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Abstract
Glasses with rejuvenated structures usually exhibit improved room-temperature plasticity, which facilitates their applications.
However, glass rejuvenation requires external energy injection to “shake up” the frozen-in disordered structure. In this work,
we give the answer to how much the required energy is. According to the constitutive model of amorphous plasticity, we find
that the applied stress higher than the steady-state flow value can effectively induce the structural disordering in terms of the
generation of free volume. Therefore, the effective energy density (EED) of structural rejuvenation is defined as the integral
of this effective stress on the corresponding strain. By tailoring the applied strain, strain rate, temperature and initial free
volume, different degrees of structural rejuvenation are achieved, which show a generally linear correlation with the defined
EED. This work deepens the understanding of glass rejuvenation from an energy perspective.
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1 Introduction

From a potential energy landscape perspective, glasses or
disordered solids reside in “fragile” basins that are ther-
modynamically metastable [1–3]. Therefore, glasses will
spontaneously age into the deeper “strong” basins. This phys-
ical aging process usually induces mechanical brittleness,
severely deteriorating the wide applications of glasses as
structural materials. Intriguingly, aged glasses can be struc-
turally rejuvenated by thermo-mechanical activation, which
results in the recovery of both relaxation enthalpy and global
plasticity [4–7]. It is thus of both scientific and practical sig-
nificance to understand the structural rejuvenation of glasses
[8–11].

With substantial efforts [12–15], the physical mechanism
of glass rejuvenation has been clarified as the creation of
atomic free volume via a series of shear transformations
(STs), i.e., localized irreversible rearrangements of small
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groups of atoms. This trans-scale dynamic process requires
the injection of external energy to “shake up” the frozen-in
disordered configurations, and meanwhile, to avoid aging-
induced ordering. At lower stress levels, the external energy
is only stored in the elastic matrix of glasses, which cannot
contribute to structural disordering permanently. But when
the stress reaches a threshold, multitudinous STs will be acti-
vated to destroy the confining elastic matrix [16, 17]. In this
process, the plastic work can be approximately decomposed
into the portion stored in the configurational space and the
ordinary heat dissipated via vibrational phonons [18]. The
configurational portion of plastic work is, in concept, similar
to the “cold work” that directly contributes to the structural
softening of shear banding [19]. It is the plastic storage work
that effectively contributes to the structural disordering or the
generation of excess free volume [13, 20, 21]. So here comes
an interesting question: how much energy does it require to
achieve structural rejuvenation of glasses?

In this paper, we present a theoretical answer to this
question within the framework of the constitutive model of
amorphous solids by Jiang et al. [22] By considering the
interaction of STs and free volume dynamics, this model
reveals a stress threshold of structural disordering that can
be determined by the dynamic balance between annihilation
and generation of free volume mediated by STs. Therefore,
the effective energy density (EED) of structural rejuvenation
can be further defined by the integral of the effective stress
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beyond this threshold on the corresponding strain. We apply
the defined EED to both constant strain-rate loading and con-
stant stress (creep), and find that the structural rejuvenation
degree is approximately linear to the EED in despite of vary-
ing conditions such as strain, strain rate, temperature and
initial free volume.

2 Definition of Effective Energy Density

Applying mechanical deformation is the most frequently-
used method to achieve structural rejuvenation of glasses,
especially metallic glasses [6, 23, 24]. In general, the
mechanical rejuvenationmethods include the constant strain-
rate loading and the creep with a constant stress. The two
types of deformation can be well described by the constitu-
tive model of amorphous solids [22]. This model considers
the interaction between STs and free volume dynamics, and
thus can inherently capture the rejuvenation of glassy struc-
ture [14].

In order to highlight the essential physics, we consider
the quasi-static simple-shear case. The total shear strain is
decomposed into elastic and plastic portions, ε̇ � ε̇el + ε̇ pl .
The elastic strain obeys Hooke’s law, εel � σ

/
μ, where

σ is the shear stress and μ is the shear modulus. The plastic
deformation results from the activation of a series of STs, and
the activation rate depends on the combined effect of applied
stress, thermal fluctuation and local free volume [25–27].
The plastic strain rate is determined by the dynamic balance
of two-state STs along shear “positive” and “negative” direc-
tions, which can be expressed as

ε̇ pl � exp

(
−1

ξ

)
exp

[
EA

(
1 − 1

T

)]

