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Abstract 25 

Structural rejuvenation is an effective measure to optimize the mechanical 26 

properties of metallic glasses (MGs). Sophisticated solutions to rejuvenation include 27 

thermal cycling, laser shocking, and multiaxial stress loading. Here, we propose an 28 

easy-to-operate mechanical cycling as an alternative strategy to tailor the mechanical 29 

relaxation, deformation, and structural heterogeneity of MGs. Structural rejuvenation 30 

in a La-based MG is achieved via mechanical cycling even at very few cycles (102 31 

tension load cycles) and low frequencies (10-3 Hz). The results manifest intuitively the 32 

competition between structural relaxation and rejuvenation, which constitutes the 33 

structural evolution in MGs. A theoretical model is constructed which reveals a scenario 34 

of that mechanical cycling wakes up frozen flow defect, accelerating creep and, thus, 35 

enhancing the  relaxation in MGs. Therefore, this handy anti-ageing methodology 36 

supplies an alternative pathway to optimize the mechanical properties of MGs. It also 37 

contributes towards a more comprehensive understanding of the structure-property 38 

relationship in amorphous materials, especially with regards to the correlation between 39 

structural rejuvenation and relaxation behavior in such topologically disordered 40 

materials. 41 

Keywords: Metallic glass; Rejuvenation; Mechanical cycling; β relaxation; 42 

Anelasticity   43 
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1. Introduction 44 

Metallic glasses (MGs) have gained the favor of materials science and condensed 45 

matter physics due to their excellent mechanical and functional properties (Ashby and 46 

Greer, 2006; Johnson, 1986; Qiao et al., 2019; Qiao et al., 2022; Rao et al., 2022; Wang, 47 

2019). Unfortunately, they frequently fail in a brittle manner, in particular, at tensile 48 

loading and, therefore, cannot be plastically deformed at room temperature in their bulk 49 

form. The disadvantage in tensile ductility presents a major bottleneck for applications 50 

as structural materials (Chen and Dai, 2016; Chen et al., 2013; Greer et al., 2013; Zhang 51 

et al., 2022). MGs are usually formed by rapidly cooling a melting liquid. Higher 52 

cooling rate fabricates more disordered and thermodynamically metastable glasses. 53 

Physical aging (even at room temperature) introduces structural relaxation of MGs 54 

towards a more stable energetic state and thereby deteriorating a number of their initial 55 

properties such as plasticity and limiting their widespread applications. The reverse 56 

process to structural relaxation, termed rejuvenation, is desired and attractive because 57 

it allows MGs to go back to higher-energy and less brittle state (Ding et al., 2019; Greer 58 

and Sun, 2016; Ketov et al., 2015; Lacks and Osborne, 2004; Pan et al., 2020; Pan et 59 

al., 2018; Sun et al., 2016). Despite these great achievements, the existing rejuvenation 60 

strategies usually suffer from technical complexity. Therefore, an easy-to-operate 61 

method in laboratory to structurally rejuvenate the MGs urgently needs in-depth studies. 62 

The way to achieve rejuvenation is of great scientific and technological importance, 63 

because it determines physical properties of MGs. Ketov et al. reported that via cyclic 64 

cryogenic process, the rejuvenation of the glass can be achieved by the introduction of 65 

the non-affine strains, leading to a recovery of relaxation enthalpy and an enhancement 66 

of the room-temperature plasticity (Ketov et al., 2015). As a matter of fact, stress plays 67 

an equivalent role as temperature in glass dynamics, which indicates that the yield of 68 

MGs can be regarded as a stress-driven glass transition (Guan et al., 2010). The reveal 69 

of such a stress-temperature scaling promotes the development of stress-induced 70 

rejuvenation in MGs. It has been demonstrated in literature that stress-induced 71 

rejuvenation by activating shear transformation events introduces more flow defects 72 
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into MGs and can be divided into the cold working and hot working (Sun et al., 2016). 73 

Severe plastic deformation induced by the cold working including uniaxial compression, 74 

cold rolling, and high-pressure torsion has the potential to considerably rejuvenate MGs 75 

(Sun et al., 2016). On the other hand, hot working like thermo-mechanical creep can 76 

achieve rejuvenation when the magnitude of stress exceeds a threshold value (Tong et 77 

al., 2018). Additionally, the structural change by thermo-mechanical creep is largely 78 

associated with anelastic strain (Tong et al., 2015). It is worthy to note that mechanical 79 

cycling has been comprehensively studied by molecular dynamics simulations of model 80 

atomic glasses. Cycling the strain ultimately leads to a steady state. Whether the glass 81 

is relaxed or rejuvenated depends on the initial state (Fiocco et al., 2013). It can 82 

expected that the MGs returns to the same energy minimum at the end of each cycle in 83 

the situation of low amplitude strain (Fiocco et al., 2014). Work hardening has been 84 

reported in the cyclic nanoindentation loading (Packard et al., 2010). Recently, Ross et 85 

al. reported that fatigue subjected to 106 compressive load cycles at a rate of 10 Hz with 86 

a maximum stress of 0.43y (y is the yield stress) promotes the formation of local 87 

high-energy states of an MG (Ross et al., 2017).This result opens the door of 88 

rejuvenation of MGs via mechanical cycling and encourages us to explore the nature of 89 

structural rejuvenation upon this strategy. Notably, rejuvenation upon such amounts of 90 

cycles and high frequency at room temperature still deserves improvenment. It is 91 

imperative to explore how mechanical cycling rejuvenates MGs and whether significant 92 

rejuvenation could still be achieved with fewer cycles and lower frequencies. Moreover, 93 

we would like to emphasize that structural relaxation is accelerated by increasing the 94 

ambient temperature; thus, there is a competition between structural relaxation and 95 

rejuvenation during mechanical cycling. In other words, this is a vital matter that must 96 

be overcome to achieve rejuvenation via mechanical cycling. If optimized (in terms of 97 

temperature, frequency and amplitude), mechanical cycling holds a great and largely 98 

unexplored potential for accessing new rejuvenated states. Indeed, the fact that the MGs 99 

may show a rejuvenation via mechanical cycling is a fascinating possibility. 100 

Ambient temperature, which ultimately determines the thermodynamic state or 101 

potential energy of MGs, takes a vital role in various rejuvenation methods as 102 
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mentioned above. To some extent, the ambient temperature also determines the 103 

occurrence of relaxation events, i.e., boson peak, γ relaxation, slow  relaxation, and  104 

relaxation, etc. As reported by Ding et al., with heavier rejuvenation, the boson peak 105 

becomes stronger and moves to lower temperatures (Ding et al., 2019). At the same 106 

time, the activation of γ relaxation of MGs also causes a remarkable loading frequency-107 

dependent enthalpy storage and has been demonstrated as a universal phenomenon 108 

(Küchemann and Maaß, 2017). In our previous work, we have shown an unexpected 109 

decoupling of the relaxation mechanism below the glass transition temperature into a 110 

fast stress-driven and a slow thermally activated mode, which also provides convincing 111 

evidence that the rejuvenation is controlled by the specific mode and intensity of 112 

mechanical relaxation (Qiao et al., 2016). This in turn leads to intriguing questions: is 113 

it possible to achieve rejuvenation by modulating the  relaxation, and what is the 114 

correlation between  relaxation and rejuvenation? 115 

Mechanical spectroscopy is a key experimental technique for investigating atomic 116 

rearrangements and the mechanical relaxation behaviors of MGs, and has been widely 117 

employed to obtain fundamental physical parameters such as storage modulus, loss 118 

modulus and internal friction, etc., guiding the exploration of the atomic 119 

rearrangements underlying the stress-assisted and thermally activated processes (Qiao 120 

et al., 2019; Wang, 2019). Benefitting from these advantages, mechanical spectroscopy 121 

was widely used to probe the relaxation processes of MGs. MGs actually show two 122 

main relaxation kinetics processes, which are called main  relaxation and secondary 123 

 relaxation (also named Johari-Goldstein, JG relaxation) (Johari and Goldstein, 1970). 124 

