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A metallic glass (MG) annealed above its glass-transition temperature Ty, and cooled, may show an enthalpy
increase AH, and other property changes. The extent of this thermal rejuvenation depends on the state of the MG
(represented by effective cooling rate ®;) and the post-anneal cooling rate ®.. Previous studies examined effects
of (®./®;) up to 102, With a Au-based MG aged for up to 10 years at room temperature, and using fast calo-
rimetry to anneal and then cool at up to 5000 K s~%, we extend (®./®;) to 10”. The rejuvenation is limited by
anneal temperature or by ®., when, for all MGs, AH/Tg shows a universal approximate scaling with log(®./®;).

We detect decoupling of vitrification from a relaxation, and highlight limitations in the use of fictive temperature
to characterize glassy states. Rejuvenation of the Au-based MG decreases its elastic modulus and hardness,
extending trends reported for other MGs.

1. Introduction

On annealing, as-cast metallic glasses (MGs) undergo structural
relaxation, reaching states of lower volume and lower enthalpy. It has
long been known that the relaxation-induced property changes, notably
embrittlement, can be partially reversed by a second anneal at higher
temperature [1-3]. In these early studies, this partial reversal was ach-
ieved with the second anneal well below the glass-transition tempera-
ture, Ty. In these cases, the glassy states show some degree of reversible
ordering, but are far from the metastable (or internal) equilibrium of the
supercooled liquid. Indeed, when the second anneal is continued to
longer times, the initial reversal of relaxation is followed by further
relaxation [1-3].

In contrast, bulk metallic glass (BMG) systems have sufficient resis-
tance to crystallization that it is possible to explore the effects of a
second anneal above Ty, i.e. in the supercooled liquid region [4]. The
partial reversal of initial annealing-induced changes has now been
observed for many properties: not only reduced embrittlement, but de-
creases in hardness, Young’s modulus and density, and an increase in the
heat of relaxation on temperature scanning [5-13]. A variant technique
involves not an anneal above Tg, but a brief excursion enabled by ultra-
fast Joule heating [14]. We consider all these effects as examples of
thermal rejuvenation [7], taking the BMG to a higher-energy state (we do

not favour the term recovery annealing [4], as that is more widely used
for treatments that take polycrystalline metals and ceramics to lower-
energy less-defective states). Recently, thermal rejuvenation (TR) was
applied to introduce a gradient in hardness and stored energy across the
diameter of a BMG rod [15]. When loading the rod under compression,
this ‘tailored hardening’ blocked shear bands from traversing the whole
rod, and led to apparent work-hardening throughout the entire plastic
deformation. The atomistic aspects of thermal rejuvenation have been
examined in molecular-dynamics simulations [14,16].

Saida et al. [7] have quantitatively analysed the conditions for TR.
MG samples were relaxed by annealing at Ty and then cooled at a
controlled rate ®; which was used to characterize the relaxed state. The
second anneal was at temperature T, and was followed by cooling at ®.
For the MG systems studied, a rejuvenation map was constructed,
showing the boundary between rejuvenation and relaxation as a result
of the second anneal [7]. The axes on the map are ®./®; and T,/Tg. The
map shows that, roughly, rejuvenation is achieved if ®./®; > 1 and T,/
Tg > 1.2. In the present work, we examine these conditions further. We
use T,/Tg in the range 0.9 to 1.2. We also extend the effective range of
®./®; to much higher values. Rather than focusing on the changes from
the relaxed state, we quantify the absolute limits of the rejuvenated state
achievable in two distinct regimes: limited by T,, or limited by ®..

In the present work, TR is carried out by fast-scanning calorimetry
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(FDSC) that allows for high ®.. The MG is a Au-based melt-spun ribbon
aged for 8 (and 10) years at room temperature (RT), making it very well
relaxed, with a correspondingly low effective value of ®;. The degree of
rejuvenation is determined in terms of increase in enthalpy and in fictive
temperature, measured by FDSC; and by the change in mechanical
properties, measured by instrumented indentation (nanoindentation).
We review the literature on TR of MGs, and we show that, using FDSC,
the reported effects can be far exceeded. The difficulties in defining ®;
for the well-aged samples may relate to the recently reported decoupling
of vitrification from o relaxation in the same Au-based MG [17].

