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Abstract: Evolution of deformation and relaxation behaviors of a prototypical 20 

Cu46Zr46Al8 metallic glass was explored by extensive creep tests under both physical 21 

aging and cyclic loading. Deep insights into the microstructure-induced dynamic 22 

heterogeneity which accommodates creep deformation were successively revealed via 23 

experimental measurements and spectral analyses. An annihilation of local defects 24 

within metallic glass with increasing annealing time and cyclic numbers was observed 25 

through the reduction of amplitude in both activation energy spectra and relaxation-26 

time spectra, which were also accompanied by an ascending value of 𝛽௄ௐௐ . It is 27 

further found that the corresponding deformation units within the metallic glass do not 28 
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disappear permanently, but are recoverable over the course of cyclic loading. The 29 

apparent suppressed relaxation process can be gradually alleviated with increasing 30 

resuming time between two consecutive cycles, behaving differently from physical 31 

aging, which indicates a notable discrepancy between thermal treatment and 32 

mechanical treatment. 33 

Keywords: Metallic glasses; Creep; Physical aging; Cyclic loading; Relaxation-time 34 

spectrum 35 

 36 

1. Introduction 37 

Due to their distinctive short-range ordered and long-range disordered structure, 38 

metallic glasses (MGs) show exceptional physical, chemical and mechanical properties 39 

in comparison with their crystalline counterparts [1-4]. In recent years, extensive 40 

experimental, computational, and theoretical studies have shown that the structural 41 

heterogeneity of MGs [5-9], which originates from their inhomogeneous atomic 42 

structure, is closely related to their glass transition, mechanical relaxation and 43 

crystallization behaviors, among other properties, which makes the research on the 44 

features of structural heterogeneity a subject of great significance [10-12]. 45 

In order to clarify the dynamic mechanical behavior of amorphous materials, 46 

various models have been proposed based on the concepts of free volume [13], shear 47 

transformation zones (STZs) [14], cooperative shear model [15, 16], quasi-point defects 48 

[17], liquid-like regions [18] or flow units [19]. Nevertheless, these models are virtually 49 

grounded on a mean-field theory, which appropriately simplify the intricate problem by 50 

introducing some effective critical physical parameters such as a mean activation 51 

volume or activation energy, resulting in a loss of vital information. A rationalized 52 

description of the deformation process of amorphous solids requires a sufficient and 53 

accurate introduction of dynamic heterogeneity, which is usually denoted by a wide 54 

distribution of activation energies or relaxation times of the corresponding deformation 55 

units.  56 

As typical viscoelastic materials, the deformation behavior of amorphous solids 57 



3 
 

such as metallic glasses can be described by means of several fundamental spring and 58 

dashpot units connected in series or in parallel. Both the Maxwell and Kelvin (Voigt) 59 

models have been shown to be capable of characterizing the stress relaxation and creep 60 

process of MGs [20-23]. Furthermore, it is feasible to acquire a significant physical 61 

parameter 𝜏  which is defined as either the relaxation time or the retardation time, 62 

providing a simple method for quantifying the dynamical behavior. By introducing n 63 

Maxwell or Kelvin units, using the least square method, nonlinear regression method 64 

or other optimization methods, a relaxation-time spectrum can be finally obtained [24]. 65 

Due to the consideration of both dynamic mechanical behavior and the microstructural 66 

heterogeneity of MGs, the above method has been widely used in the study of the 67 

anelastic and viscoelastic behaviors of MGs [23, 25-27].  68 

The conventional experimental approaches to explore the evolution of dynamic 69 

heterogeneity of MGs usually comprise dynamical mechanical analysis (DMA), stress 70 

relaxation and creep [5, 28-30]. DMA, by applying small alternating loads to the tested 71 

samples, supplies valid measures to accurately describe the viscoelastic behavior of 72 

MGs under dynamic loading. The time-, temperature- or driving frequency-dependent 73 

storage modulus 𝐸ᇱ and loss modulus 𝐸" are also indicators directly reflecting the 74 

kinetic responses [5, 28, 31]. Besides, it enables us to clearly distinguish different forms 75 

of relaxation modes in MGs, i.e., primary (α) relaxation, secondary (β) relaxation and 76 

other types of relaxation modes [32, 33]. On the other hand, by means of stress 77 

relaxation, stress-time responses over a wide temperature range can be finally obtained. 78 

