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Abstract 

Elucidating the individual effects of high- and low-temperature relaxations on the internal 

structure and material properties is a fascinating theme in the field of metallic glasses because it 

can lay the foundation for an advanced glass-property tuning scheme through the control of 

different types of relaxations. In this study, several glass models were constructed using melt-

quenching (MQ) processes, in which high- and low-temperature relaxations were controlled by 

their cooling rates. We found unusual energy–structure–property relationships; even when the 

glass alloys had equivalent potential energies (or free volumes), they exhibited different local-

order development, elastic stiffness, and plastic deformation properties, which depended on the 

thermal histories in the glass-forming MQ process. The local-order development was primarily 

affected by the high-temperature relaxation occurring at approximately the glass transition 

temperature. Meanwhile, the plastic deformation behavior of the metallic glasses was 

significantly affected by both low- and high-temperature relaxations. We also found an interesting 

relaxation memory effect in the glass alloys constructed by the present MQ processes; the glass 

alloys exhibited an atomic-scale dynamic that was affected by the temperature-dependent 

relaxation memories (i.e., high and- low-temperature relaxation memories) of previous MQ 



processes. These results provide new insights into the relaxation physics of glass-forming liquids 

and imply the possibility of an advanced tuning scheme for metallic glasses. 

 

1. Introduction 

Metallic glasses lack long-range ordered structures and exhibit interesting properties 

such as soft magnetism, high corrosion resistance, and large elastic elongation [1,2,3,4]. Metallic 

glasses are generally prepared by rapid cooling from high-temperature melts using the melt-

quenching (MQ) process [5,6,7]. In MQ processes, if the cooling rate is sufficiently high to avoid 

crystallization, alloys change their phase in the order of high-temperature liquid, supercooled 

liquid (i.e., liquid below the melting temperature), and glass solid below the glass transition 

temperature, Tg. In general, supercooled liquids and glass solids exhibit relaxation behaviors [8]. 

By the relaxation, glassy alloys become energetically more stable and have higher-density states 

(i.e., smaller free-volume states). For the past decades, various studies on relaxation in 

supercooled liquid alloys and glass alloys have been conducted [9,10,11]. For instance, different 

types of relaxations have been observed, such as - and -relaxations [11,12,13]. In dynamical 

mechanical spectrum, the peak corresponding to -relaxation is observed around Tg, whereas the 

peak corresponding to -relaxation is often observed at a lower temperature than that reported for 

-relaxation [13,14,15]. The relaxations are significantly correlated with the nature of 

nonequilibrium glass [16,17,18] and affect the material properties of metallic glasses, such as 

elastic stiffness and plastic deformability [11]. Therefore, a deeper understanding of both the 

relaxation physics in the MQ process and thermal processing for controlling material properties 

is still required. Conventional experimental and atomistic studies have discussed the effects of 

cooling rate on potential energy, free volume, characteristic local order, elastic constant, and 

plastic deformation [11,19,20]. A lower cooling rate reduces enthalpy and free volume throughout 

the cooling process. Meanwhile, supercooled liquids and glass solids have different types of 

relaxation with different timescales. Therefore, the effect of cooling rate on the properties of 

metallic glasses during the quenching process possibly differs depending on the temperature and 

relaxation timescale [21]. In other words, more sophisticated approaches to property tuning by 

individual or selective control of different types of relaxation must exist. 

This molecular dynamics (MD) study reveals an unusual energy–structure–property 

relation generated by controlling temperature-dependent relaxations in MQ processes. Simple 

binary model systems with pairwise interatomic interactions were used to provide a basic and 

general discussion of the relaxation physics applied to wide glass-alloy systems. Although the 

relaxation phenomena observed in the present binary system are relatively simple, we reveal 

complex effects of the relaxations on the energy, structure, and properties. To control relaxation 



in the MQ process, we employed two-step MQ simulations, in which the cooling rate changes at 

around Tg in the MQ process. In conventional atomistic simulations, even when the effect of the 

cooling rate was discussed, the cooling rate remained constant throughout the MQ process. 