2. Experimental methods
2.1. Sample preparation

An alloy of nominal composition AusgCusgs 9Sii63Ags.5Pd2.3 (at.%)
was prepared from high-purity elements (>99.9%) in an arc-melter
under argon atmosphere; titanium was used as an oxygen getter. The
ingot was inverted and re-melted five times to achieve chemical ho-
mogeneity. Melt-spinning (on to a copper wheel rotating with peripheral
speed 33 m s ! under helium atmosphere) was used to prepare a 40-ym-
thick fully glassy ribbon. Samples from this ribbon were studied after
eight and ten years of storage at RT, which is ~0.75 of Ty (=391 K,
measured on heating at 0.33 K s~1). Samples from the same ribbon have
been characterized in earlier work ([18]; Supplementary Materials of
Ref. [19]): X-ray diffraction shows that the ribbon is glassy after pro-
duction, and after years of storage at RT. Polishing reveals that the
ribbons contain some internal pores, 100-200 pm long, 50 pm wide, and
estimated to be <10 pm deep.

2.2. Fast differential scanning calorimetry

Ribbon for FDSC measurements was polished down from both sides
to a thickness < 20 pm, then cut by a scalpel into pieces of a maximum
size of 150 x 150 pmz (estimated mass 1-2 pg). A Flash DSC 1 (Mettler
Toledo) was operated with a UFS 1 sensor. The system was purged with
nitrogen at 30 ml min~! and the sample-support temperature was set to
233 K. Temperature calibration of the sensor was performed by
measuring the melting point of indium and the ferromagnetic Curie
temperature of nickel. Heat-flow curves of the aged and thermally
rejuvenated samples were measured by heating from 233 K to 773 K at
100 K s}, then cooling back to 233 K at the same rate, followed by a
second heating run to obtain the baseline. The effect of thermal lag was
found here to be negligible for heating at 100 K s~! and therefore not
considered.

2.3. Thermal rejuvenation

Rejuvenation was mainly performed by FDSC using the following
heating protocol: heating from 233 K to a temperature T, (ranging from
343 K to 468 K) at 100 K s™!, isothermal holding at T, for a time t,
(ranging between 0.1 s and 3 h), then cooling at 100 K s~! back to 233 K.
Other cooling rates, 2 K s~1, 1000 K s~ 'and 5000 K s, were also tested
for certain T,. Thermal rejuvenation was also performed on a macro-
scopic sample (~2 cm-long piece of ribbon) to permit mechanical-
property measurements. The ribbon was dipped for 10 s into sun-
flower oil at 423 K (heated on a hot plate), then quenched in water at
around room temperature, followed by cleaning in an ultrasonic bath.
One end of the sample was cut off for FDSC measurement, the rest was
characterized by instrumented indentation.

2.4. Instrumented indentation
Instrumented indentation was performed at RT on a XP Nano-

indenter (MTS Systems Corp.) with a diamond spherical indenter of tip
radius R = 8 pm under a controlled loading and unloading rate of 0.5
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mN s~!. The maximum thermal drift rate was set to 0.07 nm s ..

Indentation was performed on the 2 cm-long ribbon piece in its aged
state and after TR (8-28 h afterwards). Before indentation, the ribbon
was ground, then polished with 1 pm diamond paste and finally with a
0.06 pm colloidal silica suspension. The numbers of indents were 89 on
the sample in its aged state, and 38 after TR. A spacing of at least 20 pm
was kept between indents.

The initial yield load Fy is defined as the load at the first pop-in
(displacement burst), which was identified from the first peak in
indenter tip velocity correlating with a deviation of the load-
displacement curve from the Hertzian equation for elastic displace-
ment of F = (4/3)ERY*h%? [20], where F is the force, h the tip
displacement and E, the indentation (reduced) modulus. The initial yield
pressure is calculated from Py = Fy/(nRhy), where hy is the displacement
at the first pop-in. By inserting Fy and hy into the Hertzian equation, E; is
determined. The Young modulus E is calculated using the relation 1/E;
=1 - vA/E + (1 — V*)/E, where E; = 1141 GPa and »; = 0.07 are the
Young modulus and Poisson ratio of the indenter tip, respectively, and v
= 0.406 [21] is the Poisson ratio of the sample. The hardness is calcu-
lated using H = Fay/(ma?), with the maximum indentation load Fyay =

50 mN, the contact radius a = 1/2Rh, — hf and he = (hmax + h)/2 [22];
hmax is the maximum displacement and hy the depth of residual
impression. The initial pop-in size Ah is defined as the increase in
displacement at constant load during the first pop-in.

