
Acta Materialia 213 (2021) 116952 

Contents lists available at ScienceDirect 

Acta Materialia 

journal homepage: www.elsevier.com/locate/actamat 

Full length article 

Atomistic modelling of thermal-cycling rejuvenation in metallic 

glasses 

Baoshuang Shang 

a , b , Weihua Wang 

c , b , Alan Lindsay Greer d , Pengfei Guan 

a , ∗

a Beijing Computational Science Research Center, Beijing 100193, China 
b Songshan Lake Materials Laboratory, Dongguan 523808, China 
c Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China 
d Department of Materials Science and Metallurgy, University of Cambridge, 27 Charles Babbage Road, Cambridge CB3 0FS, UK 

a r t i c l e i n f o 

Article history: 

Received 17 December 2020 

Revised 21 April 2021 

Accepted 28 April 2021 

Available online 11 May 2021 

Keywords: 

Metallic glasses 

Cryogenic thermal cycling 

Rejuvenation 

Structural heterogeneity 

a b s t r a c t 

Cycling of a metallic glass between ambient and cryogenic temperatures can induce higher-energy states 

characteristic of glass formation on faster cooling. This rejuvenation, unexpected because it occurs at 

small macroscopic strains and well below the temperatures of thermally induced structural change, is 

important, for example, in improving plasticity. Molecular-dynamics simulations elucidate the mecha- 

nisms by which thermal cycling can induce relaxation (reaching lower energy) as well as rejuvenation. 

Thermal cycling, over tens of cycles, drives local atomic rearrangements progressively erasing the initial 

glass structure. This arises mainly from the heating stage in each thermal cycle, linked to the intrin- 

sic structural heterogeneity in metallic glasses. Although, in particular, the timescales in MD simulations 

are shorter than in physical experiments, the present simulations reproduce many physically observed 

effects, suggesting that they may be useful in optimizing thermal cycling for tuning the properties of 

metallic glasses and glasses in general. 

© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

For any type of glass of given composition, its properties can 

ary widely, depending on the structure reached by varying the 

roduction process and subsequent treatments [1] . For metallic 

lasses (MGs), annealing-induced relaxation (ageing) can lead to 

evere embrittlement, and there is therefore a focus on the reverse 

rocess of rejuvenation. Rejuvenation can be induced by mechani- 

al deformation [ 2–6 ], by reheating and rapid quenching [7] , or ir-

adiation [8] , but among such methods, cryogenic thermal cycling 

CTC) [9] is particularly straightforward to apply. Since the original 

eport [9] , there have been many experimental studies of CTC ap- 

lied to MGs. These have shown effects on the enthalpy [ 10–25 ],

n density [ 11 –17 , 21 , 26 ], on mechanical properties [ 10–22 , 24–31 ]

nd on structure [ 19 , 20 , 24 –27 , 30 , 32–34 ]. The most dramatic ben-

ficial effects of rejuvenation are on the fracture behaviour: frac- 

ure toughness and impact toughness roughly doubled [ 18 , 28 ], and 

oughness (critical strain-energy release rate) increased by more 

han a factor of five [18] . The underlying atomistic mechanisms of 

he effects of CTC clearly merit investigation. 
∗ Corresponding author. 

E-mail address: pguan@csrc.ac.cn (P. Guan). 
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In MGs, the atomic nearest-neighbour coordination shells are 

iverse, and it is increasingly recognized that there is signifi- 

ant structural and dynamic heterogeneity over a range of length- 

cales. Accordingly, the strains associated with thermal expan- 

ion/contraction must have a significant non-affine component 

 35 , 36 ] that must be associated with the development of inter- 

al stresses. While CTC was initially aimed at rejuvenation of MGs, 

ther work [ 27 , 37 ] has shown that this treatment can also induce

elaxation and oscillatory (rejuvenation-relaxation) behaviour. Rel- 

tively easy rearrangement, associated with non-directional metal- 

ic bonding, may make the effects of thermal cycling (TC) par- 

icularly significant in MGs, but the non-affine nature of thermal 

trains applies across all classes of non-crystalline material, and is 

elevant (though scarcely studied so far) for the interpretation of 

he evolution of their structure and properties whenever tempera- 

ure changes are involved. 

For MGs, molecular dynamics (MD) simulations have been use- 

ul in understanding the links between structure and dynamics, 

nd specifically the role of structural heterogeneity [38] . MD sim- 

lations have been used to study the effects of TC on a model 

ennard-Jones (L-J) glass [39–41]; in this series of studies, the tem- 

erature variation with time had a triangular waveform, i.e. there 

as no hold-time at the upper and lower temperatures. The TC had 
. This is an open access article under the CC BY license 
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Fig. 1. Thermal cycling (TC) and its effect on simulated Cu 50 Zr 50 glass. (a) The ini- 

tial glassy states are prepared by quenching at various rates Q i , and then subjected 

to TC between T a and T b . The holding times at T b and T a are t b and t a respectively. 