Therefore, the individual or separate effects of different types of relaxation in the MQ process 

have not been considered in both experimental and computational quenching studies. In our 

previous study [21], we changed the cooling rate in the cooling process from a high temperature 

to a low temperature and discussed the critical temperature range over which the cooling rates 

affect the final glass state. Because such a complex cooling-rate control remains challenging in 

the experimental MQ process, atomistic simulations can be used to provide a deeper 

understanding of the relaxation phenomena beyond the experiments. In the two-step MQ 

simulations, we selectively controlled the degree of high- and low-temperature relaxations by 

changing the cooling rate. Thus, the two-step MQ process enables us to realize glass models that 

underwent tuned relaxation histories: case (A) slow cooling at high temperatures and fast cooling 

at low temperatures; case (B) fast cooling at high temperatures and slow cooling at low 

temperatures. Analyses of the internal structure, dynamical properties, and plastic deformation 

behavior of the constructed glass models revealed unusual energy–structure–property 

relationships realized by controlling high- and low-temperature relaxations. We also observed that 

the memory effects of temperature-dependent relaxation in dynamical mechanical analysis 

correlated with the existence of relaxations with different energy barriers and heterogeneous 

microstructures. These results suggest new aspects of relaxation physics in MQ processes and an 

advanced approach to tuning glass properties by controlling high- and low-temperature 

relaxations. 

 

2. Material and methods 

In this study, we used the Cu50Zr50 binary model alloys. Similar to our previous studies 

on Cu-Zr alloys [22,23,24], here, we aimed to reveal the general physics of glass alloys and obtain 

useful knowledge for improving the material properties of wide metallic-glass systems rather than 

obtain realistic material properties of specific Cu-Zr alloys. Therefore, simple binary alloys and 

pairwise potentials [25,26] were used to maintain the generality of the discussion. The knowledge 

obtained will be useful for wide metallic glass systems with dense random packing features. The 

number of atoms in the model was 30,000. The LAMMPS code [27] was used for MD simulations. 

In all the MQ processes, an isothermal–isobaric ensemble was applied. For the models constructed 

using the MQ processes, MD-DMA simulations were conducted at various temperatures by 

applying shear strain of *sin(2t/t*), where t is time (* = 0.02 and t* = 1000 ps) [24,28,29]. We 

applied ten cycles in each DMA calculation. In the DMA calculations, we evaluated the atomic 



displacement r during one period of the DMA sinusoidal cycle. The histogram of r is obtained 

by the normalized probability density function p(r) [30]. For the models obtained using the MQ 

processes, simple shear simulations were conducted by gradually increasing a shear strain 

component. The shear-strain rate was set to 108 s-1. The temperature was set to 10 K and remained 

constant during the shear simulations. The local atomic displacements (used in fD analysis) were 

calculated by the norm of H0(s-s0), excluding the applied homogeneous shear. H0 and s0 are a cell-

matrix and a normalized atomic position at a shear strain of 0.0, while s is a normalized atomic 

position at a shear strain of 0.05. In the MQ, DMA, and shear simulations, periodic boundary 

conditions were assigned in all orthogonal directions. To obtain statistical averages, we conducted 

ten independent MQ simulations for each quenching condition. This study also discusses the 

potential energy, volume, dynamical properties, elastic stiffness, and plastic deformations based 

on the averaged quantities. OVITO [31] was used to visualize the atomic configurations. 

 

3. Results 

First, we demonstrate the temperature-dependent relaxation features. The self-

intermediate scattering function (SISF) at various temperatures from 1500 K to 700 K is shown 

in Fig. 1(a). Tg defined by a kink point of volume-temperature curve in the conventional MQ 

simulation (i.e., cooling rate is constant throughout the cooling process) at a cooling rate of 1011 

K/s is approximately 860 K. In Fig. 1(a), we can observe a monotonic relaxation from 1.0 to 0 at 

temperatures exceeding 1100 K within a short period of 10-10 s. Meanwhile, at 1000 K, the SISF 

has a small shoulder, and the relaxation timescale is extended. Below 900 K, the SISF 

immediately decreases from 1.0 to approximately 0.7-0.8 and then exhibits an almost constant 

region. Then, the SISF decreases again from approximately 0.7-0.8 to 0. As schematically shown 

in Fig. 1(b), various atomistic studies have reported on these two-stage relaxation [18]. At 

approximately Tg, -relaxation is the dominant phenomenon in experiments. At lower 

temperatures, -relaxation emerges as another significant phenomenon in metallic glasses [32]. 