A power exponent fitted by the phenomenological KWW (Kohlrausch-William-Watts) 79 

equation is capable to present a visual and quantitative description for the dynamic 80 

heterogeneity within MGs [30, 34]. More recently, the two-stage process during stress 81 

relaxation of MGs has been widely reported, which corresponds to the transformation 82 

of deformation modes [30, 35]. The aforementioned multistage relaxation behavior of 83 

MGs has been denoted as a criterion of their dynamic heterogeneity.  84 

Conversely, creep, loading the materials with constant stress while tracing the 85 

strain response, has proven to be a powerful tool for characterizing the dynamic 86 

heterogeneity as well as the distribution of microstructural heterogeneity in MGs. A 87 

large number of creep experiments have been conducted in MGs to investigate their 88 
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structural characteristics, energetic status and deformation mechanism supported by 89 

mathematical statistics and molecular dynamics simulation [12, 36, 37]. Retardation-90 

time spectra were also extracted from nanoindentation creep tests to clarify the dynamic 91 

nature of MGs [25]. In addition, the creep process of MGs is closely related to such 92 

factors like external load, experimental temperature, loading time and so on, directly 93 

reflecting the true responses of MGs’ microstructure under external stimuli. More 94 

intensive research of creep behavior of MGs is of great significance not only to 95 

contribute to understand their glass transition, deformation and structural relaxation 96 

behaviors but also to improve their service performance as engineering materials. 97 

In the current work, a prototypical Cu46Zr46Al8 (at.%) MG was chosen as a model 98 

alloy to explore the evolution of deformation and relaxation behaviors of amorphous 99 

solids by means of a series of creep tests. Two kinds of experimental conditions were 100 

adopted, one is changing the annealing time before the creep starts, the other is cyclic 101 

loading with different recovery durations. A generalized Kelvin model containing one 102 

Maxwell unit and n Kelvin units connected in series was used to analyze the creep 103 

behavior. The creep displacement, energy barrier distribution, stretching parameter 104 

𝛽௄ௐௐ, characteristic relaxation time 𝜏௜ and its intensity 𝜀௜ under different conditions 105 

were discussed comparatively. Relaxation-time spectra were also obtained, endowing 106 

us with abundant detailed information about the dynamic heterogeneity within the 107 

specimens. Furthermore, the influence of physical aging and cyclic loading on creep 108 

behavior of Cu46Zr46Al8 MG have also been systematically studied, which is helpful to 109 

clarify the underlying activation and evolution of deformation units under both thermal 110 

and mechanical stimuli, providing theoretical guidance for a thorough understanding of 111 

dynamic heterogeneity within MGs during creep.  112 

2. Materials and experimental procedures 113 

2.1 Sample preparation and structural characterization 114 

The prototypical Cu46Zr46Al8 bulk MG was fabricated by copper mold suction 115 

casting under a Ti-gettered argon atmosphere. The master alloy was re-melted at least 116 

6 times to ensure its chemical homogeneity. In the current work, MG ribbons with width 117 



5 
 

about 1 mm and thickness about 30 𝜇m were prepared by high-vacuum melt spinning 118 

from the master alloy. 119 

The glassy nature of the alloy was verified by X-ray diffraction (XRD, D8 Bruker 120 

AXS Gmbh) with Cu-Kα radiation. The thermal properties of alloy were determined by 121 

differential scanning calorimeter (DSC, Netzsch 202) in a high-purity nitrogen 122 

atmosphere at a heating rate of 10 K/min. 123 

2.2 Tensile creep experiment 124 

The creep experiments of Cu46Zr46Al8 MG ribbons were carried out using a 125 

commercial dynamic mechanical analyzer (DMA, TA Q800) in tensile mode at a 126 

temperature of 510 K (𝑇୥~697 K). To explore the effect of physical aging on creep, the 127 

specimens had been annealed at the same temperature during several aging times (from 128 

0 min to 240 min). In the period of annealing, the tensile state of the ribbons was 129 

maintained by applying a small load of 0.001 N. After the annealing procedure, a 130 

constant tensile stress of 200 MPa was applied to the sample, and each creep test lasted 131 

for 105 s.  132 

For cyclic creep tests, in every set of tests, 4 loading cycles were established and 133 

each lasted for 334 min (~20000 s). Between two cycles there was a recovery period 134 

which was changed systematically (from 0 min to 240 min). The corresponding creep 135 

tests were conducted at 510 K and 200 MPa after an initial equilibration of 5 min.  136 