×
[
� sinh

(σ

T

)
− � cosh

(σ

T

)]
(1)

where ξ is the average concentration of free volume, T is tem-
perature, and EA is the thermal activation energy.The internal
state variables � and � represent the bias and summation of
normalized populations of two-state STs, respectively. The
dynamic evolution of STs involves the internal reconstruction
between two states and the agitation by the plastic deforma-
tion, which is expressed as

�̇ � 2ε̇ pl − ϕ

∣∣∣σ ε̇ pl
∣∣∣� (2)

�̇ � ϕ

∣∣∣σ ε̇ pl
∣∣∣(1 − �) (3)

where ϕ is a dimensionless coefficient. Furthermore, the free
volume dynamics includes the STs-mediated creation and
relaxation-induced annihilation [28, 29]. A fraction of the
plastic work is transformed into the bulk energy, leading to

the creation of free volume. But the annihilationmainly relies
on thermal transformations of collective atoms. Therefore,
the net creation of the free volume can be calculated as

ξ̇ � Dia

∣∣∣σ ε̇ pl
∣∣∣ − φ exp

(
−1

ξ

)
exp

[
Ea

(
1 − 1

T

)]
(4)

where Dia is a dilatancy factor measuring the ability to cre-
ate the free volume, φ is a coefficient that characterizes the
efficiency of depleting a free volume, and Ea is the energy
barrier of thermal annihilation. Usually, the energy barrier
EA is larger than Ea [30, 31]. Due to the quasi-static load-
ing, the isothermal condition is adopted here and temperature
rise is expected to be negligible. The physicalmechanism and
predictive power of this constitutive model have been exten-
sively studied [14, 26, 32, 33].

We take a typical Zr55Cu30Ni5Al10 metallic glass as a
model material for numerical calculations. The mechanical
and physical parameters are chosen as [22]: μ � 33 GPa,
Tg � 679K,φ � 10,ϕ � 0.5, EA � 3.83 eVand Ea � 2.65
eV. If there is no specific state, the initial system is chosen as:
�0 � 0.6, �0 � 0.01, Dia � 0.009, and ξ0 � 0.05. With
these parameters, Eqs. (1)–(4) can be numerically integrated
at a fixed temperature.

We first calculate the mechanical response during the
constant strain-rate loading, where the shear stress is deter-
mined by σ̇ � μ(ε̇ − ε̇el ). Here we normalize the stress by
σ0 � 2kBTg/Va and strain by ε0 � n∞Va , where kB is
the Boltzmann constant, Va is the ST activation volume, and
n∞ is the total populations of STs in a steady flow state. If
there is no specific state, the strain-rate ε̇ is 1.0 × 10–4 s−1

and temperature is 0.9 Tg. Figure 1a shows the calculated
shear stress–strain curve,which displays a typical stress over-
shoot behavior. Specifically, as the applied strain increases,
the stress increases to amaximumand then decreases towards
its steady-state flow value σ f . The corresponding free vol-
ume evolution is calculated in Fig. 1b.With increasing strain,
the initial free volume first slightly decreases, then increases
after a critical strain εc, and finally reaches a saturated value.
Obviously, the critical εc corresponds to a threshold stress σc.
It is interesting to find that σc is very close to the steady-state
flow stressσ f . Glass rejuvenation is a dynamic process jump-
ing from a lower-energy state to a higher-energy state, so the
increase of the potential energy should be the direct judgment
of rejuvenation [7, 34]. Besides, there are many indicators
of structural rejuvenation, such as free volume [10], effec-
tive temperature [35], Voronoi polyhedral [7] and the height
of boson peak [14]. Here the degree of structural rejuve-
nation is simply measured by the amount of STs-mediated
free volume. Therefore, when the applied strain exceeds εc
or σ > σc, the glass is structurally rejuvenated. Otherwise,
the free volume decreases, indicating a physical aging. Con-
sidering this situation, we can define the EED of structural
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Fig. 1 The definition of effective energy density, where the cyan area denotes the EED: a the constitutive behaviors for constant strain-rate test,
where the red and blue dashed line represent σc and εc, respectively; b the corresponding evolution of free volume; c the constitutive behaviors for
creep test; d the corresponding evolution of free volume

rejuvenation as an integral of the so-called effective stress
(σ−σc) on the corresponding effective strain (ε − εc), which
reads

EED �
∫ ε

εc

(σ − σc) dε (5)

The cyan area in Fig. 1a is the defined EED. Below σc,
the reversible elastic energy density (the gray area) is stored
in the elastic matrix. Coincidentally, the EED equals to the
area of the stress overshoot, so stress overshoot should be an
important signal of structural disordering or rejuvenation [36,
37]. It is noted that the yellow area is the “hot work,” which is
dissipated in the form of heat during the deformation. At the
steady-state flow stage, both the EED and free volume reach
their respective saturation. Thus further plastic deformation
is ineffective for structural rejuvenation, which is consistent
with the experimental observations [28, 38, 39].