Notably, the temperature ranges of - and -relaxations cannot be completely separated because 

a part of these ranges overlap each other [18]. At temperatures above Tg, sufficient relaxation can 

occur within the MD timescale, as shown in the curves of 1500–1100 K in Fig. 1(a). Then, as the 

temperature decreased further, the relaxation timescale increased significantly. Within the range 

of 900–700 K in Fig. 1(a), SISFs exhibit a small reduction at approximately 10-13 s and then 

remained almost constant. The origin of this constant region (i.e., the plateau region) has been 

discussed based on atomistic cages, in which atoms are trapped transitionally (fast -relaxation). 

Then, a sufficiently long time enables cage-breaking of the atoms, and full relaxation occurs 

[11,13].  



Because the degree of relaxations occurring in MQ processes is significantly affected 

by the quenching timescale, the appropriate control of the cooling rate in the MQ process can 

change the degree of relaxation. We show the schematic of “one-step” and “two-step” MQ 

processes in Fig. 2(a). In the one-step MQ process (i.e., conventional cooling process used in 

atomistic simulations), we conducted an MQ simulation with constant cooling rates from 2000 K 

to 0 K. Five different cooling rates of Q1 = 1010, 3 × 1010, 1011, 3 × 1011, and 1012 K/s were used. 

The glass models constructed by the one-step MQ processes are named as “(I)1010,” “(I)3 ×1010,” 

“(I)1011,” “(I)3 × 1011,” and “(I)1012”, where “(I)” denotes the one-step MQ process. In 

conventional MD studies, the cooling rate is kept constant throughout the cooling process. 

Meanwhile, in the two-step MQ from 2000 K to 0 K, we changed the cooling rate at  [K] (II-A) 

from a slow cooling rate (Q2s) to a fast cooling rate (Q2f), and (II-B) from a fast cooling rate (Q2f) 

to a slow cooling rate (Q2s). Here “(II)” denotes the two-step MQ processes. We used Q2f = 1012 

K/s and Q2s = 1010 K/s. The models constructed by the two-step MQ processes are denoted by 

“(II-A)” and “(II-B);”. We constructed “(II-A)800,” “(II-A)900,” “(II-A)950,” and “(II-A)1000” 

for (II-A) and “(II-B)700,” “(II-B)800,” “(II-B)850,” “(II-B)900,” and “(II-B)1000” for (II-B). In 

all of the MQ processes, the alloy models at 2000 K are high-temperature liquids, whereas the 

models become glass solids at 0 K because of the glass transition in the MQ processes. In this 

study, no clear crystallization was observed in any of the constructed models. A slower cooling 

rate generally enables a glass solid to achieve a well-relaxed state. Therefore, the glass models 

constructed using the two-step method (II-A) have a relatively larger degree of relaxation in the 

high-temperature range and a smaller degree of relaxation in the low-temperature range than the 

glass model constructed by the two-step method (II-B).  

Figure 2(b) shows the relationship between the volume and potential energy of all the 

constructed models. A slower cooling rate leads to a lower potential energy and smaller volume 

owing to a large degree of relaxation, and vice versa [33,34]. This well-known trend is valid in 

Fig. 2(b); for instance, one-step MQs with Q1 = 1012 K/s and Q1 = 1010 K/s have the highest and 

lowest potential energies (and the largest and smallest volumes) among all the models, 

respectively. In addition, in Fig. 2(b), the plots of one-step and two-step MQ processes have the 

same linear correlation, suggesting that the two-step MQ method does not change the potential 

energy–volume relation of the conventional one-step MQ method in this model system. 

Meanwhile, we observed an unusual trend in the potential energy–internal structure 

correlation. Figure 3 shows the effects of high- and low-temperature relaxations on the formation 

of icosahedral short-range order (I-SRO) and medium-range order (I-MRO) [22]. I-SRO and I-

MRO, as shown in Fig. 3(a), are well-known local orders that are discussed in terms of glass-

forming ability, local plastic deformation, and structural heterogeneity [23,35]. I-MRO is defined 

by the cluster composed of interpenetrating I-SROs. Here we evaluated the clustering coefficient 



of I-MRO, representing the degree of development of I-MRO. The clustering coefficient for the 

center atom of an icosahedron is expressed as 2La/nB(nB−1); La and nB are the number of triangular 

geometry composed of interpenetrating icosahedra and the interpenetrating icosahedral number, 

respectively. Here, the triangular unit is the basis of clustering [22]. The statistical average of the 

clustering coefficients for all icosahedra was used for analysis. The larger the clustering 

coefficient, the more developed the I-MRO in the model, and vice versa. Figures 3(b) and 3(c) 

show the fractions of I-SRO and I-MRO as a function of the potential energy. In Fig. 3, glass 

models with developed icosahedral local orders have low potential energies, and vice versa [20]. 