The  relaxation, viewed as large-scale irreversible rearrangement of atoms, is 125 

connected with the dynamic glass transition and viscous flow behavior. On the other 126 

hand, the  relaxation process is closely related to locally reversible atomic motion and 127 

plastic deformation, which appears at lower temperature or higher frequency. The 128 

presence of  relaxations and its relationship to structural heterogeneity in the glass 129 

state have been discussed since the earliest works reporting such phenomena (Johari 130 

and Goldstein, 1970). However, the debate on their microscopic origin remains 131 
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dynamic (Casalini and Roland, 2009; Johari, 2002; Lu et al., 2016; Ngai and Capaccioli, 132 

2004; Tanaka, 2004; Wang et al., 2019; Yu et al., 2012; Yu et al., 2010; Zhu et al., 2016). 133 

What is certainly true is that, the  relaxation process is related to unrelaxed structures 134 

produced by rapid cooling, and mainstream opinion proposes that they are indicative of 135 

structural heterogeneity. While the spectrum of the  relaxation is very similar in all 136 

MG systems, the manifestation of  relaxation characterizes the individuality of the 137 

distribution of relaxation times of each particular sample (Qiao et al., 2019; Wang, 2019; 138 

Yu et al., 2013). In addition, it has been regarded that  relaxation process is linked to 139 

the activation of flow defects locally confined in the elastic matrix of MGs, while  140 

relaxation is associated with the percolation of flow defects through the elastic matrix 141 

(Harmon et al., 2007; Johnson and Samwer, 2005). There are amounts of investigations 142 

which proved the connection between  relaxation process and internal physical and 143 

mechanical properties of MGs (Casalini and Roland, 2009; Evenson et al., 2014; Ngai 144 

and Capaccioli, 2004; Song et al., 2020; Yang et al., 2020). 145 

The apparently interesting but seemingly unclear findings about rejuvenation of MGs 146 

are calling for a systematic investigation on the rejuvenation-relaxation events 147 

relationships in MGs. Previous investigations have not yet answered the following 148 

questions: Is it possible to achieve considerable rejuvenation upon a few cycles and low 149 

frequencies and what controls the rejuvenation during the mechanical cycling process? 150 

How to construct a map of competition between rejuvenation and structural relaxation 151 

in terms of mechanical cycling intensity and time? How does the rejuvenation tailor the 152 

slow  relaxation and to what extent it controls the mechanical performance of a 153 

rejuvenated MG? To answer these questions, we recognize that a key step is to obtain 154 

insights into the intrinsic correlation between rejuvenation induced by mechanical 155 

cycling and the modulation of structural heterogeneity, which has never been 156 

thoroughly clarified before. 157 

It is worth noting that many glassy materials exhibit an evident  relaxation, which 158 

is closely connected to plasticity (Yu et al., 2013). Investigations demonstrated that 159 

several MGs show remarkable  relaxation in the framework of loss modulus E". 160 
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Interestingly, La-based MGs attract attention due to the obvious  relaxation and 161 

relatively low glass transition temperature (Wang, 2019). We use established concepts 162 

to experimentally probe structural rejuvenation states of a glass with the intention of 163 

linking the characteristic parameters from theory to the properties of the MG. The 164 

current research attempts to interpret the new insights of the structural rejuvenation of 165 

a La30Ce30Ni10Al20Co10 MG with pronounced  relaxation via easy-to-operate 166 

mechanical cycling. Based on the experimental and theoretical study, the relationship 167 

among  relaxation, cyclic deformation and structural rejuvenation in the unique alloy 168 

is developed. The results show that our strategy even at very few cycles (102 tension 169 

load cycles) and low frequencies (10-3 Hz) still awakes the frozen flow defects confined 170 

in the elastic matrix, creating a rejuvenated glass and improving the structural 171 

heterogeneity. A map of competition between structural rejuvenation and physical 172 

aging in terms of mechanical cycling intensity and time is also constructed. Last but not 173 

the least, the structural indexes of aging and rejuvenation were summarized and 174 

discussed in the present framework of rejuvenation enabled by easy-to-operate 175 

mechanical cycling. 176 

2. Experimental procedure 177 

2.1 Sample preparation 178 

The master alloy with a nominally chemical atomic composition of 179 

La30Ce30Ni10Al20Co10 (at %) was prepared by arc-melting pure metals in the high-purity 180 

argon atmosphere. In order to scavenge oxidation during the process, a titanium getter 181 

was employed. The master alloy was then re-melted at least six times to ensure its 182 

chemical homogeneity at medium or long-range length scale. Single-roller melt-183 

spinning technique was used to prepare ribbons with a width of 1.2 mm and a thickness 184 

of 30 m. 185 

2.2 Mechanical cycling 186 

The mechanical cyclic experiments on La30Ce30Ni10Al20Co10 MG were performed in 187 

a commercial dynamic mechanical analyzer (DMA, TA Q800) in tensile mode at 363 188 
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K below Tg (~438 K). During the heating period, we applied a tensile load of 0.01 N in 189 

order to reduce the bending of the as-cast ribbon. The very first point that needs to be 190 

made, we think, is that the intensity of mechanical cycling is controlled by three 191 

parameters, i.e., stress amplitude, stress rate, and mean stress, respectively. The increase 192 

in any one of these parameters can effectively improve the intensity of mechanical 193 

cycling. As a consequence, the cyclic loading/unloading was finally performed in three 194 

modes: (I) At constant stress rate of 50 MPa/min and mean stress of 100 MPa, the stress 195 

amplitude ranges from 0 to 150 MPa; (2) At mean stress of 100 MPa and stress 196 

amplitude of 100 MPa, the stress rate ranges from 12.5 to 100 MPa/min; (3) At constant 197 

stress rate of 50 MPa/min and stress amplitude of corresponding mean stress, the mean 198 

stress ranges from 25 to 200 MPa. These three modes were repeated for 8 h for one 199 

complete set of cycle. A representative example of a subset of the 120 cycles is shown 200 

in Fig. 1(a). 201 

2.3 Dynamic mechanical relaxation 202 

The storage and loss moduli of the glassy ribbons were measured by DMA using 203 

the tension film configuration. Under a simulation of sinusoidal stress σ = σ0cos(2t), 204 

the strain response of a typical viscous elastic material can be monitored as  = 205 

0cos(2t + ), where  is the loading frequency and  the phase lag. The complex 206 

Young’s modulus can be expressed as E = σ/ = E' + iE'' in the complex plane, where 207 

E' and E'' are the storage and loss moduli, respectively. The mechanical relaxation 208 

spectra were determined by heating the glassy ribbons with mechanical cycling 209 

treatment at testing frequencies of 1, 2, 4, and 8 Hz and heating rate of 2 K/min. Fig. 210 

1(b) shows the evolution of the normalized storage modulus E'/Eu and loss modulus 211 

E''/Eu at testing frequency of 4 Hz and heating rate of 2 K/min, where Eu is the value of 212 

the storage modulus at ambient temperature. We can see that E'/Eu almost decreases 213 

linearly with increasing temperature while a pronounced peak domains the E''/Eu curve. 214 
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3. Results and discussion 215 

3.1 Effect of mechanical cycling on creep 216 

In a closed system, the adsorbed thermal energy (ΔQ) and the input mechanical 217 

energy (W) into constant volume are in balance with the change of the internal energy 218 

(ΔU), which is the first law of thermodynamics. In mechanical cycling, most of the 219 

input mechanical energy is recovered when the load is released, which is attributed to 220 

the elastic component of deformation. However, a fraction of the input mechanical 221 

energy is dissipated and becomes irrecoverable (𝑊
diss ) due to the inelastic deformation. 222 

It changes the internal energy of the system and dissipates the self-generated thermal 223 

energy. Therefore, applied cyclic loading on a specimen is understood as an irreversible 224 

thermodynamic process and, thus, the law of the conversation of energy can be 225 

formulated as follows:  226 

𝑊
diss =  𝛥𝑈 + 𝛥𝑄 (1) 

In addition, the concept of strain energy density = 𝜎𝜀  is introduced. In the tensile 227 

loading experiments at the stress ratio max/min of 1.0, the total energy dissipation 228 

