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This work investigates the electrochemical properties of Zr-based ZrssTizgCug.2sBeges.7s metallic glass after
cryogenic treatment and isothermal annealing above glass transition temperature. Potentiodynamic polarization
and electrochemical impedance spectroscopy experiments are used to understand the effect of structural state on
the corrosion behavior of Zr-based metallic glass. The metallic glass samples are cycled between liquid nitrogen
to room temperature and isothermally held at liquid nitrogen to unravel the effect of cryogenic treatments on the

electrochemical properties. The corrosion of cryogenically treated and high temperature annealed samples is
compared with the as-cast samples. The results show that holding at liquid nitrogen temperature improves the
corrosion resistance of metallic glass compared to cryogenic cycling and the high temperature annealing. These
findings are explained based on the changes in structural state of metallic glass.

1. Introduction

Metallic glasses (MGs) are known for their high strength, large
elasticity, and good wear resistance resulting from the homogeneous
amorphous structure [1-3]. Among many glass forming metal systems,
Zr-based alloys have attracted more attention because of their high glass
forming ability, large supercooled liquid temperature range, and lower
material cost [4,5]. These traits are particularly desirable for potential
applications of MGs, which have suffered from size and cost limitations.
MGs are considered for applications in bio-implants, gearboxes for space
missions, sports goods, and precision metal parts [6-9]. The chemical
stability of MG in the service environment is also a critical factor in
evaluating its applicability for a specific application. MGs typically
exhibit enhanced corrosion resistance compared to their crystalline
counterparts due to absence of pit nucleation sites such as grain
boundaries and chemical heterogeneities. However, the corrosion of
MGs is sensitive to their composition and the type of chemical envi-
ronment [10-12].

Extensive corrosion studies have been conducted on different Zr-
based glass forming compositions such as Zr-Cu-Ni-Al, Zr-Cu-Fe-Al-Ag,
and Zr-Cu-Ti-Ni-Be [13-17]. Biocorrosion of Zr-based MGs free of toxic
elements has also received great attention because of potential appli-
cations in implants. The corrosion of Zr-based MGs has been studied in
acidic and alkaline electrolytes with varying pH values to mimic the
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service conditions [18-20]. The enhanced corrosion resistance of
Zr-based MGs is generally attributed to the ability of Zr to form an oxide
layer which serves as a passivation layer against adverse electrochemical
reaction. As a result, the Zr-based MGs display effective corrosion
resistance in mediums containing chloride, sulfate, and hydroxide ions
[3,6,21,22]. The resistance against chloride ions (Cl™) is particularly
attractive because Cl easily propagates through grain boundaries in
crystalline metals [22-24]. The corrosion resistance of MGs towards
specific chemicals can be tailored to some extent by varying the alloying
elements [25-28]. Passivation layer formation in NaCl solution is pro-
moted by addition of Nb, Co, Ta, and Cr in Zr-based MGs [29].

It is well known that the structural changes induced by annealing
strongly affect the mechanical and corrosion properties of MGs. Struc-
tural relaxation during annealing below glass transition temperature
(Ty) results in improved corrosion resistance due to annihilation of free
volume [10,30,31]. The effect of above-T; annealing on corrosion of
MGs is less consistent and it varies with alloy composition and the extent
of crystallization. Both decrease and increase in corrosion resistance
after annealing above-T; have been reported in different MGs [32-34].
Recent studies have shown that the plasticity of MGs is improved by
structural rejuvenation through thermal cycling between cryogenic and
elevated temperatures [2,35]. These findings have spurred interest in
corrosion testing of MGs subjected to cryogenic temperatures [32,36,
37]. The effect of cryogenic exposure on MGs is also important for their
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potential use in space applications. Gu et al. [32] showed that cryogenic
cycling results in decrease in corrosion resistance of Ti-Zr-Be-Ni MG due
to redistribution of free volume. However, Zhao et al. [37] reported
significant improvement in the corrosion performance of Ni-Nb-Zr MG
after holding at -100 °C due to reduction in structural heterogeneity.
Currently, there is insufficient data to draw unambiguous conclusions
about the influence of cryogenic treatment and exposure on the corro-
sion properties of MGs. In this study, the effects of cryogenic cycling and
holding, and above-T, annealing on the corrosion properties of
Zr35TizpCug 25Bess 75 MG are investigated.