After N thermal cycles, the potential energy has risen by �E relative to its value E 0 
in the as-quenched glass. (b) The initial potential energies of the samples are in- 

dicated by the arrows. The data points show the evolution of the potential energy, 

E t a 
N 

, as a function of cycle number N for samples for which t a = 10 ps or 200 ps. The 

initial quench rates are: Q 1 = 10 9 K s –1 , Q 2 = 10 10 K s –1 , Q 3 = 10 11 K s –1 , Q 4 = 10 12 

K s –1 , Q 5 = 10 13 K s –1 . The other TC parameters are: T a = 400 K ( = 0.54 T g , where 

T g ≈ 740 K), t b = 100 ps, T b = 1 K, Q a and Q b = 2.5 × 10 14 K s –1 . 
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n amplitude as high as 2–92% of the glass-transition temperature 

 g . Predominantly, the effect of TC was to lower the potential en- 

rgy of the glass, and the extent of this relaxation was maximum 

or intermediate values of the TC amplitude. In the glass formed at 

he lowest cooling rate and subjected to the maximum amplitude 

f TC, it was just possible to detect rejuvenation. The MD simu- 

ations showed that the extent of the stress overshoot on a ten- 

ile stress-strain curve was clearly greater for lower energy states. 

he simulations also allowed mapping of the distribution of clus- 

ers within which the non-affine displacements induced by TC are 

oncentrated. 

In the present work, we simulate TC of an actual glass, Cu 50 Zr 50 

composition in at.%), and apply heating and cooling, at 10 14 K s –1 , 

hat is essentially instantaneous. We find clear rejuvenation as well 

s relaxation, and we map the boundary between these effects. MD 

imulations (generally, and in the present work) involve timescales 

uch shorter than those typical in physical experiments. Never- 

heless, we show that MD can assist in understanding the link be- 

ween TC conditions and property changes. In particular, the sim- 

lations can identify the relevant length-scale of heterogeneity (a 

uestion not addressable in the original work on CTC [9] ), and can 

dentify the stage in TC mainly responsible for rejuvenation. 

. Simulation methods 

.1. Simulation procedures and samples 

Molecular-dynamics (MD) simulations were performed with the 

AMMPS package [42] for Cu 50 Zr 50 (at.%) metallic glass with re- 

listic embedded-atomic-method potentials [43] . The MD time 

tep was set to 2 fs, and a constant pressure and temperature 

NPT) ensemble was employed in which the temperature and pres- 

ure were controlled by the Nosé-Hoover [ 44 , 45 ] and Parrinello- 

ahman [46] methods respectively. To check the bulk thermal- 

xpansion effect in MD, we also employed a constant volume 

nd temperature (NVT) ensemble to carry out the simulations. For 

emperature control in the heating step in TC, we also used the 

erendsen thermostat (B) [47] , the rescaled atomic velocity ap- 

roach (R), and Langevin thermostat (L) [48] . The model system 

ontained 10,0 0 0 atoms in a cubic box with periodic boundary 

onditions; we compared results with a larger system, but found 

o size effect. We first kept the system at 2500 K (far above the 

elting point) for 10 ns, and then the melt was quenched at se- 

ected rates from 2500 K to T a to prepare the initial glassy samples 

ith different thermal histories. 

.2. Thermal cycling (TC) 

The different rates of quenching, Q i = 10 9 , 10 10 , 10 11 , 10 12 or

0 13 K s –1 , give virtual glassy samples in different initial states. We 

et the upper temperature T a = 400 K, which is 54% of the glass-

ransition temperature T g for this model system, and therefore be- 

ow the temperatures normally associated with α and β thermal 

elaxations. Subsequent thermal cycling ( Fig. 1 a) consisted of cool- 

ng to the lower temperature T b (mostly 1 K, variable from 1 K to

0 K), holding at T b , and heating back to T a , at which all proper-

ies are measured. The cooling and heating rate were varied from 

 × 10 14 K s –1 to 10 13 K s –1 and mostly set at 10 14 K s –1 . The hold

imes at the lower and upper temperatures are t b and t a , and var-

ed from 10 ps to 200 ps . The potential energy after each cycle is

onitored as a function of the number of cycles N and of t a . TC in-

uces changes in potential energy, �E = E 

t a 
N 

− E 0 , where E 0 is the 

alue for the as-quenched sample: �E > 0 represents rejuvenation 

 Fig. 1 a) and �E < 0 represents relaxation (ageing). 
2 
.3. Mechanical properties 

To measure mechanical properties, simple shear deformation 

ith shear rate 10 7 s −1 was employed to obtain the strain-stress 

urves ( Fig. 3 d) of each type of sample at 400 K. Ten independent

oading runs were employed for each sample to ensure statistical 

alidity. Three types of samples: as-quenched ( Q 5 ), aged ( t a = 200

s), and rejuvenated ( t a = 10 ps) were selected to investigate the 

nfluence of TC. 

.4. Quasi-equilibrium state ( t b = ∞ ) 

As in a crystalline solid, in the glass at low temperature struc- 

ural relaxation is suppressed. The thermal motion in the glass can 

hen be regarded as atomic vibration around the inherent structure 

49] . At the low temperature in our case, T b = 1 K, this atomic vi-

ration can be approximated as a harmonic oscillator. In a classical 

ystem, the equipartition theorem [50] should work well at equi- 

ibrium, and thus for the quasi-equilibrium glassy state, we have 

 k = �E p , where E k is the kinetic energy of the system, and �E p 
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b

s the difference between the potential energy at temperature T b 
nd the potential energy of the inherent structure. 