_total was attributed purely to creep and therefore was set equal to _creep. At the 229 

stress ratio of −1.0, the origin of the energy dissipation was attributed to pure cyclic 230 

loading and then _total was set equal to _cyclic. Generally, _total was set equal to 231 

the sum of _cyclic and _creep at other stress ratios, as follows: 232 

_total = _cyclic + _creep (2) 

_cyclic was defined by the summation of all the individual stress-strain hysteresis areas 233 

measured throughout the loading time of the specimen, as follows: 234 

_cyclic = ∑ _cyclic,i

n

i=1

 
(3) 

where _cyclic,i  denotes the hysteresis area per cycle for the ith cycle, and n is the 235 

number of cycles. Alternatively, _cyclic  was obtained here by calculating the area 236 
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under the graph of _cyclic,i versus n from the first to the last cycle. _creep was defined 237 

by the summation of all the mean stress strain areas as follows: 238 

_creep = 𝜎_creep (4) 

To be more specific, Fig. 2 displays the schematic representation of the hysteresis loops 239 

during a pure cyclic loading and the stress-strain curve during a pure creep test. The 240 

dash area corresponds to _cyclic  and _creep . Figs. 3(a)-(c) shows the time 241 

development of the system strain at varying stress amplitude, stress rate, and mean 242 

stress, respectively. All curves show the classical behavior of two-stage strain evolution. 243 

The initial period of strain establishment and its spatial distribution, consisting of a 244 

steep increase followed by a gradual approach to saturation, is known as primary or 245 

transient creep. The secondary stage of steady-state creep is a period of linear strain 246 

increase in time. The extent of this stage depends on the combination of the system 247 

temperature, mean stress, stress rate, and stress amplitude. The strain and strain rate 248 

increase gradually with further increasing the stress amplitudes, confirming a signal 249 

that mechanical cycling can accelerate the deformation processes. In addition, the 250 

results unambiguously indicate that the flow defects in the samples become active even 251 

at a stress far less than the yield strength. The experimental results also show that the 252 

strain and strain rate increase with increasing stress amplitude/stress rate/mean stress, 253 

indicating a larger volume fraction of atoms in the matrix is activated and transforms 254 

into soft regions. Based on Eqs. (2)~(4), the time development of _creep, _total, and 255 

_creep/_total  at varying stress amplitude, stress rate, and mean stress are displayed 256 

in Figs. 3(d)-(l). From the results, the following observation can be made: (i) 257 

Reasonable trend shows that _creep  and _total increase monotonically with 258 

increasing stress amplitude/stress rate/mean stress; (ii) With the increase of the stress 259 

amplitude or stress rate, _cyclic  plays a more important role in _total but a less 260 

important role acted by increasing the mean stress, which indicates the former may 261 

possess a high value of cyclic deformation; (iii) At a first glance, _creep  increases 262 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



11 

 

linearly with time in the secondary stage, where the strain rate approximately reaches 263 

at a constant value. On the other hand, _total exhibits a slope and smooth time which 264 

are apparently different from that of _total, which is attributed to the saturation time 265 

and steady-state strain rate of creep and cyclic loading.  266 

Recently, a number of studies described the relaxation locally based on the concept 267 

of flow defects which are associated with the dynamic heterogeneities, as well as energy 268 

and density fluctuations (Dmowski et al., 2010b; Kosiba et al., 2019; Qiao et al., 2019; 269 

Ye et al., 2010), such as the quasi-point defect (QPDs) theory (Perez, 1990) or flow 270 

units (Wang and Wang, 2019). Besides, it seems very promising, to correlate glass 271 

properties to the “soft region” or “flow defects” parameter. The structure of MGs is 272 

intrinsically heterogeneous from a dynamic point of view, being composed of liquid-273 

like and solid-like regions at the nanoscale. Such a “core-shell' model, which consists 274 

of a free-volume zone and its surrounding elastic matrix, captures the basic topological 275 

feature of the atomic structure of MGs (Fig. 4(a)). In the model, the “core” region, i.e., 276 

the soft region with loosely packed atomic structure and high fraction of free volume, 277 

can be more easily activated during plastic deformation to act as the “flow defects”. 278 

The microscopic mechanism of the deformation in MGs can be rationalized by the “core” 279 

region with a characteristic relaxation time 1 and “shell” region with 2 (Fig. 4(b)). 280 

We present the mechanical data as the ratcheting creep deformation (ratcheting is 281 

the buildup of anelastic strain with asymmetric cycling deformation). The ratcheting 282 

creep strain creep is defined as: 283 

creep_cycle =
max_cycle+min_cycle

2
  (5) 

where max_cycle and min_cycle are the maximum and minimum of strain over each set 284 

of cycles. The anelastic flow of a MG often occurs in the elastic region below the yield 285 

stress, which is closely related to the non-equilibrium characteristics of amorphous 286 

solids. Unlike the plastic flow behavior of MGs, anelastic flow is relatively uniform on 287 

the macroscopic scale, generally no shear band propagates (Ye et al., 2010). Typical 288 

anelastic flow occurs when MGs are dynamically loaded and unloaded in the elastic 289 
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region, and it appears as a hysteresis loop of the stress-strain curve. Hence, the total 290 

strain of MGs includes the elastic deformation εe, the anelastic deformation εan and the 291 

visco-plastic deformation εvp. εan and εvp gradually increase with increasing stress 292 

holding time and eventually reach a saturated state. When the stress is completely 293 

released, the elastic part εe and the anelastic part εan completely disappear after 294 

sufficiently relaxation time, only remaining the visco-plastic part εvp (Taub and Spaepen, 295 

1981). The viscoelasto-viscoplastic constitutive models based on the springs and 296 

dashpot elements can describe the creep behavior of amorphous materials (Barriere et 297 

al., 2020; Hasanpour et al., 2009; Khan and Zhang, 2001). Especially, Khan et al. 298 

proposed a model to simulate the nonlinear deformation response of polymers, 299 

characterizing the complex and nonlinear mechanical behavior (Khan and Lopez-300 

Pamies, 2002; Khan et al., 2006). Phenomenologically, the anelastic and visco-plastic 301 

deformation can be described as a series of linear springs and dashpots, known as the 302 

generalized Kelvin model, which is commonly used for describing the creep of MGs, 303 

i.e., 304 

𝜀 = 𝜀e + ∑ 𝜀i(1 − 𝑒−𝑡 𝜏i⁄ )
n

i=1
+ 𝜀v̇p𝑡 

(6) 

where 𝜀i is the strain and 𝜏i is the characteristic relaxation time for the activation of the 305 

i-th anelastic process, 𝜀v̇p is a constant visco-plastic strain rate corresponding to the last 306 

dashpot. The two-phase model as proposed in MGs can be characterized by two 307 

anelastic relaxation processes during the creep process (Castellero et al., 2008). 308 

Therefore, two Kelvin units with a Maxwell unit were chosen to analyze the anelastic 309 

and visco-plastic deformation of the studied MG, i.e., n = 2 (as shown in Fig. 4(c)). The 310 

typical ratcheting creep data at different stress amplitudes can be fitted well by using 311 

the Maxwell-Voigt model based on the two-phase hypothesis: 312 

𝜀 = 𝜀e + 𝜀1(1 − 𝑒−𝑡 𝜏1⁄ ) + 𝜀2(1 − 𝑒−𝑡 𝜏2⁄ ) + 𝜀v̇p𝑡 (7) 

where 𝜀1 and 𝜏1 represent the strain and relaxation time of the first Kelvin unit, 𝜀2 and 313 

𝜏2 represent that of the second Kelvin unit, and 𝜀v̇p is a constant strain rate related to 314 
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the Maxwell dashpot. It is seen that structural heterogeneity at the nanoscale as found 315 

in many MGs (Yuan et al., 2021) can be precisely described by two characteristic 316 

relaxation time 𝜏1 and 𝜏2 by using the two-phase model, namely, the glassy matrix that 317 

possesses long relaxation time (i.e., large size) will show a relatively high hardness or 318 

elastic modulus relating to hard regions, while that with more small defects (short 319 

relaxation time) relates to soft regions. The convergence of the present setup in this 320 

model in describing the anelastic behaviors of MGs can be verified by the consistence 321 

between experimental data and theory. Figs. 5(a)-(c) displays the ratcheting strain-time 322 

curves simulated by Eq. (7) according to the Maxwell-Voigt model. Good fittings can 323 

be observed. It has been suggested that the number, intensity and characteristic 324 

relaxation time of the anelastic processes activated during the constant load segment 325 

depend on the degree of structural relaxation and the temperature (Castellero et al., 2008; 326 