Next, we define the EED during the creep loading. The
loading process includes a fast constant strain-rate load and

a subsequent constant stress σcp, as shown in Fig. 1c. Cor-
respondingly, the time-dependent creep strain εcp can be
measured. In the creep, there is also a stress threshold, only
beyond which the structural rejuvenation occurs [13, 21].
Similar to the constant strain-rate test, the stress threshold σc
and the critical strain εc can also be determined according to
the balance point of free volume as shown in Fig. 1d. Beyond
σc, the free volume creation overcomes its annihilation, lead-
ing to the structural rejuvenation. Similar to Eq. (5), the EED
can be defined for the creep loading, which is also expressed
as an integral:

EED �
∫ εcp

εc

(σcp − σc) dεcp (6)

As shown in Fig. 1c, the blue horizontal dashed line
denotes σc, and the cyan area above σc is the EED. Under
sup-σc creep, only a fraction of the plastic work contributes
to configurational changes and structural disordering. Dur-
ing the mechanical rejuvenation in both constant strain-rate
loading and creep, the EED results in the accumulation of
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excess free volume, but elastic energy (gray area) or dissi-
pated plastic energy (yellow area) does not. Therefore, the
EED (the cyan area in Fig. 1) should be the required energy
to achieve structural rejuvenation of glasses.

3 Results and Discussion

To rationalize the EED defined above, we explore the rela-
tion between the EED and the structural rejuvenation degree
under different conditions. According to Eqs. (5) and (6), the
EED mainly depends on effective stress and the correspond-
ing strain. In the constant strain-rate test, the constitutive
responses are controlled by several parameters, including
applied strain, strain rate, temperature and initial free vol-
ume. In the creep test, the effective energy density is solely
controlled by the creep strain when the creep stress is fixed.

Figure 2a shows the stress–strain curves when deformed
to different strains under a constant strain rate of 1.0 × 10–4

s−1. The black horizontal dashed line is σc. Meanwhile, the

rejuvenation degree can be reflected in the corresponding free
volume as shown in the colored circles in Fig. 2b. According
toEq. (5), theEEDkeeps growingwith the increase of applied
strain until the stress approaches to the final steady-state flow
value. Correspondingly, the free volume also increases grad-
ually with increasing strain, finally reaching its saturation at
σ f .

Figure 2c shows the creep strain response with loading
time under sup-σc creep (the applied creep stress is in accor-
dance with the creep in Fig. 1c). As expected, the creep strain
displays the three-stage behavior: a sudden jump is followed
by a gradual increase and the final strain-divergence stage.
This theoretical result well reproduces the experimental and
atomically simulated observations [30, 40, 41]. Different
degrees of structural rejuvenation are achieved by controlling
different creep strains. Tailoring the loading time, the applied
creep strains (colored circles) are 0.1, 0.15, 0.2, 0.25, 0.3,
0.35 and 0.4, respectively. Figure 2d shows the correspond-
ing free volume with different applied strains during the
creep. Obviously, the free volume increases monotonously

Fig. 2 The effect of applied strain on structural rejuvenation: a stress–s-
train curves of specimens deformed to different strains, where the
dashed line donates the stress threshold; b the corresponding free vol-
ume of specimens deformed to different strains; c creep strain response

with loading time, where the red star is the critical strain; d the corre-
sponding free volumes of specimens with different creep strains
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Fig. 3 a, c, e The effects of strain-rate, temperature and initial free volume on the constitutive behavior; b, d, f the corresponding evolutions of free
volume

with the increasing strain. But in real creeps, the glass will
undergo mechanical failure corresponding to strain diver-
gence.Therefore, neither creep strain nor rejuvenationdegree
can increase without any boundaries.

