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Prediction of pressure-promoted thermal rejuvenation

in metallic glasses

Narumasa Miyazaki', Masato Wakeda', Yun-Jiang Wang? and Shigenobu Ogata'?

Rejuvenation is the structural excitation of glassy materials, and is a promising approach for improving the macroscopic
deformability of metallic glasses. This atomistic study proposes the application of compressive hydrostatic pressure during the
glass-forming quenching process and demonstrates highly rejuvenated glass states that have not been attainable without the
application of pressure. Surprisingly, the pressure-promoted rejuvenation process increases the characteristic short- and medium-
range order, even though it leads to a higher-energy glassy state. This ‘local order'-'energy’ relation is completely opposite to
conventional thinking regarding the relation, suggesting the presence of a well-ordered high-pressure glass/high-energy glass
phase. We also demonstrate that the rejuvenated glass made by the pressure-promoted rejuvenation exhibits greater plastic
performance than as-quenched glass, and greater strength and stiffness than glass made without the application of pressure.

It is thus possible to tune the mechanical properties of glass using the pressure-promoted rejuvenation technique.
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INTRODUCTION

Rejuvenation is the opposite phenomena to ageing, and it has
been investigated for decades in relation to molecular and
polymeric glasses,' and more recently in relation to metallic
glasses (MGs).® In contrast to rejuvenation, ageing is a structural
relaxation of the glassy material that changes both the internal
structure and mechanical properties of the glass. Well-aged glass
usually exhibits brittle fracture triggered by shear band formation®
at an ambient temperature and usual strain rate. As brittle fracture
is a fatal flaw in terms of the application of MGs as structural and
mechanical materials, realising a highly rejuvenated state without
losing strength and stiffness, and preventing both ageing and
brittle fracture (i.e.,, maintaining the highly rejuvenated state for a
long time) are key factors in expanding the applicability of MGs.
Some mechanical approaches, such as the application of high-
pressure torsion> and shot peening® to mechanically realise a
rejuvenated state in MGs, have been proposed, but significant
shape change or heterogeneous property distribution is
unavoidable. Recently, thermal-based approaches such as thermal
rejuvenation consisting of recovery annealing'® conducted above
the glass transition temperature T, followed by fast cooling have
been proposed.>® The thermal approach can control not only the
surface properties but also the interior of any glass component
shape. It can be also utilised to maintain plastic performance in
thermoplastic nanoimprinting of MG,"" which has been developed
to realise low-cost fabrication of micro- and nano-sized devices.
However, thermal rejuvenation requires rapid cooling after
annealing, which should be faster than that of the initial glass-
forming quenching process, and moreover it may lose intrinsic
strength and elastic stiffness.>® These are serious drawbacks in
terms of practical application of this approach. To overcome the
practical drawbacks, we propose a pressure-promoted thermal

rejuvenation technique here, in which pressure is applied during
the glass-forming quenching process.

In this study, we performed molecular dynamics (MD)
simulations that demonstrate the feasibility of the proposed
pressure-promoted thermal rejuvenation process, and we discuss
the underlying physics based on diffusivity, a-relaxation, Tg, and
internal structure analyses. We found that pressure-promoted
rejuvenation is achieved only when a comprehensive influence of
three pressure effects on glass-forming process, i.e., effects
of temperature-dependent liquid inherent structure energy,
pressure-dependent diffusively slowdown (relaxation slowdown)
and Ty increase, gains ascendancy over an increase in the
Arrhenius—non-Arrhenius diffusivity transition temperature. Then,
using MD uniaxial tensile test, we demonstrate that the pressure-
promoted thermally rejuvenated glass actually has a weak strain
localisation tendency, resulting in better plastic performance. We
also examine the feasibility of the pressure-promoted thermal
rejuvenation on various alloy systems. Note that some of the
examined alloy systems do not exhibit pressure-promoted thermal
rejuvenation because the comprehensive influence of three
pressure effects fails to override the diffusivity transition
temperature rise effect in these alloy systems.

RESULTS

Prediction of pressure-promoted thermal rejuvenation map

We constructed MG models via a melt-quenching process (A — D
in Figure 1a) as follows. First, the molten alloy was equilibrated at
3,000 K for 100 ps (A — B) with zero external pressure; then, the
model was quenched to 0K at the same constant cooling rate of
K=1.0K/ps (B— (). Next, the potential energy was minimised
using the steepest decent (SD) method at 0 K under zero pressure
P=0GPa (C— D). The constructed MG model (state D) is here
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(@) Schematic illustration of initial melt-quenching (A — D) and subsequent thermal-pressure loading (D — J) processes. (b) The

change in potential energy AE of the ZrsoCuspAlp model induced by the thermal-pressure loading process (D — J). In b, the error bars
represent the s.e. of 10 different simulations. The positive and negative pressures indicate compressive and tensile pressures, respectively. The
horizontal axis represents the annealing temperature, which is normalised by T,(P,) for each pressure condition. In general, Ty depends on the

applied pressure condition.?