Ocelík et al., 1997). In our case, an interesting feature is the dependence on the 327 

mechanical cycling intensity, which is inversely proportional to the structural relaxation. 328 

For La-based MG, two anelastic deformation processes are activated during the holding 329 

segment at a homologous temperature (T/Tg~0.83). It is interesting to compare this 330 

result with that reported in Ref. (Concustell et al., 2006) for Pd-based MG, where only 331 

one anelastic deformation process is activated at T/Tg~0.52. It is evident that a larger 332 

number of anelastic deformation processes is activated when the experiment is 333 

performed at higher normalized temperature. The values of the fitting parameters for 334 

the ratcheting creep curves, together with the error due to the fitting procedure, are 335 

shown in Table 1. Several points can be reached after checking these fitting parameters 336 

in different loading protocols: (i) With the increase in stress amplitude, the significant 337 

decrease of strain as indicated by 𝜀1 with increasing stress amplitude can be observed, 338 

accompanying the shift of characteristic relaxation time of Kelvin units 𝜏1 towards a 339 

slower time region. However, the values of 𝜀2  and 𝜏2  clearly change which are 340 

associated with the second anelastic component. While 𝜏2  decreases significantly for 341 

both alloys, 𝜀2 increases slightly with increasing stress amplitude. This phenomenon 342 

demonstrates that more defects with a faster characteristic relaxation time and less 343 
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defects with a slower relaxation time are activated under the mechanical cycling mode. 344 

Finally, it is noticed that the visco-plastic strain rate progressively increases with 345 

increasing stress amplitudes, demonstrating an evident drop of viscosity upon the 346 

increase of stress amplitude. (ii) The effect of the stress rate on ratcheting creep is 347 

similar to that of stress amplitude, indicating that the equivalency of the stress rate and 348 

stress amplitude. (iii) 𝜀1 and 𝜀2 both increase significantly with increasing mean stress 349 

while 𝜏1 and 𝜏2 decrease sharply. As a result, increasing the mean stress is beneficial to 350 

activate more defects in core and shell region and accelerate these processes. The ratio 351 

of 𝜀2 to 𝜀1 was calculated to further clarify the difference among the effect of stress 352 

amplitude, stress rate, and mean stress. We can see that 𝜀2/𝜀1 increases clearly with 353 

increasing stress amplitude and rate but shows a negligible dependence on mean stress. 354 

This also confirms that pure creep domains the deformation behavior for the high mean 355 

stress, as indicated by Fig. 3(l).  356 

According to the Maxwell-Voigt model, the overall anelastic strain can be partitioned 357 

into the contribution of the elastic matrix and that of the flow defects. It should be herein 358 

emphasized that the flow defects play a more important role in the anelastic deformation 359 

with a higher mechanical cycling intensity. In other words, MGs look more like the 360 

flow liquid under a higher mechanical cycling intensity. 361 

As proposed in the work of Castellero et al. (Castellero et al., 2008), the relaxation 362 

time spectrum based on the Maxwell-Voigt model can accurately describe the two 363 

anelastic creep processes of MGs: 364 

 𝐿(𝜏) = 𝐾[(1 + 𝑡 𝜏1⁄ )(𝜀1 𝜏1⁄ )𝑒−𝑡 𝜏1⁄ + (1 + 𝑡 𝜏2⁄ )(𝜀2 𝜏2⁄ )𝑒−𝑡 𝜏2⁄ ]𝑡|𝑡=2𝜏 (8) 

where 𝐿(𝜏) is the spectrum intensity, K is a constant and equals to 1 0𝜀0⁄ . Figs. 5(d)-365 

(f) gives the relaxation spectra of the La-based MG. The observed two coupling 366 

relaxation peaks in each relaxation spectra are related to the two relaxation processes 367 

demonstrated by two characteristic relaxation times 𝜏1 and 𝜏2 under the Maxwell-Voigt 368 

model. The two different types of processes are most probably connected to different 369 

types of heterogeneity in the samples. Both peaks show an increase in intensity and a 370 

slight shift towards shorter relaxation times as the increases of the mechanical cycling 371 
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intensity; such a trend is more pronounced for the second peak with respect to the first 372 

one. It means that more defects with a relatively small size are activated. This 373 

phenomenon has also been observed in a CoFe-based MGs, which reveals that more 374 

free volume or defect is activated at a higher loading rate (Lv et al., 2021). Castellero 375 

et al. correlated the defects with the creep behavior, and they suggest that the reduction 376 

of peak intensity and the shift of the peaks to longer relaxation times can be attributed 377 

to the decrease of the population of the corresponding defects. Therefore, the activation 378 

of the remaining defects becomes more difficult during physical aging (Castellero et al., 379 

2008). In our case, it should be mentioned that the increase of the mechanical cycling 380 

intensity makes the activation of defects at both shorter and longer relaxation times 381 

easier, which are activated along with the generation of free volumes. It agrees well 382 

with previous observation in MG that the excess free volume generated during the creep 383 

deformation can be simulated at a high loading rate (Yuan et al., 2021). This process 384 

might benefit the propagation of flow defects (Argon, 1979). The superposition of the 385 

atomic clusters inside those defects during deformation together with the generation of 386 

plenty of free volumes is in favor of a pronounced creep deformation via the 387 

homogeneous plastic flow. The correlations among the relaxation spectra derived from 388 

creep experiments, the material structure and the deformation mechanism should be 389 

paid more attention for understanding the unsolved issues on creep of MGs. 390 

3.2 Effect of mechanical cycling on  relaxation 391 

Despite the mechanical properties, the relaxation dynamics and the deformation 392 

behaviors are usually studied by different stress/strain levels, the correlation between 393 

them might imply the existence of underlying structure-properties connections. This is 394 

a long-standing aim of studies on MGs. It is noted that an important factor to understand 395 

the physical properties of MGs is the atomic mobility. Modifications of enthalpy and 396 

entropy are induced by various treatments. Atomic mobility could also be modified 397 

during the physical aging or plastic deformation in amorphous state. Therefore, the 398 

aging or rejuvenation have close relation to various dynamic relaxation modes which 399 

relate to the structural heterogeneity and flow defects. The mechanical relaxation 400 
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spectrum is used to reveal the relaxation mode, β relaxation process, which is crucial to 401 

the mechanical properties and is associated with cooperative atomic rearrangement 402 

(Ngai et al., 2013; Wang, 2011; Yu et al., 2018; Zhu et al., 2016).  403 

The dynamic mechanical relaxation process is sensitive to the driving frequency. Fig. 404 

6 shows that the normalized loss modulus as a function of the temperature, and different 405 

driving frequencies (1-2-4-8 Hz) are applied with heating rate of 2 K/min (constant 406 

heating ramp test). The peak temperature of the β relaxation Tβp shifts toward higher 407 

temperature by increasing the driving frequency. This tendency is consistent with the 408 

empirical equation of Arrhenius:  409 

 𝑓 =  𝑓0exp(−𝐸β/𝑘B𝑇) (9) 

where the f is driving frequency, Eβ is the apparent activation energy of the β relaxation, 410 

kB is Boltzmann constant, and f0 is a characteristic frequency. We have reported that the 411 

correlation between Eβ of the as-cast La30Ce30Ni10Al20Co10 MG and Tg is in good 412 

agreement with the empirical relationship Eβ ≈ (26 ± 2) 𝑘BTg (Zhang et al., 2021). The 413 

results of DMA experiments performed on the La-based MG after mechanical cycling 414 

treatment are represented in Figs. 7(a)-(c). The data of the as-cast and pure aging 415 

samples are also included as references. It is obvious that these curves trace almost 416 

identical paths compared with that of the as-cast sample, indicating that their structures 417 

resemble each other. Note that an evident β relaxation process can be observed around 418 