2. Experimental procedure

Zr35TizpCug asBegs.7s MG (hereafter referred as Zr-MG) cylindrical
rod of about 10 mm diameter was acquired from Liquidmetal Technol-
ogies. The T, and Ty (crystallization onset temperature) of as-cast Zr-MG
measured using differential scanning calorimetry (DSC) were 300°C and
450°C, respectively. Small MG pieces were thermoplastically formed
into 15 mm diameter discs with a thickness of 0.5 mm. The discs were
subjected to three different structural treatments and their corrosion
performance was compared with an untreated reference disk (labeled as
AQ). The Zr-MG discs were isothermally annealed above Tg, cycled be-
tween liquid nitrogen and room temperature, and held at liquid nitrogen
temperature to induce varying structural changes. Above-T, annealing
was performed at 410°C for 5 min (labeled as A1) and 12 min (labeled as
A2) whereas the onset time for crystallization at 410°C is 17 min. For
cycling experiments, the Zr-MG discs were submerged in liquid nitrogen
for 1 min followed by 5 min holding in air to reach room temperature.
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These thermal cycles were repeated 10 times (labeled as C1) and 30
times (labeled as C2). To further evaluate the effect of cryogenic expo-
sure on corrosion, the MG discs were submerged in liquid nitrogen for
30 min (labeled as CT1) and 300 min (labeled as CT2).

The corrosion properties of Zr-MG samples after different thermal
treatments were characterized using a Gamry 1010E Potentiostat with
three-electrode cell at room temperature. All samples were polished to
obtain comparable surface roughness before corrosion testing. The MG
sample was used as the working electrode and a graphite rod and a
saturated calomel electrode (SCE) were used as the counter and the
reference electrodes, respectively. The corrosion performance in 3.5 wt.
% NaCl electrolyte was evaluated using open circuit potential (OCP),
potentiostatic electrochemical impedance spectroscopy (EIS) and
potentiodynamic polarization experiments by exposing 1 cm? area of
MG discs. The OCP measurements were performed for 60 min to reach a
nearly stabilized potential. The EIS tests were conducted at an AC
voltage of 10 mV up to a frequency of 0.01 Hz to understand the
passivation behavior of MG specimens. The potentiodynamic polariza-
tion tests were performed within a range of —0.5 V/OCP to 1.5 V/OCP at
a scan rate of 1 mV/s.

3. Results and discussion

The following sections describe the effect of different thermal
treatments on the thermal and the electrochemical behavior of Zr-MG.
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Fig. 1. The DSC curves of Zr-MG samples after (a) annealing at 410 °C, (b) cryogenic cycling, and (c) holding at liquid nitrogen temperature. (d) the comparison of

AH;ejax and Ty values for Zr-MG samples after different structural treatments.
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3.1. Thermal characterization

The structural changes in Zr-MG samples after different thermal
treatments are analyzed using DSC. The DSC curves measured at a
constant heating rate of 20°C/min for all the samples are shown in
Fig. 1. In above-T, annealed samples, the onset temperature and
enthalpy of crystallization decrease with increasing annealing time
whereas the T, remains unaffected (Fig. 1a). These observations are
typical for partially crystallized MGs indicating the progression in
crystallization during above-T; annealing [38]. The maximum fraction
of crystalline phase estimated from the enthalpy of crystallization is
about 20% for A2 sample [39]. The experimental studies have shown
that the size of crystals is in the range 5-15 nm during isothermal
annealing of Zr-based MGs [40]. These nanocrystals are homogenously
distributed in isothermally annealed MG samples [40].

The effect of cycling between the liquid nitrogen and room temper-
ature on DSC curves of Zr-MG is shown in Fig. 1b. While the T and the T
are not affected by cryogenic cycling, an additional exothermic event
before T, is observed as shown in the inset of Fig. 1b. Such a broad
exothermic peak below Tg in cryogenically cycled MGs is attributed to
relaxation of structural disorder generated during thermal cycling [35,
36]. The area of exothermic peak (AHrqy) increased with number of
thermal cycles from 10 to 30 (Fig. 1b). The AHpeqy values were calcu-
lated as 4.93 J/g, 6.17 J/g, and 6.47 J/g for the AC, C1, and C2 samples,
respectively. It has been shown that the structural rejuvenation through
thermal cycling in MGs reaches saturation after a certain number of
cycles [35]. A smaller change in AHygq, values from 10 to 30 cycles
suggests that the structural rejuvenation is close to saturation in Zr-MG.