3. Results and discussion 137 

3.1 The effect of the physical aging on creep 138 

Fig. 1(a) exhibits the creep behavior of Cu46Zr46Al8 MG ribbons under 200 MPa 139 

at a fixed temperature of 510 K with various aging times (from 0 min to 240 min). For 140 

a more intuitive view, the instantaneous elastic part was artificially removed. It can be 141 

seen that the strain increases first rapidly and then evolves more and more slowly with 142 

increasing time in all cases. Moreover, it shows a tendency that the longer the aging 143 

time, the weaker the amplitude of the transient creep, indicating a significant increase 144 

in stiffness of samples due to physical aging. As is well documented, the amorphous 145 
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solids tend to reach an iso-configurational steady state creep once the observing time is 146 

long enough [38]. Taking the slopes of the last 20000 s of the corresponding creep 147 

curves in Fig. 1, variation of steady-state strain rate of Cu46Zr46Al8 MG with different 148 

aging times is calculated and shown in Fig. 2(a). It can be observed that the steady-state 149 

strain rate generally shows an insensitive characteristic with increasing aging time. This 150 

may be understood considering that subjacent aging is also active during the creep tests, 151 

leading to a similar iso-configurational state, i.e. the same steady state rate, after long 152 

times.  153 

The inhomogeneous deformation of MGs usually involves a coordinated 154 

rearrangement of corresponding single atoms or clusters, which need to be activated by 155 

crossing energy barriers. Behaving differently from conventional crystals, the energy 156 

barriers of MGs are widely spread over different scales [39]. Since the creep process 157 

excites the MG to a state of higher energy, distribution of energy barrier can be 158 

indirectly inferred via the observation of certain changes caused by the thermal 159 

activation process. According to the activation energy spectrum model, the variation of 160 

instantaneous strain 𝜀 on time t during creep can be expressed as [40]: 161 

𝛥𝜀ሺ𝑡ሻ ൌ ׬ 𝑝ሺ𝐸ሻ𝜃ሺ𝐸,𝑇, 𝑡ሻ𝑑𝐸
ାஶ
଴         (1) 162 

where 𝑝ሺ𝐸ሻ represents the number of energy barriers within the range of 𝐸 to 𝐸 ൅163 

𝑑𝐸, 𝜃ሺ𝐸,𝑇, 𝑡ሻ is a characteristic annealing function, of exponential form. Due to the 164 

existence of critical characteristic relaxation time 𝜏௖ and activation energy 𝐸௖ during 165 

creep, only those deformation units with 𝜏௖ ൏ 𝑡 and 𝐸 ൏ 𝐸௖ participate in the creep 166 

process. Consequently, on the basis of step-like approximation, finally we got [41]: 167 

𝑃ሺ𝐸ሻ ൌ െ ଵ

௞்

ௗఌሺ௧ሻ

ௗ୪୬௧
  (2) 168 

𝐸 ൌ 𝑘𝑇lnሺ𝜈଴𝑡ሻ  (3) 169 

taking k as the Boltzmann constant of 1.38×10-23 J K-1, and 𝜈଴ the Debye frequency 170 

of 1013 s-1 [42]. The resulting apparent activation energy spectra are shown in Fig. 1(b), 171 

where 𝑃ሺ𝐸ሻ under each aging time is normalized by its corresponding peak value to 172 

further highlight the aging time dependence of spectral position and peak width. It can 173 
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be seen that the activation energies of deformation units are widely distributed, directly 174 

characterizing the dynamic heterogeneity of deformation units over the course of 175 

activation. Furthermore, the spectra shift toward a higher energy state with increasing 176 

aging time, which clearly indicates that the deformation units get harder to be activated 177 

at longer aging times. These results also provide a plausible explanation for the 178 

occurrence of suppressed relaxation behavior caused by physical aging which was 179 

previously mentioned.  180 

To deeply understand the deformation dynamics, the creep curves are further fitted 181 

by a stretched exponential KWW equation [29, 39]: 182 

𝜀ሺ𝑡ሻ ൌ 𝜀଴ ൬1 െ exp ൬െ ቀ
௧

ఛ೎
ቁ
ఉ಼ೈೈ

൰൰ ൅
௧

ఓబ 
 (4)  183 

with 𝜀଴  being the pre-factor of strain, 𝜏௖  being the characteristic relaxation time 184 

indicating the release rate of the “delayed plasticity”, 𝛽௄ௐௐ  being the stretching 185 

parameter ranging from 0 to 1, and 𝜇଴ a constant obtained from the steady-state strain 186 

rate which is related to the longitudinal viscosity of each sample. Here, 𝛽௄ௐௐ 187 

describes the distribution width of relaxation times, which is a significant parameter 188 

that characterizes the dynamic heterogeneity of MGs. Fig. 2(b) shows the evolution of 189 

the parameters 𝜏௖ and 𝛽௄ௐௐ fitted by the KWW equation with various aging times. 190 