In the MD simulations, first we used a conjugate-gradient al- 

orithm to obtain the inherent structure. We injected kinetic en- 

rgy E k = 2k B , where k B is the Boltzmann constant, into that struc- 

ure, and used the microcanonical ensemble (NVE) to relax the sys- 

em. Accordingly, the system is in the quasi-equilibrium state when 

 k = �E p = 1 k B . We have checked whether the sample starts from 

he quasi-equilibrium state in each cycle. In the simulation, the 

tates obtained by TC are insensitive to the quench rate Q b , hold- 

ng time t b and minimization method. For the NVE relaxation, we 

sed 2 ps in the simulation, and longer relaxation times did not 

hange the results. 

.5. Local property characterization 

The local parameters centred in 30 × 30 × 30 voxels (cubic, of 

ide length ∼1 nm) were calculated by a coarse-grained method. 

.5.1. Vibrational density of states (VDOS) and atomic participation 

atio (P i ) 

The dynamic matrix (DM) was calculated from energy- 

inimized samples, and the DM was diagonalized to obtain the 

ibrational density of states and the vibration mode. To extract 

he contribution of the Debye vibration mode, we used the re- 

uced VDOS, V DOS / ω 

2 . The participation ratio (PR) was calculated 

ollowing the method used in Ref. [51] , using a low 1% vibration 

ode. The PR of atom i is given by P i = 

∑ 

N ( ω∈ 1% ) 

�
 e i ω · � e i ω , where � e i ω 

s the vector polarization at atom i at vibration frequency ω. The 

ocal PR of voxel i ( ̄P i ) is given by P̄ i = 

1 
N i 

∑ 

j ∈ N i 
P j , where N i is the

umber of atoms in voxel i , and P j is the PR of atom j . In glasses,

he low-frequency vibration modes are localized, and the related 

tomic participation ratio P i can be regarded as an indicator of 

ocal structural instability. Thus, the evolution of P i could provide 

eep understanding about the local structural responses during re- 

uvenation. 

.5.2. Local activated rate 

We define the local activated rate R i of voxel i as 

 i = e 
− �F i 

k B T i 

here �F i is the local energy barrier, and T i is the local tempera- 

ure, of voxel i . The pre-factor is set as a constant in this work. 

In the ‘shoving model’ for molecular rearrangements in liquids 

52] , the relaxation energy barrier is dominated by elastic energy, 

nd the relaxation between energy barrier and elastic energy is 

ven true at local scale [53] . Following the formula by Wang et al.

54] , here we assume that the formula still works at the local scale. 

hen the local energy barrier �F i can be expressed as: 

F i = 

1 

11 

(
10 G 

i 
∞ 

+ B 

i 
∞ 

) V i 

N i 

here G 

i ∞ 

and B i ∞ 

are the local instantaneous shear and bulk mod- 

li, respectively; V i is the coarse-grained volume of, and N i is the 

umber of atoms contained in, voxel i . Following the method used 

n Ref. [55] , we use the local Cauchy-Born modulus to approxi- 

ate the instantaneous modulus. The local temperature T i is de- 

ned by: 

 B T i ≡
2 

3 

E i k = 

1 

3 N i 

∑ 

j∈ N i 
m j � v j · � v j 

here E i 
k 

is the local kinetic energy, � v j is the velocity of atom j 

nd m j is the mass of atom j. 
3 
.5.3. Local non-affinity 

Following the work of Falk & Langer [56] , the non-affinity of 

tom j can be defined as 

 

2 
j ( t, �t ) = 

1 

N j 

∑ 

k ∈ N j 
[ � r ij ( t + �t ) − γj � r ij ( t ) ] 

2 

here γj = Y −1 
j 

· X j , Y j = 

∑ 

k ∈ N j 
[ � r jk (t)] T [ � r jk (t) ] , X j = 

∑ 

 ∈ N j 
[ � r jk ( t + �t )] T [ � r jk (t) ] , and 

�
 r jk = 

�
 r k − �

 r j is the position vector 

f atom j at time t . We take D j , the square root of D 

2 
j 
, as the

on-affinity of atom j , and local non-affinity of voxel i is given by 

¯
 i ( t, �t ) = 

1 

N i 

∑ 

j∈ N i 
D j ( t, �t ) 

We take the beginning of the holding time at T a as the refer- 

nce time ( t a = 0), and investigate the evolution of non-affinity 

ith t a . 

.5.4. Pearson correlation coefficient 

This coefficient is employed to characterize the correlation be- 

ween X and Y as 

p X,Y = 

E [ X Y ] − E [ X ] E [ Y ] √ 

E [ X 

2 ] −E [ X ] 
2 
√ 

E [ Y 2 ] −E [ Y ] 
2 

here E [ −] is the expectation. 

. Results 

.1. Potential energy variation during thermal cycling 

Cu 50 Zr 50 (at.%) metallic glasses are simulated using classical MD 

see Methods). Glasses formed by quenching from the liquid state 

t different rates Q are subjected to TC between T a (400 K) and 

 b (mostly 1 K) with hold times of t a and t b at these tempera-

ures. The potential energy E is monitored, and Fig. 1 a shows a case 

here its value (initially E 0 at the end of the quench) is higher 

fter each cycle. The effect of the overall processing (N cycles) is 

haracterized by the value at the end of the holding time t a at the

nal temperature (400 K). 

