

decrease back to the low values of the originally passive

state, it is questionable whether true repassivation of pits

takes place. Still, the very sharp decrease in current upon

cessation of pit growth points to a repassivation process.

Indeed, it appears that a low anodic current density corre-

sponding to an entirely passive surface might be obscured

by a superimposed high cathodic current. The responsible

cathodic reaction(s) might be reduction of H1 ions, of

dissolved oxygen or/and of metallic or metal-containing

complex ions, which were produced during the pitting

process.38 Reduction of H1 ions is ruled out since the

equilibrium potential of H1/H2 (�0.64 V versus SCE) is

much lower than the corrosion potential of all alloys in the

backward scan. Nevertheless, immediately after repassiva-

tion, the local level of acidity resulting from the pitting

process might still be very high. Therefore, a small but

probably negligible contribution of the hydrogen reduction

reaction to the cathodic current is possible. Reduction of

oxygen is expected to contribute to the observed cathodic

current with only a small fraction due to its low

concentration in the electrolyte (nonaerated conditions).

Therefore, reduction of metallic or metal-containing

complex ions produced during the pitting process is

regarded as the main cathodic reaction in the backward

scan. Finally, the relatively constant cathodic current

density level (in the backward scan) suggests a mass-

transport-limited reduction reaction.

As indicated in Fig. 1, both ER and EP decrease

with increasing Cu concentration. Figure 2 shows

a plot of several characteristic potentials derived

from the potentiodynamic polarization experiments,

i.e., Ecorr, EP, and ER, against the Cu concentration

for the five Zr–Cu-based BMGs studied here. Ecorr is

not significantly influenced by alloy composition.

As explained earlier (see second paragraph of this

section), the similar Ecorr values are attributed to the

similar surface chemistry of all studied glassy alloys,

i.e., consisting mostly of Zr oxides. However, both ER

and EP appear to decrease almost linearly with the Cu

content. Additionally, the difference EP � ER also tends to

decrease with increasing Cu content. It is highest (0.49 V)

for the glassy alloy with the lowest Cu content

(Zr57Cu15.4Al10Ni12.6Nb5) and lowest (0.17 V) for

the glassy alloy with the highest Cu content

(Zr48Cu36Al8Ag8). EP shows the typical wide exper-

imental scatter, in the order of hundreds of mV.39

Onset of pitting strongly depends on the nature and

number of weak points at the glassy sample cross-section

FIG. 2. Corrosion potential (Ecorr), pitting potential (EP), and re-

passivation potential (ER) of five Zr–Cu-based BMGs in 0.01 M Na2SO4

1 0.1 M NaCl solution plotted against the Cu concentration in the alloys.

The symbols represent mean values of five individual measurements. The

error bars represent standard deviation.

P.F. Gostin et al.: Comparing the pitting corrosion behavior of prominent Zr-based bulk metallic glasses
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(inclusions, mechanical defects), which locally weaken

the passive film and which are different for each new

repeated experiment. On the contrary, ER is very repro-

ducible for all alloys, i.e., it has a standard deviation of

2–17 mV. While all five investigated alloys have a

EP higher than Ecorr, only the Zr57Cu15.4Al10Ni12.6Nb5
(Vit 106) and Zr52.5Cu17.9Al10Ni14.6Ti5 (Vit 105) alloys

also have a ER significantly higher than Ecorr suggest-

ing that pitting is very unlikely to occur for those two

glassy alloys at free corrosion conditions in a neutral

0.01 M Na2SO4 1 0.1 M NaCl solution.

In summary, all the Zr–Cu-based BMGs studied here

have a relatively high pitting susceptibility and poor

repassivation ability. Both the pitting resistance and

the repassivation ability decrease significantly with

increasing Cu content in the investigated interval of

15.4–36 at.%. Nevertheless, the effect of other alloying

elements must also be considered as will be discussed

later.

B. Pit morphology and chemistry

To better understand differences in the pitting process

among the various Zr–Cu-based BMGs investigated here,

further microscopic and chemical analyses were carried

out. More specifically, SEM and EDX investigations

were conducted on alloy sample cross-sections at an

early stage of stable pit growth (when polarization was

interrupted at i 5 1 mA cm�2) and after repassivation

(at i 5 0.2 lA cm�2 in the backward scan). To prevent

alteration of pits, the samples were extracted from the

test electrolyte immediately (within a few seconds) after

the polarization was interrupted.

On all glassy alloy surfaces early pits exhibit similar

features indicating that initially pit growth is similar in all

cases. The early pits are hemispherical with smooth walls

suggesting mass transport limited growth.39 Often pits

are initially covered by a layer, which is then rapidly

damaged, as shown exemplarily in the SEM image in

Fig. 3. EDX mapping revealed that the pit cover layer is

enriched in Cu, O, and Cl as compared to the nonaffected

region around the pit implying that Cu is related to the

pitting mechanism. The observed enrichment of Cu, O,

and Cl might correspond to compounds of those elements

such as Cu2O and CuCl. This confirms observations by

Green et al.19 and Paillier et al.40

Corresponding to the continued large current density

level in the backward scan (Fig. 1), extensive pit growth

takes place after reversing the polarization direction.