The characteristic relaxation time 𝜏௖ generally represents an upward tendency with 191 

increasing aging time, rising from a lower value of below 4000 s for the as-cast state to 192 

above 12000 s for the case of annealing for 240 min, which denotes that the deformation 193 

units are much more difficult to be activated after longer aging times. On the other hand, 194 

the stretching exponent 𝛽௄ௐௐ gradually increases from 0.43 to a higher value of about 195 

0.70. It is widely accepted that 𝛽௄ௐௐ is a signature indirectly reflecting the structural 196 

heterogeneity of a MG system. As the value of 𝛽௄ௐௐ is closer to 1, the structure of 197 

MG tends to be more homogeneous, and it decreases as the heterogeneity increases. 198 

The process of physical aging below 𝑇୥ induces the structural rearrangement of atoms, 199 

as a consequence, both the density and elastic modulus of MG increase. From a 200 

macroscopic point of view, the viscous flow and plastic deformation are harder to 201 
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activate. Combined with the evolution of activation energy spectra, it is reasonable to 202 

deduce that increasing aging time changes the MG system toward a more stable state, 203 

accompanied by a decrease of atomic mobility. Moreover, the atomic mobility in MGs 204 

corresponds to the concentration of “defects” (deformation units) inherent in their 205 

microstructure [43, 44]. However, unlike the structural defects such as grain boundaries, 206 

twins and dislocations in conventional crystals, the “defects” mentioned here refer to a 207 

class of micro-domains within MGs which possess looser atomic arrangement, lower 208 

modulus and higher atomic mobility. Although the exact definitions are slightly 209 

different based on various theoretical models, such as quasi-point defects [17], liquid-210 

like regions [18], flow units [19], interstitial defects [45], etc., these concepts 211 

undoubtedly benefit for further understanding of the deformation mechanism of MGs. 212 

Here, we closely link the physical aging effect with the variation of the heterogeneous 213 

microstructure within of Cu46Zr46Al8 MG, basing on the introductionconsidering that 214 

such heterogeneity is related to the presence of of “defects”. Taking these results into 215 

consideration, one is capable to infer that a portion of “defects” (deformation units) 216 

previously available to participate in the creep process are annihilated during physical 217 

aging process. The longer the physical aging lasts, the larger volume fraction of 218 

deformation units are annihilated, ultimately resulting in a more homogeneous 219 

microstructure of MG specimens and, consequently, the apparent suppressed relaxation 220 

phenomenon as exhibited in Fig. 1(a).    221 

The phenomenological KWW model can quantitatively describe the time-222 

dependent evolution of dynamic heterogeneity of MGs during creep. Unfortunately, it 223 

fails to accurately reflect the distribution of events at different temporal scales. Based 224 

on the recent research and experimental observation of microstructure heterogeneity, 225 

MGs can be considered to consist of an elastic matrix and a set of scattered deformation 226 

units (as is schematically displayed in Fig. 3(a)), whose characteristic relaxation time 227 

𝜏௜  can span several orders of magnitude [20, 42, 46]. Under the condition that the 228 

applied stress is much lower than the yield stress, the interaction between deformation 229 

units could almost be ignored [42]. Thereby, a generalized Kelvin model is able to 230 

describe the creep process of MGs, the spring units obeying Hooke’s law represent the 231 
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elastic matrix and the dashpot units following Newton’s law are an adequate description 232 

of the deformation units. In the present work, a constitutive model containing a 233 

Maxwell unit and n Kelvin units connected mutually in series is utilized. As illustrated 234 

in Fig. 3(b), the linear spring unit 𝐸௘௟ represents the instantaneous elastic component 235 

of MGs, while the dashpot unit 𝜂௩  represents the viscoplastic component and the 236 