! Therefore, we conducted melt-quenching 5|mulat|ons under different pressure conditions, and computed T4(P,)

for each P, from the kink in the quenching process volume-temperature curve (Supplementary Figures S1 and S2).
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Figure 2. The change in potential energy AE of ZrsoCugoAlig,

Zr50Cus0Ag10, CuseZrsg (FS), CuseZrsg (L)), Algglao, NigoP2o, PdgaSivs,
ZrgoPtyo and AlsgFeso. For each alloy system, we conducted 10
independent simulations with different initial atomic configurations
and velocities. The averaged AE values over 10 simulations with s.e.
bars are shown. Similar to Figure 1b, detailed analyses of effect of
annealing temperature and pressure were conducted for CuseZrsg
(LJ) model (Supplementary Figure S5).

referred to as the ‘as-quenched model.” Using the as-quenched
model, we then conducted thermal-pressure loading simulations
(D—J) comprising the following steps: (1) loading of the
hydrostatic pressure up to the applied pressure P, at 0K (D — E);
(2) heating from 0K to the annealing temperature T, (E—F);
(3) isothermal annealing at T, and P, for 1 ns (F — G); (4) cooling
from T, to 0 K (G — H) at a constant cooling rate of the K= 1.0 K/ps
as B — C, followed by minimisation of the potential energy using
the SD method; (5) unloading of all normal stresses (o, 0,, and
0,,) independently from P, to 0 GPa under zero velocity (H—I);
and (6) minimising the potential energy under zero pressure using
the SD method (I — J). The final obtained model (state J) will be
hereafter referred to as the ‘annealed model. Cooling (B — C and
G—H) is conducted at a constant cooling rate of K=1.0K/ps
and heating rate (E— F) is also 1.0 K/ps. Pressure loading (D — E) and
unloading (H—1) are conducted at a constant rate of 0.1 GPa/ps.
It is worth noting that the technique of thermal loading under
high-pressure condition, such as 10 GPa and more, has been
already realised in experiments.'?

In this study, we primarily use the ZrsoCusoAl;g MG model,
where interatomic interactions are computed using the
embedded atom method (EAM) potentials.'® Figure 1b shows
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the change in the potential energy induced by the thermal-
pressure loading process (D — J) AE=E,— Ep, where Ep and E; are
the potential energies of the as-quenched and annealed models,
respectively. AE represents the change in the glass state during
the thermal-pressure loading process; AE becomes positive if
rejuvenation occurs and falls below zero in the case of ageing.
Under zero external pressure (P,=0 GPa), AE is solely induced
by thermal loading. In Figure 1b, AE under the zero-pressure
condition is negative below 1.3T; and becomes almost zero above
1.3T,. This result demonstrates that rejuvenation cannot be
realised under zero pressure if the quenching process (G— H)
cooling rates are equal to those of the initial melt-quenching
process (B — C). Our previous work® demonstrated the feasibility
conditions for rejuvenation induced by thermal loading, and the
thermal rejuvenation was found to be realised only when T, was
above 1.174 and when the cooling rate after isothermal annealing
was higher than that of the initial melt-quenching process.
This was because the fast cooling suppresses ageing during the
glass-forming quenching process. Thus, the AE profile under zero
external pressure shown in Figure 1b supports the conclusions of
our previous work,2 even though the glass systems and employed
interatomic potentials differ. On the other hand, AE profiles
under ‘non-zero’ pressure conditions shift from those under zero
pressure. The AE values for higher annealing temperatures
T,>1.1-1.2T4 clearly demonstrate that tensile pressure enhances
ageing, whereas compressive pressure suppresses it. Thus, in this
alloy system, the thermal rejuvenation is realised by the
application of compressive external pressure instead of rapid
quenching, but only when the annealing temperature is above
the critical annealing temperature, 1.1-1.27,. The degree of
rejuvenation increases with increased compressive pressure
and/or annealing temperature up to ~1.3T,, implying that the
employed compressive pressure has the same role in increasing
the cooling rate in the heating-annealing—quenching process
(D—H) from a viewpoint of the degree of rejuvenation AE.
To clarify effect of the cooling rate K of the processes B— C and
G — H on AE, we also conducted the same initial melt-quenching
(A—D) and subsequent thermal-pressure loading simulations
(D—H) with the other several different cooling rates, such as
K=0.01, 0.1 and 10K/ps for P,=5GPa, T,=13T4(P,), and
confirmed that thermal rejuvenation was actually realised in all
the cooling rates tested here, and moreover no significant
changes in AE can be found in the cases of cooling rate
K<1.0K/ps (Supplementary Figure S3). It is worth noting that
AE has the minimum value, in other words, ageing is the most
striking, at around T, ~T4(P,) in Figure 1b. This is the result of a
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Figure 3. (a) Icosahedral SRO** and (b, ) MRO?**?> exist in the inherent structure of the quenching process. The left figure shows the
Zrs50CugoAly alloy results, whereas the right one shows the CusoZrso (LJ) alloy results. (a) A fraction of icosahedral SRO, and (b, c) the average
and maximum size of the MRO cluster composed of interpenetrating s*, snax respectively. The definitions of average and maximum size are
given in ref. 25. (d) Spatial distribution of icosahedral SRO and MRO?** in the 0K inherent structure of the ZrsoCusoAlo (left) and CusoZrso
(LJ; right) models constructed via the quenching process with (P=5 GPa) and without pressure (P=0 GPa).
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temperature dependency of two factors; (i) an allowable amount
of relaxation (energy reduction) bounded by the energy state of
equilibrium liquid, and (ii) an amount of relaxation during certain
annealing time. The factor (i) decreases with increasing T,, and
rapidly decreases especially at above T, whereas the factor
(ii) increases with increasing T,, and rapidly increases especially at
above Ty As a result at T,~T4(P,), the amount of ageing
maximises because the relaxation rate is fast and moreover the
large amount of relaxation is allowed (see a schematic illustration
in Supplementary Figure S4).