3. Results
3.1. Fictive temperature and enthalpy

The heat-flow trace of the Au-based ribbon aged for eight years at RT,
measured at 100 K s~ by FDSC, shows a large overshoot overlapping
with the glass transition (Fig. 1a). With the construction shown, Ty is
estimated to be ~418 K, significantly higher than the 391 K measured in
conventional DSC at 0.33 K s 1. The onset of crystallization is at ~480 K.
Endothermic overshoot peaks are characteristic for an annealed glass,
and occur when the glass is heated at a higher rate than its effective
cooling rate (®.f), which is the rate at which the melt would need to be
quenched in order to form a glass of an equivalent energetic state. A well
relaxed glass, such as the present RT-aged ribbon, has a lower ®¢¢ than a
freshly melt-spun, highly unrelaxed glass. The overshoot in Fig. 1a is
remarkably large because the MG is not only well aged, but also heated
at a high rate. Upon heating this MG at lower rates, e.g. 0.33K s, asub-
T; endotherm (also known as a shadow glass transition, and corre-
sponding to disordering of relaxed zones [23,24]) occurs instead of an
overshoot (inset of Fig. 1a).

The fictive temperature (Tf) can be used to characterize glassy states,
and corresponds to the temperature at which the extrapolations of the
glass and supercooled-liquid enthalpy lines intersect (Fig. 1b). Using the
equal-area construction [24,25], Tf can be determined from the FDSC
heat-flow trace (see hatched areas in Fig. 1a), and is 363 + 3 K for the
MG ribbon aged for 8 years at RT. This value is well below the onset T ~
418 K upon heating at 100 K st (and even below Ty ~ 391 K).

Upon annealing at a temperature T,, the glass is expected to relax
towards the equilibrium state of the supercooled liquid at that temper-
ature, and Tt of the MG should evolve towards T,. If T, is lower (higher)
than Tr of the initial glassy state, the enthalpy of the MG decreases
(increases). Therefore, in order to achieve rejuvenation, T, was chosen
to be above Tt of the aged ribbon (but not necessarily above its Tg), and
the isothermal hold for a time t, was followed by quenching. After such a
thermal treatment, the overshoot peak has a reduced height (Fig. 1a),
confirming rejuvenation of the sample. The degree of rejuvenation is
quantified in terms of the increase in Tt.

The degree of rejuvenation can also be quantified using the overall
increase in enthalpy (AH). As the mass of the samples studied in FDSC is
not known accurately, absolute values for AH could not be measured
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Fig. 1. (a) Example heat-flow trace measured at 100 K s~* of the aged Au-based MG ribbon in its initial state, after thermal rejuvenation in FDSC (at 413 K for various
times t,, followed by quenching at 100 K s~ ') and after thermal rejuvenation in oil and water quenching, followed by RT-storage for approximately 4 h and 4 days.
The inset shows the heat-flow trace of the aged ribbon on heating at 0.33 K min~! by conventional DSC. An example of the determination of the fictive temperature T¢
via the equal-area construction is shown in the case of the aged sample by the hatched areas. (b) Enthalpy-temperature plot of the aged ribbon and after thermal
rejuvenation (based on measured data [18]). The intersection of the supercooled liquid (SCL) enthalpy line with that of the glass corresponds to T:. (c) The
normalized increase in enthalpy AH/H,, determined as the area (hatched) between the curves of the aged ribbon in its initial state and after thermal rejuvenation (10
s at 413 K, cooled at 100 K s™1), after normalization of the curves to their heat of melting Hy,.

directly. Instead, the change in enthalpy is normalized to the heat of
melting (Hy,). Values of AH/H;, were determined as the area between the
curves of the aged and rejuvenated samples (see Fig. 1c¢), after the curves
had been normalized to the areas of their melting peaks. The increases in
Tr and in enthalpy are of course linked (Fig. 1b), but they show distinct
measurement uncertainties. Values of Tr can be determined more pre-
cisely; values of AH/Hy, show more scatter (Fig. 2), but more accurately
reflect the degree of rejuvenation.

For the ribbon aged for 8 years at RT, Fig. 2 shows the increases in T¢
and AH/Hp, after TR at various T, and t,, followed by quenching at 100
K s~L. The maximum increases are ~30 K for T, and 0.13-0.15 for AH/
Hp,. Absolute values for the increase in enthalpy can be estimated, given
a value for Hy,; taking Hy, = 5.39 kJ mol ! [19] for this MG composition,
the maximum increase in AH is 0.7-0.8 kJ mol ! (right-hand scale in
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Fig. 2b). On annealing at >433 K for more than 10 s, the onset tem-
perature and heat of crystallization both decrease, suggesting partial
crystallization; therefore annealing was kept to below this temperature.
Contrary to expectation, some rejuvenation is observed even for T, <
363 K, which is at or below the T of the aged ribbon; this is discussed in
84.1. The progress in rejuvenation during an anneal at a given temper-
ature is most clearly seen in the T data (Fig. 2a). For all except the
lowest values of T,, the observed increases saturate within the measured
range of t,, as indicated by the sketched curves. At higher T,, the in-
crease in T is faster and reaches saturation sooner. The saturation value
of T also increases with Ty, but this effect appears to saturate for T,
between 403 K and 413 K.