Kelvin units consisting of a spring unit 𝐸௜  and a dashpot unit 𝜂௜  in parallel, thus 237 

determining a characteristic relaxation time 𝜏௜, stand for the viscoelastic (or anelastic) 238 

behavior. By means of this model, without considering the instantaneous elastic 239 

deformation, the displacement during the creep process can be expressed as: 240 

𝜀ሺ𝑡ሻ ൌ ∑ ఙబ
ா೔
ቀ1 െ exp ቀെ ௧

ఛ೔
ቁቁ௡

௜ୀଵ ൅ ௧

ఓబ 
  (5)  241 

where 𝜏௜ ൌ
ఎ೔
ா೔

  characterizes the relaxation time for the activation of the ith 242 

deformation unit and 𝜎଴ is the applied stress. 243 

For the sake of both brevity simplicity and accuracy, we finally take n=4, the creep 244 

curves of Cu46Zr46Al8 MG can be precisely fitted with Eq. (5). The variation of 245 

characteristic relaxation times 𝜏௜ with various aging times is exhibited in Fig. 2(c), and 246 

the radius of symbols representing 𝜏௜  are proportional to the intensity of the 247 

corresponding pre-exponential factors 𝜀௜  calculated by 
ఙబ
ா೔

 . It can be seen that 𝜏௜ 248 

tends to take values of about 40 s, 350 s, 3000 s and 17000 s, respectively, the value of 249 

which spans several orders of magnitude, implying a broad distribution in temporal 250 

scale of diverse deformation units and directly reflecting the dynamic heterogeneity of 251 

MGs during the creep process. Moreover, the generalized Kelvin model adequately 252 

characterizes the creep behavior, which demonstrates that the intrinsic dynamic 253 

heterogeneity of MGs is likely to arise from their microstructural inhomogeneity. On 254 

the other hand, as is shown in Fig. 2(c), the intensities of 𝜀ଵ and 𝜀ଷ are insensitive to 255 

creep time, whereas the intensity of 𝜀ଶ  decreases while 𝜀ସ  increases dramatically 256 

with increasing aging time. Long relaxation time, i.e. 𝜏ସ, is supposed to be associate 257 

with the possible anelastic response of MGs. The prolongation of relaxation time 258 

indicates that more deformation units shift to behave anelastically as aging time 259 



10 
 

increases. The reduction of the transient creep strength can be then associated to the 260 

decrease of deformation units with short time scale 𝜏ଶ during aging. Small and fast-261 

activated deformation units within MG specimens are initially annihilated during 262 

physical aging process, while the remaining deformation units tend to take larger 263 

dimensions and longer characteristic relaxation times, making them much more 264 

difficult to be activated. This is also the origin of the increase of average time scale 𝜏௖ 265 

and dynamic heterogeneity 𝛽௄ௐௐ as displayed in Fig. 2. 266 

3.2 The effect of cyclic loading on creep 267 

In addition to physical aging, mechanical fatigue is another common situation 268 

inevitably faced by MGs during their service [47, 48]. Thus, a series of cyclic creep 269 

experiments were successively carried out to investigate the evolution of both structural 270 

and mechanical properties of MGs under cyclic loading. 4 repeated loading cycles were 271 

conducted on Cu46Zr46Al8 MG ribbons, and in all cases the reloading process lasted for 272 

334 min (~20000 s) at a constant temperature of 510 K and a fixed applied stress of 200 273 

MPa. Fig. 4 endows a description of the entire experimental process and precisely 274 

shows the variation of measured strain and length of the ribbon as a function of time 275 

with a resuming time of 60 min. It can be seen that at the moment of loading (unloading), 276 

the curve appears to increase (decline) abruptly, reflecting the instantaneous elastic 277 

response of the specimen. Besides, both the overall length and strain of the specimen 278 

becomes progressively smaller during the recovery process, characterizing the unique 279 

anelastic properties of glassy state materials.  280 

The strain-time curves of Cu46Zr46Al8 MG ribbons under the influence of both 281 

resuming time and number of loading cycles are exhibited in Fig. 5. Several 282 

experimental results can be summarized as follows: During the creep process, as 283 

displayed in Fig. 5(a), the creep curves of the specimen gradually shift toward a lower 284 

strain rate with the increase of cyclic loading numbers, and the difference between two 285 

consecutive curves gets smaller and smaller, denoting that the cyclic loading treatment 286 

results in less effect on creep with increasing number of cycles. Similar phenomena can 287 

be observed during the recovery stage, as shown in Fig. 5(b). On the other hand, as seen 288 
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in Fig. 5(c), larger anelastic displacements are observed with the gradual prolongation 289 

of the interval time between two loadings. Compared with that without the treatment of 290 

cyclic loading (as shown in Fig. 1(a)), an iso-configurational steady state is earlier 291 

entered, which indicates a significant effect of cyclic loading on the creep behavior of 292 