Furthermore, we observe beyond one-to-one correlations between I-SRO and potential energy 

and between I-MRO and potential energy. For instance, if the two glass models have similar 

potential energies (or free volumes), they exhibit different local order development (i.e., I-SRO 

and I-MRO). The two-step (II-A) line exhibits a higher fraction, while the two-step (II-B) line 

exhibits a lower fraction of I-SRO and I-MRO. The result shown in Fig. 3 can be explained based 

on the existence of relaxations with different effects on the local orders and potential energy (or 

free volume). Although these relaxations reduce the potential energy and increase the I-SRO and 

I-MRO, one relaxation has a larger effect than another on the formation of the local orders. The 

evolution of the relationship between the fraction of I-SRO and potential energy during MQ is 

also shown in Fig. S1 in Supplementary Material. 

We additionally found characteristic dynamics in the dynamic mechanical analysis 

(DMA) simulations. The obtained results suggest that the glass models constructed using the 

present MQ processes memorize the temperature-dependent relaxations that occurred in the 

previous MQ processes. Figure 4 shows the effect of high- and low-temperature relaxations on 

the dynamic properties of glass models constructed by the MQ processes. We conducted MD-

DMA analyses at various temperatures and obtained the average atomic displacement, r of the 

model. Figure 4(a) shows the average r differentiated from that of the one-step 1010 K/s model, 

which should have the lowest potential energy, smallest free volume, and smallest r at all 

temperatures. All curves exhibit a similar trend; the difference in average r increases with 

increasing temperature, reaching a peak at around Tg. The peak height depends on the thermal 

history of the MQ process. In Fig. 2(b), the glass models of one-step (Q1 = 3 × 1010 K/s), two-step 

A ( = 900 K), and two-step B ( = 900 K) (i.e., (I) 3 × 1010, (II-A)900, and (II-B)900, 

respectively) have similar potential energies and volumes. Therefore, we focused on the three 

glass models. Notably, we cannot clearly distinguish among the three models based on the 

potential energies and volumes (i.e., macroscopic and static properties) at a low temperature. 

Figure 4(b) shows the difference in average r between (II-A)900 and (I)3 × 1010 and between 

(II-B)900 and (I)3 × 1010, which indicates interesting temperature–dependent differences among 

the three models. For instance, the difference in the average r of (II-B)900 is smaller than that 



of (I)3 × 1010 below 900 K, whereas this value is larger above 900 K. This result reflects the 

relaxation histories in the previous MQ process; the degree of relaxation of (II-B)900 is larger 

than that of (I)3 × 1010 below 900 K and smaller above 900 K owing to the cooling rates in the 

MQ process. The large relaxation in the previous MQ process suppresses atomic motion in the 

subsequent DMA simulations, whereas a small relaxation in the MQ allows further atomic motion 

in the subsequent DMA. A similar behavior is also observed in the difference in r between (II-

A)900 and (I)3 × 1010: the value of (II-A)900 is larger than that of (I)3 × 1010 below 800 K, 

whereas the value is smaller above 800 K. These results imply that the glass models constructed 

by the MQ process exhibit temperature-dependent dynamic behavior, which reflect the thermal 

histories in the preceding MQ process. In other words, glass models memorize histories of high- 

and low-temperature relaxations in the glass-forming MQ processes and exhibit temperature-

dependent dynamic behavior depending on the thermal histories. The temperature–memory effect 

below the crystallization temperature was reported in a recent experimental study [36], in which 

glass models memorized the temperature at which deformation occurred in the previous 

thermomechanical process. Our observations show that the glass models can memorize the 

temperature-dependent relaxation histories in glass-forming MQ processes and exhibit dynamic 

behavior depending on the thermal histories. 