These trends were examined further for the Au-based MG ribbon
aged for a further two years at RT, which caused its T to decrease to 347
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Fig. 2. The increase (a) in fictive temperature T and (b) in enthalpy AH/H,, of the 8-yr-aged ribbon after thermal rejuvenation at different temperatures and times,
followed by cooling at 100 K s~* by FDSC. The dashed lines in (a) are a guide for the eyes.
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+ 2 K. To increase the achievable degree of rejuvenation, a higher T, (up
to 468 K) and higher cooling rates @ (1000 K s~ and 5000 K s~ 1) were
applied to this ribbon (the effect of a lower ®. of 2 K s~ was also tested).
The measured increases in Tf and in AH/Hy, are shown in Supplementary
Material Fig. S1. There is again evidence for the saturation of rejuve-
nation at long enough t,. The key new result is that the saturation extent
of rejuvenation is greater for higher ®.. With ®. = 5000 K sL, Tt
increased by up to ~85 K and AH/Hy, increased by 0.22, which corre-
sponds to an estimated enthalpy increase of ~1.2 kJ mol . With @, =
100 K s~! (Fig. Sle), again, even annealing at a T, slightly above (353 K)
or well below (333K) the Tt of the 10-yr-aged ribbon led to some reju-
venation (§4.1).

The data on TR of the ribbon after 8 years and after 10 years at RT are
combined in Fig. 3, which shows the saturation values of Tt as a function
of T, for four values of ®. At a given ®,, the saturation value of T¢ as a
function of T, shows two regimes, as seen for example in the data for @,
= 5000 K s~! (green triangles). During the rejuvenation anneal itself, T¢
is expected to become equal to T,, and that is seen for the lower T, values
in this dataset. A second regime is entered at the highest T, values, when
the attained Tr appears to saturate. Comparing the different datasets, the
saturation value of Tr is higher for higher ®.. For a melt of a given
composition, the rate ®. at which it is cooled determines the tempera-
ture at which it freezes into a glass. Monnier et al. [17] measured Tt of
the MG (of the same composition as studied here) quenched at various
rates from the melt: the T¢ values of the MG formed at cooling rates of 2,
100, 1000 and 5000 K s~! are shown by solid horizontal lines in Fig. 3.
Without any adjustable parameters, the line for ®. = 5000 K s~} is in
reasonable agreement with the present Tf values measured after cooling
at the same rate after the rejuvenation anneal. Thus, it is possible to
achieve glassy states of the same T¢ upon TR as upon quenching from the
equilibrium melt.

For lower values of ®., however, there is a progressive discrepancy in
the limiting values of Tf: at ®. = 2 K s’l, the expected Tf ~ 407 K [17],
whereas the limiting value in the present work is 382 K. The origin of the
discrepancy is explored in §4.2.
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Fig. 3. Estimation of saturation values of T¢ as a function of the rejuvenation
temperature T,. The cooling rate @, after annealing is 2 K s~ (orange circles),
100 K s~ (violet squares), 1000 K st (pink diamonds) and 5000 K s7! (green
triangles). The full data points were measured on the 8-yr-aged ribbon and the
open points on the 10-yr-aged ribbon. The solid lines at 392 K, 407 K, 418 K and
429 K correspond to the expected T for a glass formed upon quenching the melt
at 2K s !, 100 K s}, 1000 K s, and 5000 K s *, respectively, according to
Monnier et al. [17]. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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3.2. Indentation modulus and hardness

The effect of TR on the mechanical properties of the aged ribbon was
determined by instrumented indentation (§2.4). A 2 cm-long piece of the
8-yr-aged ribbon, was annealed in oil at 423 K for 10 s, then quenched in
water (at an estimated ®. of 30-200 K s’l). The set-up and indentation
measurements took place over several hours; the indents were per-
formed 8-28 h after annealing. During this time, the annealing-induced
rejuvenation was partially reversed by relaxation, as RT is quite high
relative to Ty of this MG composition (~0.75 Tg). Heat-flow traces from
this ribbon were measured 4 h and 4 days after the oil-annealing, i.e.
before and sometime after the indentation (Fig. 1a). The overshoot peak
decreased in height, which confirms that the ribbon was rejuvenated by
the oil-annealing, but a sub-T; endotherm appeared at ~400 K after 4 h
at RT, and became larger after 4 days, a sign of subsequent relaxation.
After 4 h at RT, Tf ~ 386 K and AH/H, ~ 0.066, and after 4 days, Tr ~
385 K and AH/Hy, =~ 0.036.

