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A B S T R A C T

The effect of glass stability on the yielding transition and mechanical properties of periodically deformed binary
glasses is investigated using molecular dynamics simulations. We consider a binary mixture first slowly cooled
below the glass transition temperature and then mechanically annealed to deeper energy states via small-
amplitude oscillatory shear deformation. We show that upon increasing glass stability, the shear modulus and
the yielding peak during startup continuous deformation increase towards plateau levels. It is found that during
the strain amplitude sweep, the yielding transition occurs at higher amplitudes and it becomes more abrupt
in deeply annealed glasses. The processes of initiation and formation of a shear band are elucidated via the
spatiotemporal analysis of nonaffine displacements of atoms. These results are important for thermo-mechanical
processing of highly stable amorphous alloys.
1. Introduction

Understanding the relationship between the atomic structure and
macroscopic properties of metallic glasses is important for a num-
ber of structural and biomedical applications [1–3]. It is well known
that plastic deformation in disordered materials involves collective
rearrangements of groups of atoms or shear transformations [4,5].
Often cases, an improvement in mechanical and physical properties of
metallic glasses can be achieved via thermo-mechanical processing that
relocates the disordered systems in a broad range of energy states [6].
Common examples include high-pressure torsion, cold rolling, wire
drawing, irradiation, elastostatic loading, as well as surface treatments
like shot peening [6]. Here, we highlight a recent discovery that
thermal cycling between the room and cryogenic temperatures can
lead to rejuvenation of metallic glasses due to heterogeneous thermal
expansion [7–18]. Remarkably, it was also recently demonstrated ex-
perimentally and by means of atomistic simulations that cooling across
the glass transition temperature under applied stress rejuvenates amor-
phous alloys and increases their ductility [19,20]. However, despite
extensive efforts aimed at exploring the operational parameter space in
order to extend the range of glassy state, the optimization of processing
routes remains a difficult task.

During the last decade, the relaxation, rejuvenation and critical
phenomena in disordered alloys subjected to time periodic deforma-
tion were extensively studied using atomistic and mesoscale simu-
lations [21–51]. The modeling efforts can be broadly divided into
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two categories; namely, simulations either at zero temperature using
oscillatory athermal quasistatic shear deformation protocol or at finite
temperatures and non-zero strain rates. In the former case, it was found
that, following a number of transient cycles, the trajectories of all
atoms become exactly reversible after one or more cycles, provided that
the strain amplitude is below a critical value [24,25]. Moreover, the
number of cycles to reach a ‘limit cycle’ increases upon approaching
the critical strain amplitude [23,24,52]. In the presence of thermal
fluctuations, atoms do not follow exactly the same trajectories, and
disordered solids might continue structural relaxation, or ‘mechanical
annealing’, during thousands of subyield loading cycles [34,36,39].
Interestingly, it was recently shown that oscillatory shear deformation
can lead to rejuvenation without formation of a shear band if the strain
amplitude is only once in a while increased above a critical value [49].
On the other hand, the yielding transition is accompanied by strain
localization, and the number of transient cycles depends on the initial
glass state and strain amplitude [31,32,35,38,42,45], among other
factors. Furthermore, it was found that highly stable glasses do not
further relax during subyield loading, while they yield discontinuously
at the critical strain amplitude, which in turn increases with the degree
of annealing [44,48]. At finite temperatures, however, the precise
determination of the critical strain amplitude and its dependence on
the glass stability remains a challenging problem.

In this paper, the yielding transition in stable glasses under oscil-
latory shear deformation is studied by means of molecular dynamics
927-0256/© 2021 Elsevier B.V. All rights reserved.
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simulations. We consider a binary glass first mechanically annealed be-
low the glass transition temperature and then cooled deep into the glass
phase. We find that under startup continuous deformation, the shear
modulus and the peak value of the stress overshoot increase towards
plateau levels in more stable glasses. In the case of periodic loading, we
introduce a shear deformation protocol with gradually varying strain
amplitude in order to determine the critical strain amplitude at finite
temperature. It will be shown that the yielding transition occurs at
higher critical strain amplitudes and it becomes more abrupt in glasses
annealed to deeper energy levels.