DMA also provides information on the heterogeneous relaxation in the glass model. 

Figures 4(c) and 4(d) imply that temperature-dependent atomic motion and the internal structure 

of the glass models have heterogeneities. In a previous study [37], we revealed that the histogram 

of r obtained in the unfreezing process reflects the inherent structural heterogeneity in glass 

solids. At approximately Tg, the histogram has two peaks: the left peak corresponds to regions 

with small atomic mobility (or densely packed regions, or strongly bonded regions; SBR), while 

the right peak corresponds to regions with large atomic mobility (or loosely packed regions, or 

weakly bonded regions; WBR) [37,38,39]. Because I-SRO and I-MRO have higher packing 

densities than the average local structure, these icosahedral local orders mainly contribute to 

regions with low atomic mobility (or densely packed regions, or SBR). In Fig. 4(c), we compare 

the histograms of r between (II-A)800 and (I)1010 obtained by DMA simulations at 700, 800, 

900, and 1000 K. The two models have similar histograms above 900 K but different histograms 

below 800 K. For the histograms at 700 K, the two models exhibit different shapes at the right 

peak (i.e., the large r region) but similar histogram shapes in the smallr region. Figure 4(c) 

suggests that the difference in relaxation history between the two models affects the atomic 

mobility of the large r region (i.e., loosely packed regions or WBR). The two models have the 

same relaxation histories in the MQ processes above 800 K, and, thus, a similar internal 

topological order, as confirmed in Fig. 3 (see (II-A)800 and (I)1010). Although the two models 

have similar development of I-SRO and I-MRO (i.e., high-density region or SBR), they have 



different degrees of relaxation at low temperatures. The difference in Fig. 4(c) suggests that low-

temperature relaxation affects the atomic mobility in the large r region (i.e., loosely packed 

regions, or WBR), in which (II-A)800 exhibits a larger fraction than (I)1010 at 700 and 800 K. 

This result suggests that the memory effects of the previous high- and low-temperature relaxations 

are correlated with their heterogeneous microstructures. The relaxation memory effects are also 

shown in Fig. 4(d), in which the histograms between (II-A)900 and (II-B)900 are compared. 

Although the two models have similar potential energies, they have different internal structures, 

as shown in Fig. 3. Figure 4(d) reveals the different atomic motion; below Tg, atomic motion 

mainly occurred in the loosely packed region (i.e., WBR) in the present DMA timescale. In the 

MQ processes, (II-A)900 had less relaxation than (II-B)900 below 900 K. Therefore, in the DMA 

simulation at 700 K, which is lower than Tg, we can observe a difference in the histogram between 

the two models in the large r region, that is, (II-A)900 is larger than (II-B)900. In DMA 

simulations at relatively high temperatures, such as Tg, unfreezing occurs even in the densely 

packed region (i.e., SBR) within the present DMA timescale. Therefore, a difference is observed 

in the small r region. In the MQ processes, (II-A)900 has a larger relaxation than (II-B)900 

above 900 K; thus, (II-A)900 has more developed I-SRO and I-MRO than (II-B)900, as shown in 

Figs. 3(b) and 3(c). Therefore, in the DMA simulation at 1000 K, which is higher than Tg, (II-

A)900 is more stable than (II-B)900 in the small r region. These results suggest that high- and 

low-temperature relaxation in MQ processes have spatially different effects on the r in the DMA 

simulations; high-temperature relaxation mainly affects the densely packed region (i.e., SBR), 

while low-temperature relaxation mainly affects the loosely packed regions (i.e., WBR). These 

results suggest that glass alloys memorize the relaxation temperature (or relaxation type) and 

relaxation heterogeneity in the MQ processes. 

Figure 5 shows the shear simulations for the glass models constructed using various MQ 

processes. The two quantities are described in Figs. 5(b)–5(e). Here, we consider the shear 

modulus G and deformation ratio fD (see Fig. 5(a)). The shear modulus was obtained from the 

shear stress vs. shear strain correlation with shear strain < 0.01. The deformation ratio, fD, was 

obtained from the atomic configuration when the shear strain was 0.05, at which the glass model 

exhibited local plastic deformation. Based on the calculation of the local atomic displacement, 

the number of atoms having the local atomic displacement larger than 0.2 Å is evaluated and 

denoted by nD. We selected 0.2 Å as the threshold value after comparing it to other values (see 

