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Relaxation Pathways in Metallic Glasses
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At temperatures below the glass transition temperature, physical properties of
metallic glasses, such as density, viscosity, electrical resistivity or enthalpy,
slowly evolve with time. This is the process of physical aging that occurs
among all types of glasses and leads to structural changes at the microscopic
level. Even though the relaxation pathways are ruled by thermodynamics as
the glass attempts to re-attain thermodynamic equilibrium, they are steered
by sluggish kinetics at the microscopic level. Understanding the structural
and dynamic pathways of the relaxing glassy state is still one of the grand
challenges in materials physics. We review some of the recent experimental
advances made in understanding the nature of the relaxation phenomenon in
metallic glasses and its implications to the macroscopic and microscopic
properties changes of the relaxing glass.

INTRODUCTION

From a thermodynamic point of view, metallic
glasses are non-equilibrium systems, trapped dur-
ing solidification via vitrification far from the ther-
mal equilibrium before they can crystallize. In the
solidification pathways schematically pictured in
Fig. 1, the transition to the glassy state of the
metastable liquid (path 2) can occur if crystalliza-
tion (path 1) is bypassed. In contrast to the crystal-
lization process, which is an equilibrium phase
transformation and is characterized by a discontin-
uous change in the extensive properties, the glass
transition is a continuous transformation in terms
of volume, enthalpy and entropy changes. The glass
transition is therefore a non-equilibrium transition
that is usually understood as a structural arrest as
the result of increasingly sluggish liquid kinetics
upon supercooling. The higher the number of con-
stituents and the larger the atomic mismatch, the
more densely packed the structure of the super-
cooled liquid is and the more difficult the rear-
rangement of the atoms toward equilibrium
becomes.! For these systems, the intrinsic or struc-
tural («)-relaxation time, 7, grows dramatically
during supercooling until a structural arrest occurs,
as 7 eventually surpasses the experimental obser-
vation time. On these time scales the liquid behaves
like a solid, i.e., it does not exhibit viscous flow and a
glass is formed. The drastic increase of t with
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supercooling in metallic glass-forming systems is
manifested macroscopically by a non-Arrhenius
equilibrium viscosity increase of several orders of
magnitude, which is connected to a drastic increase
of the apparent activation energy for viscous flow.
The non-Arrhenius temperature dependence of the
viscosity in the vicinity of the glass transition
temperature, T,, can be modeled by fitting the
empirical Vogel-Fulcher-Tammann (VFT) equa-
tion, n(T) = noexplD To/(T — Ty)], to the liquid vis-
cosity equilibrium data. Here D* is a measure of an
inherent property of the liquid state as it
approaches T,, the so-called kinetic fragility.??
The VFT-equation reflects the degree of departure
of the liquid dynamics from the Arrhenius equation,
with smaller values of D* corresponding to more
kinetically fragile liquids. Bulk metallic glasses
(BMGs) in general show fragile kinetics with D*
values between 13 and 26.*°

Depending on the applied cooling rate, the ther-
modynamic system of the glass occupies distinct
local minima of an energy landscape that corre-
spond to metastable low-temperature states. As a
consequence, the thermodynamic fate of the glass is
to spontaneously evolve with time toward the
closest free energy minimum, i.e., the metastable su-
percooled liquid state on a long-time scale. Exten-
sive thermodynamic and other physical properties,
such as density, enthalpy or viscosity and electrical
resistivity, slowly evolve with time as the glass
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Fig. 1. Schematic diagram showing the change in volume or en-
thalpy during (1) crystallization, (2) vitrification and (3) physical aging
below Tg.

attempts to re-attain thermodynamic equilibrium.
The equilibrium is observed on long timescales, and
the equilibrated glass behaves like a liquid. This is
the process of physical aging and is ubiquitous
among all types of glasses. The schematics of Fig. 1
show that the physical aging (path 3) has the effect
of reducing the volume and the enthalpy of the glass
toward a denser and more stable state. This densi-
fication upon relaxation in metallic glasses is con-
nected to an increase of viscosity as the excess
volume is annealed out (see, e.g., Refs. 6-12).