Examples of instrumented-indentation load-displacement curves are

T T T T T T T T T T
50 —(a) ——aged
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40
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Fig. 4. Instrumented indentation of the 8-yr-aged ribbon before and after
rejuvenation in oil at 423 K followed by quenching in water. (a) Example
instrumented-indentation load-displacement curves. Cumulative distribution
curves of: (b) initial yield pressure Py; (c) initial pop-in size Ah; (d) hardness H;
and (e) indentation modulus E,.
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given in Fig. 4a for the 8-yr-aged ribbon before and after TR. Discrete
pop-ins occur during loading, which represent the initiation and prop-
agation of shear events [26]. The first pop-in marks the onset of yield,
and occurs at the initial yield pressure Py. Further properties measured
from indentation are the initial pop-in size Ah, which is correlated to the
speed of the indenter tip during the first pop-in [27], the hardness H, and
indentation modulus E;. The results for all the indents are summarized in
the form of cumulative distribution curves (Fig. 4b—e). The spread in
values is considered to represent a true variation in local properties of
the MG [28]. The properties can be described in terms of their median
values. The values for H measured here by instrumented indentation are
similar to the reported Vickers hardness of 360 Hv (~3.5 GPa) [21]. The
median E; =~ 67 GPa of the aged ribbon corresponds to a Young modulus
of E =~ 59 GPa, which is considerably lower than the expected E = 74.4
GPa from ultrasonic measurements [21]. The reason for this difference is
not known, though it is likely to be internal pores in the present ribbon
sample (§2.1).

After TR, a general softening of the aged ribbon was observed: the
median values of Py, H and E; decreased by 19%, 13% and 8%, respec-
tively. In the case of H and E,, the entire distribution curves are shifted to
lower values. In the case of Py and Ah, in contrast, the upper parts of the
distributions are affected most, whereas the lower values decreased less
(for Py), or not at all (for Ah).

4. Discussion
4.1. Spectrum of relaxation times

As already noted for the ribbon aged for 8 years (Fig. 2a) and 10
years (Fig. Sle) at RT, annealing can induce an increase in Tf, even when
T, is close to or below the T¢of the aged ribbon. This unexpected increase
in Tt is likely to be related to the memory effect that is seen when the
structural changes in a MG show a spectrum of relaxation times [29]. We
consider a MG property (measured at RT) that increases because of
structural relaxation during an isothermal anneal. As shown schemati-
cally in Fig. 5a, annealing at a lower temperature T; gives an increase
that is slower, but ultimately greater in extent, as the sample tends to-
wards internal equilibrium at T;. The behaviour of interest is when, as
shown, the anneal at T; is stopped at time t; when the property reaches
its internal equilibrium value for the higher temperature T, and then the
anneal is continued at T». In a simple model, the property value should
simply remain stable at the equilibrium value for T, but it shows the
more complex behaviour of first decreasing and then reverting to the
equilibrium value.

The actual continuous spectrum of relaxation times can be repre-
sented most simply by considering the behaviour of the MG to be gov-
erned by just two relaxation processes: fast and slow [29]. As shown in
the left-hand inset in Fig. 5a, the measured property increase is an
average of values given by the fast and slow processes (Fig. 5a and b).
When the annealing temperature is changed from T; to T at time t;, the
subsequent opposing evolution of the fast and slow processes gives the
observed complex behaviour (right-hand inset in Fig. 5a).

In the present case, the Tf can be regarded as analogous to the
property in Fig. 5a, but one that decreases with relaxation rather than
increasing. When the Au-based MG is aged at RT, its decreasing T is an
average of the values given by fast (minority) and slow (majority) pro-
cesses (Stage 1 in Fig. 5b). On annealing at T,, which is below Tt of the
aged MG, the response of the fast and slow processes is such that the
measured Tr of the MG increases (Stage 2). Ultimately, on holding for
sufficient time at Ty, the T¢ of the MG decreases towards T, (Stage 3). The
rapid rise and slow fall of Tt in Stages 2 and 3 is analogous to the rapid
fall and slow rise of the property after time t; in Fig. 5a. Such effects
show the limitations of Tt for characterizing the state of a glass.

The basis for memory effects has been studied for a wide range of
glass categories. As reviewed by Scalliet and Berthier, such effects are
generally taken to indicate a hierarchy in both the time- and length-
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MG. The relaxation is taken to involve fast and slow processes. As explained in
the main text, crossover annealing (first at T, then at T5) gives complex non-
monotonic property evolution (right-hand inset). (b) Schematic diagram of
proposed analogous effects for the T; of the Au-based MG in the present work.
During relaxation of the MG at RT (1), the overall T¢ decreases significantly, but
the effective Ty of the fast processes has decreased much more. During thermal
rejuvenation at temperature T, < T; (aged) (2), the fast processes reverse while
the slow processes barely change in the short timescale, giving a rise in overall
T;. If annealing at T, were continued (3), the Tt of both fast and slow processes,
and of the MG overall, would eventually reach T,.

scales associated with a complex free-energy landscape [30]. Memory
effects have been thoroughly studied in the present Au-based MG [31];
the authors suggest that the ‘fast’ and ‘slow’ processes correspond,
respectively, to p (secondary) and o (primary) relaxation, in each case
involving distinctive collective atomic motions. The implications of a
broad spectrum of relaxation times are explored further in the next
section.