Fig. S2 in Supplementary Material). This value does not affect the qualitative trends obtained in 

this study. The deformation ratio is then evaluated using fD = nD/NA (NA denotes the total number 

of atoms). Therefore, a large fD indicates that glass models have a large degree of local plastic 

deformation region, and vice versa. Figures 5(b) and 5(c) represent G and fD vs. the fraction of I-

SRO, respectively. In the conventional discussion, a large fraction of I-SRO increases G and 



decreases fD [23]. Notably, this trend is valid in Figs. 5(b) and 5(c). However, the fraction of I-

SRO or development of I-MRO is not a sufficient parameter in this study. Even if the fractions of 

I-SRO are identical, the glass model that undergoes large low-temperature relaxation has a larger 

G and smaller fD. Figures 5(d) and 5(e) show G and fD vs. potential energy, respectively. In Figs. 

5(d) and 5(e), we can find differences in the G and fD vs. potential energy correlation between the 

one-step, two-step (II-A), and two-step (II-B) MQ models. Two-step (II-A) and two-step (II-B) 

have relatively smaller and larger G values, respectively, even if their potential energies are similar. 

By contrast, two-step (II-A) and two-step (II-B) has larger and smaller fD values even if their 

potential energies are similar. Figs. 5(c) and 5(e) show that both low-temperature and high-

temperature relaxations significantly influence the plastic deformation behavior. An experimental 

DMA analysis indicates that -relaxation increases the mechanical modulus [40]. In addition, 

previous experimental studies indicated that plastic deformation in metallic glass had similar 

energy barrier for -relaxation because the local deformation at shear transformation zone (STZ) 

was similar to the -relaxation [13,41]. Another experimental study indicated that - and -

relaxations were both consistent with the STZ theory [42]. Figures 5(c) and 5(e) suggest that both 

high- and low-temperature relaxations affect the plastic deformation behavior of the present glass 

systems. 

 

4. Discussions 

We discuss the background physics of the findings obtained in the present study in Fig. 

6. Figures 3 and 5 suggest that we can obtain two glass models with similar potential energies but 

different development of local orders (e.g., I-SRO and I-MRO), elastic stiffness, and plastic 

deformation behavior (denotes by “(1) unusual energy–structure–property relation” in Fig. 6). A 

recent MD study suggests that - and -relaxations can be observed within the MD timescale 

[29]. Since the cooling rate of 1010 K/s used in the present MD-MQ is sufficiently slow for the 

MD timescale, one possible explanation regarding the underlying physics behind the present 

findings (i.e., the unusual energy–structure–property relations and the relaxation memory effect) 

is associated with - and -relaxations. In this explanation, high- and low-temperature relaxations 

are mainly correlated with - and -relaxations, respectively. This explanation suggests that - 

and -relaxations have different energy barriers and different effects on the internal structures and 

glass properties. In contrast, it may be possible to consider them mainly based on -relaxation; 

when -relaxation occurs over a relatively wide temperature range [43], it can also explain the 

present results. In both explanations, the key point is the existence of relaxations with different 

energy barriers and different effects on the internal structures and glass properties. During MQ 

processes, these relaxations occur depending on the temperature and cooling rate. The two-step 



MQ process changes the degree of relaxations by controlling the cooling rates in the high- and 

low-temperature regions. We obtained glass models exhibiting (A) high and low degrees of 

relaxation at high- and low-temperature ranges, respectively, and (B) low and high degrees of 

relaxation at high- and low-temperature ranges, respectively. For instance, the degree of relaxation 

of the models (I)3 × 1010, (II-A)900, and (II-B)900 decreases in the order (II-A)900 > (I)3 × 1010 

> (II-B)900 at a high-temperature range, whereas it increases in the order (II-A)900 < (I)3 × 1010 

< (II-B)900 at a low-temperaturerange. Although both high- and low-temperature relaxations 

reduce the potential energy and free volume, their detailed effects on the development of local 

order, elastic stiffness, and plastic deformation behavior are different. In a recent experimental 

study, decoupling between enthalpy and mechanical properties in rejuvenated metallic glass was 

observed [44]. Moreover, experiments have been conducted to separate -relaxation from -

relaxation in fragile metallic glasses based on ultrafast flash differential scanning calorimetry [45]. 