This paper is organized as follows. The details of atomistic sim-
ulations, mechanical annealing, and shear deformation protocol are
described in the next section. The variation of the potential energy
during mechanical annealing and yielding transition, as well as systems
snapshots near the critical strain amplitude are presented in Section 3.
The results are briefly summarized in the last section.

2. Molecular dynamics (MD) simulations

In the present study, the amorphous alloy was represented via
the binary (80:20) Lennard-Jones (LJ) mixture model, which was first
introduced by Kob and Andersen (KA) [53]. In this model, the unlike
atoms have strongly non-additive interaction, which prevents crys-
tallization upon cooling below the glass transition temperature [53].
The parametrization of the KA model is similar to the one used by
Weber and Stillinger to study the amorphous metal–metalloid alloy
Ni80P20 [54]. In the KA model, the interaction between atoms of types
𝛼, 𝛽 = 𝐴,𝐵 is described by the LJ potential:

𝑉𝛼𝛽 (𝑟) = 4 𝜀𝛼𝛽
[(𝜎𝛼𝛽

𝑟

)12
−
(𝜎𝛼𝛽

𝑟

)6 ]
, (1)

where 𝜀𝐴𝐴 = 1.0, 𝜀𝐴𝐵 = 1.5, 𝜀𝐵𝐵 = 0.5, 𝜎𝐴𝐴 = 1.0, 𝜎𝐴𝐵 = 0.8, 𝜎𝐵𝐵 = 0.88,
nd 𝑚𝐴 = 𝑚𝐵 [53]. The total number of atoms is 𝑁 = 60 000 and
he cutoff radius is 𝑟𝑐, 𝛼𝛽 = 2.5 𝜎𝛼𝛽 . Throughout the study, all physical
uantities are reported in terms of the reduced units of length, mass,
nd energy, as follows: 𝜎 = 𝜎𝐴𝐴, 𝑚 = 𝑚𝐴, and 𝜀 = 𝜀𝐴𝐴. In turn,
he equations of motion for each atom were solved using the velocity
erlet algorithm with the integration time step ▵ 𝑡𝑀𝐷 = 0.005 𝜏, where
= 𝜎

√

𝑚∕𝜀 is the characteristic LJ time [55,56].

The binary mixture was first placed in a periodic box of linear size
= 36.84 𝜎 and equilibrated in a liquid phase at 𝑇𝐿𝐽 = 1.0 𝜀∕𝑘𝐵 and

density 𝜌 = 𝜌𝐴 + 𝜌𝐵 = 1.2 𝜎−3. In all simulations, the temperature was
regulated via the Nosé–Hoover thermostat [55,56]. It was previously
shown that the critical temperature of the KA model at 𝜌 = 1.2 𝜎−3

s 𝑇𝑔 = 0.435 𝜀∕𝑘𝐵 , where 𝑘𝐵 is the Boltzmann constant [53]. After
quilibration, the system was gradually cooled from 𝑇𝐿𝐽 = 1.0 𝜀∕𝑘𝐵
o 0.3 𝜀∕𝑘𝐵 with the rate 10−5𝜀∕𝑘𝐵𝜏 at 𝜌 = 1.2 𝜎−3. Then, the glass
as further annealed by applying cyclic shear deformation along the
𝑧 plane at constant volume, as follows:

𝑥𝑧(𝑡) = 𝛾0 sin(2𝜋𝑡∕𝑇 ), (2)

here the oscillation period is 𝑇 = 5000 𝜏, and the oscillation frequency
s 𝜔 = 2𝜋∕𝑇 = 1.26 × 10−3 𝜏−1. The mechanical annealing included
000 cycles with the strain amplitude 𝛾0 = 0.035 at the temperature

𝑇𝐿𝐽 = 0.30 𝜀∕𝑘𝐵 and density 𝜌 = 1.2 𝜎−3. Note that it was recently shown
for the KA model at 𝜌 = 1.2 𝜎−3 that the strain amplitude 𝛾0 = 0.035
is below the critical value at the temperature 𝑇𝐿𝐽 = 0.30 𝜀∕𝑘𝐵 , and
the relaxation rate during cyclic loading with 𝛾0 = 0.035 is relatively
fast [36,47]. The simulation of one sample during 5000 shear cycles
2