Figure 3a shows the strain-rate dependence of constitutive
behaviors at T � 0.9 Tg, where the strain-rate is applied from
0.4 × 10–5 s−1 to 1 × 10–3 s−1. It is found that the steady-
state flow stress is independent of the applied strain rate. But
the peak stress and overshoot become more pronounced at
higher strain rate, which results in a higher EED (the area

of stress overshoot). Meanwhile, the corresponding rejuve-
nation degree, that is, the saturation value of free volume, is
shown in Fig. 3b. Clearly, the higher strain rate leads to the
higher rejuvenation degree. Figure 3c shows the stress–strain
curves at varying temperatures, where the strain rate is 1.0
× 10–4 s−1. Obviously, both the peak stress and flow stress
show the softening property, and the EED becomes smaller
with increasing temperature. The lower saturated free volume
in Fig. 3d indicates a lower degree of structural rejuvenation.
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Fig. 4 Correlation between rejuvenation degree and EED* for constant
strain-rate and creep tests, where the red straight solid line is a linear fit
to the data

Figure 3e displays the stress–strain curves with different
initial free volumes ranging from 0.035 to 0.11, where the
strain-rate is 1.0 × 10–4 s−1 and the temperature is 0.9 Tg.
It shows that the threshold stress of rejuvenation or the flow
stress has nothing to do with the initial free volume ξ0. How-
ever, the glasseswith lower ξ0 have the larger stress overshoot
and EED during the homogeneous deformation. Figure 3f
shows that the free volume will reach the identical saturation
in the steady-state flow stage regardless of its initial value.
This results agree with the findings of Barbot et al. based
on atomistic simulations [42]. It reveals that the glasses with
lower initial free volume prefer to achieve more pronounced
rejuvenation due to a larger EED.On the contrary, the glasses
with relatively high free volume (ξ0 � 0.11) present the
strain-hardening behavior as shown in the inset of Fig. 3e.
This situation has been observed experimentally in a highly-
rejuvenated metallic glass [43]. In this situation, there is no
effective energy density, and thus structural aging occurs as
shown in the inset of Fig. 3f.

In all cases calculated above, the rejuvenation degree
shows a positive correlation with the EED in both the
quasi-static strain-rate loading and the creep. Such posi-
tive correlation is also supported by plastic deformation of
amorphous Pd40Ni40P20,where themeasured overshoots and
disordering becomemore pronouncedwith increasing strain-
rate [44]. In order to demonstrate the universality of the
rejuvenation-EED correlation, the rejuvenation degree (RD)
here is defined as the normalization of free volume by its
initial value, that is, ξ

/
ξ0. Also, the EED is normalized by

the threshold stress σc of rejuvenation, labeled as EED*.
We plot the RD against EED* for all theoretically cal-

culated data and experimental tests, as shown in Fig. 4. The
calculateddata are shown inTable 1.The experimental results

are taken from the literature [44]. Clearly, the RD and EED*
show an approximately linear correlation, which can be sat-
isfactorily fitted with the Pearson correlation coefficient of
∼0.986. All data collapse onto a general straight line, regard-
less of applied strain, strain rate, temperature or initial free
volume. It is therefore identified that the EED defined in
Eq. (5) or (6) is the required energy for structural rejuvena-
tion in glasses.

Obviously, the rejuvenation degree increases
monotonously with the effective energy density. There-
fore, the glass can be highly rejuvenated as long as the
EED* is sufficiently high. For the uniaxial compression
or tension, enhanced EED* could be accessible for faster
loading or higher strain rate, which speeds up the dynamic
process of structural disorder and suppresses the aging
[8, 35]. However, the deformation tends to be localized
into shear bands with ~ 10-nm thickness at higher strain
rate, leading to the inevitable brittle fracture [45–48]. To
overcome this issue, we have previously shown that the
shock compression with 1D strain state can realize the
ultrafast extreme rejuvenation [14]. In addition, triaxial
stress states are frequently introduced in the experiments,
such as constrained loading [11], high-pressure annealing
[49] and cold rolling [6]. The above-mentioned methods
not only increase the effective stress but also guarantee
large effective strain, thus injecting more stored energy of
“cold work” for glass rejuvenation. Under some extreme
conditions, when the EED* is increased to a critical value,
the bulk of glass is liquid-like due to the excess free volume,
which may maximize the degree of rejuvenation.

4 Concluding Remarks

In summary, the mechanical response and rejuvenation
behavior are studied on constant strain-rate and creep tests
within the theoretical framework of STs and free volume.
It reveals that the stress threshold of structural rejuvenation
is numerically close to the steady-state flow stress, beyond
which the free volume can be significantly generated via STs.
Accordingly, we define the EED and investigate its correla-
tionwith structural rejuvenationby controlling applied strain,
strain rate, temperature and initial free volume. The main
conclusions are listed as follows:

(1) The EED of glass rejuvenation is defined as the integral
of the effective stress on the corresponding strain. In the
constant strain-rate loading, the defined EED is close to
the area of the stress overshoot.

