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The corrosion properties of two Zr-based bulk metallic glass, Zr41Ti14Cu12Ni10Be23 �LM1� and
Zr44Ti11Cu10Ni10Be25 �LM1b� were investigated by electrochemical measurements in simulated
body fluid with pH value 7.4. With much lower current density and higher impedance values, as well
as higher pitting potential, LM1b showed superior corrosion resistance to LM1. Under identical
sample preparation and testing conditions, the difference in corrosion performance is found to relate
closely to their surface wettability difference, as contact angle tests showed that LM1b is more
hydrophobic than LM1. The excess free volume was measured and found having a close correlation
with the wettability or the surface energy. © 2010 American Institute of Physics.
�doi:10.1063/1.3429591�

Corrosion of metallic materials in general depends on
several factors, chemical composition of a material, solution
chemistry, and microstructures or �surface� imperfections.
Metallic glasses �MGs� are disordered solids without long-
range translational order as seen in crystalline materials. As a
result, there are no known extended structural defects such as
dislocations and grain boundaries that are known to assist
corrosion. In addition, most MGs possess a natural passive
oxide layer that gives them an additional good corrosion
resistance.1 For these reasons, it is a common belief that
MGs have potentially high corrosion resistance. However,
several recent investigations on bulk metallic glasses
�BMGs� made of Zr-based metals demonstrated prevalent
pitting corrosion, which is most notorious in limiting appli-
cations. The amorphous alloys are as easily susceptible to
localized corrosion, or pitting, as their crystalline counter-
parts. For instance, Schroeder et al.2 reported that the BMG
made of Zr41.2Ti13.8Cu12.5Ni10Be22.5 is only slightly better in
NaCl solution and no better in NaClO4 solutions than their
crystalline counterpart in pitting corrosion resistance. Using
cyclic anodic-polarization tests, Jiang et al.3 showed that
Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 BMG, without Beryllium, exhibit
less resistance to pit propagation in as-cast and deformed
state, while the relaxed sample are easy for pit nucleation.
They relate the results to the varying amount of free volumes
and chemical ordering in the three types of samples. The
same observation was reported earlier by Mudali et al.4 in
Zr59Ti3Cu20Al10Ni8 BMG. They attribute the decrease in cor-
rosion resistance to structural defects and clustered zones of
alloying elements such as Cu. A recent work by Vishwanadh
et al.5 on Zr-based BMG also pointed out a strong influence
of the sample surface morphology or irregularities on corro-
sion. Besides the Zr-based BMGs which are extensively
studied so far, one could find the similar trend and behaviors

in other BMGs.1 Despite these detailed accounts and case
studies of individual alloy systems, a general question still
remains, that is, what are the structural properties unique to
MGs that affect the corrosion behavior? Clearly, that the
amorphous structure is defect-free and homogeneous is not
enough to answer the question. In this study, we attempt to
address this question by using electrochemical measurements
and contact angle tests to reveal the correlations between
surface wettability and corrosion performance of Zr-based
BMGs. One unique structural property of BMGs is the ho-
mogeneity of the amorphous structure, that extends directly
to the surface.6 As surface is the first line of defense for
corrosion, the structure-property relation should be mani-
fested on the surface properties.

To test this idea, we used two Zr-based BMGs with com-
positions very close to each other. Under identical sample
preparation and testing conditions, such as surface rough-
ness, solution chemistry and electrochemical testing setting,
we found that the system with higher corrosion resistance
indeed has a significant lower surface energy, which is di-
rectly related to the lower free volume in the material. In the
following, we describe the experimental procedure and re-
sults.

Zr-Based alloy ingots made of LM1 and LM1b were
fabricated by Liquidmetal Technologies �Lake Forest, CA�.
Before the tests, the samples were mechanically polished to a
0.2 �m diamond polishing paste, then washed in turn with
acetone, ethanol, and distilled water. X-ray diffraction
�XRD� was performed to verify the amorphous structure of
the samples. X-ray photoemission �XPS� analysis was per-
formed to analyze the surface composition of the samples
before electrochemical measurements. Corrosion behavior of
the glassy alloys was characterized by measurements in
simulated body fluid �SBF� �Ref. 7� with pH value 7.4. De-
tailed electrochemical measurements settings can be found in
our previous work.8 To determine the surface wettability, we
measured the contact angle. The surface roughness was mea-a�Electronic mail: mo.li@mse.gatech.edu.
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sured by atomic force microscopy �AFM�. DSC analysis was
carried out with a scan rate of 20 K/min.