took about 140 days using 40 processors in parallel.
Fig. 1. (Color online) The potential energy at the end of each cycle (when strain is
zero) as a function of the number of shear cycles with the strain amplitude 𝛾0 = 0.035
at the temperature 𝑇𝐿𝐽 = 0.30 𝜀∕𝑘𝐵 and density 𝜌 = 1.2 𝜎−3. The oscillation period is
𝑇 = 5000 𝜏. The orange curve 𝑦 = −7.875 − 0.0064 ⋅ ln(𝑡∕𝑇 ) is plotted for reference. The
inset shows the potential energy for selected cycles after the temperature was reduced
to 𝑇𝐿𝐽 = 0.01 𝜀∕𝑘𝐵 during 104𝜏.

. Results

It is well recognized by now that thermal and mechanical processing
istory strongly influences structural and mechanical properties of
morphous alloys [6]. In general, glasses that are more slowly cooled
cross the glass transition temperature become more stable (have lower
nergy states) and, under external deformation, exhibit a characteristic
tress overshoot, which is a signature of a brittle material [57]. Further-
ore, it was shown that periodic deformation during one shear cycle

an lead either to further relaxation, if the strain amplitude is suffi-
iently small, or to rejuvenation when the strain amplitude is above a
ritical value [58]. Upon repeated cyclic loading, the yielding transition
an be clearly detected at a certain strain amplitude, above which strain
ecomes localized along narrow bands; and, thus, oscillatory loading
enerally provides a better characterization of the yielding transition
han continuous startup deformation [31]. On the other hand, in the
resence of thermal fluctuations, the identification of the critical strain
mplitude in a relatively large system is computationally challenging as
t might require many cycles until yielding in the vicinity of the critical
mplitude [47]. Therefore, in the present study, we first generate
inary glasses in a broad range of energy states by means of mechanical
nnealing and then study how the yielding transition depends on the
lass stability at finite temperature.

We first perform mechanical annealing at 𝑇𝐿𝐽 = 0.30 𝜀∕𝑘𝐵 and
= 1.2 𝜎−3 using cyclic shear with the strain amplitude 𝛾0 = 0.035

nd present in Fig. 1 the potential energy minima after each cycle at
ero strain as a function of the number of cycles. It can be clearly ob-
erved that the relaxation process continues during 5000 cycles without
eaching a plateau level, and the maximum potential energy decrease
s ≈ 0.05 𝜀. We comment that the logarithmic form of the relaxation
rocess in Fig. 1 might be related to a slow defect annihilation in
eriodically driven systems of interacting particles in two dimensions
n the presence of quenched disorder [59]. Furthermore, after selected
umber of cycles when strain is zero, the glass was linearly cooled from
𝐿𝐽 = 0.30 𝜀∕𝑘𝐵 to 0.01 𝜀∕𝑘𝐵 during the time interval 104𝜏 at constant
olume. Thus, the inset in Fig. 1 shows the potential energy at 𝑇𝐿𝐽 =
.01 𝜀∕𝑘𝐵 for the same number of cycles. It should be commented that
uch annealing procedure results in highly stable glasses with relatively
ow energy states. For comparison, rapidly quenched KA glasses under
yclic shear with strain amplitudes below the critical value 𝛾0 ≈ 0.067
t 𝑇𝐿𝐽 = 0.01 𝜀∕𝑘𝐵 and 𝜌 = 1.2 𝜎−3 settle at the lowest level 𝑈 ≈ −8.29 𝜀
fter one or two thousand cycles [39,45]. In addition, it was shown that



Computational Materials Science 200 (2021) 110831N.V. Priezjev

a
a
w
p
r

p
s
c
s
f
o
i
p
a
m
t
t
d
s
n

u
s
a
w
a
n
q
o
a
e
y
d
s
t
c
s
t
g
a

o

Fig. 2. (Color online) The shear modulus 𝐺 and yielding peak 𝜎𝑌 (both in units of 𝜀𝜎−3)
nd shear strain of the yielding peak 𝛾𝑚 as a function of the number of annealing cycles
t 𝑇𝐿𝐽 = 0.30 𝜀∕𝑘𝐵 . The data are reported for startup continuous shear deformation,
hich is imposed along the 𝑥𝑦 plane (blue circles), 𝑥𝑧 plane (red squares), and 𝑦𝑧
lane (green diamonds). The continuous deformation is applied at the constant strain
ate 𝛾̇ = 10−5 𝜏−1 at the temperature 𝑇𝐿𝐽 = 0.01 𝜀∕𝑘𝐵 and density 𝜌 = 1.2 𝜎−3. See text

for details.

periodic shear with 𝛾0 = 0.06 at 0.01 𝜀∕𝑘𝐵 and 1.2 𝜎−3 does not lead to
relaxation below 𝑈 ≈ −8.31 𝜀 [49].