After repassivation, a few tens of pits were observed on

the surface of all alloys, some of which were larger

than 100 lm. At this stage, the pits on all glassy alloys

have similar morphological and compositional char-

acteristics. Figure 4 shows such a large pit on the

Zr52.5Cu17.9Al10Ni14.6Ti5 bulk glassy alloy surface.

FIG. 3. SEM image and EDX mapping of an early state of a growing pit on the cross-section of a Zr52.5Cu17.9Al10Ni14.6Ti5 bulk metallic

sample glass (Vit 105). The pit was obtained by linear anodic polarization in 0.01 M Na2SO4 1 0.1 M NaCl solution up to the pitting

potential EP (polarization was interrupted at i 5 1 mA cm�2).
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The pits are deep and have an irregular shape with an

intricate growing front. The pit walls are not smooth

as they were initially at EP (see Fig. 3), but rather rough

with pores and cracks. In some pits, the formerly smooth

(electropolished) surface can still be recognized. The porous

pit walls are 10–20 lm thick. EDX maps as those in

Fig. 4 reveal that at the sample surface the porous

walls are depleted of valve metals and of Ni, and

enriched in Cu, O, and Cl.

In summary, the evolution of the pit morphology

and the associated microchemical changes in typical

Zr–Cu-based BMGs are rather similar. Initially, pits

are hemispherical and grow under a cover, which is

then rapidly damaged as the pit size increases. At a

later stage, pits develop an irregular shape and a

porous rim forms which is rich in Cu, O, and often

Cl species.

IV. DISCUSSION

The data presented in Sec. III. A and III. B provide

evidence of significant differences in the pitting resistance

and repassivation ability of five typical Zr–Cu-based

BMGs with various compositions. Both the pitting

potential EP and the repassivation potential ER of those

Zr–Cu-based BMGs correlate with the Cu content in the

range of 15.4–36 at.%. That means, the higher the Cu

content, the lower the EP and ER. This correlation may

suggest that Cu tends to increase the pitting susceptibility

of Zr–Cu-based BMGs. Further proof is gained from the

SEM and the EDX investigations revealing Cu species

enrichment in the porous walls of well-developed pits.

A detrimental effect of Cu on the pitting corro-

sion of Cu-containing Zr-based metallic glasses

(both “bulk glassy” and nonbulk only glassy) can be

inferred also from previous works. Huang et al. found

that increasing the Cu content by 5 at.% in the bulk

glassy Zr55�xCu301xAl7Nb5Pd3 alloy decreases its

EP in a phosphate-buffered saline solution by about

0.2 V.6 Binary Zr–Cu metallic glasses with 40–60 at.% Cu

have pitting potentials much lower than that of pure Zr.7,41

Cu-containing glassy alloys Zr58Cu28Al10Ti4 and

Zr65Cu7.5Al7.5Ni10Pd10 have better glass-forming ability

than Cu-free alloy Zr55Ti25Ni20. However, the

Cu-containing alloys exhibit pitting in the 0.5 M

NaCl solution already at Ecorr, while the Cu-free alloy

does not suffer from pitting up to 1 V versus SCE in

the same solution.3 In the same solution, the glassy

Zr70Cu6Al8Ni16 alloy has an EP value which is more

noble than that of glassy Zr50Cu40Al10 by more than

0.4 V.42 Replacing Cu by Ni in the bulk glassy alloy

Zr60Cu25�xAl15Nix (x 5 0, 15, 25) greatly enhances

its glass-forming ability, but at the same time causes

a significant increase in EP of up to almost 0.4 V.15

FIG. 4. SEM image and EDX mapping of a pitted area on the cross-section of a Zr52.5Cu17.9Al10Ni14.6Ti5 bulk metallic glass (Vit 105) sample

observed after extensive growth and repassivation. The pit was obtained by linear anodic polarization to the pitting potential EP and subsequent

reverse scanning to the repassivation potential ER.
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The bulk glassy Zr52.5Cu17.9Al10Ni14.6Ti5 alloy (Vit 105)

has a significantly higher pitting resistance in NaCl

solutions compared to two glassy alloys with higher

Cu content, i.e., Zr50Cu40Al10 and Zr50Cu33Al10Pd7.
43

Interestingly, Cu was also found to deteriorate the

oxidation resistance of Zr-based metallic glasses.44

Although those previous works did not study systematic

variations of the Cu concentration, they nevertheless

provide some hints that Cu may have a strong influence

on the pitting susceptibility of Zr–Cu-based metallic

glasses. It must be noted that the glass-forming ability of

multicomponent Zr–Cu-based alloys is quite sensitive to

variations of alloying element concentration. Significant

variation of the Cu content in a compositionally opti-

mized multicomponent BMG causes a reduction of the

glass-forming ability and partial crystallization, which is

principally known to induce local corrosion phenomena.