To verify the feasibility of pressure-promoted thermal rejuvena-
tion in other glass systems, we constructed eight different MG
models via melt-quenching process (A — D) and applied the same
thermal-pressure loading process (D — J) to the MG models, where
the interatomic interactions were calculated from different
interatomic potentials, such as ZrsoCusoAgro (EAM'), CuseZrse
(Finnis=Sinclair: FS'), CusoZrso (Lennard-Jones: LJ'®), Algolaro
(EAM'7), NigoP2o (EAM'®), Pdg>Siis (EAM'®), ZrgoPtyy (EAM?°) and
AlsoFeso (FS®'). Here we set P,=5GPa and T,=13T4(P,). The
resultant changes in the potential energy AE are summarised in
Figure 2. Pressure-promoted thermal rejuvenation can be seen in
many of the examined alloy systems, whereas pressure-promoted
‘ageing’ can be observed in CusgZrsy (LJ), ZrgoPtyo and AlsgFesp.
This fact reveals that the effect of pressure on the atomic diffusion,
which dominates the structural relaxation in the quenching
process, is strongly dependent on alloy composition; in other
words, it depends on atomic sizes and interatomic interactions.
Similar alloy dependence of pressure effects on structural
relaxation has been reported for an experimental tensile test
conducted on a notched MG sample.??

Changes in internal structure by compressive pressure

To reveal the internal structure change induced by compressive
pressure, we analysed icosahedral short-range order (SRO)*
and medium-range order (MRO) composed of interpenetrating
icosahedra®**?® existing in the inherent structures of the
quenching process from far above Ty to 0K, under a constant
cooling rate K and a constant pressure P. The inherent structure is
defined as the structure of local minimum on the potential energy
landscape at P=0GPa, and it is calculated using the following
process: first, the potential energy from an instantaneous atomic

' '
Higher cooling rate
o
o
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2 o
| Pure thermaly 9

rejuvenated MG

As-quenched MG

configuration in the cooling process is minimised using the SD
method. Then, the pressure is unloaded from P to 0 GPa, and
finally the potential energy is again minimised at 0 GPa. The
results of the changes in internal structure are summarised in
Figure 3, in which icosahedral SRO and MRO are surprisingly
increased by compressive pressure in the case of Zr5,CugAl;o, and
thus these ordered local structures are supersaturated and more
tightly filled in by the compressive pressure application in cooling
process, even though the compressive pressure leads to an
energetically unstable (i.e., rejuvenated) glass state. These results
reverse the conventional understanding of the relationship
between characteristic topological order and energy state, in
which much icosahedral SRO and MRO lead to an energetically
more stable glass state and vice versa.>>?*?*?” Moreover, in the
case of CusgZrsg (LJ), we cannot see a clear increase in the
icosahedral SRO and MRO, even though the pressure leads to an
energetically more stable (i.e,, aged) glassy state (for other MG
systems, see Supplementary Figure S6). These results suggest the
presence of a well-ordered high-energy glassy state. It is
worth noting that volume of the pressure-promoted thermally
rejuvenated ZrsoCugsoAlip model with the compressive pressure
application decreases with increasing the degree of rejuvenation
AE (i.e., increasing the compressive pressure), and thus the volume
is always smaller than that of as-quenched model (Supplementary
Figure S7). On the other hand, the volume of thermally
rejuvenated model with a rapid cooling rate of the G — H faster
than that of the B — C, without compressive pressure application
(pure thermal rejuvenation model?), increases with increasing the
AE (i.e., increasing the cooling rate of the G — H process), and thus
the volume is always larger than the as-quenched model
(Supplementary Figure S7). This means that although if these
rejuvenated glasses have the same degree of rejuvenation AE,
these volumes are totally different; the former one has smaller and
the latter one has larger volume than as-quenched model.
More details of the volume and SRO analyses are plotted in
Supplementary Figure S7. We show the schematic illustration of
characteristics of glasses after the pure thermal rejuvenation and
the pressure-promoted thermal rejuvenation in Figure 4, in which
energy, density and SRO of as-quenched, pure thermally aged and
rejuvenated, pressure-promoted thermally rejuvenated glasses are
summarised.