A higher Q gives an initial glass with a higher E 0 ( Fig. 1 b).

alues of E , after up to 60 cycles, are shown for t a = 10 ps and

 a = 200 ps; for a given t a , independent of E 0 , all the potential en-

rgies converge to a common value after about 40 cycles ( Fig. 1 b).

ollowing the general interpretation of the effects of energetic pro- 

essing [1] , this value E s is taken to represent a steady state in

hich structural damage and repair rates are in balance. Compar- 

ng t a = 10 ps and 200 ps, the longer time allows for more re-

axation and therefore gives a lower E s . For 10 ps, all the glasses

how rejuvenation on cycling; for 200 ps, the glass formed at 

0 12 K s –1 stays at roughly the same energy, and the most rapidly 

uenched glass ( Q 5 = 10 13 K s –1 ) undergoes relaxation. 

For a given treatment, a more relaxed glass shows slower re- 

uvenation ( Fig. 1 b, and Supplementary Fig. S1a where the energy 

hanges are compared from a common starting point). This is con- 

istent with the suggestion [35] that the origin of the rejuvena- 

ion is the heterogeneity of the glass structure; a more relaxed ini- 

ial glass (formed on slower cooling) would have a more uniform 

tructure. A more direct test of the effect of uniformity is obtained 

y MD simulations of B2 CuZr crystal. In this case, crystallographic 

ymmetry dictates that the thermal strains are affine. The potential 

nergy indeed shows no changes as a result of TC (see Figs. 6 c and

 b later). 

For a given initial glass, the effect of t a on the E s induced 

y TC is shown further in Supplementary Fig. S1b: E s depends 
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Fig. 2. The steady-state potential energy E s of Cu 50 Zr 50 glasses reached when they 

are subjected to TC. The curve of E s as a function of t a is independent of the initial 

(as-quenched) state, and it intersects the values (dashed lines) of the initial poten- 

tial energy of glasses formed by quenching at the indicated rates Q i . The downward 

arrows show the crossover times t c . When t a < t c the as-quenched sample is reju- 

venated through TC, and when t a > t c it is relaxed. 
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Fig. 3. Effects of ageing and rejuvenation on atomic structures and mechanical properties

ps and 200 ps to attain steady-state potential energies respectively lower than (aged) and

The distributions of local shear and bulk modulus for each glassy state. (b) The difference

the same three glasses. (c) The relative populations of the most favoured Voronoi clusters

4 
trongly on t a and intersects the E 0 values of the as-quenched 

lasses ( Fig. 2 ). A given as-quenched state can thus be rejuvenated 

r relaxed by TC ( Fig. 2 ), just as seen in experiment [27] . Other

C parameters being equal, there is a critical value t c (arrowed): 

or t a < t c there is rejuvenation, and for t a > t c relaxation. The ul-

imate energy change on TC ( �E s = E s − E 0 ) can be mapped as a 

unction of t a and of the initial E 0 value of a range of glassy sam-

les (Supplementary Fig. S2). Extrapolating the trends on the map, 

or a typical bulk metallic glass with cooling rate 10 4 K s –1 , the

olding time at the upper temperature should be shorter than 100 

 to achieve rejuvenation. 

Upon TC, the model L-J glass cited earlier [ 39–41 ] predomi- 

antly showed relaxation. The higher of the quench rates used to 

orm the initial glasses in the present work ( > 10 11 K s –1 ) overlap

he quench rates applied to the L-J system, yet our glasses formed 

t those higher rates still predominantly show rejuvenation upon 

C ( Fig. 1 b). This contrasting behaviour may reflect the heating and 

ooling rates ( Q a and Q b ) used in our TC; these are some two or-

ers of magnitude higher than the TC rates applied to the L-J glass, 

nd the consequences are explored further below. In some of the 

C simulations for the L-J glass, the upper temperature was as high 

s 92% of T g , and this would also favour overall relaxation. 
. A Cu 50 Zr 50 glass formed by quenching at 10 13 K s –1 is treated by TC with t a = 10 

 higher than (rejuvenated) the initial as-quenched glass (Supplementary Fig. 2). (a) 

 radial distribution functions and (in the inset) the radial distribution functions for 

. (d) The strain-stress curves for deformation in simple shear at 10 7 s −1 . 
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Fig. 4. Vibrational behaviour in glasses subjected to TC. (a) The vibrational density of states g ( E )/ E 2 after 0, 5, 20 and 50 cycles, showing evolution (arrowed) of the boson 

peak. The change in potential energy �E (inset) increases until a steady state is achieved; the data points for 5, 20 and 50 cycles are highlighted in blue, red and green, 

respectively. (b) The Pearson correlation coefficient p 0, N of the atomic participation ratio P i for the as-quenched state and after N cycles decays with N . The Pearson correlation 

coefficient p N –1, N of P i for two adjacent cycled states (inset) also decays with N . Three-dimensional spatial distributions of P i in the as-quenched state (c) , and after one cycle 

(d) ; regions with notable differences between the two states are circled. 
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.2. Structural and mechanical properties of cycled samples 

Volume-average properties are compared for a glass with a 

iven Q in its as-quenched state and after TC with two different 

 a values to achieve steady states that represent relaxation (age- 

ng), and rejuvenation with respect to the as-quenched glass (these 

hree states are indicated on Supplementary Fig. S2). In each sam- 

le, the shear and bulk elastic moduli show a distribution of val- 

es. As expected, the distributions are shifted upwards in the re- 

axed sample and downwards in the rejuvenated sample ( Fig. 3 a). 

tomic pair distribution functions show minor differences between 

he three samples. The changes induced by rejuvenation are oppo- 

ite to those induced by relaxation ( Fig. 3 b). The different configu- 

ations of nearest-neighbour clusters can be described as Voronoi 

olyhedra. For the glasses in the present work, the relative popu- 

ations of the most favoured polyhedra are shown in Fig. 3 c. These 

opulations all increase on relaxation and decrease on rejuvena- 

ion. In all these respects, the relaxation and rejuvenation achieved 

y TC are qualitatively the same as those achieved by annealing or 

y forming the glass at different quench rates. 