Next, the mechanical properties of stable glasses are probed during
startup continuous shear deformation protocol. The continuous defor-
mation was applied at the constant strain rate 𝛾̇ = 10−5 𝜏−1 along the
𝑥𝑦, 𝑥𝑧, and 𝑦𝑧 planes. The results for the shear modulus, 𝐺, yielding
eak, 𝜎𝑌 , and its strain, 𝛾𝑚, are reported in Fig. 2. In each case, the
hear modulus was computed from the linear slope of the stress–strain
urve when 𝛾 ⩽ 0.01, and the yielding peak and the corresponding
train were determined from the local maximum of the shear stress
or 𝛾 ⩽ 0.20. The data are rather scattered as simulations were carried
ur only for one sample. It can be seen in Fig. 2 that both 𝐺 and 𝜎𝑌
ncrease noticeably during the first 1000 cycles and then level out to
lateau levels. Moreover, the shear modulus exhibits a slight directional
nisotropy, and 𝐺 is smaller along the 𝑥𝑧 plane that was used for
echanical annealing at 𝑇𝐿𝐽 = 0.30 𝜀∕𝑘𝐵 . It was previously shown

hat the effect of anisotropy in mechanical properties is reduced when
he direction of periodic loading is alternated in two or three spatial
imensions [39]. Finally, as shown in the lower panel in Fig. 2, the
train of the yielding peak remains roughly independent of the cycle
umber.

Recent MD studies have demonstrated that the yielding behavior
nder oscillatory shear deformation is qualitatively different in highly
table glasses [44,48]. In particular, it was found that sufficiently well
nnealed glasses do not relax further when subjected to periodic shear
ith a strain amplitude below a critical value, and the critical strain
mplitude becomes higher for deeply annealed glasses [44,48]. The
umerical evaluation of the critical strain amplitude using athermal
uasistatic shear protocol involves a series of simulations in the vicinity
f the critical value. At zero temperature, periodic shear at smaller
mplitudes leads to limit cycles where trajectories of all atoms are
xactly reversible, whereas above the critical strain amplitude, the
ielding transition is accompanied by a discontinuous energy change
ue to formation of a shear band [44,48]. However, when the system
ize is large and the temperature is finite, the precise determination of
he critical strain amplitude for stable glasses becomes more difficult
omputationally. For example, periodic loading of a relatively large
ystem (𝑁 = 60 000) at two temperatures well below 𝑇𝑔 required
housands of cycles in order to estimate critical strain amplitudes for
lasses with different degrees of stability [47]. Moreover, at fixed strain
mplitudes, the system dynamics remained nearly reversible during
3

Fig. 3. (Color online) The applied shear strain along the 𝑥𝑧 plane during 100 cycles
with the oscillation period 𝑇 = 5000 𝜏. The strain amplitude is varied linearly from
𝛾0 = 0.06 to 0.12 in order to detect the yield strain in stable glasses at the temperature
𝑇𝐿𝐽 = 0.01 𝜀∕𝑘𝐵 .

Fig. 4. (Color online) The time dependence of the potential energy, 𝑈∕𝜀, for glasses
that were initially annealed during 100, 1000, and 5000 shear cycles at 𝑇𝐿𝐽 = 0.30 𝜀∕𝑘𝐵 .
The strain profile shown in Fig. 3 was applied at 𝑇𝐿𝐽 = 0.01 𝜀∕𝑘𝐵 and 𝜌 = 1.2 𝜎−3. The
scillation period is 𝑇 = 5000 𝜏. The inset shows the critical strain amplitude as a

function of the potential energy before the shear deformation, Eq. (3), was applied.

thousands of cycles for highly stable glasses, leaving the possibility of
yielding under continued loading [47].