O...SRO

Higher pressure

Puressure-promoted thermaly
rejuvenated MG

Lower cooling rate

Pure thermaly aged MG

Low '— High

Figure 4.

Density

Schematic illustration of rejuvenation and ageing with and without pressure. The horizontal axis represents density, which increases

form left to right, whereas the vertical axis represents energy, which increases from bottom up. The left, centre, right lower and right upper
cartoons of glass structure represent pure thermally rejuvenated glass, as-quenched glass, pure thermally aged glass and pressure-promoted
thermally rejuvenated glass, respectively. The pure thermally rejuvenated glass has lesser SRO and lower density, whereas the pure thermally
aged glass has more SRO and higher density than the as-quenched glass. On the other hand, the pressure-promoted thermally rejuvenated
glass has more SRO but higher density than the as-quenched glass. The colour of the glass cartoon represents energy state; blue shows lower

energy, whereas red shows higher energy.
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Figure 5. (a) von Mises atomic strain®” distributions in the uniaxal

tensile tests at nominal strain € of 0.1 (upper) and 0.2 (lower) for the
as-quenched model (left), the pressure-promoted thermal rejuvena-
tion model (centre) and the pure thermal rejuvenation model (right).
(b) Nominal stress-strain relations along the loading direction
(z direction) during uniaxial loading tests. Black, red and green
curves represent the nominal stress—nominal strain relation of the
as-quenched model, the pressure-promoted thermal rejuvenation
model and the pure thermal rejuvenation model, respectively.

Changes in deformation behaviour by pressure-promoted thermal
rejuvenation

To demonstrate the pressure-promoted rejuvenation effect on the
plastic performance, we performed uniaxial tensile simulations for
three different ZrsqCuyAl;o models: the as-quenched model and
the thermally rejuvenated models with and without pressure
application, i.e., pressure-promoted thermal rejuvenation model
and pure thermal rejuvenation model. Figure 5a shows the von
Mises atomic strain evolution during uniaxial tensile tests with a
constant strain rate £ of 10® 1/s at 300 K. We can see marked strain
localisation in the ‘as-quenched model’, whereas more homo-
geneous deformations with less strain localisation are observed in
the two rejuvenated models (Supplementary Movies S5a, S5b
and S5¢). Thus, the rejuvenation induced by the thermal-pressure
loading process can realise more homogeneous deformation than
the as-quenched model. Figure 5b represents nominal stress and
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nominal strain relations along the loading direction (z direction)
during the uniaxial loading tests. The maximum stress and elastic
stiffness, slope of the stress-strain relation of the thermally
rejuvenated model with pressure application are higher than
those of the thermally rejuvenated model without pressure
application. Moreover, the flow stress of the pressure-promoted
thermal rejuvenation model is higher than those of the other
two models. Thus, the pressure-promoted thermal rejuvenation
process can realise higher strength and stiffness glass without
significant loss of plastic deformability than a pure thermal
rejuvenation process. We also conducted simple shear and
nanoindentation simulations using the same ZrsqCugoAl;o models,
which predicts that the excellent elastic and plastic performances
of the thermally rejuvenated glass with pressure application is
maintained even under different loading and boundary conditions
(for the simple shear and nanoindentation simulations see
Supplementary Figures S8 and S9, and also Supplementary
Movies S8a, S8b, S8c, S9a and S9b).