Therefore, those previous comparative corrosion studies

included typically both bulk and nonbulk glassy alloys.

The present comparative study focuses only on estab-

lished monolithic Zr–Cu-based BMGs with maximum

glass-forming ability for the respective multicomponent

systems.1,29

Similar results of microscopic and chemical analyses

of pits, e.g., by SEM and EDX, were reported for a variety

of Zr–Cu-based metallic glasses. Typically, as observed

also in this work, pits grow initially under a thin cover

and are hemispherical in shape.4,7,40 The occlusion of pits’

interior by a cover may enhance the stability of the pitting

process by maintaining an aggressive pit environment.39,45

We noted that the cover consists of Cu compound(s)

implying that Cu plays a decisive role in the initial stage of

pit growth. The hemispherical shape and the occluded

condition suggest that early pits on Zr–Cu-based metallic

glasses grow under mass transport control.39,45–47 If the

pits are allowed to grow further, either by simply keeping

the sample immersed,9,40,42 or by increasing3,4,7,19,48,49

or decreasing polarization (performed in this work) once

EP is reached, their morphology becomes more complex.

They develop an irregular shape with deep holes and

often a porous rim. In most of those previous studies as

well as in the present one, the pits appeared to be rich in

Cu, O, and often Cl indicating the presence of Cu oxide(s)

and chloride(s). These results are in agreement with the

generally accepted view that the initial local selective

dissolution of Zr and other valve metal components

leaves the surface locally (in the pit) rich in Cu species.

It is further claimed that the Cu species in the enriched

area react with chloride ions to form CuCl, which then

in turn undergoes hydrolysis to form Cu2O.
4,10,19,21,26–28

As a result, as demonstrated in this work, the Cu content in

Zr–Cu-based BMGs (in the interval 15.4–36 at.%) plays

an important role for their pitting behavior.

Within the set of Zr–Cu-based BMGs studied here,

besides the content of Cu, the nature and concentration

of other alloying elements also vary from alloy to alloy.

Therefore, the difference in pitting resistance among

the five glassy alloys cannot be attributed only to the

different Cu contents. Other alloying elements may

also play a significant role. The Al content is nearly

similar in all alloys. While the base elements Zr and

Ni have a certain susceptibility to pitting, Nb and Ti

are known to generate extremely stable passive films

in aqueous solutions that are particularly resistant to

breakdown in the presence of chlorides. In consequence,

the three alloys in this study containing Nb or Ti show

higher EP and ER, which may be attributed to the low Cu

content, but also to the presence of Nb or Ti. Indeed,

previous works showed that additions of Nb or Ti to

Zr-based BMGs cause an increase in EP.
12,14,23,24

This improvement was attributed to the incorporation

of Nb or Ti oxides into the Zr oxide rich passive film,

which were assumed to hinder breakdown of the

passive film.13,22 In the presence of the chloride ion,

Ag reacts with Cl� to form various solid products and

complex ions (e.g., AgCl(s) and AgCl�2 in neutral

solutions).50 It is therefore seen as detrimental for

the pitting resistance. In the end, it is concluded that

a combination of low Cu and high Nb or Ti contents is

most beneficial for the pitting resistance of Zr–Cu-based

BMGs. Therefore, the bulk glassy Zr57Cu15.4Al10Ni12.6Nb5
(Vit 106) and Zr52.5Cu17.9Al10Ni14.6Ti5 (Vit 105) alloys

exhibit the highest corrosion stability and repassivation

ability in this comparative study.

V. CONCLUSIONS

The pitting resistance and repassivation ability of

Zr–Cu-based BMGs in chloride-containing neutral

solution are limited. In a comparative study with five

prominent strong bulk glass formers, both pitting

and repassivation potential were found to decrease

with increasing Cu content varying in the range of

15.4–36 at.%. A combination of low Cu and high Nb or

Ti contents is most beneficial for a high pitting resistance

and repassivation ability of those Zr–Cu-based BMGs.

Conversely, high Cu and Ag contents are detrimental.

Pit morphology is independent of composition: while

initially hemispherical pits then develop an irregular

shape and a porous rim rich in Cu, O, and often Cl

species suggesting that Cu plays an important role in pit

growth and repassivation.

According to these investigations, the bulk

glassy Zr57Cu15.4Al10Ni12.6Nb5 (Vit 106) and

Zr52.5Cu17.9Al10Ni14.6Ti5 (Vit 105) alloys represent a good

target for further systematic fundamental studies

on stress corrosion cracking, as they have suitable

potential windows between the characteristic

potentials (Ecorr, EP, and ER) for stress corrosion

cracking tests in chloride-containing environments.
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Ultimately, Zr52.5Cu17.9Al10Ni14.6Ti5 (Vit 105) is preferred

as its pitting potential is less scattered than that of

Zr57Cu15.4Al10Ni12.6Nb5 (Vit 106).
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