The DSC curves of samples isothermally held at liquid nitrogen are
shown in Fig. 1c. The exothermic peak corresponding to structural
relaxation before T, reduces in the cryogenically treated samples. The
absence of exothermic events in CT1 and CT2 samples indicates that
longer holding at cryogenic temperatures creates an opposite effect to
that of cryogenic cycling. The structural disorder redistributes, and the
MG becomes more homogenous after holding at cryogenic temperature.
To compare the effects of all three thermal treatments on structure of Zr-
MG, AHpeqx and Ty values are plotted in Fig. 1d. It is observed that the
AH,e1qx increases with cryogenic cycling but diminishes upon long term
exposure to cryogenic environment. In contrast, the Ty is only affected
by annealing in the supercooled liquid state due to partial crystalliza-
tion. Therefore, the cryogenically cycled MG samples exhibit maximum
structural rejuvenation which is consistent with enhanced plasticity
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reported in literature [2,35].

3.2. Electrochemical characterization

Open circuit potential (OCP), potentiostatic EIS and potentiody-
namic polarization experiments were conducted to evaluate the effects
of different thermal treatments on the corrosion properties of Zr-MG.

3.2.1. Open circuit potential

The OCP indicates the stability of a sample in an environment
without AC or DC current. Every sample when tested using OCP will
have a specific potential depending on the composition of electrolyte,
the testing temperature, the sample chemistry, and the surface quality.
The potential obtained in OCP experiments is not the inherent property
of material but varies with the structure. To achieve the stabilizing po-
tential for Zr-MG samples with different structures, the OCP data was
recorded for 60 min. The trend of OCP for each sample is shown in
Fig. 2a. The OCP values show a transition towards less negative value for
all the samples except C2 for which the OCP changes from —0.41 V to
—0.42 V after 60 min (Fig. 2b). These observations indicate the disso-
lution of the passive layer for the C2 sample, whereas the ongoing
passivation with time for the other samples. The CT1 and CT2 samples
show the lowest final voltages of —0.38 V and —0.36 V, respectively.
These results suggest that the samples held at cryogenic temperature
form a dense passivation layer. The less dense passivation layer in the
cryogenically cycled C2 sample may be attributed to the presence of
structural heterogeneity, whereas partial crystallization is likely
responsible for the poor passivation in the A1l sample [34].

The significant amounts of Zr- and Ti- (65 at.% combined) in
Zr35TizpCug o5Begs 75 alloy are beneficial due to the ability of these el-
ements to form an oxide layer over a wide range of potential-pH diagram
[6]. In addition, the presence of Cu with a positive standard reduction
potential (+ 0.09 V vs SCE) may also contribute towards the passivation
of Zr-MG [6]. Therefore, the OCP experiments can provide a valuable
insight into the electrochemical behavior, however, EIS and polarization
analyses are required to obtain a complete understanding of corrosion
mechanism.

3.2.2. Potentiostatic EIS

The Bode and Nyquist plots for different Zr-MG samples achieved
from EIS experiments are shown in Fig. 3. The data extracted from these
plots using circuit model fitting are listed in Table 1. The Bode plot

@ vﬁnal {“" vinitial

& i@

D

e, e
: P g :

%

% i
; %
AC A1 A2 C1 C2 CT CT2

Fig. 2. Open Circuit Potential (OCP) of Zr-MG samples after different structural treatments. (a) The change in OCP as a function of time. (b) The initial and final

voltage values achieved from the OCP curves for each sample.
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and the active surface area.

Table 1

Corrosion parameters extracted from the EIS and Potentiodynamic polarization curves.