The amorphous structure of the Zr-based alloys is shown
by XRD patterns shown in the inset of Fig. 1. Figure 1 also
shows the XPS survey spectra from the sample surfaces. It
can be clearly seen that there is no significant difference
found between LM1 and LM1b surfaces’ XPS spectra. The
oxide film in both samples at room temperature is composed
of ZrO2, TiO2, and BeO, due to the segregation of these three
elements to the surface in the presence of oxygen.9

Figure 2�a� shows the anodic polarization curves for the
two samples measured in SBF. An apparent rise in the cur-
rent density indicating pitting corrosion occurs at 0.06V for
LM1 and 0.54V for LM1b. The corrosion potential �Ecorr�
and the corrosion current density �icorr� can be estimated
from the polarization curves and are shown in Table I. Mean-
while, the corrosion penetration rate �CPR� was calculated
by using Faraday’s law: CPR=0.327�Micorr� /m�, where M
�g/mol� is the atomic-fraction-weighted values of atomic
weight, m is the ion valence, � is the density. The CPR of
LM1b is only 4.5 �m /yr, much lower than that of LM1.
Apart from this, LM1b also shows much higher pitting
potential than LM1. Earlier work shows the same tendency
in Zr41.2Ti13.8Cu12.5Ni10Be22.5 BMG that is susceptible
to local corrosion at very low potential �versus SCE� near
0 V,2,10 which is consistent with our results that LM1
�Zr41Ti14Cu12Ni10Be23� has a pitting potential at 0.06 V �ver-
sus SCE� in SBF.

The above results show that LM1b is much more resis-
tant than LM1. Part of the reasons comes from the oxide
films. The one formed on LM1b is more stable, more corro-
sion resistant than that of LM1. In order to understand the
nature of their oxide films, the impedance spectra for the
LM1 and LM1b samples in SBF was carried out and the
result is shown in Fig. 2�b�. The fitted curves were obtained

using the Rs�Qp�Rp�QbRb��� model with two different time
constants that control the corrosion mechanism.11 It is obvi-
ous that LM1 and LM1b exhibited similar behaviors in SBF,
but clearly LM1b shows larger semicircles and correspond-
ingly higher impedance value than LM1, indicating higher
corrosion resistance. As can be seen in Fig. 2 and Table I,
LM1b presents higher Rp and Rb values than LM1.

However, there is no obvious composition difference
found in their oxide films. So we further studied the surface
characteristic by water contact angle test, and the result is
presented in Fig. 3. In order to exclude the impact of surface
roughness effect, samples were polished under the same pro-
cedure and the surface morphologies were checked by AFM,
and the results are shown in Fig. 3�b�. Clearly, even though
there is no significant difference in roughness, we can ob-
serve that the contact angle is remarkably large for LM1b,
close to 90°, indicating that LM1b is more hydrophobic than
LM1. As known, a hydrophobic surface has lower surface
energy than a hydrophilic surface. Combined with the above
electrochemical results, we conclude that hydrophobic sur-
face with lower surface energy correlates to the higher
corrosion impedance value �Rp+Rb� and higher corrosion
resistance.

The next question is what contributes to the difference in
the surface energy between the BMGs. Since there is small
composition difference between the two systems, the cause
to the surface energy difference is expected to be small.6 The

FIG. 2. �a� Representative anodic polarization curves of LM1 and LM1b
BMGs in SBF. �b� Nyquist plots of LM1 and LM1b BMGs in SBF. The
fitted or simulated curves were obtained using the Rs�Qp�Rp�QbRb��� model.

FIG. 1. XPS spectra and XRD patterns of LM1 and LM1b. Zr 3d mixed
peaks denote to ZrO2 and metallic Zr0. The Ti 2p spectrum treated as dou-
blet peaks are assigned to TiO2 and Ti0 states. Cu 2p peaks are located at
binding energy position of 932 and 952 eV; and Ni 2p peaks are located at
binding energy position of 852.1 and 869.4 eV, indicating that Cu and Ni
elements are both in their metallic states, unoxidized. The peak at 113.1eV
suggests the appearance of BeO.

TABLE I. The electrochemical parameters of LM1 and LM1b BMGs in SBF.

Icorr

��A /cm2�
CPR

��m /yr�
Ecorr

�V�
Epit

�V�
Epit-Ecorr

�V�
Rp

�104 � cm2�
Rb

�104 � cm2�

LM1 2.13 24.3 �0.32 0.06 0.38 1.84 2.84
LM1b 0.39 4.5 �0.33 0.54 0.86 3.48 20.67
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most likely source is therefore from the structural property,
or the packing in the systems, as the structure homogeneity
can directly extend to the surface.6 Figure 4 shows the en-
larged DSC curves of LM1 and LM1b BMGs. The structural
relaxation exothermic heat ��H0� below Tg decreased sig-
nificantly from LM1 to LM1b, indicating higher atomic
packing, or less amount of free volume12 in the later. The
relatively compact atomic packing makes the surface atoms
in lower energy state, making LM1b less active and thus
showing lower corrosion rate and higher pitting potential as
verified by the DSC scan and contact angle test.

In summary, we found in this work that when keeping all
other conditions identical or in a small range of variance, the
surface energy, as represented by the wetting angles has a
strong influence on the corrosion properties of the Zr-BMGs.
The BMG with lower surface energy exhibits higher corro-
sion resistance such as lower corrosion rate and higher pit-
ting corrosion potential. Although other factors such as

chemical ordering and crystallinity would impart the same, if
not less, influence on corrosion performance of BMGs, this
finding provides a unique perspective that might be useful
for a quick predication of corrosion performance among
BMGs with the similar composition.
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FIG. 3. �Color online� �a� The contact angle of liquid droplets measured on
LM1 and LM1b BMG samples. �b� The surface roughness of LM1 and
LM1b measured by AFM.

FIG. 4. Enlarged DSC curves of LM1 and LM1b BMGs.
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