4.2. Decoupling of vitrification from a relaxation

This decoupling has been explored, for the present Au-based MG, by
Monnier et al. [17]. Their data for the temperature dependence of the
a-relaxation time (determined from a variety of techniques) are shown
in Fig. 6. This is analogous to Fig. 3 in Ref. [17], but is in the form of an
Angell plot, with the reciprocal temperature scale normalized with



C.M. Meylan et al.

T(K)
430420 410 400 390 380 370 360 350 340
Altlhlllll'lltl'll"ll'llIl'ué 5
6 L erma r.ejuvena ion S T=347K ] 10
O o-relaxation ' K . E
L O XPCS [ o=6x10"Ks F] 10
. vitrification ," K o _% 10° —~
i 2107 o
i ] <
= 10"
g2 -
= 10° o
r E =
410" ©
ok E 8
4102 O
£ 10°
-2 5 E
AV g 4
L T A R B L
0.90 0.95 1.00 1.05 1.10 1.15

TIT

9

Fig. 6. Angell plot of relaxation time 7 as a function of inverse temperature T,
normalized to T; = 391 K, showing data from Ref. [17]: for a-relaxation
measured using FDSC (circles) and X-ray photon correlation spectroscopy
(hexagons) and for vitrification upon cooling of the melt from T measurements
by FDSC (stars). The 7 for vitrification is obtained from cooling rate ® using the
relationship 7 = AT/®,, where AT is the width of the glass transition [17]. The
Tr values achieved in the present work by thermal rejuvenation of the aged
ribbon are shown for comparison (triangles). VFT-fitting of these points (dashed
red line) gives a fragility m of 35. The effective cooling rates ®; for the 8-yr-aged
ribbon (T¢ ~ 363 K) and 10-yr-aged ribbon (T; ~ 347 K) are estimated using
linear extrapolation (of slope m = 35) below T,. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

respect to Ty = 391 K (the value for the 8-yr-aged MG heated at the
conventional 0.33 K s 1. In vitrification, the relaxation time 7 can be
taken to be inversely proportional to the cooling rate of the liquid. When
Monnier et al. measured the T of MG samples formed by cooling the
liquid at different rates, they found that the characteristic values of 7
matched those for a-relaxation at high temperatures (T > 1.05 Ty), but
progressively diverged at lower temperatures. In effect, each sample has
a value of Tt that is lower than would be expected from the a-relaxation
curve. The samples are more relaxed than expected, and this is related to
a broad glass transition, with a spectrum of relaxation times.

Monnier et al. [17] note that decoupling is expected also in glasses
‘subjected to extremely long annealing’, but they cite only an example of
quasistatic cooling (at 107K s_l) of a bulk polymeric system [32]. The
present work allows us to explore this route to decoupling in the MG
studied by Monnier et al. After TR, we find T¢ values lower than those of
Monnier et al. for the same cooling rate. The deviation (arrowed in
Fig. 3) is plotted in Fig. 6, and shows even greater decoupling of vitri-
fication from o relaxation. These samples have been relaxed by ageing
for a long time at RT, and then thermally rejuvenated by an anneal. The
implication is that, despite an apparent saturation in T; during the
anneal, the time is not sufficient to bring the MG to internal equilibrium
at the anneal temperature: the MG retains some ‘memory’ of its more
relaxed characteristics after long ageing at RT. Substantially longer
anneal times t, should reduce this memory effect, but these are limited
by the need to avoid crystallization not only during annealing, but also
during subsequent cooling.

The heating rate (100 K s’l) used to determine Tt in the present work
is different from that (1000 K s 1) used by Monnier et al. The value of T¢
given by the equal-area construction should be independent of heating
rate, and we have verified that this is so in our own measurements up to
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1000 K s~. The greater deviation (decoupling) seen in Figs. 3 and 6 is
not attributable to the heating rate used to determine Tt.

The present data for the thermally rejuvenated MG samples lie on a
curve in Fig. 6 that corresponds to a liquid fragility (m = dlogz/d(Tg/
T)r—7g) [33] of ~35. We need to extrapolate to the lower T values of the
RT-aged samples in order to estimate their effective cooling rates. Using
a linear extrapolation as shown, ®; = 3 x 1072 K s~ for the 8-yr-aged
sample and 6 x 10~* K s! for the 10-yr-aged sample.