380 K from the normalized loss modulus in all states. The normalized loss modulus of 419 

the aged samples compared with a weaker β relaxation is significantly lower than that 420 

of the as-cast sample. Reviewed Fig. 3, the enhancement of mechanical cycling by 421 

increasing the mechanical cycling intensity is beneficial to inject more mechanical 422 

energy into the system and consequently the intensity of β relaxation increases while 423 

the peak temperature decreases, demonstrating a feature of structural rejuvenation. This 424 

is a surprising finding, since mechanical cycling can significantly rejuvenate MGs even 425 

at very few cycles (102 tension load cycles) and low frequencies (10-3 Hz). With 426 

relatively limited mechanical energy, there is a net structural relaxation indicated by the 427 

decrease of loss modulus and the suppression of β relaxation. Only when high enough 428 
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mechanical energy is applied, can the La-based MG translate into a rejuvenated state 429 

and present a larger loss modulus and stronger β relaxation. In the as-cast glass, the β 430 

relaxation peak is at 0.8~0.9Tg (Qiao et al., 2019; Wang, 2019). After severe plastic 431 

deformation (cold working), this is lowered to ~0.6 Tg (Méar et al., 2008). In addition, 432 

after thermal cycling between room temperature and liquid nitrogen temperature, this 433 

is at ~0.9Tg (Ketov et al., 2015). In our work, that is 0.85Tg for as-cast sample and 434 

0.83~0.84Tg for the mechanical cycling treatment. There is quite a difference among 435 

the effect of mechanical cycling, thermal cycling, and cold working on the dynamic 436 

mechanical relaxation of MGs. Compared with thermal cycling developed by Ketov et 437 

al. (Ketov et al., 2015), mechanical cycling in this work is more effective to tailor the β 438 

relaxation and structural heterogeneity, and extending the range of the glassy state 439 

which has never achieved before. 440 

 It has been reported that the loss modulus or internal friction is associated with the 441 

atomic mobility of MGs (Wang et al., 2020; Wang et al., 2015; Yu and Samwer, 2014). 442 

The increase in loss modulus is an evident signal of enhanced atomic mobility, which 443 

indicates that the local atomic structure of deformed sample is modified effectively 444 

through mechanical cycling. Recent findings have revealed that the enhanced mobility 445 

of atoms is in favored regions around or within the shear bands after plastic deformation 446 

or in regions of higher internal stresses induced by thermal cycling (Hassanpour et al., 447 

2021; Tian et al., 2017; Wang et al., 2021; Wang et al., 2022). The reason of occurrence 448 

of β relaxation in MGs can be understood by considering the heterogeneous structure 449 

at atomic scale, which includes alternative distribution of the closely packed and the 450 

loosely packed regions (Dmowski et al., 2010a; Kosiba et al., 2019; Zhu et al., 2016). 451 

It is reasonable to assume that the event of deformation unit formation occurs in the 452 

loosely packed regions where atoms can move easily in a local region. Local shear 453 

events are more likely to be activated in comparison to the closely packed regions. The 454 

observation that the β relaxation is easily enhanced by the mechanical cycling treatment 455 

indicates that the mobility of the underlying mobile species, i.e., the flow defects, can 456 

be created in the present alloy. Such a behavior means that more flow defects are 457 
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introduced into the MG matrix. Considering that the local atomic mobility in the β 458 

relaxation is correlated with enhanced structural heterogeneities, this result can be 459 

considered as strong evidence for the viscoelastic and the deformation mechanism 460 

associated with the β relaxation in MGs. 461 

Considering Tg can only be changed within a few degrees, Eβ should be nearly of a 462 

constant value for a given composition of MG. As the experimental results shown in 463 

Figs. 7(d)-(f), Eβ could be readily computed based on Eq. (9) and changes in a certain 464 

magnitude attributed to the distinct microstructural features. Specifically, compared 465 

with the as-cast MG (Eβ = 26.45 kBTg), Eβ increases to 31.5 kBTg (by 18.94%) after pure 466 

aging, 30.0 kBTg (by 12.88%) for pure creep, respectively. However, the trend is 467 

reversed with decreasing from 26.98 to 19.83 kBTg (mostly reduced by 25.02%) after 468 

mechanical cycling. During structural relaxation, the flow defect in glass decreases and, 469 

consequently, the activation energy for structural excitation tends to increase. If we 470 

roughly assume that the pure creep plays the same role in each sample, the maximum 471 

of rejuvenation efficiency during cyclic loading can be up to 44% in the range of applied 472 

stress. Clearly, the changes of Eβ should be attributed to the mechanical cycling 473 

treatment, which affects the microstructure. The more the input mechanical energy, the 474 

lower the activation energy Eβ for β relaxation. In one word, the reinforcement of the β 475 

relaxation validates the fact that more soft local regions are produced by mechanical 476 

cycling, which could promote atomic scale dynamics in MGs.  477 

    The activation energy and activation volume of the flow defect are usually regarded 478 

as the critical parameters in understanding the physical mechanism of the mechanical 479 

relaxation and plastic flow (Yang et al., 2016a; Yang et al., 2016b), and these two 480 

parameters can be detected by DMA. According to the cooperative shearing model 481 

(CSM) proposed by Johnson and Samwer, the relationship between the activation 482 

volume 𝑉(𝑇)  and activation energy 𝐸𝑐𝑠𝑚  of deformation units can be described as 483 

(Johnson and Samwer, 2005): 484 

 
𝑉(𝑇) =

𝐸𝑐𝑠𝑚

8
2 𝐺(𝑇)𝛾𝑐

2
 

(10) 
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where 𝐺(𝑇)  is the temperature dependent shear modulus, 𝜏𝑐  is a threshold shear 485 

resistance at absolutely zero temperature, 𝑉(𝑇)  is flow defects volume, and constant 486 

strain 𝛾𝑐 ≈ 0.027, and  ≈ 3. Taken the Poisson ratio of La-based MG as 0.32 (Wang, 487 

2019) and 𝐸𝑐𝑠𝑚≈ 𝐸, we can obtain the evolution of the shear modulus on temperature 488 

as: 489 

 

𝐺(𝑇) =
𝐸(𝑇)

2(1 + )
=

(𝐸′(𝑇)2 + 𝐸′′(𝑇)2)
1
2

2(1 + )
 

(11) 

On the basis of Eqs. (10) and (11), the relation between the flow defects volume and 490 

temperature can be constructed and is depicted in Figs. 8(a)-(d). It can be seen that 𝑉 491 

increases with temperature but decreases with the loading frequency (Fig. 8(a)), with a 492 

value from 4.0~5.0 nm3, very close to the 5.5 nm3 reported in La60Ni15Al25 MG (Liu et 493 

al., 2012). Interestingly, the activation volume of flow defect continuously decreases 494 

with structural rejuvenation, as seen in Figs. 8(b)-(d). In all cases, the aged sample 495 

possesses a maximum value while the mostly rejuvenated sample exhibits a minimum 496 

value. The above results can be understood by the following interpretation. As well 497 

known that the local atomic rearrangement in flow defect is corresponding to the 498 

characteristic relaxation time. The increase in loading frequency will shorten the 499 

characteristic relaxation time and suppress the structural relaxation process (i.e., frozen 500 

of flow defect), inducing a higher value of flow defect, which essentially lowers the 501 

viscosity (Li et al., 2014). On the other hand, the increase in loading frequency also 502 

reduces the free energy barrier relaxation in the deformed MG, leading to the 503 

acceleration of atomic diffusion in both the core and shell region, as formulated by 504 