In the present study, we introduce a deformation protocol where the
strain amplitude is gradually varied across a critical strain amplitude.
It was shown previously that the critical strain amplitude for poorly
annealed binary glasses is 𝛾0 ≈ 0.067 at 𝑇𝐿𝐽 = 0.01 𝜀∕𝑘𝐵 and 𝜌 = 1.2 𝜎−3

and that better annealed glasses at the same conditions do not yield
at 𝛾0 = 0.06 [39,45,49]. Therefore, the strain amplitude is set to vary
linearly from 𝛾0 = 0.06 to 0.12 during 100 cycles, as follows:

𝛾𝑥𝑧(𝑡) = 0.06 (1 + 𝑡∕100 𝑇 ) sin(2𝜋𝑡∕𝑇 ), (3)

where the oscillation period is the same, i.e., 𝑇 = 5000 𝜏. The variation
of strain as a function of time is shown in Fig. 3. In what follows, this
deformation protocol was applied at the temperature 𝑇𝐿𝐽 = 0.01 𝜀∕𝑘𝐵
and density 𝜌 = 1.2 𝜎−3.

The time dependence of the potential energy subjected to the de-
formation protocol, given by Eq. (3), is presented in Fig. 4 for binary
glasses that were initially annealed during 100, 1000, and 5000 cycles
at 𝑇𝐿𝐽 = 0.30 𝜀∕𝑘𝐵 . As is evident, the yielding transition, marked by the
abrupt energy change, occurs after larger number of cycles for more
stable glasses. Note that for the most stable glass (see the black curve
in Fig. 4), the potential energy minima at zero strain remain nearly

constant during the first 65 cycles, implying nearly reversible dynamics,
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Fig. 5. (Color online) The shear stress 𝜎𝑥𝑧 (in units of 𝜀𝜎−3) during 100 cycles when the
hear strain is given by Eq. (3). The glasses were initially annealed during 100 cycles
red curve), 1000 cycles (blue curve), and 5000 cycles (black curve) at 𝑇𝐿𝐽 = 0.30 𝜀∕𝑘𝐵
nd then cooled to 0.01 𝜀∕𝑘𝐵 . For clarity, the data were displaced vertically by 6.0 𝜀𝜎−3

red curve) and by 3.0 𝜀𝜎−3 (blue curve). The period of oscillation is 𝑇 = 5000 𝜏.

ollowed by a sudden energy increase during the next cycle. By contrast,
n the case of the least stable glass (indicated by the red curve in
ig. 4), the potential energy minima gradually increase during 52 cycles
ia strain-induced localized plastic rearrangements (discussed below),
ntil the yielding transition occurs during the 53-rd cycle. Also, in all
ases shown in Fig. 4, the potential energy during the first 11 cycles
when the strain amplitude is below 𝛾0 ≈ 0.067) does not decrease,
ndicating that glasses were sufficiently well annealed. In addition, it
as previously shown that the sharp increase and gradual saturation
f the potential energy after the yielding transition is due to increasing
idth of a shear band under periodic loading [42].

Further, the critical strain amplitude as a function of the potential
nergy of undeformed glasses (at 𝑇𝐿𝐽 = 0.01 𝜀∕𝑘𝐵 and 𝜌 = 1.2 𝜎−3) is

plotted in the inset to Fig. 4. Despite data scattering, it can be clearly
observed that the critical strain amplitude increases in more stable,
lower-energy glasses. These results are in agreement with the con-
clusions obtained for periodically deformed zero-temperature glasses
under athermal quasistatic shear [44,48]. It should also be commented
that the values of 𝛾𝑐 reported in the inset to Fig. 4 represent upper
bounds for the critical strain amplitudes. For example, it is estimated
that 𝛾𝑐 ≈ 0.092 for the glass annealed during 100 cycles at 𝑇𝐿𝐽 =
0.30 𝜀∕𝑘𝐵 (i.e., 𝑈 = −8.326 𝜀 in the inset to Fig. 4). However, it was
previously shown that the same sample yielded after about 100 cycles
at a smaller strain amplitude 𝛾0 = 0.08 at 𝑇𝐿𝐽 = 0.01 𝜀∕𝑘𝐵 and 𝜌 =
1.2 𝜎−3, as shown by the red curve in Fig. 7 in Ref. [47].