The MGs constructed under high-pressure condition have rich
SRO and MRO, but exhibit homogeneous deformation as shown in
Figures 3 and 5. This trend is interesting, but not intuitive. As we
revealed in our previous work,? the pure thermal rejuvenation
model shows more homogeneous deformation than as-quenched
model. This can be understood by thinking of activation energy of
local plastic deformation process, which is often called as shear
transformation.”® A lower activation energy of the local plastic
deformation process leads to more homogeneous deformation
under a certain strain rate and temperature because the process is
more equally activated everywhere in MG due to the less local
stress state change by the activation of each process and then the
MG has less opportunity to have a localised deformation, which
will grow to shear band. The pure thermal rejuvenation model
may have a lower activation energy of the plastic deformation
process because the model is already in the high-energy
rejuvenated state. The same way of thinking may be applicable
also to the pressure-promoted thermal rejuvenation model. The
pressure-promoted thermal rejuvenation model is also in a high-
energy rejuvenated state, although the structural details are
different from the pure thermal rejuvenation model, and thus it
may have lower activation energy of the plastic deformation
process. Therefore, the pressure-promoted thermal rejuvenation
exhibits the homogeneous deformation. To confirm this scenario,
we also performed nanoindentation simulations for several
different pressure-promoted thermal rejuvenation (or ageing)
models; CuseZrse(L)) (ageing), NigoPo (rejuvenation) and Algglasg
(rejuvenation) in addition to CusgZrsoAl; (rejuvenation). All of the
rejuvenated models actually exhibit more homogeneous deforma-
tion than that of as-quenched model, whereas the aged LJ model
exhibits less homogeneous deformation (Supplementary Figures
S9b, S10b, S11b, S12b; Supplementary Movies S9a, S9b, S10a,
S10b, S11a, S11b, S12a and S12b). We should note that, regarding
elastic stiffness and maximum load, these are maintained in
Zr50Cug0Alio (rejuvenation) or even increased in CuseZrso(L))
(ageing), whereas decreased in NigoP» (rejuvenation) and Alggla;
(rejuvenation). Thus, among these glasses, only ZrsoCuseAlqg
(rejuvenation) departs from the intuitive trend, that is, rejuvena-
tion usually leads to lower stiffness and strength and ageing leads
to higher. The excellent elastic performance of ZrsoCusoAlig
(rejuvenation) may arise from the significant increase of the
icosahedral SRO by the pressure-promoted thermal rejuvenation
(Figure 3a), because the icosahedral SRO structure has higher
stiffness.>**” The other rejuvenated NigoP5o and Alggla;o glasses
do not exhibit such significant SRO change. See again
Supplementary Figure S6.
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Figure 6. (a) Schematic of inherent structure energy change during quenching process. The horizontal axis represents temperature, which

increases from right to left. Upper figure defines cooling stages | and Il divided at the critical temperature T, at which transition from
Arrhenius behaviour (stage I; T>T,) to non-Arrhenius (stage Il; T < T.) occurs. The lower figures show a typical inherent structure energy
change in the quenching process for alloy exhibits rejuvenation (left) or ageing (right). (b) Inherent structure energy change during the
quenching process both with and without pressure for the ZrsqCu,oAlq alloy (left) and for CuseZrso (LJ) alloy (right). A crossover between the
two curves can be seen in ZrsoCugpAlyo, Whereas no crossover in CusoZrsg (LJ). Details are mentioned in Supplementary Figure S14. (c) The left
and right figures show the pressure effect on the temperature-dependent Cu diffusivity of ZrsoCusoAl o and CuseZrsg (L)), respectively. (d) The
left and right figures show the pressure effect on the temperature-dependent a-relaxation time of ZrsoCu,oAlqo and CuseZrsg (L), respectively.
In the figures, the critical temperature T. detected by the diffusively analysis (c) is indicated. The glass transition temperature Ty is also
denoted by the vertical dotted lines; Ty=795 K (0 GPa), 888 K (5 GPa) for ZrsqCuseAlio, Tg=927 K (0 GPa), 1,126 K (5 GPa) for CuseZrso (LJ).
(e) Schematic of change in the fictive temperature T; due to pressure in the quenching process for alloys exhibits rejuvenation (left) and
ageing (right). The vertical and horizontal axes are energy and temperature, respectively. Thick black curves represent the energy profile in
G — H at P=0 GPa, whereas thick red (left) and blue (right) curves represent that at P> 0 GPa. Broken lines represent the energy profile of the
equilibrium liquid, whereas solid curves always represent non-equilibrium liquid or glass state. Energy of state H is reduced to state J by
unloading process (H — J). The thin red (or blue) curves are fictitious cooling curves at P=0 GPa that reach the glass state J after unloading in
actual pressure-promoted thermal rejuvenation (or ageing) process. We defined the fictive temperature as the intersection point between
the equilibrium liquid line of P=0 GPa and the tangent line of the fictitious cooling curve, which ends state J obtained under P=0 or
P> 0 conditions and has the same tangent with the cooling glass curve of P=0 condition at state J. The fictive temperature T; of pressure-
promoted thermal rejuvenation (left) and ageing (right) are represented by red and blue characters, respectively.

DISCUSSION

To understand the interesting dependency of the effects of
pressure on the alloy composition seen in Figure 2, we discuss
structural relaxation in the quenching process (G — H) both with
and without the effects of pressure below. Figure 6a is a schematic
of the change in the inherent structure energy?® of an alloy system
during the cooling process from far above Ty to 0K, under a
constant cooling rate K. The inherent structure energy is the
energy of inherent structure defined above. Figure 6b shows the
actual change in the inherent structure energy of the ZrsoCusAlig
and CuspZrsq (L)) systems. In Figure 6b, we may reasonably define
a transition temperature T, as a kink temperature on the curve of
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the inherent energy change. Above the transition temperature T,
(quenching stage I; T>T.), the system can be always in an
equilibrium liquid state because of very short relaxation time of
the high-temperature liquid. Below T (quenching stage II; T< T,),
owing to a lesser free volume, a finite activation energy for atomic
structure relaxation is expected, leading to a finite relaxation time
competes against the time of cooling process specified by the
cooling rate. To examine the physical meaning of T, we computed
the temperature-dependent diffusivity D and a-relaxation time 1,
of the ZrsoCugpAlyo and CuseZrso (LJ) glasses, as shown in Figure
6¢,d. Above T~ 1,100 (P=0GPa)and T~1,200K (P=5 GPa) in the
case of ZrsoCuspAl;g and T~1,200K (P=0GPa) and T~ 1,500 K
(P=5 GPa) in the case of Cus¢Zrsg (LJ), the diffusion kinetics have a
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constant activation enthalpy for diffusion AG, and obeys