(Spaepen, 1977): 505 

𝐷c = 𝑘𝐵𝑇2/(6𝑉a) (12) 

where 𝐷c is the diffusion coefficient,  is the jump distance, 𝑉a is the volume of atom, 506 

and   is the viscosity. The increase in   and decrease in   with increasing loading 507 

frequency will definitely enhance the diffusion coefficient. The strong diffusion 508 

capacity means that the aggregation of flow defects tends to be difficult. This is actually 509 
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what was observed in this work, as shown in Fig. 8(a), i.e., the volume of flow units 510 

decreases with increasing loading frequency at a certain temperature. On the basis of 511 

the above analysis, it can be well understood that the decrease in V with increasing 512 

loading frequency in the deformed MG will result in a more homogeneous deformation 513 

spatiotemporally, which will promote material flow of MGs. In parallel, the 514 

improvement of atomic mobility in a rejuvenated MG also creates a difficulty in 515 

aggregation of flow defects. 516 

Now the question is: How does mechanical cycling enhance the  relaxation? Based 517 

on the results obtained in the current work and for the sake of comparability we follow 518 

an idea by Perez [37], who proposed the concept of quasi-point defects (QPDs). Based 519 

on the heterogeneous structure, some nano-scale regions, so-called QPDs, correspond 520 

to the fluctuation of energy, density, enthalpy and entropy in the whole material. The 521 

atomic rearrangements activated by thermal and mechanical stimuli will preferentially 522 

take place in these defect sites. In the first stage of the deformation, QPDs are thermo-523 

mechanically activated and oriented along the maximum shear stress plane. The 524 

directed activation of QPDs is associated with the  relaxation process. Referring to 525 

Arrhenius response, the characteristic time   to overcome the energy barrier can be 526 

described by rewriting Eq. (9) as: 527 

  =  a exp(𝐸 /𝑘B 𝑇) (13) 

where a is the pre-exponential time. This process is associated with the non-elastic 528 

strain component 
 

 at the macroscopic scale. The corresponding strain rate ̇
 

 decays 529 

linearly to the equilibrium state 



 
 with the characteristic time  : 530 

̇
 

=


 − 

 

 
 (14) 



 can be defined by a limited strain value, which depends on the change of compliance 531 

∆𝐽 induced by β relaxation and the activation stress 𝜎: 532 
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{





 
= 𝜎∆𝐽

∆𝐽 = 𝐽_r − 𝐽_u =
1

𝐸_r
−

1

𝐸_u

 (15) 

where the elastic modulus 𝐸 is the reciprocal of the compliance 𝐽, the subscripts ‘_u’ 533 

and ‘_r ’ is the unrelaxed and relaxed states, i.e., the beginning and ending the β 534 

relaxation process. A distribution function of activation energy is used to describe the 535 

heterogenous defect sites, and this is naturally equivalent to a distribution of the 536 

relaxation times. A discrete normalized Gumbel distribution was chosen from the 537 

thermodynamic considerations: 538 

𝑤𝑖 =
exp {𝐵ln (

𝜏i

𝜏̅ ) − exp [𝐵ln(
𝜏i

𝜏̅ )]}

∑ exp {𝐵ln (
𝜏i

𝜏̅ ) − exp [𝐵ln(
𝜏i

𝜏̅ )]}i

 

(16) 

where the distribution parameter B is in the range of 0 to 1, 𝜏i is the characteristic time 539 

of the i-th unit, 𝜏̅ is the mean characteristic time and 𝑤i is the corresponding probability 540 

weight. The macroscopic strain rate related to the β relaxation corresponds to the sum 541 

of all distributed processes. Thus, each isolated relaxation unit and its corresponding 542 

kinetic equation contributes to a fraction of the intensity of the total process. Thus, the 543 

single characteristic time in Eq. 13 can be replaced by the discrete normalized Gumbel 544 

distribution of time 
i   and then Eq. 14 is reformulated: 545 

̇
 

= ∑
(𝑤i𝜎∆𝐽  

) − 

i

 


i

n

i=1

 

(17) 

The sheared micro-domains nucleate by QPDs and progressively develop in the 546 

maximum shear plane at a constant stress. Furthermore, new sheared micro-domains 547 

nucleate by the activation of QPDs. To some extent, the concept of QPDs is similar to 548 

other terminologies as that used in the literature, e.g., shear transition zones (STZs) or 549 

CSM mentioned above. 550 

The elastic energy stored drives the sheared micro-domains shrink when the applied 551 

stress is removed. The reversible strain 
an 

 with sufficient time is corresponding to the 552 

anelastic component at the macroscopic scale. Besides, the percolation of expanding 553 
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sheared micro-domains is corresponding to irreversible deformation  
vp 

 (the visco-554 

plastic component). The rearrangements responsible for the visco-plastic deformation 555 

(related to the  relaxation) are more complex than that of the anelastic deformation 556 

(associated with the  relaxation). In fact, there are hierarchical correlation among the 557 

mechanical relaxations, i.e., they involve more and more relaxation units and require 558 

longer and longer time to be completed. The time scale needed for these movements 559 

varies beginning from the time for the completed elementary movement to the time for 560 

annihilation of the sheared micro-domains. The latter is defined as: 561 

𝜏mol = 𝜏0 (
𝜏_i

𝜏0
)

1

 

(18) 

where 𝜏0  is a pre-parameter, 𝜏_i  is the characteristic time of the ith elementary 562 

deformation unit,   is a correlation factor which is related to the concentration of 563 

defects. For example,  = 0 for the fully ordered lattice structure, corresponding to an 564 

ideal crystal. In this case, the movement of a structural unit depends on all other units 565 

via interatomic interactions. In the opposite case,  = 1 stands for the fully disordered 566 

structure, corresponding to the ideal gas. The motion of a structural unit is fully 567 

independent of others, i.e., there is no enthalpic interaction and entropy dominates 568 

thermodynamics. These elementary deformation units can be regarded as the 569 

movements involved in the  relaxation. The intensity of the movements shows an 570 

apparent dependence on the heterogeneity degree, i.e., the density of defects. The 571 

distribution of the characteristic times for the anelastic process around a mean value: 572 

𝜏an = 𝜏mol
1
 

(19) 

following the Gumbel distribution with a width equal to . As for the  relaxation, the 573 

macroscopic strain rate can be described as a sum of local shearing characterized by the 574 

distribution of characteristic times: 575 

̇
an 

= ∑
(𝑤an

i 
an


 
) − 

an
i

 

an
i

n

i=1

 
(20) 
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where 𝑤an
i  are the relative weights of the times an

i , 
an
  is the equilibrium strain for the 576 

anelastic process and can be calculated by the  relaxation as: 577 


an
 = 𝜎∆𝐽an (21) 

where ∆𝐽an is the change of the compliance correlated to the anelastic process. As we 578 

mentioned above,  is related to the heterogeneity degree, and then it is connected to 579 

the evolution of microstructure. The MGs remain in a frozen or iso-configurational state 580 

below Tg without aging and rejuvenation and, thus,   remains constant. When the 581 

temperature is above Tg, the system shifts to a metastable thermodynamic equilibrium 582 

state, and    increases linearly with temperature. Finally, the following temporal 583 

evolution law for the correlation parameter  are added: 584 

{
(𝑇) = (𝑇g)

(𝑇) = (𝑇g) + 
0

(𝑇 − 𝑇g)
 

(22) 

where 
0
 depends on the specific material. Therefore, Eqs. (13)-(22) can be explicitly 585 

integrated. Then, the addition of all these processes successively involved leads to the 586 

expression of the general compliance: 587 

𝐽(𝑡) = 𝐽el + ∆𝐽 ∑ 𝑤
i [1 − exp (

−𝑡


i

 

)]

n

i=1

 
(23) 

where 𝐽el is the elastic compliance, taken as the inverse of the unrelaxed elastic modulus 588 

𝐸_u. The contributions of relaxations faster than the  relaxation are assimilated to the 589 

instantaneous response. Laplace transform of Eq. 23 directly shows the expression of 590 

the frequency-dependent compliance 𝐽() of MGs: 591 

𝐽() = 𝐽el + 𝐽 ∑
𝑤

i

1 + i
i

 

n

i=1

= 𝐽′() + i𝐽′′() 
(24) 

where   is the angular frequency (equal to 2πf). The real part of 𝐽′()  and the 592 

imaginary part 𝐽′′() are storage compliance and loss compliance, respectively. Both 593 

storage and loss modulus (respectively, 𝐸′ and 𝐸′′) can be simply deduced from 𝐽′() 594 
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and 𝐽′′(). 595 