4.3. Comparative extent of thermal rejuvenation

TR has been reported for several MGs and a few oxide glasses. We
compare the extent of rejuvenation in these studies and in the present
work. The rejuvenation is characterized by the increase in enthalpy AH
of samples cooled at @, relative to the initial state cooled at ®;. The
tangent at T to the curve in an Angell plot has the gradient m, according
to which the ratio Ty/Tt (and for values close to one, also T¢/Tg) is ex-
pected to vary linearly with log®. In these ratios, T is the value of Ty at
the conventional cooling rate of 0.33 K s~ 1. As can be seen in Fig. 1b, the
AH between two glassy states is linearly proportional to the difference in
their Tf values. As shown in Suppl. Mater. §S2, overall it is expected that
AH =~ (TgACp/m) log (®./®;). For MGs, the value of m does not vary
greatly, and we assume that AC,/m is roughly constant. (For glasses in
general, a smaller AC, may be correlated with a smaller m [33].) Within
the term (TzAC,/m), the greatest variability is shown by T,, which
ranges from 391 K (for the present MG) up to 825 K for the other MGs
being compared.

Accordingly, we plot AH normalized to Tg as a function of log(®c/®;)
(Fig. 7). For the wide range of compositions studied, the expected
roughly linear behaviour is found. Apart from (Te03).45(V205)0 55, the
oxide glasses [34] in this collection of data follow the same trend as the
MGs, even though they are expected to have lower m values. The pub-
lished data explore TR up to (®/®;) ~ 102 In the present work with a
combination of the higher @, attainable in FDSC and the lower ®;
attainable in well aged samples, we extend the rejuvenation up to (®./
D)) ~ 107 and achieve higher values of AH/ Tg. Our maximum increase in
enthalpy is for the 10-yr-aged MG cooled at 5000 K s~: AH ~ 1200 J
mol~!. For the 8-yr-aged MG, the maximum AH is ~700 J mol ™}, not
much greater than the AH ~ 620 J mol ! reached by Saida et al. for a Zr-
based MG after TR with ®./®; = 25.6. The logarithmic behaviour im-
plies diminishing returns as @ is increased. The dashed trend line in
Fig. 7 has a gradient of 0.41 J mol ~* K~}; this is moderately close to the
value of 0.54 J mol~! K™}, expected for the present Au-based MG, for
which T, = 391 K, AC, = 18.8 J mol ' K™! [35] and m = 35 (Fig. 6).

Fig. 7 shows that thermal rejuvenation can be greatly extended, but
the present technique, involving pg-scale samples quenched in FDSC, is
not applicable to the treatment of MG components. Thermal rejuvena-
tion of larger samples is possible, however, and is facilitated by fast
heating; this has been achieved by electrical current pulse [14] and by
infra-red irradiation [13]. In these studies, the cooling-rate ratio (®./®;)
has not been determined, and so the results for enthalpy increase are not
included in Fig. 7; the maximum values of AH/Tg, however, are 0.29 and
0.67 J mol ! K71, lying well within the range of other earlier studies.
Similarly (see next section), the mechanical property changes [14] lie
well within the range of other earlier studies. Nevertheless, innovative
processing may allow useful thermal rejuvenation of samples much
larger than in the present work.

4.4. Thermal rejuvenation of mechanical properties

As noted in §1, potential improvement in mechanical properties is a
key reason for interest in TR. Using results from indentation experi-
ments, we consider the change in elastic modulus E and hardness H
induced by TR, normalized to the properties of the original relaxed state.
These relative changes are compared for published data and the present
work (Fig. 8). We estimate (see Suppl. Mater. §S3) that ®./®; for the oil-
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Fig. 8. Indentation measurements of the relative decrease in elastic modulus E
(a) and hardness H (b) upon thermal rejuvenation, as a function of the cooling
rate ratio ®./®;. Data for the aged Au-based ribbon in the present work are
compared to those for other MGs ZrssAl;oNisCuzg [71, Mgso 5Cuz2 9Ag6.6Gd11
[12], ZrsoCugpAlyg [111, Pds2.5CugNiy sPao [11].

annealed samples in the present work is ~200, significantly higher than
the values reached in earlier work. As expected, rejuvenation reduces
both E and H. The greater reductions achieved in the present work are
roughly as expected from the trend in the published results on other MGs
(Fig. 8a,b).