Cu46Zr46Al8 ribbons. As for the recovery stage after unloading, the anelastic 293 

deformation is insensitive to the resuming time, merely a small-scale hysteresis occurs 294 

when the interval time is long enough (＞30 min). 295 

In order to obtain further information on the evolution of activation energy of 296 

specimens under cyclic loading, using the method previously mentioned in the last 297 

section, activation energy spectra during cyclic loading process are calculated and 298 

displayed in Fig. 6. All curves are normalized using the corresponding peak value of 299 

the first loading stage. Fig. 6(a) exhibits the normalized activation energy spectra for 4 300 

successive cyclic loadings with a resuming time of 60 min. Due to the limited testing 301 

time of each creep experiment, the deformation units with an activation energy barrier 302 

higher than 𝑘𝑇lnሺ𝜈଴𝑡ሻ  will not be involved in the creep process, and thus merely 303 

partial energy spectrum can be obtained during the subsequent loading stage. The 304 

intensity of spectra decreases with the ascending cyclic numbers, clearly indicating that 305 

the number of deformation units participating in each energy interval gradually 306 

decreases, accompanied by an increasing activation energy barrier. On the other hand, 307 

Fig. 6(b) displays the evolution of normalized energy spectra under the influence of 308 

resuming time. During the 4th loading stage, as the resuming time between two adjacent 309 

cycles increases from 0 min to 240 min, the intensity of spectrum presents an increasing 310 

trend. This fact denotes a recovery process underwent by deformation units during the 311 

unloading stage, which is more obvious with increasing resuming time. Furthermore, 312 

by integrating the activation energy spectrum, a relative deformation units 313 

concentration that activated in each creep cycle can be obtained. It can be seen from 314 

Fig. 6(c) that in all cases the concentration decreases exponentially with the number of 315 

cycles. With the gradual prolongation of the resuming time, a higher concentration of 316 

deformation unit is observed. However, once the resuming time is long enough (＞60 317 

min), as shown in the illustration, the impact of a longer recovery process becomes 318 
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insignificant. For the case with a resuming time of 240 min, the concentration ultimately 319 

approaches a low value of about 0.02, instead of tending toward 0, which denotes a 320 

mutual effect of resuming time as well as number of cycles on the specimen over the 321 

course of cyclic loading, the consumption and recovery of deformation units eventually 322 

reaches a certain dynamic equilibrium. 323 

A phenomenological KWW model is sequentially adopted with the hope of 324 

obtaining more information which could quantitatively describe the evolution of 325 

dynamic heterogeneity of Cu46Zr46Al8 ribbons during the process of cyclic loading. Fig. 326 

6(d) displays the variation of the fitted KWW parameter 𝛽௄ௐௐ during creep process 327 

with various resuming times (from 5 min to 240 min) as well as number of loading 328 

cycles (from 1 to 4). Since the initial conditions of every experiment remain the same, 329 

the 𝛽௄ௐௐ is always found around a low value of 0.39 during the first loading, which 330 

also reflects the accuracy and reproducibility of the experimental results. Taking 331 

account of both the macroscopic deformation response and the evolution of activation 332 

energy spectra of materials, it can be inferred that the deformation units inside the 333 

specimen are gradually exhausted over the course of cyclic loading, which is similar to 334 

the effect of physical aging. Hence, it leads to a more homogeneous microstructure 335 

within the system and, therefore, a higher 𝛽௄ௐௐ  value. On the other hand, a 336 

decreasing tendency of 𝛽௄ௐௐ  with increasing resuming time between two loading 337 

cycles can be directly observed, indicating the recovery process underwent by the 338 

corresponding deformation units.  339 

In addition to the KWW fitting, a discrete spectrum analysis was adopted for 340 

investigating the response of Cu46Zr46Al8 MG under loading cycles at a broader 341 

temporal scale. Since the creep behavior in successive loading cycles identically obeys 342 

the basic law of creep, the same generalized Kelvin model was utilized. Due to the fact 343 

that different terms of the corresponding constitutive equation differ significantly in 344 

magnitude, a stress-strain relationship of derivative type was finally applied which can 345 