Among them, there are five parameters devoted to the characterization of the  596 

relaxation. The unrelaxed and relaxed modulus (𝐸_u an 𝐸_r) are directly read on the 597 

𝐸′ versus temperature curve. The  relaxation activation energy 𝐸  is directly obtained 598 

by the multiple frequency test fitting. The distribution parameter B reached from the fit 599 

of the 𝐸′′  versus temperature curve in the  relaxation domain. Based on the QPD 600 

model, the evolution of 𝐸′′/𝐸u on temperature suffering different mechanical cycling 601 

can be simulated by Eq. (24), as shown in Fig. 9(a). Mathematically, the distribution 602 

parameter B reflects the distribution width of samples. A higher value of B corresponds 603 

to a more heterogenous and wider distribution. Here, B determines the distribution of 604 

the relaxation units and is therefore intimately correlated to the microscopic 605 

configuration of MGs. The values of B is 0.24, 0.26, and 0.30 for rejuvenation (25-175 606 

MPa), as-cast and aging states, respectively, which show fairly compatible changes in 607 

MG ribbons. In a common perspective, the decrease of B with the rejuvenation of MG 608 

structure implies an enhancement of structural heterogeneity. By proper fitting, the 609 

distribution of flow defects is extracted and plotted in Figs. 9(b) and (c) as functions of 610 

temperature and characteristic relaxation time. Compared to the as-cast sample, the 611 

characteristic relaxation time reduces significantly after mechanical cycling but 612 

increases after physical aging. A similar phenomenon is also observed in the evolution 613 

with temperature. These indicate that mechanical cycling results in the activation of 614 

more flow defects with different relaxation times, contributing to the macroscopic 615 

relaxation process. The wider relaxation time distribution with structural rejuvenation 616 

implies that more types of flow defects are activated. The faster modes can be attributed 617 

to the shortening of the relaxation time of each flow defect with a specific activation 618 

temperature. 619 

MGs have been depicted to contain flow defects, identified from structure 620 

information(Cao et al., 2019). These soft regions or geometrically disfavored motifs 621 

from atomic packing are susceptible to rearrangement under mechanical deformation 622 

(Ma, 2015). The population of activated flow defects in mechanical cycling, which 623 
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depends on stress rate, stress amplitude, and mean stress, is responsible for the 624 

homogeneous flow.  The coupling of thermal activation and stress leads to excitation of 625 

a majority of flow defects via collective rearrangements, and if they are percolated 626 

through the system, flow in a homogeneous manner would then ensue (Cao et al., 2019; 627 

Şopu et al., 2020). The increase of the mechanical cycling intensity activates defects 628 

with shorter relaxation time in “core” and “shell” regions. These defects collapse the 629 

“shell” region and finally retained in the system because of lack of sufficient time for 630 

internal stress relaxation (Galindo-Torres et al., 2018). At the same time, the transition 631 

from “shell” to “core” regions drives MGs towards higher energetic state, which 632 

broadens the distribution of density and characterizes time of  relaxation units. 633 

3.3 Visualizing structural evolution 634 

As usual, the mechanical properties of a glass depend on the structural relaxation and 635 

consequently on the rejuvenation. In order to describe the structure state, it is crucial to 636 

find an indicator capable of depicting the physical situation. The concept of fictive 637 

temperature Tf is in principle an elegant way of quantifying the degree of disorder and 638 

such that the physical properties (Ketkaew et al., 2018). The fictive temperature at 639 

which the frozen-in liquid structure is at equilibrium has been widely used to 640 

characterize the mechanical/physical properties of MGs such as the plasticity (Kumar 641 

et al., 2013; Magagnosc et al., 2014). Physical aging results in structural relaxation and 642 

a reduction in Tf (Luckabauer et al., 2019). It is reasonable to speculate that the 643 

mechanical cycling either preserves or even increases Tf in our alloy (Fig. 10(a)). It is 644 

well-known that mechanical deformation converts mechanical energy into thermal 645 

energy and raises the effective temperature, for example, in shear bands (Fornell et al., 646 

2009; Jiang et al., 2008; Wu et al., 2011). In other words, atomic displacements out of 647 

the atomic cage due to deformation increase the randomness of the structure. For 648 

mechanical cycling, apparently mechanical energy translates into an increase in the 649 

internal energy cancelling the effect of structural relaxation. The balance between the 650 

effects of structural relaxation and structural rejuvenation due to deformation depends 651 

on various factors, such as stress amplitude, stress rate, and mean stress. From the above 652 
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results, a diagram of the competition between the rejuvenation and aging of a MG can 653 

be constructed, which is Moreover, the threshold value of mechanical cycling intensity 654 

between rejuvenation and structural relaxation can be used to broadly modulate the 655 

structural heterogeneity of MGs. illustrated in Fig. 10(b).  656 

A schematic explanation of the relationship between aging, rejuvenation and  657 

relaxation in MGs is shown in the inset of Fig. 10(a) from a microstructural perspective. 658 

Both the rejuvenation and  relaxation occur in isolated and loosely packed flow defects 659 

in MG. The rejuvenation activates the potential flow defects, and the density of the 660 

liquid-like flow defects then increases. Therefore, the intensity of the  relaxation peak 661 

originating from the flow defects will then increase and shift to low activation energy 662 

side after rejuvenation while decrease and shift to high activation energy side after aging. 663 

To understand the change of the structural state of MGs from a general perspective, 664 

we adopt the potential energy landscape (PEL) concept (Debenedetti and Stillinger, 665 

2001), which has been widely applied to investigate plastic deformation (Harmon et al., 666 

2007), physical aging (Lüttich et al., 2018), and rejuvenation (Sun et al., 2016) of MGs. 667 

The change of the β relaxation process can be explained from the viewpoint of PEL and 668 

different stability of the system. Here, we would like to underline that the change of the 669 

β relaxation process is attributed to the change of distance (in configurational space) 670 

and density of sub-basins. For these reasons, an obvious change in the distribution of 671 

relaxation units is observed. The mechanical cycling drives the system to a more 672 

unstable state with smaller average distances between sub-basins; consequently, the 673 

activation energy barrier of β relaxation process decreases and the β relaxation appears 674 

as a more independent peak. Alternatively, the average separation between sub-basins 675 

is larger in a more stable system. Such configuration is of a lower degree of 676 

heterogeneity, which leads to an increased activation energy. 677 

The rejuvenation in MGs is the process that a system escapes from one deep local 678 

minimum to another one at a higher energy state, which corresponds to an activation 679 

hopping between neighboring inherent states after surmounting energy barrier. The 680 

activation of the frozen flow defects accommodating the plastic deformation is confined 681 
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within the elastic matrix. This is corresponding to a stress-induced rejuvenation. The 682 

mechanically stress-induced rejuvenation, equivalent to the thermally activated 683 

rejuvenation, can significantly enhance the atomic mobility or decrease the viscosity by 684 

inducing a glass-to-supercooled liquid transition. Consequently, the rejuvenation 685 

associated with the collapse of the elastic matrix could be regarded as the locally  686 

relaxation. Both the rejuvenation and  relaxation in MGs can be treated as a flow 687 

phenomenon which is excitated by thermal fluctuation or mechanical work. The 688 

rejuvenation raises the potential energy of a MG through activation of the flow defects. 689 

As we have mentioned above, it is recognized that the activation energy of  relaxation 690 

is the same as that for the operation of flow defects and for the ductile-to-brittle 691 

transition (Ngai and Capaccioli, 2004; Yu et al., 2010). The rejuvenation raises the 692 

energy of a MG through successive activation of  relaxation. Therefore, the 693 

rejuvenation in MGs can be regarded as the percolation of a series of  relaxation in 694 

nano-scale regions. Experimental evidence shows that MG with a pronounced  695 

relaxation shows enhanced ductility (Yu et al., 2014; Yu et al., 2013). On the other hand, 696 

the rejuvenation can also make a MG ductile (Ketov et al., 2015). This is another 697 

implication of the link between rejuvenation and  relaxation. 698 

The correlation and difference among the various structural indicators of the aged 699 

and rejuvenated MG is briefly summarized here. The effective structural parameters 700 

which give a consistent description of the structural state of a MG is indeed required. 701 