Distinct from physical aging is the process of
chemical aging, which deals with the interaction of
the surface with the environment over time or the
development of chemical inhomogeneities, such as
clustering or phase separation in the bulk. The
study of both types of aging of glasses below T is
not only of scientific interest, but also of great
practical importance. For BMGs in particular, both
physical and chemical aging can cause severe
embrittlement'® and oxidation-induced crystalliza-
tion,'* respectively. Both aging processes can
enhance the fracture and fatigue of the final prod-
ucts.'® The ability to understand and characterize
the mechanisms of aging in BMG systems is
expected to play a central role in ensuring their
success as commercial materials. This is also espe-
cially true in the application of metallic glasses in
net-shape and additive methods such as selective
imprinting and laser melting to produce amorphous
metallic high-strength components with complex
geometries. For these applications, elastic materials
are needed, and BMGs are ideal candidates because
they sustain larger elastic deformations than crys-
talline alloys because of low elastic modulus values
and high elastic strength limits (~2%).
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This article focuses on physical aging and
addresses and reviews the macroscopic and micro-
scopic methods used to characterize the change of
extensive and intrinsic properties during physical
aging. It discusses selected experimental results
that recently have contributed to a better under-
standing of the nature and consequences of physical
aging in metallic glasses, taking into consideration
enthalpic, kinetic and structural aspects.

MACROSCOPIC RELAXATION PATHWAYS

As mentioned above, extensive and macroscopic
physical properties, such as density, enthalpy and
viscosity or electrical resistivity, slowly evolve with
time during physical aging. Relaxation pathways of
metallic glasses are usually studied using thermo-
mechanical methods that can measure changes in
length and viscosity or using differential scanning
calorimetry to measure enthalpy changes. The
change of physical properties during aging in
metallic glasses is mostly observed to be non-
exponential in nature.®'%'%718 The response func-
tions ¢(¢) to an applied temperature are connected
to spontaneous fluctuations of the equilibration
process and exhibit highly stretched exponential
behavior. For temperatures in the vicinity of T, the
empirical Kohlrausch—William—Watts (KWW) equa-
tion, i.e., @) = expl—t/txww) SV V], is used to
characterize the observed decay,'??° where ¢ is the
annealing time, fxww (0< fxww< 1) 1is the
stretching exponent, and txww is the average
relaxation time that describes the non-exponential
equilibration kinetics. This relaxation time is the
time for relaxation into equilibrium and should not
be confused with the aforementioned intrinsic
relaxation time . The KWW approach neglects
non-linearity effects such as the structure depen-
dence of the relaxation time.?'~2* The origin of the
non-exponential nature of the relaxation pathway is
still highly debated, and several scenarios are taken
into consideration. For example, one is that the
stretched dynamic response is understood as the
result of spatially heterogeneous regions that each
relax exponentiallgy with a characteristic distinct
relaxation time.?**5

Viscosity and Volume Relaxation

The time dependence of the isothermal viscosity
of BMG in the vicinity of T is detected using the
isothermal three-point beam-bending method in a
thermal mechanical analyzer (TMA). This is a well-
established and reliable method to obtain equilib-
rium viscosity data, which are essential to experi-
mentally determine the kinetic fragility of the glass-
forming system. An example is shown in Fig. 2a for
the MggsCug3Y1o BMG.® The method was applied
successfully in numerous studies of BMGs by Busch
and co-workers.” ! In earlier studies it was shown
that the final relaxed state is equivalent to the
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Fig. 2. Isothermal thermomechanical measurements in the glass transition region. (a) Viscosity change detected using the three-point beam-
bending method for the MgesCussY 10 BMG composition.8 (b) Experimental relative changes in length of the Zr,4Ti{1Ni;oCusoBess BMG com-

position.'® The dashed curves are the fits to the KWW equation.

supercooled state if observed on a long timescale
and that the relaxation pathway can be understood
as an isothermal glass transition.”®26

The volumetric contraction of glassy specimens
during the isothermal structural relaxation can be
measured by dilatometry in a TMA. This method is
used to obtain information regarding the excess
volume (free volume) frozen in the glass during the
vitrification pathway and to obtain a value for the
total reduction of the excess volume during relax-
ation below T, The structural relaxation is
assumed to occur isotropically, and thus the relative
change in the volume of the glassy specimen during
annealing can be directly obtained by studying the
relative change in length, AL(#)/Ly. As an example,
Fig. 2b shows the time evolution of the length
relaxation of a Zr-based BMG as it physically
ages.!® The data are fit with the KWW equation
(dashed lines). Evenson and Busch have shown that
there is a remarkable agreement between the way
the excess volume relaxes as obtained from volu-
metric relaxation measurements and the relaxation
kinetics calculated from viscosity measurements.
Furthermore, both quantities are directly connected
to the enthalpy change during relaxation.'®