keT
Boltzmann constant. In contrast, below these temperatures, the
diffusion kinetics deviate from Arrhenius-type linear behaviour,
indicating a change in the activation enthalpy for diffusion.
Because these critical temperatures agree well with T.'s obtained
from the kink in Figure 6b, T. could be understood as a transition
temperature between Arrhenius and non-Arrhenius behaviours in
diffusivity.>® Because a higher compressive pressure mechanically
reduces the free volume, the pressure actually slows down the
diffusion in both the alloys over the whole temperature range,
as shown in Figure 6¢, and these T, tends to be higher, i.e,
T(P)>T.(0) for P>0, as shown in Figure 6b-d. It is worth noting
that the same trend can be found in the pressure dependency
of Tg*' (Supplementary Figure S2). In Figure 6d, a-relaxation time
T, also drastically increases with decreasing temperature at the
temperatures ranging from Ty to T.. This is consistent with the
diffusivity behaviour in Figure 6c. It should be noted that if
the annealing time is too short compared with a typical relaxation
time, such as a-relaxation time 7, the rejuvenation/ageing during
the thermal rejuvenation are not sufficiently proceed regardless of
with and without pressure application.? The 1 ns annealing time
used in this study is equivalent to or even longer than a-relaxation
time 1, at temperatures T> Ty (necessary temperature condition
for the rejuvenation; see Figure 1b) as shown in Figure 6d. Thus,
the 1 ns annealing time is long enough and does not affect on the
rejuvenation.

The final inherent structure energy per atom of the state after
the quenching process is completed (i.e., state H) at a given P can
be expressed as

Arrhenius-type behaviour D(T)ocexp(A—G">, where kg is the

0

E(P,T)dT, (1)
<(P)
where K=dT/dt with t being time. Here E is the rate of change of
the inherent structure energy and Esage (P, Tc(P)) is the inherent
structure energy at the end of stage | (i.e., at the beginning of
stage ). Hereafter, the inherent structure energy will be simply
referred to as the ‘energy’. The degree of rejuvenation is estimated
from the final energy difference AE(P)=Ey(P)—E(0), which can
also be expressed as the sum of (I) the energy difference at the
end of stage | (i.e,, at the beginning of state Il) AEg,ge ((P) between
the P>0 and P=0 GPa conditions and (ll) the difference in the
total energy change in stage Il AE.ge (P) between the P>0 and
P=0 GPa states, with

EH(P) = EstageI(P7 TC(P)) + KT /

AE(P) = AEstagel('D) + AEstageII(P)v (2)
where
AEstagel('D) = EstageI(P7 TC(P)) _Estagel(07 TC(O))7 (3)
DEggagen(P) =K' / E(P, T)dT—K™" / E(0, T)dT.
Te(P.T) Te(0.T)