Samples  Corrosion Pitting Passive Corrosion Current Passive current Charge Transfer Double Layer

Potential Potential Domain Density density Resistance Capacitance

Ecorr Epic AE Leorr Tpass Ret CPEq

[V vs. SCE] [ V vs. SCE] [ V vs. SCE] [uA.cm 2] [uA.cm 2] [MQ-cm?] Q a

[pﬂ’ls’"cm’z]

AC —0.5+0.11 —0.29+0.13 0.21 0.22 1.40 0.57 18.87 0.92
Al —0.47+0.11 —0.34+0.16 0.13 0.35 1.13 0.23 24.02 0.87
A2 —0.45+0.12 —0.294+0.10 0.16 0.23 1.91 0.28 20.05 0.89
C1 —0.43+0.08 —0.31+0.12 0.11 0.82 1.42 0.17 24.79 0.88
Cc2 —0.48+0.13 —0.36+0.11 0.12 3.11 18.7 0.08 33.13 0.86
CT1 —0.44+0.15 —0.2740.05 0.17 0.19 0.89 0.64 18.10 0.92
CT2 —0.42+0.06 —0.154+0.12 0.27 0.17 0.94 0.76 17.38 0.91

reveals the relationship between the impedance (Z) and the frequency
response of a system. Fig. 3a shows the total impedance (Zmod,f—0.01) in
the lower frequency region. The higher value of impedance usually in-
dicates better corrosion resistance. The impedance is higher for the CT2
(0.63 MQ-cm?) and CT1 (0.52 MQ-cm?) compared to the as-cast sample
AC (0.51 MQ-cm?), which indicates improved stability of passivation
layer against ion dissolution in cryogenically treated samples. In
contrast, the C1 and C2 specimens show lower impedance values of 0.16
MQ-cm? and 0.12 MQ-cm?, respectively. The above-T, annealed samples
also exhibit low impedance values of 0.22 MQ-cm? for Al and 0.43 MQ-
cm? for A2. Thus, the total impedance data indicate that holding at

cryogenic temperature results in better corrosion resistance than cryo-
genic cycling and above-T, annealing. The corrosion resistance of above-
T, annealed samples is superior to the cryogenically cycled samples.
The Nyquist plot was used to further verify the trend observed in
electrochemical properties of thermally treated Zr-MG samples (Fig. 3c).
The slope in Nyquist plot is an indicator of charge transfer resistance
(Reo) and a higher value indicates better protection against harmful
chemical reactions [41]. It can be observed from Fig. 3c that the cryo-
genically treated samples display a higher slope compared to the un-
treated sample whereas the cycled and above-T, annealed specimens
show a lower slope. The EIS curves were fitted using an equivalent
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circuit to obtain the values of R.;. According to the Bode plot (Fig. 3b),
the data from Zr-MG samples can be described by a single time constant
and phase angle smaller than 90°. Thus, the Rs-(CPEq;)-R¢; circuit model
as shown in Fig. 3d is appropriate to extract the essential EIS parameters.
Here, R is the solution resistance and CPEq is the double layer capac-
itance between the electrolyte and the working electrode. The imped-
ance of a double layer capacitance (Zcpg,) is usually represented using
following equation:

1
JjQuw*

Where Q is the pseudo capacitance of the system, w is the angular
frequency, and a is dispersion coefficient associated with surface het-
erogeneity. The values of all these parameters extracted by fitting the
EIS curves are provided in Table 1. The R is higher for the cryogenically
treated samples compared to the cycled and above-T, annealed samples.
These findings are consistent with the Nyquist plot. The CT2 sample has
the highest R¢; of 0.76 MQ-cm?. The reduced R in the cryogenically
cycled and annealed MG samples is attributed to the increased structural
heterogeneity. In contrast, long term cryogenic exposure results in more
homogeneous MG with higher corrosion resistance. It is worth noting
that the corrosion resistance improves with annealing time in above-T,
heated samples indicated by higher R and lower Q values for A2
compared to Al sample. These results indicate that the structure of MG
is more heterogeneous in the early stage of crystallization, and there-
fore, more prone to corrosion. This is reasonable because the micro-
structural homogeneity improves as the crystallization progresses
towards completion with annealing time. The corrosion parameters
listed in Table 1 reveal that the quality of passivation layer and the
corrosion resistance of MGs depend on the structural homogeneity. The
structure of MGs after cryogenic cycling is more heterogenous resulting
in least corrosion resistance.