In addition, the variation of the shear stress under periodic strain
given by Eq. (3) is reported in Fig. 5 for the same samples as in
Fig. 4. Note that the colorcode is the same, and the data for the
first two samples are displaced vertically for clarity. The same trends
as for the potential energy can be observed for the shear stress in
Fig. 5. Namely, upon increasing glass stability, the yielding transition
becomes more abrupt and it occurs at higher strain amplitudes. After
the yielding transition, a shear band is formed across the whole system,
and, as a result, the stress amplitude is largely independent of the strain
amplitude.

The spatial and temporal analysis of plastic deformation near the
yielding transition can be performed by identifying the so-called non-
affine displacements of atoms with respect to their neighbors. To briefly
remind, the nonaffine measure associated with an atom 𝑖 is calculated
using the matrix 𝐉𝑖 which linearly transforms a group of neighboring
atoms and at the same time minimizes the following expression:

𝐷2(𝑡, 𝛥𝑡) = 1
𝑁

𝑁𝑖
∑

{

𝐫𝑗 (𝑡 + 𝛥𝑡) − 𝐫𝑖(𝑡 + 𝛥𝑡) − 𝐉𝑖
[

𝐫𝑗 (𝑡) − 𝐫𝑖(𝑡)
]

}2
, (4)
4

𝑖 𝑗=1
where 𝛥𝑡 is the time interval between two configurations of atoms, and
the sum is taken over all atoms located within 1.5 𝜎 from the position
f the 𝑖th atom at 𝐫𝑖(𝑡) [60]. In general, a local plastic deformation
s detected when an atom escapes a cage of its neighbors, and, when
he time interval 𝛥𝑡 is suitably chosen, the nonaffine measure given by
q. (4) becomes greater than the cage size. Typically, a plastic event in
deformed disordered solid involves a group of atoms with relatively

arge nonaffine displacements. More recently, the collective behavior
f atoms with large nonaffine displacements was investigated in dis-
rdered solids during elastostatic loading [61,62] as well as startup
ontinuous [63–69] and oscillatory shear [28,34,35,39,42,43,45,47,49]
eformation.

The snapshots of atomic configurations during 8 consecutive cycles
ear the yielding transition are displayed in Figs. 6 and 7 for the binary
lass that was initially annealed during 100 cycles at 𝑇𝐿𝐽 = 0.30 𝜀∕𝑘𝐵 .
or clarity, only atoms with relatively large nonaffine displacements
uring one cycle, i.e., 𝛥𝑡 = 𝑇 in Eq. (4), 𝐷2(𝑛 𝑇 , 𝑇 ) > 0.04 𝜎2 are shown.
ere, 𝑛 = 46,… , 53, and the nonaffine displacements in each case are
omputed with respect to atomic configurations at zero strain. It can
e clearly observed that upon approaching the yielding transition, the
onaffine displacements form compact clusters that become compara-
le to the system size. The yielding transition occurs during the 53-rd
ycle, when a shear band is formed along the 𝑥𝑦 plane, as shown in
ig. 7 (c). The accumulation of plastic activity and the formation of a
arrow band where strain is localized correlates well with the variation
f the potential energy and shear stress (shown by the red curves in
igs. 4 and 5).

The results in Figs. 4 and 5 have also revealed that the yielding
ransition becomes more abrupt in better annealed glasses. Thus, the
ime evolution of plastic deformation across the yielding transition is
resented in Figs. 8 and 9 for glasses that were annealed at 𝑇𝐿𝐽 =
.30 𝜀∕𝑘𝐵 for 1000 and 5000 cycles, respectively. In particular, it can
e seen in Fig. 8 that the yielding transition during the 60-th cycle is
receded by the appearance of several compact clusters of atoms with
arge nonaffine displacements that later coalesce to form a shear band
long the 𝑥𝑦 plane. Lastly, the yielding of the highly stable glass is
ssociated with a sudden formation of a shear band during the 66-th
ycle along the 𝑦𝑧 plane, but the location and orientation of the band is
ifficult to predict based on small isolated clusters of atoms with large
onaffine displacements (see Fig. 9). We thus conclude that the size
f plastic rearrangements preceding the formation of a shear band is
educed for more stable glasses.