This study revealed the feasibility of controlling the degree of high- and low-

temperaturerelaxations in a two-step MQ and their various effects on the internal structure and 

properties of glass. In other words, this study demonstrates the partial decoupling effects of high- 

and low-temperaturerelaxations on the structure and deformation properties of glass. We showed 

an unusual energy–structure–property relation, which suggests an advanced tuning of glass 

properties by controlling different types of relaxations. Notably, the relaxation timescale differs 

depending on the alloy composition. A key factor to control the relaxation state by the MQ process 

is the relationship between the relaxation timescale and cooling rate because the cooling rate can 

affect the relaxation phenomena when this rate has a timescale comparable to the relaxation 

timescale [21]. Therefore, one should appropriately choose the cooling rate at high- and low-

temperature ranges depending on the alloy system to control each relaxation phenomenon. 

In addition, our DMA simulations suggest that the glass models memorize the relaxation 

histories in the previous MQ processes, as indicated by “(2) memory effect of previous 

temperature-dependent relaxation” and shown in the lower left images in Fig. 6. In the 

conventional understanding, the energy landscape of a glassy system has different scale basins: 

large and small basins, which are related to high- and low-temperature relaxations, respectively 

[16,46]. High-temperature relaxations overcome higher energy barriers than low-temperature 

relaxations in both MQ (freezing) and DMA simulations (unfreezing). As discussed above, the 

two-step MQ results in glass models exhibiting considerable differences between the degrees of 

high- and low-temperaturerelaxations. For instance, a glass model exhibiting a well-relaxed state 

at a high-temperature range and a less-relaxed state at a low-temperature range such as (II-A)900, 

was obtained using the two-step MQ. In subsequent DMA simulations, this glass model exhibited 

significant atomic motion at low temperatures and small atomic motion at high temperatures 

depending on the thermal history of the MQ process. Therefore, the memory effect of 



temperature-dependent relaxation can be explained by the existence of different types of 

relaxations with different characteristic energy barriers. The relaxations with different energy 

barriers are correlated with the heterogeneous microstructure of the glass solid, as schematically 

shown in the lower right panel of Fig. 6. The microstructure of glass alloys is heterogeneous in 

terms of density, atomic mobility, atomic bonding, and local orders. Figures 4(c) and 4(d) show 

that relaxations with different energy barriers correlate with SBR and WBR, implying that the 

glass models memorize the spatially heterogeneous relaxation and temperature-dependent 

relaxation in the preceding MQ process. The unusual energy–structure–property relation is 

coupled with the memory of the controlled degree of relaxations with different energy barriers in 

the two-step MQ processes. Additional analyses with respect to MRO [47], the “two order 

parameters” [48], and other analytical tools can provide further insights on the principles 

underlying the observed energy–structure–property relation and memory effects, as high- and 

low-temperature relaxations may have different effects on local orders. This is an interesting topic, 

which can be investigated in future research. 

 

5. Conclusions 

In conclusion, this study focuses on the individual effects of high- and low-temperature 

relaxations on the properties of metallic glasses. Although both relaxations decrease the potential 

energy and free volume, unusual energy–structure–property relations were observed to be 

generated by the controlled high- and low-temperature relaxations; even if the two glass models 

have similar potential energies, they exhibit different development of local order, elastic stiffness, 

and plastic deformation behavior. High-temperature relaxation occurring at approximately Tg has 

a large effect on the formation of local orders. Meanwhile, the low-temperature relaxation as well 

as the high-temperature relaxation have important effects on the plastic deformation behavior. 

The temperature-dependent atomic dynamics in the DMA simulations depend on the relaxation 

histories that occurred in the previous MQ process. This result suggests the memory effect of 

temperature-dependent relaxation of the previous MQ processes. The different effects of high- 

and low-relaxations on the potential energy, local orders, elastic stiffness, plastic deformation 

behavior induce this interesting energy–structure–property relation in glassy states prepared using 

the two-step MQ processes. The relaxation memory effect can be explained by the existence of 

relaxations with different energy barriers and heterogeneous microstructures in glassy alloys. 