Of most practical interest is the form of the stress-strain curve 

or shear deformation ( Fig. 3 d); in a rejuvenated sample, the stress 

vershoot can be completely eliminated. The elimination of the 

vershoot is not seen for the simulated L-J glass [ 39 –41 ], even

hen formed by quenching much faster than the maximum rate 

e

5 
n the present work. By markedly reducing, or even eliminating, 

he stress overshoot at yielding, rejuvenation offers the prospect of 

voiding strain localization and consequent catastrophic mechan- 

cal failure, as has been explored experimentally for rejuvenation 

chieved by means other than TC [ 8 , 9 ]. 

.3. Vibrational behaviour during TC 

MD simulations are of particular interest to characterize local 

tructures and properties in MGs; studies show that there are low- 

requency (soft) modes associated with a distribution of soft spots 

n the glass [ 51 , 57 ]. As described in Methods, we focus on the vi-

rational (phonon) density of states (VDOS) g ( E ) and the atomic 

articipation ratio P i in low-frequency (soft) modes (Supplemen- 

ary Fig. S3). 

A glass subjected to TC shows an increase in �E = E N − E 0 , ac- 

elerating as the heterogeneity increases, before levelling off at 

teady state (inset, Fig. 4 a). The VDOS ( Fig. 4 a) shows the boson

eak characteristic of glasses. This peak shifts to lower energy and 

s more intense as the number of cycles N increases. These effects 

re similar to those found for heavy plastic deformation of an MG 

n an experimental and MD simulation study [58] , in which they 

ere associated with rejuvenated regions at shear bands. 

The atomic participation ratio P i is a suitable basis for consid- 

ring temporal and spatial correlations in the MG. The Pearson 
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Fig. 5. The influence of hold time t b at low temperature. (a) The probability distribution of local temperature T b,loc at low temperature T b = 1 K for t b = 20 ps, 200 ps, ∞ 

(quasi-equilibrium). (b–d) The corresponding 3D spatial distributions of T b,loc at the end of the low-temperature hold. 
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orrelation coefficient p 0, N of P i , between the initial state and af- 

er N cycles at any given location shows a clear decay towards 

ero as N increases ( Fig. 4 b). The memory of the initial state is

rogressively lost as the sample reaches the steady state, imply- 

ng that TC can induce comprehensive structural change ( α relax- 

tion) even though the temperature is always far below T g . As the 

opulation density of soft spots (and the boson peak intensity) in- 

rease with the number of cycles, more rearrangement events are 

riggered during TC; thus the sample structure changes more and 

ore rapidly. The decrease in correlation of P i between two adja- 

ent cycles as TC progresses (inset, Fig. 4 b) reveals the accelerating 

ncrease in the heterogeneity of the MG. 

The spatial distributions of P i for the initial glass ( Q 1 = 10 9 K

 

–1 ) and after the first cycle ( Fig. 4 c and d) show localized re-

ions (in red) where high P i values indicate soft spots. There are 

xamples of both disappearance and generation of soft spots, but 

verall there is an increase in their population (Supplementary 

ig. S4). With increasing number of cycles, the increased popu- 

ation appears to reach saturation, or perhaps even to decrease 

lightly. 

.4. The influence of TC parameters 

The parameters describing the temperature profile imposed 

uring TC are shown in Supplementary Fig. S5. Rejuvenation and 

elaxation are competing processes. Greater overall rejuvenation is 

herefore achieved if relaxation is restrained. At the upper temper- 

ture T a of TC, structural relaxation of the MG is important in in- 
6 
erpreting the results: shortening the holding time t a at T a is effec- 

ive in reducing the extent of relaxation and in realizing a higher 

 s ( Figs. 1 b, 2 and Supplementary Fig. S1b). 

Relaxation can also be restrained by lowering T b , shortening 

 b , and using faster cooling and heating rates. With relaxation re- 

uced by changing these parameters, more net rejuvenation is ac- 

umulated in each cycle (Supplementary Fig. S6). Since T a is fixed, 

he interval T a –T b is determined by T b . Strikingly, even though the 

tructure is already frozen at T b , there is still some local relax- 

tion, indicated particularly by the local kinetic energy or temper- 

ture ( Fig. 5 a). Restricting relaxation during the low-temperature 

old, by decreasing t b , the distribution of local temperature T b,loc 

s more spatially heterogeneous ( Fig. 5 b–d) at the beginning of the 

eating process; this heterogeneity could be amplified and could 

nhance the rejuvenation during heating. The heterogeneity of lo- 

al temperature T b,loc does not continue to decrease as t b is pro- 

onged; finally the decrease saturates when the heterogeneity of 

 b,loc is consistent with the structural heterogeneity. By introducing 

he quasi-equilibrium process (see Methods), the infinite- t b state 

an be obtained. At t b = ∞ , the degree of rejuvenation is indepen- 

ent of cooling rate Q b and lower temperature T b , and correlated 

nly with the heating process. 