The parameters associated with Zcpg, can also be used to further
analyze the corrosion properties of Zr-MG samples. The value of « close
to 1 indicates better capacitive behavior to protect the sample surface.
The CT1, CT2 and AC samples have higher a value (Table 1), indicating
the reaction area of these samples has reduced compared to the annealed
and the cryogenically cycled samples. The reduction in reaction area
lowers the probability of harmful electrochemical reactions due to the
formation of stable passive layer. The compactness of the passive film is
further supported by the lower value of Q in CT2 (17.38 pQ’ls’“cm’z)
and CT1 (18.10 pQ’ls’“cm’z) samples compared to C2 (33.13
pQ s em~2), C1(24.79 pQ s Pem2), Al (24.02 pQ s "em2), A2
(20.05 pQ’ls’“cm’z) as well as AC (18.87 pQ’ls’“cm’z) samples. The
lower value of Q in CT2 and CT1 samples compared to the other sample
verifies the formation of dense protective layer in cryogenically treated
samples. To further understand the effect of passivation behavior on the
electrochemical features of Zr-MG, polarization tests were performed,
and the results are discussed in the following section.

Zcyg,

3.2.3. Potentiodynamic polarization

The electrochemical behavior of Zr-MG samples subjected to
different treatments is evaluated using the potentiodynamic polarization
experiments (Fig. 4). The results indicate increasing passivation with
time in the anodic region of the polarization curve. In addition, sudden
increase of the current density is observed at a specific potential upon
upward scanning in the anodic polarization curve, which is typically
identified as the pitting potential [32]. Crucial electrochemical param-
eters such as corrosion potential (Eco), pitting potential (Ep;y), width of
passive region (AE=Epj- Ecorr), corrosion current density (Icor), and
passivation current density (I,ass) are extracted from the polarization
curves using Tafel extrapolation (Table 1). The polarization data reveals
a striking contrast in the corrosion resistance of Zr-MG samples despite
identical polarization behavior.

The higher Eq, in the polarization experiments is usually indicative
of better resistance towards corrosion. The E.o is maximum for the
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Fig. 4. The Potentiodynamic polarization plots for the Zr-MG samples after
different thermal treatments.

cryogenically treated sample CT2 (-0.42 V), whereas the least value is
detected for the as-cast sample AC (-0.5 V). The cryogenically treated
sample also exhibits higher Ep;; (-0.15 V for CT2 sample) compared to
the other samples, which indicates higher resistance against pit initia-
tion after cryogenic holding. The elevated pit nucleation resistance in
CT2 sample can be attributed to better passivation observed in the
anodic polarization curve. The passive region (AE) with a maximum
width (-0.27 V) is observed in CT2 sample, whereas the cryogenically
cycled samples show lower AE (-0.11 V). The smaller AE in the cycled
samples indicates that an increased structural heterogeneity has a
negative impact on the passivation behavior.

The effect of passivation is also observed in the corrosion rate of the
samples, which is usually quantified using the I¢orr and Ipass of the po-
larization curve. The MG sample subjected to 30 cryogenic cycles has a
higher Ieor (3.11 pA.cm™2 for C2), suggesting higher dissolution rate.
Similar trend is also observed for the passivation current density and C2
sample exhibits higher I, of 18.7 p.LA.cm’z. Notably, no substantial
difference in the corrosion and passive current densities is detected for
the other samples and the I.orr and Iass are in the order of 107 uA.cm'2
with comparable range of quantitative values. The critical electro-
chemical parameters suggest that the higher number of cryogenic cycles
result in poor corrosion resistance.

Fig. 5 shows the morphologies of Zr-MG samples after potentiody-
namic polarization experiments. Randomly formed round pits are visible
with an average diameter of about 15 um for the as-cast and the sample
annealed above-T, for 12 min (Fig. 5a and b). The pit diameter increased
alongside “wear-furrow” features in cryogenically cycled sample
(Fig. 5¢). In contrast, the sample held at liquid nitrogen temperature for
300 min (Fig. 5d) displays a smaller pit diameter (8.3 + 2.9 uym)
compared to the as-cast sample. The evolution in pit morphologies is
consistent with the observed passivation behavior in potentiodynamic
polarization experiments. The CT2 sample with a wider AE shows
smaller pits (Fig. 5e), whereas C2 sample with comparatively lower AE
forms larger pits than the AC sample.