These results suggest the possibility of advanced tuning of the energy, structure, and material 

properties of metallic glasses by controlling the different types of relaxations for material design.  
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Fig. 1. Self-intermediate scattering function (SISF) vs. time. (a) SISF of the present model system 

at various temperatures. At each temperature, we conducted independent simulations with 

different initial atomic configurations and took the statistical average of the calculated SISFs. (b) 

Schematic of the two-stage reduction of the SISF and related atomic dynamics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 
 

Fig. 2. Melt-quenching (MQ) simulations and obtained potential energy–volume correlation. (a) 

Schematic of one-step and two-step MQ processes; two-step (II-A) involves slow to fast 

quenching, and two-step (II-B) involves fast to slow quenching. (b) Volume vs. potential energy 

correlation at 0 K obtained by one-step and two-step MQ processes. The potential energies and 

volumes per atom are shown as the differentiated value from one-step MQ model, (I)1010, which 

has the lowest potential energy and volume among all models. The temperature values in panel 

(b) represent  (i.e., the temperature at which the cooling rate changes in two-step MQ processes). 

The three lines in panel (b) show the mean-square fitting for one-step, two-step (II-A), and two-

step (II-B) MQ processes (the three lines are almost identical). An atomic model constructed by 

MQ process is embedded in panel (b). 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 
Fig. 3. Relationship between internal structure and potential energy. (a) Examples of observed I-

SRO (the blue atom is a center atom, and green atoms are 12 surrounding atoms) and I-MRO 

composed of 34 I-SRO (only center atoms of I-SRO are shown). For I-MRO, we also show the 

atomic bonding between the center atoms of I-SRO, which are used for clustering-coefficient 

analysis. [22] (b) Fraction of I-SRO and (c) clustering coefficient of I-MRO vs. potential energy. 

In panels (b) and (c), the potential energies are shown as the differentiated value from the one-

step MQ model with Q1 = 1010 K/s (i.e., (I)1010).  

 

  



 

 

 

Fig. 4. Dynamic behavior evaluated by DMA at various temperatures. (a) Average atomic 

displacement vs. temperature from 10 K to 1500 K. For each model named X and temperature T, 

we conducted DMA simulations and evaluated the normalized average atomic displacement 

∆𝑟തതത[X,T] within one period of DMA simulations. The vertical axis is calculated using {∆𝑟തതത[X,T]-

∆𝑟തതത[(I)1010,T]}/∆𝑟തതത[(I)1010,T], i.e., it represents the normalized difference between a model X and 

(I)1010, which has the lowest potential energy and volume among all models. The embedded 

images schematically show the DMA simulation settings of strain direction and strain time 

evolution. (b) The difference in the average atomic displacement between (II-A)900 and (I)3 × 

1010, or (II-B)900 and (I)3 × 1010 normalized by (I)1010; these value are calculated using {∆𝑟തതത[(II-

A)900,T]-∆𝑟തതത[(I)3 × 1010,T]}/∆𝑟തതത[(I)1010,T] or {∆𝑟തതത[(II-B)900,T]-∆𝑟തതത[(I)3 × 1010,T]}/∆𝑟തതത[(I)1010,T], 

respectively. Histograms of atomic displacement, r, at 700, 800, 900, and 1000 K; (c) (II-A)800 

vs. (I)1010 and (d) (II-A)900 vs. (II-B)900. 



 

 

 

 
 

 

Fig. 5. Elastic stiffness and plastic deformation behavior obtained by shear simulations. (a) 

Schematic of shear stress vs. strain relation; the definitions of shear stiffness G and deformation 

ratio fD are shown. (b) and (c) are G and fD vs. fraction of I-SRO, respectively. (d) and (e) are G 

and fD vs. potential energy, respectively. In panels (d) and (e), the potential energies (i.e., the 

horizontal axis) are shown as the differentiated value from one-step MQ model with Q1 = 1010 

K/s (i.e., (I)1010). 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Fig. 6. Schematic explanation of the unusual energy–structure–property relationship and the 

relaxation memory effects. The upper left image shows the two-step MQ processes used to control 

high- and low-temperature relaxations, and the upper right image shows the unusual energy–

structure–property relation induced by controlling the high- and low-temperature relaxations. The 

lower figures explain the relaxation memory effect observed in DMA simulations. The memory 

effect is caused by the relaxations with different energy barriers and by the spatially 

heterogeneous relaxations in the heterogeneous microstructure with SBR and WBR. 

 

 