In a practical implementation of TC, there are likely to be hold 

imes ( t a and t b ) at the upper and lower temperatures. We have

hown that structural relaxation during these hold times is critical 

n understanding the overall effect of TC. The effects of such relax- 

tion cannot, of course, be studied if the TC is simulated only with 

 triangular-wave thermal history as in Refs. [ 39 –41 ]. 
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Fig. 6. The progress of rejuvenation in one thermal cycle. (a) The evolution of potential energy in one cycle between high and low temperature, i.e. cooling from T a down 

to T b , holding at T b , then heating back to T a . The evolution is shown for two values of cooling/heating rate: 10 10 K s –1 (black line) and 10 14 K s –1 (red line). (b) The relation 

between the change in potential energy �E P ( = E – E 0 ) and the change in kinetic energy �E K during the heating stage. The solid line is followed for Cu 50 Zr 50 glass and 

crystal CuZr at Q a = 10 14 K s –1 applying the Nosé-Hoover (NH) thermostat; the dashed line is followed for the MG at Q a = 10 10 K s –1 applying the NH thermostat, and at 

Q a = 10 14 K s –1 applying the Langevin thermostat. (c) The change in energy as a function of the number of cycles for the three cases in (b) with Q a = 10 14 K s –1 . The initial 

states of all amorphous samples are same. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 

3

a

o  

p

o

u  

F

m

w

t

t

t  

r

a  

w  

o

p

e

e

c

c

p  

b

t

l

b

s

c

r

a

t

i

H

a

e  

a

t

s

d

i

t

i

r

t

i

w

t

�

i

t

.5. The causes of rejuvenation in TC 

Fixing the conditions (and therefore the likely degree of relax- 

tion) during the upper- and lower-temperature holds, we focus 

n the effects of the rates of cooling and heating, Q b and Q a . The

otential-energy evolutions of the same sample ( Q i = 10 11 K/s) in 

ne cycle with slow cooling and heating (10 10 K s –1 ), and with 

ltra-fast cooling and heating (10 14 K s –1 ), are shown in Fig. 6 a.

or low Q b and Q a , the potential-energy evolution is almost sym- 

etrical on cooling and heating, and the value of E changes only 

hen the temperature is changing. However, for high Q b and Q a , 

he symmetry is broken: compared to the E profile at low rate 

here is little change on cooling, but major changes on heating. At 

he start of heating at high Q a , there is a lag before E starts to rise

apidly, overshoots its initial value E 0 , passes through a maximum, 

nd ends the cycle higher than E 0 . We note that, if the simulation

ere continued to longer time, E might well decay back to E 0 ; in

ther words, this rejuvenation may be transient. 

The evolution of E at high Q a implies that the reheating stage 

lays the key role in TC-induced structural change. It is of inter- 

st to examine the correlation between the changes of potential 

nergy �E p = E − E 0 and kinetic energy �E k = E k − E k , T b 
. The in- 

rease in potential energy of the glass clearly lags behind the in- 

rease in kinetic energy during ultra-fast heating ( Fig. 6 b, red data 

oints) while there is no similar effect on slow heating ( Fig. 6 b,

lue data points). This suggests that, at least in these MD simula- 

ions, the glassy system during ultra-fast heating falls out of “equi- 
7 
ibrium” by violating the equipartition theorem (ET); there must 

e local decoupling of the potential and kinetic energies. In the 

imulation, the degree of adherence to the ET can be adjusted by 

hoosing different thermostats, and thereby different degrees of 

ejuvenation are achieved (Supplementary Fig. S7 and the associ- 

ted discussion in Supplementary Material). By using the Langevin 

hermostat to force adherence to the ET, rejuvenation of the glass 

s suppressed ( Fig. 6 b, orange data points). Using the usual Nosé- 

oover thermostat, and applying TC to the B2 CuZr crystal there is 

gain no rejuvenation ( Fig. 6 b, green data points). The contrasting 

ffects of TC (rejuvenation or not) are shown in Fig. 6 c. Thus, even

t high Q a , rejuvenation is achieved only when: (i) there is viola- 

ion of the ET under the Nosé-Hoover thermostat; and (ii) there is 

tructural heterogeneity, as in the glass but not the crystal . This is 

irect evidence that an external cause, the violation of the ET dur- 

ng ultra-fast heating, takes on its role through an internal cause, 

he intrinsic structural heterogeneity, in achieving the rejuvenation 

n MGs. 

This point can be explored further through the atomic rear- 

angements induced by ultra-fast heating. The local intensity of 

hese rearrangements in a voxel i at temperature T i is character- 

zed by the activated rate, defined as R i ≡ −�F i / k B T i (see Methods), 

here �F i is the activation energy barrier of the voxel (propor- 

ional to the local instantaneous shear modulus [52] ). The barrier 

F i is directly determined by the local structural packing, which 

n a MG is distributed inhomogeneously. The T i is controlled by 

he fast out-of-equilibrium heating. Spatial distributions of R i at 
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Fig. 7. The local activated rate ( R i ). (a) The temperature evolution during the heating stage in one thermal cycle for the MG applying the Nosé-Hoover (NH) or Langevin (L) 

thermostats, and for CuZr crystal applying the NH thermostat. The circled region indicates the point at which the distributions of R i are calculated. Contour plots of the 3D 

spatial distributions of R i : (b) for crystal CuZr, applying the NH thermostat; (c) for the MG, applying the L thermostat; and (d) for the MG, applying the NH thermostat. The 