(4)
From the equation and also schematic illustration shown in
Figure 6a, we can find the following five factors can dominate the
final energy difference AE(P). First, there are three factors in the
stage | (T>T,). (i) Temperature dependency of the energy. Usually
there exists temperature dependency of liquid energy, and higher-
temperature liquid tends to have higher energy,*? i.e., 0E(P)/dT >0
(T>T.(P)), although alloy dependency can be found as shown in
Figure 6b. Larger temperature dependency leads to larger AEgage 1,
and then contributes to enhance the rejuvenation. (ii) Pressure
dependency of energy at T>T.(P). The change of energy by
pressure can also contributes to the degree of rejuvenation AE(P)
via changing AEg.qe ((P), but usually the pressure dependency
should be small, actually error bars of the data with and without
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pressure are overlapping as seen in Figure 6b and Supplementary
Figure S13a, because the liquid states at T> T.(P) should be always
well equilibrated regardless of with and without pressure
application. (iii) Pressure dependency of T.(P). The T, has not only
a strong pressure dependency but also a strong alloy dependency
as seen in Figure 6¢,d and Supplementary Figure S13b, because it
should be closely related to the potential energy surface that
determines the starting temperature of the a-relaxation.
The higher T.(P) causes o-relaxation to be initiated at higher
temperature, then a rapid energy reduction occurs at earlier stage
of the cooling process but below T.. As a result the higher T (P)
enhances more ageing. Second, there are two factors in the
stage Il (T<T,). (iv) Pressure dependency of the relaxation time
constant (energy reduction rate), which is the slope of the energy
curve in Figure 6b, i.e.,, 9E(P)/AT(T < T.(P)). Usually the relaxation
time becomes longer and thus the energy reduction rate becomes
slower with increasing pressure as seen in Figure 6b-d and
Supplementary Figure S13a,b, because compressive pressure
induces densification (see volume change in Supplementary
Figure S13c, induces a less space for moving atom, may effectively
suppress the local atomic shuffling and diffusion. (v) Pressure
dependency of Ty(P). T4(P) is related to the temperature at which
the energy reduction rate significantly slows down as shown in
Figure 6b,d and Supplementary Figure 13Sab. The pressure
dependency of T4(P) also has a strong alloy dependency as shown
in Figure 6d. The reason should be the same as that of pressure
dependency of T (P). Hence, the factors (i), (iv) and (v) enhance the
rejuvenation, whereas the factor (iii) enhances the ageing. Because
of the factor (iii), the energy curve under compressive pressure
application is always below that of zero pressure at temperatures
just below T.(P). Therefore, the two energy curves (i.e., with and
without pressure) should have a crossover to realise the
rejuvenation eventually. As shown in Figure 6b, we actually
observed the crossover between the energy-temperature curves
both with and without pressure for the ZrsqCusoAlyo, but not for
the CuspZrso (LJ) (details are given in Supplementary Figure S14).
As the crossover temperature increases with increasing the
0E(P)/daT>0(T > T(P)) (factor (i)), the energy reduction rate (factor
(iv)) and/or T4(P) (factor (v)), and decreases with increasing T.(P)
(factor (iii)), the pressure induces two competing effects in the
rejuvenation; (A) the factors (i), (iv) and (v), and (B) the factor (iii). In
the case of CusgZrsg (LJ), the latter effect (B) overcomes the former
effect (A), results in the pressure induces ageing. In contrast, in the
case of ZrsoCuyAlqg, as T increase is much smaller than that of
CusoZrso (L)) (Figure 6¢), the former effect overcomes the later
effect, results in the pressure induces rejuvenation. Therefore,
rejuvenation and ageing by thermal-pressure loading process can
be predicted from these factors. It should be noted that all of the
data determine that these factors are obtainable and predictable
by MD simulation based on certain potential description of
target alloy system as we performed above.

To clarify underlying physics of the pressure-promoted thermal
rejuvenation process and characteristics of the pressure-promoted
thermally rejuvenated glass, we additionally conducted
energy decomposition analyses, which may provide origin
of the pressure-promoted higher energy state (rejuvenation) of
Zrs5oCugoAlio and lower-energy state (ageing) of CuseZrsq (LJ) from
energetics and geometrical ordering viewpoints (Supplementary
Figures S15 and S16). We found that in the pressure-promoted
thermally rejuvenated and aged glass models, the icosahedral SRO
has a significant lower-energy state than the other local structures
as similar to the conventional MGs constructed under zero
pressure (Supplementary Figure S16). Thus, in the energetics
and geometrical ordering viewpoints, the high-energy state of the
rejuvenated ZrsoCugsoAlip glass is attributed to the pressure-
promoted significant energy increment of the local structures
with lower ordering (i.e., non-icosahedral local structures) as
schematically shown in Figure 4. The energy increment of the local
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structure with lower ordering is a result of the less diffusive
and mechanical relaxation during the cooling process under
the compressive pressure as discussed above Supplementary
Figure S17). On the other hand, in the pressure-promoted
thermally aged CuseZrs, (L)) glass, the energy increment
of the non-icosahedral local structures is not so significant
(Supplementary Figure S15), because a mechanical relaxation
(atomic rearrangement) unfortunately may proceed in the LJ
central force field under the compressive pressure, whereas the
diffusive relaxation is well suppressed. As a results, the total
energy decreases in the CusyZrsq (LJ) glass.

It is worth noting that the less relaxation induced by pressure
application may have great benefit also to the glass-forming
ability. It effectively prevents a crystallisation of alloy during the
quenching process, and thus may improve the apparent glass-
forming ability of alloy. We should also note that although such a
high cooling rate (K=1.0K/ps) was used in the MD simulation
because of the time-scale limitations of MD, the above discussion
for rejuvenation and ageing should be maintained even at
practical cooling rates, because by experiments we have
confirmed that the ratio of cooling rate of the final quenching
process (G — ) to the initial melt-quenching process (B — Q) is the
dominant factor for the degree of rejuvenation and ageing? rather
than the absolute cooling rates. In addition, the relationship
between energy state and deformation behaviour observed in
Figure 5 is also consistent with the critical fictive temperature
concept, which identifies the brittle-ductile transition state of
MG.>® At the fictive temperature T;, the extrapolated glass line
intersects the equilibrium liquid line (Figure 6e), thus the T¢
represents the glass state and then more rejuvenated glass has
higher T:. The critical fictive temperature T;. represents a transition
glass state at between glass states showing brittle and ductile
behaviours, i.e, a MG having T;.>T; is brittle, whereas having
Tee < T¢ is ductile. Therefore, the critical fictive temperature
concept naturally predicts that the pressure-promoted thermal
rejuvenation, which leads to higher T;, can improve the ductility of
MGs. As we have shown in Figure 5, the rejuvenated glass having
higher T; exhibits more homogeneous deformation, supporting
the validity of the fictive temperature-based discussion of ductility.