Enthalpy Relaxation

Thermodynamically, the glassy state drifts
toward a state of lower free energy during anneal-
ing and the system lowers its enthalpy. The kinetics
of enthalpy release during relaxation can be directly
studied by analyzing the calorimetric signal
recorded during isothermal calorimetric measure-
ments below T,. The isothermal baseline of the
crystallized sample is subtracted from the isother-
mal heat flow signal of the relaxing sample and
integrated as a function of time to obtain the
enthalpy relaxation functions, AH(¢), as described
in the details in Ref. 16. Figure 3 shows the enthalpy
relaxation curves obtained for the Zr-based BMG

Vit106a by fitting the AH(¢) functions with the KWW
equation. The total exothermic enthalpy change
increases with decreasing annealing temperature,
and at the same time a longer time for relaxation and
a smaller value of § are observed. The stretching
exponent f increases monotonously with increasing
temperature and approaches unity close to the
calorimetric glass transition as plotted in the inset,
indicating that at T, all relaxation modes are con-
verging into one single exponential decay.

It is important to note that prior to enthalpy
relaxation experiments, the influence of the thermal
history on the glass transition temperature should
be minimized by applying a standard treatment to
the sample, as demonstrated in Ref. 27. To assure
the same enthalpic state for each specimen, the as-
cast material must be heated to above the end of the
calorimetric glass transition and cooled with a
controlled standard rate, q.. After completion of
annealing, the sample is first cooled down and then
re-heated with a rate gy = q. to the end of the
crystallization process for the detection of the
enthalpy recovery, which is described in details in
the following paragraph.

Enthalpy Recovery

We have shown that the same amount of enthalpy
that is released during relaxation is recovered back
into the system when the relaxed glass is heated up
through the glass transition.'® The enthalpy recov-
ery signal manifests itself as an endothermic over-
shooting of the heat flow signal that is associated to
the glass transition process. An example of how the
endothermic overshooting signal is evolving with
annealing time is given in the inset plot of Fig. 4.
Precise enthalpy recovery values are obtained from
the integration of the overshooting signal of aged
glasses with respect to the heat flow signal of an
unrelaxed or standard treated material. The
enthalpy recovery method requires a high thermal
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Fig. 3. Isothermal enthalpy relaxation curves for the ZrsgsCuqse-
Ni12.8Al10.3Nbs g BMG composition.'® The AH(#) functions are mod-
eled with the KWW equation resulting in a  exponent that reaches
unity in the proximity of the glass transition (see inset plot).

stability against crystallization in the vicinity of T,
and therefore became a valid tool to study enthalpy
changes in aged metallic glasses only after the
discovery of BMG compositions, i.e., in the
1990s.2628:29 Today this is considered the most
reliable method to study the thermodynamic state
of an aging metallic glass system; see, for example,
Refs. 10, 16 and 18.

One should emphasize here that the isothermal
experimental methods mentioned before to detect
viscosity, length and enthalpy relaxation are based
on data taken in situ and have a restricted measur-
ing time window from several minutes to a maxi-
mum of 2 or 3 days. Like any other isothermal
measurement of macroscopic properties, they
require an exceptionally good signal-to-noise ratio
and an exceptional instrument stability to detect
changes on a shorter timescale on one side and the
broad tail of the relaxation spectrum at long time-
scales on the other side. In contrast, the experi-
mental method of the enthalpy recovery allows the
observation of enthalpy changes caused by physical
aging ex post facto without relying on direct mea-
surements of isothermal signals.