simulation is controlled by the NVT ensemble and Q a = 2.5 × 10 14 K s –1 . 
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he start of the hold at T a after ultra-fast heating are shown for 

ifferent cases in Fig. 7 . For the B2 CuZr crystal, R i is controlled

y the periodic structure ( Fig. 7 b, corresponding to the green data 

oints in Fig. 6 b), even though there can still be considerable lo- 

al temperature heterogeneity generated by the NH thermostat. For 

he glassy state, the R i is still homogeneous without local temper- 

ture heterogeneity, when the Langevin thermostat is used ( Fig. 7 c, 

orresponding to the orange data points in Fig. 6 b). Thus, consis- 

ent with what has already been noted, the intense R i that leads to 

ejuvenation upon reheating seems to require both structural and 

inetic heterogeneity ( Fig. 7 d). 

The rejuvenated glass (i.e. after TC using the NH thermostat) 

as the broadest distribution of R i and the highest frequency of 

ocal atomic rearrangements during the hold at T a ( Fig. 8 a). We 

alculated the local non-affinity D̄ i to characterize the evolution 

f local atomic rearrangements with holding time t a . The rela- 

ively strong correlation between the local non-affinity and the 

ocal activated rate for all atoms ( Fig. 8 b) in the rejuvenated 

ase emphasizes that the atomic response is mainly controlled 

y the local coupling between atomic structure and temperature, 

hich is not found in the crystal state or in the glassy state 

ith the Langevin thermostat. The spatial evolution of the non- 

ffinity ( Fig. 9 ) shows that, even after a long hold at T a , the

tomic rearrangements are still correlated with the local activated 

ate at the start of the upper-temperature hold (circled region 

n Fig. 7 a). Over a long enough time, however, thermal relax- 

tion must erase such rejuvenation effects, and ultimately lead to 

geing. 
8 
. Discussion 

We conclude that rejuvenation in TC has two causes. While 

verall volume change is not necessary for rejuvenation by TC 

Supplementary Fig. S8), heterogeneity in local coefficient of ther- 

al expansion is important, as suggested in early work [ 9 , 35 ].

owever, the correlation length for local thermal expansion, com- 

uted by some of us [36] , shows a power-law dependence on 

oarse-grain size, which means that the activation probability in- 

uced by the local thermal expansion mismatch is negligible in our 

resent simulated system. 

The simulations show that, during one cycle, the excitation oc- 

urs in large measure only on heating from the lower temperature 

 b to the upper temperature T a . Thus there appears to be a second 

rigin of rejuvenation: hysteresis arising from a violation of the 

quipartition theorem, is found at the exceptionally high heating 

ates in the present simulations, but itself relies on the structural 

eterogeneity intrinsic to the glassy state. In physical experiments 

 9 –17 ], both effects could be important. 

Thermal cycling is known to change the properties of poly- 

rystals of metals that have low crystallographic symmetry and 

herefore an anisotropic single-crystal thermal expansion coef- 

cient [ 59 , 60 ]. For such polycrystals, the relevant microstruc- 

ural length-scale is clearly the grain diameter. It is now ac- 

epted that, well below the temperatures at which relaxation an- 

ealing would be conducted, thermal cycling, specifically CTC, is 

 possible method of changing the structure and properties of 

Gs. 
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Fig. 8. Local activated rate ( R i ) and local non-affinity ( ̄D i ). (a) Distributions of R i for the MG and crystal CuZr applying the Nosé-Hoover (NH) thermostat, and for the MG 

applying the Langevin thermostat. The distributions are sampled at the reference point (circled) in Fig. 7 a, over a time interval of 1 ps. (b) The correlation between D̄ i and 

R i for the three cases in (a): NH MG (red), Langevin MG (orange), and NH crystal (green), with Pearson correlation coefficients of 0.6, 0.06, and –0.03 respectively. (For 

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) . 

Fig. 9. Evolution of the local non-affinity ( ̄D i ) during the hold at T a . Contour plots of the 3D spatial distributions of local non-affinity between the start of the hold (circled 

region in Fig. 7 a) and after hold times �t of (a) 0.2 ps, (b) 1 ps, (c) 4 ps, and (d) 80 ps. 
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From the earliest study of the effects of CTC on MGs [ 9 , 35 ], it

as been supposed that heterogeneity in the glass must play a role, 

ut, in contrast to the polycrystalline case, the relevant length- 

cale has not been clear. While there are now many measurements 

f CTC-induced property changes in MGs, these do not give any 

ndication of the length-scale of the relevant heterogeneity. The 

D simulations in the present work do permit heterogeneity to 

e visualized in the spatial distributions of the local values of: the 
9 
tomic participation ratio P i ( Fig. 4 c, d and Supplementary Fig. 4), 

he temperature T b,i ( Fig. 5 b–d), the activated rate R i ( Fig. 7 d), and

he non-affinity D i ( Fig. 9 a–d). As already noted, these various pa- 

ameters are strongly correlated. Thus, as seen in these figures, 

hey share a common length-scale: this is found to be 0.5–2.0 nm. 

e suggest that this length-scale is relevant for understanding TC 

ffects in MGs. 
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In the TC simulations for the L-J glass, the distributions 

f atoms showing large non-affine displacements were mapped 

 39 , 41 ]. In early cycles of the L-J glass formed by quenching at

he highest rate, large non-affine displacements were dispersed 

hroughout the sample, but in all other cases, the atoms showing 

uch displacements were dispersed as small clusters. The distribu- 

ion and size of these clusters are similar to, for example, those of 

he local participation ratio P i ( Fig. 4 c and d). 