We have demonstrated in this study that the feasibility of
pressure-promoted thermal rejuvenation for various alloy systems.
It was found that rejuvenation is actually enhanced by applying
external pressure in many alloy systems, whereas some alloy
systems do not exhibit this response. Further, we clarified the
underlying physics of pressure-promoted rejuvenation based on
diffusivity, a-relaxation, Ty and internal structure analyses. The
pressure-promoted rejuvenation is achieved only when the
comprehensive influence of three pressure effects on glass-
forming process, i.e,, the effects of temperature-dependent liquid
energy, pressure-dependent diffusively slowdown (relaxation
slowdown) and pressure-dependent Ty increase, overcomes the
effect of pressure-dependent increase in the Arrhenius-non-
Arrhenius diffusivity transition temperature. Pressure-promoted
thermal rejuvenation increases the icosahedral SRO and MRO,
even though it leads to an energetically unstable glassy state.
This result could change the conventional understanding of the
relationship between energy and local structure in MGs, and it
strongly indicates the necessity of new energetics of SRO and
MRO under significant pressure. We found that the rejuvenated
Zr5oCugoAlip MG made by the pressure-promoted thermal
rejuvenation process exhibits greater plastic performance than
as-quenched glass, and greater strength and stiffness than glass
made by the pure thermal rejuvenation process, and then we
believe that this glass rejuvenation engineering technique could
introduce a new avenue of research towards the development of
glass-state control, and elastic and plastic performance control
techniques by thermal processing. Moreover, the pressure effects
allow us to increase the upper limit of reachable rejuvenation,
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which has been restricted by the practical upper limit of a cooling
rate in previous rejuvenation-level control techniques with no
pressure application.® It also may allow us to extrinsically
improve the apparent glass-forming ability of alloys by delaying
crystallisation.

MATERIALS AND METHODS

Models for thermal-pressure loading process shown in Figures 1,2,3 and
6 consist of 10,000 atoms. It is worth noting that a bigger model
composed of 100,000 atoms showed quantitatively the same results
as the 10,000-atom model (Supplementary Figure S18). Ten different
as-quenched models were prepared and then 10 independent thermal-
pressure loading simulations were conducted to reduce the statistical
errors of the data, which are due to the finite model size. Temperature and
pressure during quench, anneal and heat process are controlled by the
isothermal-isobaric ensemble.34-¢

Models for uniaxial tensile simulations shown in Figure 5 consist of
1,280,000 atoms by organising 10,000-atom unit models (‘As-quench’,
‘Pressure-promoted thermal rejuvenation’ and ‘Pure thermal rejuvenation’)
in an 8 X 1x 16 array (x, y, z directions, respectively). The as-quenched unit
model was constructed via melt-quenching from 3,000 to 0K at a
relatively slow cooling rate of 0.01 K/ps. The pressure-promoted thermal
rejuvenation and pure thermal rejuvenation unit models were constructed
via the thermal-pressure loading process of P,=21GPa and P,=0 GPa,
respectively, with T, =1.3T4(P,). In case of P, =0 GPa, thermal rejuvenation
was realised by the relatively fast cooling rate of the final quenching
process (G — H) 0.20 K/ps, whereas in case of P,=21 GPa, the cooling rate
of the final quenching process (G— H) is set to 0.01 K/ps, which is the
same as that of the as-quenched unit model, and thus in this cooling rate
condition the pressure application is necessary for rejuvenation. The
assembled 1,280,000-atom simulation models were heated from 0 to 300 K
at a rate of 1.0 K/ps and then relaxed at 300 K for 1.0 ns under full (i.e., x, y
and z) periodic boundary and additionally relaxed at 300 K for 100 ps with
partial periodic boundary condition only in y and z (free surface boundary
in x). Using this model, we conducted uniaxial tensile simulations. Note
that after the relaxation processes both the 1,280,000-atom simulation
models, i.e.,, pressure-promoted thermal rejuvenation model and pure
thermal rejuvenation model, had higher-energy states than the
as-quenched model by 9.6 and 10.6 J/g, respectively. Energy reductions
in the relaxation process for totally 1.1 ns were < 1.0 J/g, implying that
rejuvenated states are maintained during the deformation tests for 2 ns
after the relaxation process.

Diffusivity D is calculated from the mean-square displacement of the
atoms. a-Relaxation time 7, is defined by the time needed for the
self-intermediate scattering function at first peak of structural factor
decays to 1/e3°
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