Rejuvenation of a MG can be achieved by cryogenic thermal cycling
(CTC). Instrumented indentation has been used to compare the effects of
CTC and of annealing [27]. In that work, on a (Cu,Zr)-based BMG, two

types of property were distinguished. Properties relating to the initial
yield event (pop-in), the load Fy, pressure Py and pop-in size Ah, are
sensitive to CTC, and are taken to be associated with local soft-spots in
the MG. Properties such as hardness H and indentation modulus E, are
barely affected by CTC and are taken to be associated with the relatively
hard and rigid matrix of the MG. All the properties are affected by
annealing.

We first compare the effects of TR with the (opposite) effects of
annealing. The shift in the cumulative distribution curves for Py as a
result of TR (Fig. 4b) is similar to the difference between the curves for
annealed and as-cast samples of the (Cu,Zr)-based BMG (Fig. S7a in
Ref. [27]). The reduction in median P, from the value for the aged/
annealed state is, respectively 19% and 9% in these two cases. The
shapes of the cumulative distribution curves for Ah for aged and ther-
mally rejuvenated samples are very similar (Fig. 4c), respectively to the
curves for annealed and as-cast samples of the (Cu,Zr)-based BMG
(Fig. 2a in Ref. [27]). In each case, the reduction from the Ah values for
the aged/annealed samples is largely for above-median values. At the
third quartile, the reduction in Ah from the value for the aged/annealed
state is 53% in each case.

The cumulative distribution curves for H and for E, are similar in the
two studies. While retaining roughly the same shape, the curves shift, to
lower values upon TR (present work) and to higher values upon
annealing [27]. The reduction in median H in the present case is 13%. In
the latter case, the median H is 8% lower for the as-cast than for the
annealed MG [27]. The values of E; show qualitatively similar behaviour
in all cases. Thus, the effects of TR are similar, but opposite, to the effects
of annealing.

We now compare our TR of a RT-aged MG with rejuvenation of the
as-cast MG achieved using CTC (10 RT-77 K cycles [27]). The effects of
CTC and TR in shifting the cumulative distribution curves for Py and Ah
to lower values are similar. The median Py is reduced by 10% on CTC (cf.
19% by TR). The third quartile Ah is reduced by 59% on CTC (cf. 53% by
TR). The effects of CTC and TR on H and E, are, however, dramatically
different. CTC has very little effect on these properties, compared to the
clear reductions in the median values already noted for TR.

In contrast to the limited action of CTC, the present instrumented-
indentation study shows that TR has global, not just local, effects on
MG properties. Changing the matrix of the MG, not just soft-spots,
should of course be expected as a result of heating into the
supercooled-liquid state. Despite the decoupling and memory effect
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noted in §4.2, the rejuvenation in the present work can indeed be
regarded as an effective reversal of the annealing effect of the long
ageing at RT.

5. Conclusions

By annealing a metallic glass (MG) briefly at a temperature T, above
its glass-transition temperature Ty, its fictive temperature Tfis increased.
This thermal rejuvenation (TR) is attractive for improving mechanical
properties. The extent of TR increases with the ratio (®./®;), where @, is
the cooling rate after the anneal and ®; is the effective cooling rate at
which the treated MG was formed. Earlier reports of TR had a maximum
(®/Dy) of ~102% We have extended this to ~107 by using fast differ-
ential scanning calorimetry (FDSC) to achieve ®. values as high as 5000
K s1, and by studying a Au-based MG aged for up to 10 years at RT to
achieve ®; values as low as 6 x 10~*K s~ The extent of TR is quantified
as an increase in Tf and as an increase in the enthalpy of the MG. Our
maximum achieved increases in T (85 K) and in enthalpy (1.2 kJ mol’l)
greatly exceed any previously reported by TR. By extending the study to
lower values of T,/Tg than explored before, we can distinguish two re-
gimes, in which the extent of TR is limited by T, or by @, the latter
regime being the focus of earlier studies.

The T values achieved by TR are lower than those expected from the
temperature-dependent a-relaxation time reported for the Au-based MG,
and lower than those measured directly in as-cast samples. This reflects a
decoupling of vitrification from o relaxation, and is related to observed
memory effects arising from the broad spectrum of relaxation times for
structural changes in MGs. While changes in Tt are useful in detecting
overall relaxation and rejuvenation, the state of a MG cannot be char-
acterized only by Tt

The effects of TR on elastic modulus E and hardness H have been
explored in earlier reports; we extend these studies to ®./®; ~ 200 and
find decreases in E of 8% and in H of 13%, a greater degree of rejuve-
nation than achieved before, but in line with the expected trend.
Another method of rejuvenation, cryogenic thermal cycling, does reduce
the pressure Py and pop-in size Ah associated the initial yield event in
instrumented indentation but hardly affects E or H. In contrast, the
broader effects of TR suggest that it affects the matrix of the MG, not just
soft-spots. TR effectively reverses the effects of prior annealing,
including the effects of long-term ageing at room temperature.
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