Recently, we have used this method to experi-
mentally detect the time evolution of the enthalpy
changes involved during physical aging of an Au-
based BMG by applying a wide range of annealing
times, from less than 1 s up to several days.'® The
study took advantage of the fast detection response
of the fast scanning calorimetry using a chip-
calorimeter.®® The results are shown in Fig. 4 for
indicated annealing temperatures, which are in the
range between 50 and 20K below T,. The high
temperature data are adequately reproduced with a
single stretched-exponential decay of the KWW
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Fig. 4. Time evolution of the enthalpy recovery for the AusoCusgo-
Sit16.3Ag0s5.5Pd2 3 BMG, after Ref. 18. The continuous lines are the fits
to a sum of exponential decays with average relaxation time 7;. Inset:
Selected enthalpy recovery signals. The excess area with respect to
the standard treated sample is a quantitative measure of the
recovered enthalpy after aging.

form, whereas at lower temperatures the enthalpy
relaxation decay clearly splits into multiple steps,
which is modeled in Ref. 18 as a sum of simple
exponential decays. This multiple-step enthalpy
relaxation pathway results from the separation of
the timescales for relaxation at low temperature
and thus represents an activation energy spectrum
for relaxation. It is also in agreement with some
abnormal calorimetric features detected during sub-
T, annealing in other metallic glass systems, e.g., in
Refs. 31-35, and with numerous calorimetric stud-
ies on other fragile non-metallic glass formers,3¢~38
indicating a universal behavior of the aging glassy
state independent of the nature of the atomic
bonding.

The hierarchical mechanism of the relaxation
pathway is the subject of a long debate. Already in
the early 1980s, it was recognized that, although
equilibrium thermodynamics cannot be strictly
applied to the relaxation of a complex
metastable system, the concept of a local equilib-
rium within a restricted energy range can be used.?”
The activation energy spectrum for relaxation is
understood to be representative of a complex system
of energy wells involving the activated motion of
atoms or group of atoms. In the framework of the
potential energy landscape approach,® the
observed relaxation process in Fig. 4 is ascribed to
transitions from a high-energy local minimum to
energetically lower, more deeply relaxed states.'®
We can argue, like in Ref. 35, that in the frozen-in
structure there is a tendency of a process involving
low activation energy being surrounded by pro-
cesses with relatively high activation energies, and
therefore at a given energy it is favorable to
establish a local equilibrium.
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MICROSCOPIC FEATURES OF PHYSICAL
AGING

The physical aging leads to structural changes at
the microscopic level of glassy materials.*® Nowa-
days, large effort is devoted to establishing a clear
correlation between the microscopic dynamics and
the change of physical properties of the aging
metallic glass. The advantage of the metallic glasses
is that detailed microscopic information on the
collective atomic motion during aging can be
obtained by using quite a few techniques such as
radiotracer diffusion experiments,*’ positron anni-
hilation lifetime spectroscopy,*? nuclear magnetic
resonance*®*® and the Synchrotron techniques
based on the x-ray photon correlation spectroscopy
(XPCS)*® and high intensity x-ray scattering.*’

Recent atomistic investigations have revealed
that in the metallic glass structure the development
of chemical short-range order drives low-tempera-
ture equilibration, whereas the relaxation processes
responsible for the macroscopic flow are related to
irreversible changes in the topological short-to-
medium-range order.***®

The newly developed XPCS technique®®*® espe-
cially allows us to study the dynamics of metallic
liquids in the ultra-viscous state and provides a
direct measurement of the microscopic relaxation
time necessary for structural rearrangements at the
atomic level, which is the aforementioned o-relax-
ation time 7. With the XPCS technique, it was
observed that the structural relaxation processes
underlying aging in fragile BMG systems are inter-
mittent and highly heterogeneous'>? and also that
long-time annealing can result in trapping the glass
configuration in a deep local energy minimum.'® It
was also noticed that even close to T, where 7 is
fast, e.g., 10 s, the atomic dynamics are stationary
and persistent for annealing times many orders of
magnitude greater than 7.'® This surprising behav-
ior strongly contradicts previous macroscopic mea-
surements, where aging close to T, occurs on
timescales similar to the structural relaxation time
and strengthens the idea of a strong length scale
dependence of the dynamics in the glassy state.

A diffusion process on the order of one atomic
displacement in metallic glasses can involve ther-
mally activated, highly cooperative atomic motions
of 10-20 atoms in a chainlike manner.?® In addition,
bulk metallic glass-forming systems are typically
multicomponent systems characterized by large
atomic mismatch among the atomic species.® Thus,
it is expected that at low temperature where there
are fewer active degrees of freedom, some of the
more sluggish relaxation processes, which are con-
trolled by the slower diffusive species, could stay
frozen, leading to a more visible separation of the
equilibration modes, as is observed in Fig. 4. This is
especially true for moderately and highly fragile
glass-forming liquids, where the non-Arrhenius
behavior, well described by the VFT equation of
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the relaxation times, is very steep, and thus there
are several orders of magnitude of relaxation time to
overcome between the frozen-in structure and the
equilibrium liquid.

