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Owing to the nonequilibrium nature, the energy state of metallic glasses (MGs) can vary a lot and has a crit-

ical influence on the physical properties. Exploring new methods to modulate the energy state of glasses and

studying its relationship with properties have attracted great interests. Herein, we systematically investigate the

energy state, mixing entropy and physical properties of Zr–Ti–Cu–Ni–Be multicomponent high entropy MGs by

experiments and simulations. We find that the energy state increases along with the increase of mixing entropy.

The yield strength and thermal stability of MGs are also enhanced by high mixing entropy. These results may

open a new door on regulation of energy states and thus physical properties of MGs.
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Metallic glasses (MGs) have gained widespread

attention due to their superior physical properties,

such as high specific strength, high fracture tough-

ness, good soft magnetic properties, and high corro-

sion resistance, compared to conventional crystalline

materials.[1−5] MGs are nonequilibrium materials

whose energy states can be widely changed and may

have critical influence on physical properties.[6−27]

Thus, modulating the energy state can design metallic

glasses with advanced properties.

The energy state of metallic glasses can be tai-

lored by preparation process (e.g., cooling rate, pres-

sure), relaxation, and rejuvenation, etc.[7−9] A faster

cooling from melt usually yields a glass with higher

energy, e.g., higher enthalpy and larger volume, which

is usually accompanied with larger plasticity.[10,11] By

applying pressurized quenching to a Zr-based metallic

glass, a high-energy glass phase comparable to typi-

cal high-energy glass produced by rapid cooling was

obtained.[12] Moreover, it is well known that struc-

tural relaxation of metallic glasses proceeds during

thermal annealing processes at a temperature below

the glass transition temperature 𝑇g, which is a struc-

tural ordering process and densifies atomic packing

and reconfigures the atomic structure to a low-energy

state, since there is a lack of volume-generating mech-

anisms at high temperatures.[13,14] Relaxation usu-

ally hardens and embrittles MGs, but can improve

the soft magnetic properties of as-cooled Fe-based

MGs.[15,16] Very recently, rejuvenation of metallic

glasses has been achieved through various approaches,

e.g., elastostatic compression, shot-peening, ion ir-

radiation, and thermal cycling.[17−23] The rejuvena-

tion processes can bring MGs to higher-energy states

and thereby improve their plasticity and soft magnetic

properties.[24−27]

These previous researches show that the energy

states of MGs can be regulated from the struc-

tural perspective. It is notable that the decrease

of the enthalpy (i.e., energy state) of MGs during

structural relaxation also depends on their chemi-

cal compositions.[28] Therefore, changing composition

should be an effective means to tailor the energy state

of MGs. However, there is no research to investi-

gate the effect of compositions on the energy-states

of metallic glasses so far. How to compare the en-

ergy states of different componential MGs is a burning

question.

In this study, the relationship between energy

states and mixing entropy in metallic glasses is

systematically investigated through thermodynamic

characterization and simulation. Results show that

the energy state can be tailored by mixing entropy,

that is, the higher the mixing entropy, the higher the
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energy state. Moreover, the MGs with higher energy

states also possess larger strengths from the compo-

nential perspective.

Experimental and Simulation Methods. Three

Zr–Ti–Cu–Ni–Be quinary metallic glasses with

nominal compositions of Zr20Ti20Cu20Ni20Be20
(HEMG),[29] Ti40Zr25Cu12Ni3Be20 (Ti40)[30] and

Zr41Ti14Cu12.5Ni10Be22.5 (Vit 1)[31] were fabricated

by arc melting of high purity Zr, Ti, Cu, Ni and Be

metals and then cast into cylindrical rods (2mm in

diameter) by copper mold casting. The thermal char-

acterization of three metallic glasses was performed by

conventional differential scanning calorimetry (DSC

404C). To avoid the oxidation of the samples, a high

purity Ar gas flow (100ml/min) was performed dur-

ing the measurements. The sample was heated from

room temperature to 𝑇h = 1273K with a heating rate

𝑅h of 20K/min, and the phase transition tempera-

tures were determined. Afterwards, the heat capac-

ity of the samples can be calculated from the heat

flow traces. The ab initio molecular dynamics (MD)

simulation with a canonical NVT (constant atom

number, volume, and temperature) ensemble was per-

formed by the Vienna ab initio simulation package

(VASP),[32] in which the atomic forces can be de-

termined with the first-principle calculations without

using any experimental input or empirical potentials.