. Conclusions

In summary, we carried out molecular dynamics simulations to
tudy the effect of glass stability on yielding transition during time
eriodic shear deformation. The model glass is a binary mixture of two
ypes of atoms with strongly non-additive interaction, which suppresses
rystallization upon cooling across the glass transition temperature. The
inary glasses in a broad range of energy states were first prepared
ia periodic shear deformation below the glass transition temperature
uring thousands of cycles, and then cooled deep into the glass phase.
t was shown that both the shear modulus and the yielding peak during
tartup continuous deformation increase towards plateau levels for
eeply annealed glasses, whereas the yield strain remains relatively
nsensitive to the degree of annealing. Furthermore, in order to eval-
ate a critical strain amplitude, a deformation protocol with slowly
arying strain amplitude was introduced. It was found that more stable
lasses at finite temperature undergo a yield transition at higher strain
mplitudes. Lastly, the spatial analysis of clusters of atoms with large
onaffine displacements illustrated that the yielding transition becomes
ore abrupt in deeply annealed glasses.
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Fig. 6. (Color online) The series of snapshots of atoms with large nonaffine displacements after one shear cycle with the period 𝑇 = 5000 𝜏, when the strain is varied linearly
as shown in Fig. 3. The glass was initially annealed during 100 cycles at 𝑇𝐿𝐽 = 0.30 𝜀∕𝑘𝐵 and then cooled to 0.01 𝜀∕𝑘𝐵 . The nonaffine measure, as defined by Eq. (4), is (a)
𝐷2(46 𝑇 , 𝑇 ) > 0.04 𝜎2, (b) 𝐷2(47 𝑇 , 𝑇 ) > 0.04 𝜎2, (c) 𝐷2(48 𝑇 , 𝑇 ) > 0.04 𝜎2, and (d) 𝐷2(49 𝑇 , 𝑇 ) > 0.04 𝜎2. The legend color indicates the magnitude of 𝐷2.

Fig. 7. (Color online) The atomic configurations after one shear cycle with the period 𝑇 = 5000 𝜏 for the same sample as in Fig. 6. The mechanical response is indicated by the
red curves in Figs. 4 and 5. The nonaffine quantity is (a) 𝐷2(50 𝑇 , 𝑇 ) > 0.04 𝜎2, (b) 𝐷2(51 𝑇 , 𝑇 ) > 0.04 𝜎2, (c) 𝐷2(52 𝑇 , 𝑇 ) > 0.04 𝜎2, and (d) 𝐷2(53 𝑇 , 𝑇 ) > 0.04 𝜎2. The magnitude of
𝐷2 is specified in the legend.
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Fig. 8. (Color online) The consecutive snapshots of a glass that was initially annealed during 1000 cycles at 𝑇𝐿𝐽 = 0.30 𝜀∕𝑘𝐵 , then cooled to 0.01 𝜀∕𝑘𝐵 , and subjected to periodic
shear given by Eq. (3). The corresponding 𝑈 and 𝜎𝑥𝑧 are denoted by the blue curves in Figs. 4 and 5. The nonaffine measure is (a) 𝐷2(57 𝑇 , 𝑇 ) > 0.04 𝜎2, (b) 𝐷2(58 𝑇 , 𝑇 ) > 0.04 𝜎2,
(c) 𝐷2(59 𝑇 , 𝑇 ) > 0.04 𝜎2, and (d) 𝐷2(60 𝑇 , 𝑇 ) > 0.04 𝜎2. The magnitude of 𝐷2 is denoted by color in the legend.

Fig. 9. (Color online) Zero-strain configurations of a binary glass that was initially annealed during 5000 cycles at 𝑇𝐿𝐽 = 0.30 𝜀∕𝑘𝐵 and then cooled to 0.01 𝜀∕𝑘𝐵 . The same
deformation protocol is denoted by the black curves in Figs. 4 and 5. The nonaffine measure is (a) 𝐷2(63 𝑇 , 𝑇 ) > 0.04 𝜎2, (b) 𝐷2(64 𝑇 , 𝑇 ) > 0.04 𝜎2, (c) 𝐷2(65 𝑇 , 𝑇 ) > 0.04 𝜎2, and (d)
𝐷2(66 𝑇 , 𝑇 ) > 0.04 𝜎2. The legend denotes the magnitude of 𝐷2.
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