Figure 5a shows the distinct activation energy
spectrum of enthalpy relaxation modes obtained for
the Au49Cu26_9Si16_3Ag5_5Pd2_3 BMG from the
enthalpy recovery data of Fig. 4 (filled squares) in
comparison with XPCS data (open triangles). The
results suggest that the different activation ener-
gies are connected to the activation energies for
diffusion of the different size atomic species in the
alloy. This picture is in ag;)reement with previous
radiotracer experiments,”'* as for example those
shown in Fig.5b for the Zry;2Ti135Cu;95.
NijgoBess s alloy.’® The plot depicts structural o-
relaxation time t data (@, M, +) that are propor-
tional to the equilibrium viscosity and represent the
typical time, tp, for displacement or hopping of the
largest atom, Zr, over one atomic distance in the
alloy. The relation between the equilibrium viscos-
ity and this relaxation time holds over many orders
of magnitude for the large atoms.’* The other
symbols represent the hopping times deduced from
radiotracer diffusion experiments from smaller
atoms in the alloy according to tp = I%/(6D), where
D is the diffusion coefficient for the species and [ the
average atomic diameter. The symbols of the
smaller atoms represent data for Ni (<), Co (V)
and Al (). Data for Be (x) are taken from NMR
experiments.** The diffusivity of the large Zr atoms
decouples from the diffusivity of the smaller com-
ponents, and the activation energy for diffusion
(slope of data) decreases as the size of the compo-
nent decreases. This decoupling increases with
increasing undercooling to more than four orders
of magnitude at T, (620 K). This tremendous asym-
metry in the mobility of the different species during
aging must also be present in the Au-based alloy
(Figs. 4, and 5a) and therefore be the reason for the
broad spectrum of activation energies for the
enthalpy as shown in Fig. 5a.

Additionally, we have recently reported that the t
values measured with the AuygCusg 9Sii6.3Ag55Pds 3
BMG in XPCS during a quasi-static cooling protocol
(blue open triangles in Fig. 5a) show a distinct
change in the temperature dependence at a well-
defined temperature, 7..>® The observed crossover
during cooling is the signature of the transition
from a kinetically highly fragile to a stronger liquid,
and the T, lies below the conventional calorimetric
T,. This implies that the frozen-in state during
processing has retained the structure of the high-
temperature fragile liquid and that during anneal-
ing the system is driven to equilibrate into a new,
stronger liquid.'® This process involves kinetics
with relaxation times of the order of thousands of
seconds.'®?® The transition is reversible (i.e., strong
to fragile) upon re-heating, marked by a small value
of the entropy change [~0.2 J/(g-atom K)].'® This
value is as low as 2.4% of the entropy of fusion of
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(open symbols), from Refs. 44 and 54.

this system, and it is the reason why the associated
transition temperature is found for AuygCusg.
Si1g.3Ag55Pds 3 at a very low temperature, which
is slightly below the glass transition temperature
observed on the typical laboratory timescale.

CONCLUSION

The change of physical properties during aging is
mostly observed to be non-exponential in nature,
characteristic of stretched dynamic responses. The
hierarchical mechanism of the relaxation pathway,
proposed almost 50 years ago, is now possible to be
verified experimentally because of the new sophis-
ticated and improved tools at hand such as chip
calorimetry and increasingly brilliant Synchrotron
facilities. Recently, the scenario of a strong length
scale dependence of the microscopic dynamics in the
glassy state has emerged, which relativizes previous
macroscopic measurements where aging close to T,
occurs on timescales similar to the intrinsic relax-
ation time. Studies based on the XPCS technique
show that the structural relaxation processes that
underlie aging in metallic glass-forming systems are
intermittent and highly heterogeneous. Long-time
anneahng can result in trapplng the glass conﬁgu-
ration in a deep local energy minimum and even in
leading to structural crossovers from a fragile to a
strong liquid.'®
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