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A B S T R A C T

Amorphous metals, also known as bulk metallic glasses, are promising materials for advanced healthcare ap-
plications. This is attributed to their exceptional properties, unseen in crystalline materials. Their unique ability
to undergo relaxation during low temperature annealing provides opportunity to develop tailored properties.
Here, we show a new pathway to significantly accelerate the relaxation kinetics in a zirconium based metallic
glass through severe surface deformation using thermo-mechanical processing. The combined strain and thermal
field during thermo-mechanical processing significantly reduced the relaxation time compared to vacuum an-
nealing concurrent with remarkable enhancement in its bio-corrosion resistance. The corrosion resistance was
found to have a direct correlation with the wetting behavior and oxide layer composition. The surface of relaxed
glass was found to be rich in zirconium oxide compared to its as-cast state with higher fraction of aluminum
oxide. The difference in oxide layer composition was attributed to annihilation of free volume in relaxed glass
resulting in limited atomic transport. Relaxed metallic glass exhibited more hydrophobic nature likely due to its
lower surface energy state as a consequence of structural densification. In addition, the relaxed glass showed
better cell proliferation, thereby, enhancing its appeal as a next-generation biomaterial.

1. Introduction

Degradation of bio-implants in the physio-chemical environment of
the human body necessitates development of advanced materials with
superior surface properties. Metallic glasses are a relatively new class of
biomaterials with attractive surface properties [1] and unique ther-
moplastic processing ability for achieving intricate geometries [2–4].
Amorphous alloys show homogeneous microstructure down to the
atomic scale due to absence of grains and grain boundaries. Their ex-
ceptional mechanical properties, superior corrosion and wear re-
sistance, and biocompatibility for certain compositions make them at-
tractive for bio-implant applications [5,6]. Metallic glasses have high
elastic limit of nearly 2% which is comparable to bone's elastic limit of
~1% [7]. This provides metallic glasses a unique ability to flex elasti-
cally in synchronization with the human bone, ensuring uniform stress
distribution along with reduced stress shielding effect [7]. The use of
metallic glasses for bio-implant applications is further favored by their
near bone compatible elastic modulus of 25–150 GPa [7] compared to
~200 GPa for commercially used stainless steel and ~110 GPa for

titanium-based biomaterials [8]. Additionally, the unique thermo-
plastic forming ability in metallic glasses provides opportunity to de-
velop hierarchical surface structures with adaptable functionalities
[9–12].

The bulk mechanical and surface properties of a metallic glass may
be tuned over a wide range by controlling it's quenched in free-volume.
Rejuvenation [13] and structural relaxation by thermal strain have
been shown to significantly influence the toughness [14], hardness
[15,16], density [17] and elastic modulus [17,18] of metallic glasses. In
all these studies, free volume changes were achieved through tem-
perature modulation. However, there are few reports and very limited
understanding on the combined influence of strain field and tempera-
ture on the corrosion behavior of metallic glasses, particularly in bio-
logical media. Enhancing the properties of metallic glasses by surface
modification techniques will significantly improve their appeal as a
next generation biomaterial. In this study, we utilized thermo-me-
chanical processing to tailor the surface state of a zirconium-based
metallic glass and evaluated its corrosion behavior in simulated body
fluid. The relaxed glass showed significantly higher corrosion resistance
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compared to its as-cast state, which was attributed to enhanced hy-
drophobicity and more stable passive layer as a consequence of free-
volume annihilation.