The trends of electrochemical behavior represented by the surface
morphologies and the polarization experiments is also in accord with the
observations in the EIS experiments in which the CT2 sample is char-
acterized with a higher charge transfer resistance and impedance
compared to the other samples (Fig. 6). These results collectively suggest
the formation of a compact surface passivation in the MG samples
exposed to cryogenic temperatures for long times. Cryogenic treatment
has been reported to induce redistribution of atoms and reduction in
atomic distance in metallic glass [42]. Due to the reduction in the
effective atomic distance, the free volume is squeezed, making the



A. Jabed and G. Kumar Journal of Non-Crystalline Solids 608 (2023) 122260

(®) ¢ 0.30
[ Variation of Pit-size
[Z7] Passive Region (AE)
50 0.25
40 0.20
s s
£ - <
3 7 )
~ 30 , 0.15 g
N — °
» / >
20 0.10
10 0.05
0 0.00

AC A1 A2 C1 c2 CT1  CT2
Fig. 5. SEM images of Zr-MG samples after potentiodynamic polarization experiments. (a) As-cast, (b) annealed at 410°C for 12 min, (c) cryogenically cycled for 30

times, and (d) held for 300 min at liquid nitrogen temperature. (e) Comparison of pit diameter after corrosion and the passive region observed in the potentiodynamic
polarization traces for Zr-MG samples.



A. Jabed and G. Kumar

AC | A1 | A2 [ c1 | c2]cTicT2
3195
0.90 - >
g 1180
< J16.5
A [
g_ 0.75 1150
G

s e 1135 g
= 060F o 1120 ¢
o =
i ® ® 1105 <
< 045} ® {0 &
£ J75 ©
N { =
< 030} - 180 9
& 2 145 _8

e 015} " > & Z 1 :’g

& g & J = G 8 | 0.0

0.00
® Rct ® Zmod,f=0.01 & Icorr > Ipass

Fig. 6. Comparison between quantitative values of the crucial parameters
achieved via EIS and potentiodynamic polarization experiments.

structure more uniform with a low potential energy [37,43]. Thus, it is
reasonable to assume that the formation of stable passive film is pro-
moted in homogeneous MG samples subjected to long cryogenic expo-
sures. In contrast, the lower passivation of cryogenically cycled MG
samples is associated with structural heterogeneities, which make the
passive layer less dense. A porous passive layer is prone to penetration of
chloride ions and pitting resulting in poor corrosion resistance [32].
Similarly, the above-T; annealing induces heterogeneity in the form of
the crystalline phases, which results in decreasing corrosion resistance.
Therefore, the incorporation of structural heterogeneity by cryogenic
cycling or partial crystallization used in improving the plasticity of MG
is not effective in increasing the corrosion resistance. In contrast, an
appropriate cryogenic holding can be used as a simple process to
enhance the room temperature corrosion resistance of MGs.

4. Conclusions

The electrochemical properties of ZrssTizgCug asBege7s metallic
glass after cryogenic treatment and high temperature annealing were
investigated in 3.5 wt.% NaCl. The results reveal that the corrosion
resistance of metallic glass is improved after holding at the liquid ni-
trogen temperature due to decrease in structural heterogeneity. How-
ever, the commonly used cryogenic cycling for improvement of
plasticity of metallic glasses deteriorates the corrosion resistance. The
samples annealed above glass transition temperature also showed
diminishing corrosion performance due to the formation of crystalline
phases. Lower corrosion resistance of cryogenically cycled and high
temperature annealed specimens is characterized by the low Zy04,-0.01
(Cycled: 0.12-0.16 MQ-cm? Annealed: 0.23-0.28 MQ-cm?) and AE
(Cycled: 0.11-0.12 V, Annealed: 0.13-0.16 V) values compared to the
as-cast (0.51 MQ-cm? and ~0.21 V) sample. The EIS results show that
the metallic glass samples held at cryogenic temperatures show higher
electrochemical impedance compared to the as-cast, thermally
annealed, and cryogenically cycled samples. High AE of 0.27 V for the
cryogenically treated sample also indicates the formation of dense pas-
sive layer. The compact passivation layer results in smaller corrosion
pits on the surface of cryogenically treated sample. Our results suggest
that decreasing the structural or chemical heterogeneity by an appro-
priate cryogenic treatment is an effective approach to improve the
corrosion resistance of Zr-based metallic glasses.
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