For example, local regions in a rejuvenated MG should have higher potential energy, 702 

higher fictive temperature, and they should contain more flow defects. In Fig. 10(c), we 703 

illustrate the correlation between these parameters, as well as the structural state they 704 

correspond to. The striking contrast between aged and rejuvenated MGs may be an 705 

excellent ridge that can be adopted to tailor the structure and properties of MGs, owing 706 

to the fact that it conveys more dynamic information, and it is general and system 707 

independent. Moreover, it helps to construct a physics motivated constitutive model, 708 

among which the flow defect, potential energy, or fictive temperature should be a 709 

priority. 710 
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4. Conclusions 711 

Mechanical cycling even at very few cycles (102 tension load cycles) and low 712 

frequencies (10-3 Hz) can adjust the structure locally and modulate the degree of 713 

structural heterogeneity of MGs. Depending on the thermodynamic or mechanical 714 

conditions, MGs can be either structurally relaxed or rejuvenated to a remarkable extent. 715 

This way bears great potential for producing highly metastable MGs and thus extending 716 

the range of the glassy state without introducing extrinsic defects like shear bands. The 717 

increase of the mechanical cycling intensity (i.e., stress amplitude, stress rate or mean 718 

stress) injects more mechanical energy into MGs. This additional mechanical energy, 719 

which suppresses or surpasses aging, is responsible for the rejuvenation. Consequently, 720 

our method can be applied to a broad modulation of structural heterogeneity. The two-721 

phases model shows that amounts of frozen flow defects are woken when a dynamic 722 

cyclic loading is applied on MGs. 723 

Dynamic mechanical analyzer illustrates that the evolution of the  relaxation 724 

suffers from mechanical cycling. With the present approach, one can obtain highly 725 

metastable and structurally heterogeneous state in MGs, which enables us to assess the 726 

nature of the correlation among flow defect, rejuvenation and the  relaxation. 727 

Activation energy of the  relaxation decreases from 0.92 eV to almost 0.82 eV. The 728 

intensity of  relaxation is increased and shifts to lower activation energy side upon 729 

rejuvenation. In addition, the rejuvenation also expands the distribution of the 730 

relaxation units while aging plays an opposite role. 731 
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Captions of the Figures and Tables 743 

 744 

Fig. 1 (a) Stress-strain curves of La-based MG from a subset of 120 tensile 745 

loading/unloading cycles in the linear elastic regime. (b) Dynamic relaxation spectrum 746 

as a function of temperature. Conspicuous  relaxation feature is noticed by a peak in 747 

loss modulus at approximately 370 K.  748 
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 749 

Fig. 2 Schematic representation of the hysteresis loops during pure cyclic loading in (a), 750 

and creep in (b). The dash area is corresponding to the mechanical work 𝑊𝑐𝑦𝑐𝑙𝑖𝑐 and 751 

𝑊𝑐𝑟𝑒𝑒𝑝, respectively.  752 
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 753 

Fig. 3 Creep of of La30Ce30Ni10Al20Co10 MG. Time dependence of (a-c) strain, (d-f) 754 

_creep, (g-i) _total, (j-l) _creep/_total at different stress amplitude, stress rate, and 755 

mean stress, respectively.   756 
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 757 

Fig. 4 Maxwell-Voigt model with dynamically heterogenous flow defects. (a) The 758 

schematic illustration of MG structure composed of elastic matrix and flow defects. (b) 759 

The spatial distribution of the versatile relaxation processes with different characteristic 760 

relaxation times; (c) The Maxwell-Voigt model used for analyzing creep deformation.   761 
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 762 

Fig. 5 Strain versus time at different (a) stress amplitude, (b) stress rate, and (c) mean 763 

stress, respectively. Solid lines are the best fits by Eq. (1); (d)—(f) Corresponding 764 

spectra of relaxation times based on the anelastic part of creep curves.765 
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 766 

Fig. 6 Evolution of normalized loss modulus E/Eu as a function of temperature at 767 

different driving frequencies (1, 2, 4 and 8 Hz, respectively). Solid lines are the best fits 768 

by Eq. (1). The inset is an Arrhenius plot of frequency versus temperature.  769 

770 
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 771 

Fig. 7 Rejuvenation of La30Ce30Ni10Al20Co10 MG. Evolution of normalized loss 772 

modulus E/Eu on temperature at different (a) stress amplitude, (b) stress rate, and (c) 773 

mean stress, respectively. The driving frequency is 4 Hz and heating rate is 2 K/min. 774 

The as-cast and aged samples are added as references; (d)—(f) Variation of activation 775 

energy of  relaxation corresponding to (a)—(c). 776 
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 777 

Fig. 8 Temperature-dependent activation volume V at different conditions of (a) driving 778 

frequencies, (b) stress amplitude, (c) stress rate and (d) mean stress, respectively.  779 
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 780 

Fig. 9 Temperature dependence of the normalized loss modulus E''/Eu for the 781 

rejuvenated, as-cast and aging state of La30Ce30Ni10Al20Co10 MG. The dash lines denote 782 

fits by QPD model, Intensity of  relaxation versus (b) temperature, and (c) relaxation 783 

time for the rejuvenated, as-cast, and aging state of glass, respectively.  784 
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 785 

Fig. 10 Rejuvenation diagram. (a) Schematic illustration of the effect of aging and 786 

rejuvenation on the evolution of the relaxation time. The inset shows the correlation 787 

between flow defect, aging, rejuvenation and  relaxation process from a microscopic 788 

perspective; (b) Aging and rejuvenation map in cyclic loading; (c) Structural indicators 789 

of aged and rejuvenated MGs and their general relationship. The keywords used to 790 

qualitatively describe the structural states correspond to the high and low ends in the 791 

spectrum of each of these indicators. 792 

793 
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Table 1 The fitting parameters for creep of La-based MG using the Maxwell-Voigt 794 

model. 795 

 Stress 

[MPa] 
𝜀1 

×10-2 
𝜏1 [s] 𝜀2×10-2 𝜏2 [s] 

𝜀𝑣𝑝 ×10-7 

[s-1] 
𝜀2/𝜀1 

Stress 

amplitude 

[MPa] 

100-

100 

0.44±

0.04 

2341.65±12

.08 

1.02±0.

05 

11421.16±1

32.48 
1.54±0.20 

2.32 

 
75-125 

0.43±

0.03 

2113.23±87

.35 

1.08±0.

02 

9987.10±65

8.45 
1.98±0.12 

2.51 

 
50-150 

0.38±

0.06 

1801.65±21

6.90 

1.12±0.

03 

8283.15±10

18.91 
2.28±0.22 

2.95 

 
25-175 

0.37±

0.05 

1107.52±21

5.20 

1.34±0.

04 

7112.00±68

4.00 
2.94±0.22 

3.62 

Stress rate 

[MPa/min] 
12.5 

0.36±

0.03 

2544.09±29

8.36 

0.82±0.

03 

12711.05±4

85.00 
1.46±0.08 

2.28 

 
25 

0.32±

0.01 

2011.31±59

9.34 

0.85±0.

01 

10169.00±1

001.77 
1.60±0.32 

2.66 

 
50 

0.38±

0.06 

1801.65±21

6.90 

1.12±0.

03 

8283.15±10

18.91 
2.28±0.22 

2.95 

 
100 

0.31±

0.04 

1169.86±18

0.19 

1.14±0.

03 

7381.59±76

1.11 
2.44±0.21 

3.68 

Mean stress 

[MPa] 
25 

0.06±

0.001 

1843.00±18

6.84 

0.17±0.

01 

10886.54±1

598.23 
0.18±0.04 

2.93 

 
50 

0.08±

0.01 

1826.58±27

8.42 

0.24±0.

01 

8599.14±17

41.07 
0.29±0.04 

3.00 

 
100 

0.38±

0.06 

1801.65±21

6.90 

1.12±0.

03 

8283.15±10

18.91 
2.28±0.22 

2.95 

 
200 

0.70±

0.08 

757.58±181

.56 

2.13±0.

08 

6835.17±70

8.56 
4.80±0.41 

3.04 
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