2. Experimental details

A zirconium-based metallic glass with nominal composition of
Zr65.7Cu15.6Ni11.7Al3.7Ti3.3 (wt%) was chosen for evaluating the bio-
corrosion response after surface modification. This alloy is one of the
best glass formers with a wide super cooled liquid region. Friction stir
processing was performed using a pin-less tungsten-carbide tool with
12mm shoulder diameter. The processing was done at a fixed rotational
speed of 388 rpm and transverse speed of 20mm/min under different
cooling conditions: - (a) ambient cooling, wherein the workpiece was
cooled under ambient conditions (refereed as “ambient” hereafter) and
(b) external cooling, wherein the workpiece was completely submerged
in a pool of low-temperature liquid maintained at 273 K using external
chiller unit (refereed as “cooling” hereafter). As discussed in detail
later, processing under ambient conditions led to annihilation of free
volume while excess free volume was created for the processing route
using external cooling. This is schematically shown in the atomic-scale
models in Fig. 1. A data acquisition system (National Instruments,
Model no: cDAQ-9178) was used to capture the thermal history during
processing. For comparison, a sample was annealed at 653 K, which is
lower than the glass transition temperature of 683 K, for 24 h in a va-
cuum furnace (refereed as “annealed” hereafter). The amorphous
nature of all specimens was determined using X-ray diffraction. The
thin oxide film formed on all samples was characterized by X-ray
photoelectron spectroscopy (XPS). XPS spectra of Zr, Cu, Ni, Al, Ti and
O were recorded on the surface of all the samples using monochromatic
Al-Kα X-ray source (1.486 keV, Scienta Omicron Nanotechnology).
Differential scanning calorimeter (DSC, Netzsch DSC 404 F1 Pegasus
calorimeter), where samples were heated at 20 K/min, was used to
determine the glass-transition temperature (Tg), crystallization tem-
perature (Tx) and enthalpy changes (ΔH). Surface roughness for all

samples was determined using high resolution 3D optical profilometer.
Static contact angle measurements were done using a goniometer (Apex
instruments, ACAM-D1) by sessile drop technique. MDCK cell line was
used to study the cell viability using colorimetric MTT (3‑(4,5‑di-
methylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide) assay and cell
morphology were captured using Actin and DAPI staining under
fluorescence microscopy, the specific details of which are given else-
where [19]. Corrosion behavior of as-cast, processed and annealed
samples was evaluated using Gamry Interface 1000E electrochemical
setup. A standard three electrode cell configuration was used with sa-
turated calomel electrode (SCE) as reference, high density graphite rod
as counter, and sample as working electrode. Ringer solution, a simu-
lated body fluid, was used as the electrolyte. Potentiodynamic polar-
ization was done in the voltage range of −0.25 V vs EOCP to +0.4 V vs
EOCP at 0.166mV/s scan rate. Electrochemical Impedance Spectroscopy
(EIS) measurements were obtained at EOCP over a frequency range of
0.01 Hz to 100 kHz with a set AC voltage amplitude of 10mV. Scanning
electron microscope (SEM) (FEI environmental scanning electron mi-
croscope with built-in EDS facility) was used to study the morphology
of the corroded specimens.

3. Results and discussion

3.1. Microstructure and structural relaxation

X-ray analysis of as-cast, processed and annealed metallic glass
specimen is shown in Fig. 2(a). All samples showed the characteristic
broad peak which confirms a fully amorphous structure. DSC thermo-
grams for all specimens are shown in Fig. 2(b) while Fig. 2(c) shows the
zoomed-in region close to the glass transition. The quantitative results
of DSC are summarized in Table 1. The small exothermic peak prior to
Tg is an indication of structural relaxation and quantifies free volume in
metallic glasses [20,21]. It is seen that enthalpy of structural relaxation
(ΔH) is maximum for the cooling specimen, followed by as-cast BMG,
annealed and least for ambient specimen. Thus, processing under

Fig. 1. Schematic of friction stir processing of Zr65.7Cu15.6Ni11.7Al3.7Ti3.3 bulk metallic glass under two different conditions. Processing under ambient cooling
resulted in free volume annihilation while processing under low temperature liquid enhanced the free volume of the metallic glass.
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ambient conditions led to significant reduction in free volume while
deformation under external cooling has the contrary effect. Typically,
plastic deformation increases the free volume in a metallic glass [15,22]
while sub-Tg annealing results in its annihilation due to structural re-
laxation [14,21]. In the current study, processing was done at constant
tool rotational and transverse speeds, so both the samples were sub-
jected to nearly similar strain fields. However, the thermal history was
different. The temperature-time profiles for both processed conditions
are shown in Fig. 2(d). The peak temperature reached for cooling and
ambient samples was estimated to be nearly 280 K and 380 K, respec-
tively. Temperature rise for cooling specimen was negligible and
therefore, increase in its free volume may be attributed largely to
plastic deformation. In contrast, processing under ambient conditions
exposed the metallic glass to an elevated temperature field for the
duration of nearly a minute (Fig. 2(d)). The short transient temperature
field likely resulted in substantial drop in free volume for ambient