be expressed as: 346 

ௗఌ

ௗ௧
ൌ ∑ ఌ೔

ఛ೔

௡
௜ୀ଴ ቀexp ቀെ ௧

ఛ೔
ቁቁ+

ఙబ
ఎೡ

  (6) 347 
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where 𝜏௜ characterizes the relaxation time of the ith deformation unit and 𝜀௜ is the 348 

amplitude of corresponding relaxation time 𝜏௜. Considering that each creep process 349 

lasts 20000 s, the characteristic relaxation time of corresponding deformation units 350 

within MG was estimated to span over 6 orders of magnitude. Minimization was 351 

conducted by means of the least square fitting method. The relaxation time distributions 352 

obtained are shown in Fig. 7, all plots are normalized to the highest peak value for the 353 

sake of clarity. Similar to the previous analysis, the relaxation spectrum of the first cycle 354 

is notably broad for the short resuming times, once the stress is re-exerted again the 355 

corresponding deformation units contained in the specimen are mostly still deformed, 356 

this leading to a narrow relaxation spectrum formed only by the shortest times and a 357 

corresponding high value of 𝛽௄ௐௐ . On the other hand, with the increasing time 358 

interval between two adjacent loadings, the deformed reversible units have time to relax 359 

and be activated again during the subsequent loading. This leads to a more widely 360 

distributed relaxation time spectrum, a larger concentration of deformation units, and 361 

then a decrease of 𝛽௄ௐௐ. Nevertheless, as already noted before, the results suggest 362 

that the change of the relaxation time distribution after consecutive cycles becomes 363 

smaller as the number of cycles increases, the significant change being between the first 364 

and the second cycle. 365 

Taking all obtained results into consideration, we attempt to reveal the physical 366 

nature of the above phenomena appearing during physical aging and cyclic loading. As 367 

is schematically illustrated in Fig. 8(a), the scattered deformation units will transform 368 

into elastic matrix during physical aging, and the units with lower energy barriers and 369 

shorter relaxation times take the lead in this transition. As the physical aging process 370 

proceeds, more units with larger relaxation times participate in this transformation. The 371 

remaining units tend to possess much higher atomic stacking densities and rather finite 372 

capacities accommodating to creep deformation, which causes a transition from fast-373 

relaxation to slow-relaxation underwent by MGs. With regard to the cyclic loading 374 

process, as seen in Fig. 8(b), the deformation units are shear transformed under applied 375 

stress and part of them will flip backward once the stress is removed [49, 50]. Since the 376 

rate of backward flipping of deformation units within the system is much slower in 377 
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comparison with the rate of forward transformation, the final result is the gradually 378 

exhaustion of the deformation units during the cyclic creep. This effect induces a 379 

restriction of the relaxation behavior and leads to the apparent hardening phenomenon 380 

as displayed in Fig. 5(a). The following re-loading process, resulting from the backward 381 

flipping of previously shear transformed deformation units, is strongly related to the 382 

time interval between each cycle. Fast-activated units, with smaller dimensions and 383 

shorter relaxation times, act as pioneer in shear transforming during loading process. 384 

Once the applied stress is removed, they revert to a relaxed state immediately, and then 385 

contribute to the next deformation process, resulting in a relative fast relaxation process. 386 

Consequently, narrow relaxation spectra formed only by rather shorter relaxation times 387 

are detected. As the resuming time increases, more deformation units with longer 388 

relaxation times become recoverable and then involve in the subsequent cycle of creep, 389 

which is specifically manifested as a more widely distributed relaxation time spectrum 390 

as well as an alleviation of the transient creep suppression phenomenon. Nevertheless, 391 

the reactivation of corresponding deformation units occurs locally and is somewhat 392 

limited, the process between backward flipping and positive shear transformation of 393 

deformation units tends to reach a quasi-equilibrium state at sufficient large loading 394 

cycles and long resuming times, thus resulting in a stable level of dynamic 395 

heterogeneity within MG.                                                                396 