In standard transmission electron microscopy, the characteriza- 

ion of structural heterogeneity is hindered by projection effects, 

s the thickness of the electron-transparent thin foil is 1 to 2 or- 

ers of magnitude greater than the heterogeneity diameter. By in- 

orporating data from nanobeam electron diffraction and fluctua- 

ion electron microscopy, however, crystal-like medium-range or- 

er (MRO) has been detected, with a correlation length of 1–2 nm 

onsistent with the present work [ 63–65 ]. Such MRO has an influ- 

nce on mechanical properties [66] . It is suggested that MRO re- 

ions are relatively soft; when they are larger or present in greater 

olume fraction, the hardness is lower and the MG is expected to 

how greater plasticity [65] . 

Nanoprobe studies of MG surfaces also suggest heterogeneity 

n the scale down to about 1.5 nm [61] , broadly consistent with 

he present work. Length-scales of tens of nm [62] , or even tens of

m [ 18 , 65 ], have also been suggested to describe the heterogene-

ty in MGs, but such scales cannot be studied with the simulation 

ethods in the present work. If the length-scale of the heterogene- 

ty giving TC effects is 0.5–2.0 nm, that is favourable for the poten- 

ial application of TC to treat MG components in MEMS and NEMS 

evices. 

An experimental study of a Cu 46 Zr 46 Al 7 Gd 1 BMG [67] found 

hat TC has a strong rejuvenation effect on some properties (no- 

ably the initial yield load in nanoindentation, F y ) and only a weak 

ffect on others (e.g. hardness, H ). The relaxation effect of anneal- 

ng can be reversed by TC for F y , but not for H . These effects could

e consistently interpreted by considering the MG to contain soft 

pots in a relatively rigid matrix: TC increases the population den- 

ity of soft spots and the ease of shear within them. It was in-

erred that a property such as F y is strongly affected by the distri- 

ution of soft spots, while H depends mainly on the rigid matrix, 

hich is barely affected by TC. The soft spots were associated with 

hear-transformation zones, and therefore directly connected with 

mproved plasticity [67] . 

The present work is remarkably consistent with this picture. As 

oted above, the simulations give spatial distributions of P i , R i and 

 i that all show soft spots. The population density of soft spots 

s determined by dynamic competition between their annihilation 

nd production. It is clear that TC does specifically affect the na- 

ure and population of those soft spots. Furthermore, TC is shown 

 Fig. 3 d) to affect the onset of plastic flow much more than its con-

inuation, consistent with the different effects measured [67] for F y 
nd H . 

It is evident both from physical measurements [ 27 , 37 ] and from

he simulations in the present work ( Fig. 2 , Supplementary Fig. S3) 

hat the effect of TC on MGs is delicately balanced between relax- 

tion and rejuvenation. The dynamic nature of that balance can be 

etter understood by noting that even when, for example, there is 

 strong overall rejuvenation, soft spots are disappearing as well as 

ppearing ( Fig. 4 c and d). 

. Conclusions 

In the present work, our aim has been to advance understand- 

ng of the effects of TC on the structure and properties of MGs, 

nd in particular how a given MG can be rejuvenated to states 

f higher energy or aged to lower energy. We have conducted 

olecular-dynamics (MD) atomistic simulations of cycling Cu Zr 
50 50 

10 
at.%) glasses between T a = 400 K and T b = 1 K. The simulations

o allow exploration of the effects of a range of thermal-cycling 

arameters. Depending, for example, on the quench rate used to 

orm the glass, and on the hold time at the upper temperature dur- 

ng cycling, the MG can undergo either rejuvenation or ageing as a 

esult of TC. 

Focusing on rejuvenation, the effects of TC are clear in progres- 

ively increased potential energy and reduced structural correla- 

ion with the as-cast glass, while the heterogeneity in the rejuve- 

ated glass increases. As the heterogeneity increases, the rejuvena- 

ion (quantified as the potential energy) accelerates, until levelling 

ff at a steady-state value. Rejuvenated glasses show reduced pop- 

lations of the most common atom-centred clusters, reduced elas- 

ic moduli, and an increased boson peak. The effects in the simu- 

ations are in broad qualitative agreement with published experi- 

ental findings. 

In the present simulations, it has not been possible to test the 

ffects of local heterogeneity in the coefficient of thermal expan- 

ion. While such heterogeneity remains a likely origin of the reju- 

enation by TC in physical experiments, in the simulations there 

ppears to be a second origin. In the simulations, the excitation 

externally driven increase in potential energy) occurs mainly on 

eating, associated with a violation of the equipartition theorem, 

ut still reliant on the structural heterogeneity in the glass. 

The simulated Cu-Zr glasses show conclusively that cryogenic 

hermal cycling is capable of inducing local atomic displace- 

ents that, over progressive cycles, destroy all memory of the as- 

uenched structure of the glass. The properties of the TC-treated 

lass reach a steady state that may be relaxed or rejuvenated with 

espect to the as-quenched state, depending on the energy of the 

nitial glass and the TC conditions. Simulations of the kind demon- 

trated in the present work, will allow exploration of the effects of 

C parameters and thereby help in optimizing TC treatments. 
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