specimen. It can be seen that the free volume difference between an-
nealed sample and ambient specimen is marginal, indicating that 24 h
of furnace annealing at 653 K likely led to similar atomic-scale re-
arrangement as a minute of high strain deformation. The study per-
formed by Jian et al. [23] on the same metallic glass composition
showed ~60% reduction in relaxation enthalpy after 30min annealing
at 583 K while it is nearly 80% for the 24 h annealed sample at 653 K in
the current study. In contrast, the ambient processed sample showed
nearly 80% reduction after 1min exposure to combined deformation
and low temperature thermal field. This indicates that the combined
influence of strain energy and temperature field significantly accelerate
the relaxation kinetics though atomic-scale readjustments. There was
no appreciable change in the glass-transition and crystallization tem-
peratures after processing (Table 1).

3.2. Electro-chemical behavior

Fig. 3(a) shows the open circuit potential for all the cases. The
ambient specimen showed highest potential which indicates its nobler
behavior, followed by annealed, as-cast and the least for the cooling
specimen. The results of potentiodynamic polarization for all specimen
are shown in Fig. 3(b). The corrosion current density (icorr) for all
specimen was determined using Tafel fitting and the corrosion pene-
tration rate was calculated using Faraday's law (Table 2). It can be seen
that icorr and CPR are the least for ambient specimen followed by an-
nealed and as-cast specimens and highest for cooling specimen. The

Fig. 2. (a) X-ray diffraction (XRD) analysis of the as-cast, ambient, cooling and annealed metallic glass specimens; (b) Differential scanning calorimetry (DSC)
analysis for all samples, (c) zoom-in image of the region marked in (b), (d) temperature-time plots for ambient and cooling samples.

Table 1
Glass transition temperature (Tg), crystallization temperature (Tx) and enthalpy
of structural relaxation (ΔH) for all specimens.

Samples Tg (°C) Tx (°C) ΔH (J/g)

As-cast 417 ± 2.5 441 ± 2.7 15.01 ± 0.91
Ambient 419 ± 2.2 448 ± 2.0 4.32 ± 0.17
Cooling 420 ± 3.1 443 ± 2.9 17.04 ± 0.83
Annealed 418 ± 3.2 446 ± 2.4 5.24 ± 0.13
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corrosion rates for ambient and annealed samples were similar and
significantly smaller compared to the as-cast metallic glass. In contrast,
cooling specimen showed inferior corrosion performance, worst
amongst all cases. The rapid surge in corrosion current at the pitting
potential is followed by quick passivation, indicated by steep rise in
potential at nearly constant current density. Clearly, ambient specimen
showed better passivation compared to all other specimen which fur-
ther substantiate its superior corrosion resistance. Nyquist plot obtained
from electrochemical impedance spectroscopy (EIS) for all cases are
shown in Fig. 3(c) while Fig. 3(d) shows the zoomed-in image of the

region marked in Fig. 3(c). The impedance spectrum is the highest for
ambient specimen indicating its highest polarization resistance and
least for cooling, in line with the results of potentiodynamic polariza-
tion. Here also, annealed showed nearly similar results as that of am-
bient specimen. Therefore, corrosion response was proportional to the
amount of free volume i.e. - smaller the free volume of a sample, higher
the corrosion resistance. Fig. 3(e) and (f) shows the Bode plot for all the
specimens. The plot shows three time constants for the annealed sample
whereas two time constants for the as-cast and cooling specimen, while
a single time constant for the ambient sample indicating different

Fig. 3. (a) Open circuit potential as a function of time, (b) potentiodynamic polarization curves, (c) Nyquist plot for the as-cast, ambient, cooling and annealed
metallic glass specimens in simulated body fluid (Ringer's solution) obtained from electrochemical impedance spectroscopy (EIS), (d) shows the zoom-in region of the
area marked in (c), Bode plot showing (e) impedance vs frequency and (f) phase angle vs frequency; Equivalent electrical circuit (EEC) for (g) as-cast and cooling
samples, (h) ambient sample and (i) annealed sample.