(2) The defined EED shows an approximately linear cor-
relation with the rejuvenation degree in terms of the
created free volume. Thus the EED is identified as
the required energy for glass rejuvenation that can be
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Table 1 The σc, effective energy
density (EED), free volume (ξ0
and ξ ), normalized EED (EED*)
and rejuvenation degree (RD)
under different deformation
conditions

Condition σc EED ξ0 ξ EED* RD

0.9 Tg, 10–4 s−1 7.78 0.372 0.05 0.0533 0.0474 1.065

0.9 Tg, 10–4 s−1 7.78 0.634 0.05 0.0616 0.0813 1.233

0.9 Tg, 10–4 s−1 7.78 0.953 0.05 0.0684 0.1218 1.368

0.9 Tg, 10–4 s−1 7.78 1.011 0.05 0.0743 0.1296 1.485

0.9 Tg, 10–4 s−1 7.78 1.191 0.05 0.0795 0.1527 1.59

0.9 Tg, 10–4 s−1 7.78 1.284 0.05 0.0842 0.1646 1.684

0.9 Tg, 10–4 s−1 7.78 1.391 0.05 0.0885 0.1782 1.769

0.9 Tg, 10–4 s−1 7.78 1.670 0.05 0.0956 0.2141 1.911

0.9 Tg, 10–4 s−1 7.78 1.853 0.05 0.1082 0.2376 2.163

0.9 Tg, creep 7.78 0.246 0.05 0.0545 0.0315 1.090

0.9 Tg, creep 7.78 0.482 0.05 0.0602 0.0618 1.203

0.9 Tg, creep 7.78 0.718 0.05 0.0658 0.0921 1.316

0.9 Tg, creep 7.78 0.954 0.05 0.0714 0.1223 1.428

0.9 Tg, creep 7.78 1.192 0.05 0.0771 0.1526 1.541

0.9 Tg, creep 7.78 1.426 0.05 0.0827 0.1828 1.654

0.9 Tg, creep 7.78 1.662 0.05 0.0884 0.2131 1.768

0.9 Tg, 0.4 × 10–5 s−1 7.78 0.861 0.05 0.0807 0.1111 1.614

0.9 Tg, 0.8 × 10–5 s−1 7.78 1.033 0.05 0.0855 0.1335 1.709

0.9 Tg, 1.5 × 10–5 s−1 7.78 1.085 0.05 0.0903 0.1402 1.806

0.9 Tg, 5.0 × 10–5 s−1 7.78 1.579 0.05 0.101 0.2040 2.026

0.9 Tg, 1 × 10–4 s−1 7.78 1.85 0.05 0.109 0.2390 2.18

0.9 Tg, 2 × 10–4 s−1 7.78 2.167 0.05 0.118 0.2800 2.358

0.9 Tg, 3 × 10–4 s−1 7.78 2.41 0.05 0.124 0.3114 2.476

0.9 Tg, 5 × 10–4 s−1 7.78 2.655 0.05 0.1321 0.343 2.642

0.9 Tg, 10–3 s−1 7.78 3.089 0.05 0.145 0.399 2.902

0.86 Tg, 10–4 s−1 8.32 3.01 0.05 0.147 2.937 0.366

0.89 Tg, 10–4 s−1 7.84 2.09 0.05 0.116 2.325 0.266

0.92 Tg, 10–4 s−1 7.52 1.456 0.05 0.0972 1.943 0.193

0.95 Tg, 10–4 s−1 7.19 1.056 0.05 0.0842 1.684 0.147

0.99 Tg, 10–4 s−1 6.80 0.581 0.05 0.0722 1.444 0.085

0.9 Tg, 10–4 s−1 7.78 3.08 0.035 0.1089 0.396 3.111

0.9 Tg, 10–4 s−1 7.78 2.71 0.040 0.1089 0.3488 2.723

0.9 Tg, 10–4 s−1 7.78 2.36 0.045 0.1089 0.3037 2.42

0.9 Tg, 10–4 s−1 7.78 1.579 0.05 0.1089 0.2032 2.178

0.9 Tg, 10–4 s−1 7.78 1.30 0.06 0.1089 0.1673 1.815

0.9 Tg, 10–4 s−1 7.78 0.53 0.08 0.1089 0.0682 1.361

0.9 Tg, 10–4 s−1 7.78 0.156 0.10 0.1089 0.0201 1.089

0.9 Tg, 10–4 s−1 7.78 Aging 0.11 0.1089 Aging − 0.0011

permanently stored in the configurational space. As a
competent indicator to quantitatively probe the rejuve-
nation degree, the EED opens a window into exploiting
new rejuvenation strategies for glasses.
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