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Figure 1 (Color online) Schematic illustration of the potential energy landscape (left) and spectrum of relaxation dynamics (right) of amorphous

[3]. Adapted from ref. [3] with permission.
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Figure 2 (Color online) (a) Heat flow peaks for Au-based metallic glass being annealed at T, = 273 to 393 K for #, = 5 s [21]. (b) Heat flow peaks
for Au-based metallic glass being annealed at 7, = 253, 303, 318, 363 K, respectively [21]. (c¢) Temperature-dependent loss modulus of Au-based

metallic glass [21]. Adapted from ref. [21] with permission.
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Figure 3 (Color online) (a) Heat flow data of Au-based amorphous alloy (solid symbols) at 7, = 273-393 K for ¢, =5 s fitted using the Debye model
(solid curves). Inset is the relaxation peak at 7, =273, 288, and 303 K [21]. (b) Relaxation activation energy under different annealing conditions in (a)
[21]. (c) Heat flow data of Au-based metallic glass (solid symbols) at T, = 253, 303, 318, 363 K fitted using the Debye model (solid curves). Inset is
the relaxation peak at lower temperature and shorter annealing time [21]. (d) Relaxation activation energy under different annealing conditions in (c).

[21]. Adapted from ref. [21] with permission.
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Figure 4 (Color online) (a) Heat flow peak for Au-based amorphous alloy being annealed at 7, = 403 K for 7, = 0.5 s [21]. (b) Heat flow peaks for
Au-based amorphous alloy being annealed at 7, = 403 K for #, = 0.5 s then at 7, = 363 K for #, = 0.1 s. Inset is the relaxation peak by subtracting the
two heat flow peaks [21]. (c) Heat flow peaks for Au-based amorphous alloy being annealed successively at 7, = 403 K for ¢, = 0.5 s then T, =363 K

for ¢, = 0.1 s and finally being annealed at 7,, = 253 K for ¢, = 500 s. Inset is the relaxation peak obtained by subtracting the heat flow peaks of two-step
and three-step annealing samples, respectively [21]. Adapted from ref. [21] with permission.
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Figure 5 (Color online) (a) Dependence of activation energy £, on the enthalpy change of samples annealed at a wide temperature range [21]
(b) Temperature-enthalpy change diagram of different relaxation modes [21]. Adapted from ref. [21] with permission.
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Figure 6 (Color online) (a) The enthalpy change following annealing at 7, = 383 K for the sample pre-annealed at 7} = 363 K for #; =0.1-100 s
[35]. (b) Boson peak height for single (curve I) and two-step (curve II and curve III) isothermal annealing [36]. (c) The strength of memory effect
(Ahpear) versus enthalpy evolution (Ah) [35]. The dashed lines are for guides for the eyes. (d) Memory effect of multistep training by multi-step
annealing temperature and time [37]. Adapted from refs. [35-37] with permission.
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Figure 7 (Color online) (a) Activation entropy as a function of enthalpy change at different annealing conditions [35]. (b) Schematic map of
enthalpy changes during isothermal annealing. Open blue squares: the sample pre-annealed at 7= 348 K for 1 s. Filled pink circles: the sample pre-
annealed at 7= 348 K for 20 s. Filled green pentagons: the sample pre-annealed at 7= 348 K for 100 s [35]. Adapted from ref. [35] with permission.
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Figure 8 (Color online) (a) Two-step strain annealing protocol [57]. (b) The semi-logarithmic plots of non-monotonic stress relaxation curves for
three glasses (Fe-based amorphous alloy, Ti-based amorphous alloy, and PVC) [57]. (¢) The schematic illustration for the evolution of atomic packing
structure for anelastic stress relaxation and recovery memory process. Intrinsic correlation stress memory effect and reversible  relaxations [57].
Adapted from ref. [57] with permission.
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Amorphous or glassy systems will relax toward a low energy state, namely “aging or relaxation”, which exhibits a non-
exponential character. Generally, the non-exponential relaxation peaks are composed of a series of local relaxation
events. However, the physical description of non-exponential relaxation is still not clear. This article introduces the
isothermal annealing behaviors of amorphous alloys. The relaxation units (relaxun), which obey the Debye equation,
were detected, and the interaction of different relaxuns can activate the memory effect. The concept “relaxun” is of great
significance for understanding the physical nature of non-equilibrium materials, controlling isothermal annealing
processes and precisely modulating the properties of amorphous materials.

amorphous alloys, relaxun, memory effect
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