Table 2
Open circuit potential (OCP), corrosion potential (Ecorr), corrosion current density (Icorr), corrosion per year (mpy), pitting potential (Epit) and polarization resistance
(Rp) for all specimen.

Samples OCP (mV) Ecorr (mV) Icorr (nA/cm2) CPY (mpy) Epit (mV) Rp (k ohm cm2)

As-cast −264 ± 13 −159 ± 11 29.30 ± 1.41 0.015 ± 0.0007 53 ± 12 5.9 ± 0.75
Ambient −7 ± 10 −81 ± 8 8.63 ± 0.29 0.004 ± 0.0002 167 ± 7 107 ± 3.3
Cooling −281 ± 12 −194 ± 9 30.40 ± 1.33 0.015 ± 0.0006 46 ± 8 6.07 ± 0.65
Annealed −127 ± 11 −178 ± 16 12.07 ± 0.82 0.006 ± 0.0003 146 ± 11 80 ± 4.4
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Fig. 4. Scanning electron microscopy (SEM) images after corrosion testing for (a) cooling, (b) as-cast, (c) annealed, (d) ambient; 3D optical profilometer images
showing corrosion pit morphology for (e) cooling, (f) as-cast, (g) annealed and (h) ambient.
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behavior of the passive layer. At higher frequencies, the phase angle in
all cases drops nearly to 0°, representing the electrolyte resistance [24].
At middle frequencies, the phase angle remain close to −70° for the
ambient sample indicating near capacitive response, while it varies for
other samples due to multiple time constants. The electrical equivalent
circuit (EEC) used to fit the obtained EIS data are shown in Fig. 3(g)
through (i). The fitted curve agreed well with the obtained data.

Scanning electron microscopy (SEM) images of the corroded sur-
faces for all cases are shown in Fig. 4(a) to (d). Both as-cast and cooling
specimen showed extensive corrosion in the form of high density of
wide corrosion pits. In contrast, the surface of ambient and annealed
specimens showed lower pit density supporting its superior corrosion
resistance. The 3D optical profilometer images of corrosion pits for all
samples are shown in Fig. 4(e) to (h). The pit depth for as-cast and

cooling samples was found to be nearly 70–75 μm compared to nearly
55 μm for the annealed and 35 μm for the ambient specimen, supporting
highest corrosion resistance of the ambient specimen. Corrosion beha-
vior is known to be dependent on number of factors, especially surface
composition, roughness and wettability characteristics. Surface com-
position in each case was determined using XPS and the results are
shown in Fig. 5. XPS wide scan (Fig. 5(a)) are similar for all samples
indicating nearly similar composition of the passive layer. Fig. 5(b)
gives the quantification of Zr (4+) and Al (3+) and (O) for all samples,
indicating higher Zr fraction for both annealed and ambient samples
while as-cast and cooling samples are relatively rich in Al. The XPS
scans for Al-2P, Zr-3d, and O-1s for all samples are shown in Fig. 5(c) to
(n) indicating Al2O3 and ZrO2 as the primary constituents of the passive
layer in all the cases. The standard electrode potential of Zr/Zr4+

Fig. 5. (a) X-ray photoelectron spectroscopy (XPS) wide scan for the as-cast, ambient, cooling and annealed metallic glass specimens, (b) Quantification of the
composition of oxide layer, High resolution XPS scans of (c) to (f) Al-2P, (g) to (j) Zr-3d and (k) to (n) O-1s for all specimen.
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(1.45 V) and Al/Al3+ (1.677 V) are higher compared to rest of the
composition which likely leads to rapid formation of ZrO2 and Al2O3

[25,26]. Further, higher Zr fraction in ambient and annealed specimen
indicates that the oxide layer formed on these specimens were rich in
ZrO2 while cooling and as-cast specimen was rich in Al2O3. The dif-
ference in oxide layer composition can be explained in terms of atomic
transport in metallic glasses. The long-range atomic transport in su-
percooled liquid occurs by single-atom hopping [27]. Typically, the
activation energy for diffusion in a relaxed glass is higher compared to
its as-cast state [27,28] which reduces the atomic transport in a relaxed
glass. Thus, with least free volume, the atomic diffusivity is likely to be
lower for annealed and ambient specimens, lowering the Al content in
the oxide layer, the element with the smallest atomic radius in the in-
vestigated glass. Lower corrosion rate for ambient and annealed spe-
cimen also correlates well with the higher fraction of ZrO2 which is
known to have excellent corrosion resistance [29]. The average

roughness (Ra) and root mean square roughness (Rrms), obtained using
optical profiler, was found to be similar for all specimen and thus un-
likely to have any influence on the corrosion behavior.