4. Conclusion  397 

In summary, the evolution of deformation and relaxation behaviors of a 398 

prototypical Zr-based MG was explored by extensive creep tests under physical aging 399 

and cyclic loading. Deep insights into the microstructure-induced dynamic 400 

heterogeneity that accommodates creep deformation of MGs were obtained by means 401 

of experimental measurements and theoretical models. Under the frame of the 402 

generalized Kelvin model, relaxation-time spectra were further utilized to 403 

quantitatively describe the time scales involve in the creep of MGs. An annihilation of 404 

local deformation units during physical aging and cyclic loading was detected through 405 

the diminution of amplitude in both activation energy and relaxation-time spectra, 406 
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accompanied by an increasing value of 𝛽௄ௐௐ. Eventually, a structurally more stable 407 

state is reached by MGs, whose ability to resist deformation is weakened due to the 408 

progressive reduction of these deformation units. Nevertheless, unlike the annealing 409 

treatment, deformation units do not vanish permanently during the cyclic loading 410 

process and can gradually be recovered after removing the applied stress, indicating a 411 

notable discrepancy between thermal treatment and mechanical treatment for MGs. The 412 

present work is helpful to clarify the underlying activation and evolution of deformation 413 

units over the course of physical aging and cyclic loading, providing an alternative 414 

method, in addition to traditional DMA and stress relaxation, to quantitatively probe 415 

the intrinsic dynamic heterogeneity of MGs. 416 
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Caption of Figures  489 

490 

Fig. 1. (a) Creep strain as a function of time at a constant temperature T=510 K and a 491 

fixed applied stress 𝜎 =200 MPa. (The samples were annealed with different time 492 

(ranges from 0 min to 240 min) at 510 K); (b) Evolution of normalized activation energy 493 

spectra with aging time. 494 

  495 
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 496 

Fig. 2. (a) Variation of steady-state strain rate with different aging times; (b) 497 

Evolution of the characteristic relaxation time 𝜏௖ and the stretching parameter 𝛽௄ௐௐ 498 

fitted by KWW equation as a function of aging time; (c) Variation of characteristic 499 

relaxation time 𝜏௜ (i=1, 2, 3 and 4) fitted with Eq. (5), the radius of symbols 500 

representing 𝜏௜ are proportional to the corresponding intensity of pre-exponential 501 

factor 𝜀௜ calculated by 
ఙబ
ா೔

.  502 
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 503 

Fig. 3. (a) Schematic diagram of MGs composed of elastic matrix and scattered 504 

deformation units; (b) Schematic illustration of the generalized Kelvin model 505 

containing a Maxwell unit and n Kelvin units connected in series, where i-type sites 506 

correspond to modulus 𝐸௜, viscosity 𝜂௜ and relaxation time 𝜏௜ ൌ
ఎ೔
ா಺

.  507 
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508 

Fig. 4. Strain and measured length of the Cu46Zr46Al8 ribbon as a function of time at a 509 

constant temperature of 510 K and a fixed applied stress of 200 MPa. (The sample was 510 

annealed at 510 K for 5 min and the recovery time between two loading cycles is 60 511 

min)  512 
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513 

Fig. 5. (a) Cyclic creep curves of Cu46Zr46Al8 MG with a resuming time of 60 min; (b) 514 

Recovery curves of Cu46Zr46Al8 MG with a resuming time of 60 min; (c) Variation of 515 

creep strain after various resuming times (from 0 min to 240 min) as a function of time 516 

during the 3rd loading stage; (d) Variation of recovery strain as a function of time during 517 

the 3rd unloading stage. The inset displays the recovery curves of MG ribbons with a 518 

resuming time of 5 min to 30 min. (In all cases the experiments were carried out at a 519 

constant temperature of 510 K and a fixed applied stress of 200 MPa after a 5 min 520 

equilibration) 521 

  522 
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523 

Fig. 6. (a) Normalized activation energy spectra for 4 successive cyclic loadings with a 524 

resuming time of 60 min; (b) Evolution of normalized activation energy spectra with 525 

various resuming times during the 4th loading stage; (c) Variation of relative 526 

deformation unit concentration with cycle number in the case of resuming time ranging 527 

from 0 min to 240 min. The inset highlights the variation of corresponding unit 528 

concentration with the resuming time exceeding 60 min; (d) Evolution of fitted KWW 529 

parameter 𝛽௄ௐௐ during creep process with various resuming times and numbers of 530 

loading cycles (from 1 to 4). 531 
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 532 

Fig. 7. Cyclic loading and resuming time adjusted relaxation time spectra of creep 533 

deformation. (All plots are scaled to the most intense peak value for clarity).  534 
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535 

Fig. 8. Schematic illustrations of thermal and mechanical relaxations in metallic glass. 536 

(a) Annihilation of deformation units during physical aging; (b) During loading process, 537 

the deformation units become shear transformed under applied stress, a portion of 538 

which will undergo backward flipping once the stress is removed.  539 

 540 