3.3. Wettability and cell-proliferation

The wettability for all samples, probed using contact angle mea-
surements, is shown in Fig. 6(a). Ambient and annealed specimens
showed highest static contact angle of nearly 91° and 89° followed by
as-cast and least for cooling specimen with nearly 73° contact angle.
Thus, ambient and annealed specimen showed more hydrophobic
nature compared to cooling and the as-cast glass. The nature of oxide
layer and sub-surface interactions can play an important role in de-
termining the wettability. The water contact angle for ZrO2 and Al2O3,
the two major constituents of oxide layer, is nearly similar, i.e. 71.8°
and 72.4° respectively [30]. Thus, the difference in wettability across

Fig. 6. (a) Contact angle for the as-cast, ambient, cooling and annealed metallic glass specimens, (b) variation of corrosion rate and contact angle as a function of
relaxation enthalpy, (c) Tryphan blue exclusion assay, percentage of living MDCK cells; fluorescence micrographs of MDCK cells (d) Polystyrene (Control), (e) as-cast,
(f) ambient, (g) cooling and (h) annealed metallic glass specimens.
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difference specimens can be due to sub-surface interactions rather than
the oxide layer. Typically, the thickness of pristine oxide layer on most
materials is of the order of few nanometers. At these length-scales, the
long range van der Waals forces are effective and the sub-surface free
energy can have substantial influence on the interacting species [31].
With larger structural relaxation, the free energy for both ambient and
annealed samples is likely to be lower, making them more hydrophobic
compared to other two specimens. Further, the van der Waal interac-
tions, which are proportional to the dispersion component of surface
free energy, are likely to be stronger for as-cast and cooling specimen,
resulting in lower contact angle. Therefore, the observed difference in
wettability can be attributed to changes in free volume content, leading
to different surface energy states in the glass. The dependence of con-
tact angle on relaxation enthalpy is shown in Fig. 6(b) which signifies a
direct correlation between the two. Also, the corrosion rate for all
specimen varies linearly with the relaxation enthalpy (Fig. 6(b)). Thus,
wettability, corrosion behavior and free volume content are strongly
correlated in a metallic glass with the later acting as a primary gov-
erning factor. Therefore, superior corrosion resistance of ambient and
annealed specimen may be attributed to combined influence of in-
creased hydrophobicity and higher zirconium fraction in the oxide
layer, both of which are the consequence of free volume annihilation
through relaxation. All the samples were found to be compatible to
MDCK cell line with minor difference in the cell viability (Fig. 6(c)).
The cell proliferation on annealed and ambient samples was seen to be
similar to the control with elongated morphology, while cells tend to
segregate and acquire an unfavorable round morphology on the cooling
specimen (Fig. 6(d) to (h)). This is likely attributed to higher fraction of
ZrO2 in the passive layer of ambient and annealed specimens which is
known to have excellent biocompatibility. Thus, the current study
suggests that deformation-assisted low temperature annealing could
provide a novel pathway for developing multifunctional bio-implant
materials with superior corrosion-resistance, higher reliability and fa-
vorable bio-adaptable traits.

4. Conclusions

In summary, severe deformation under ambient conditions was
found to significantly accelerate relaxation kinetics in a zirconium-
based bulk metallic glass. The atomic-scale rearrangement during se-
vere deformation for nearly a minute was found to be nearly similar to
24 h of furnace annealing at 653 K. In contrast, deformation accom-
panied by rapid cooling resulted in free volume increase. The relaxed
glass showed significantly lower corrosion rate compared to as-cast
glass in simulated body fluid. The corrosion rate and contact angle for
different metallic glass samples showed a strong correlation with the
free volume content. Higher corrosion resistance of relaxed glass is
explained by increased hydrophobicity and higher fraction of zirconium
oxide in the passive layer. In addition, the relaxed glass also showed
better cell-proliferation with favorable cellular morphology.
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