Therefore, reliable atomic structures for liquid and

amorphous materials can be successfully obtained.[33]

A projected augmented wave method[34] and general-

ized gradient approximation[35] were used to describe

the electron-ion interactions. The temperature was

controlled using the Nose–Hoover thermostat. There

were 200 atoms with specific compositions arranged

in a cubic box with periodic boundary conditions

applied in three directions. The simulation was per-

formed on the 𝛤 point only. Three compositions

of Zr20Ti20Cu20Ni20Be20, Zr25Ti40Cu12Ni3Be20 and

Zr41Ti14Cu12.5Ni10Be22.5 were calculated. The en-

sembles were first melted and equilibrated at 2000K

for 15 ps with time step of 3 fs, and then instanta-

neously cooled down to 600K, 500K, 400K, 300K,

200K, and 100K, respectively. The ensembles were

then equilibrated for 15 ps at each. The density was

adjusted corresponding to the zero pressure at each

temperature.

Results and Discussion. Figure 1 demonstrates the

DSC curves of the three as-cast samples. All the sam-

ples show a clear endothermic glass transition process

followed by several exothermic peaks correlating with

crystallization processes and endothermic peaks corre-

sponding to the melting behavior. The glass transition

temperature 𝑇g, initial crystallization temperature 𝑇x,

melting temperature 𝑇m, and liquidus temperature 𝑇l

are marked with arrows. We find that the phase tran-

sition temperature of HEMG is higher than the Vit

1 and Ti40, reflecting the high thermal stability of

HEMG. To evaluate the glass forming ability, the su-

percooled liquid region ∆𝑇 (∆𝑇 = 𝑇x − 𝑇g), the re-

duced glass transition temperature 𝑇rg (𝑇rg = 𝑇g/𝑇l),

and the 𝛾 parameter [𝛾 = 𝑇x/(𝑇g +𝑇l)] are calculated

and listed in Table 1.
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Fig. 1. (a) DSC curves of as-cast Zr20Ti20Cu20Ni20Be20
(HEMG), Zr41Ti14Cu12.5Ni10Be22.5 (Vit 1) and

Ti40Zr25Cu12Ni3Be20 (Ti40) metallic glasses. (b)

The dependences of glass transition temperature 𝑇g

and initial crystallization temperature 𝑇x on the mixing

entropy Δ𝑆mix.

Table 1. The glass transition temperature 𝑇g, initial crys-

tallization temperature 𝑇x, melting temperature 𝑇m, liq-

uidus temperature 𝑇l, the supercooled liquid region Δ𝑇 , re-

duced glass transition temperature 𝑇rg, and 𝛾 parameter for

HEMG, Vit 1 and Ti40. Here, temperatures are in units of

K.

𝑇g (K) 𝑇x (K) 𝑇m (K) 𝑇l (K) Δ𝑇 𝑇rg 𝛾

HEMG 689 728 1073 1176 39 0.586 0.390

Vit 1 629 686 930 995 57 0.632 0.422

Ti40 580 632 870 986 52 0.588 0.403

To quantify the high entropy effect, the mixing en-

tropy of the three alloys can be calculated by

∆𝑆mix = −𝑅

𝑛∑︁
𝑖=1

𝑐𝑖 ln 𝑐𝑖, (1)

where 𝑅 is the gas constant, 𝑐𝑖 is the molar fraction

of the 𝑖th element, and 𝑛 is the total number of con-

stituent elements. The ∆𝑆mix of HEMG, Vit 1 and

Ti40 are 13.38 J·mol−1·K−1, 12.18 J·mol−1·K−1, and
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11.76 J·mol−1·K−1, respectively. Interestingly, the

thermal stability increases with the increase of ∆𝑆mix,

as shown in Fig. 1(b), which is analogous to that of the

polymer materials.[36] Although the HEMG exhibits

a poor glass forming ability than Vit 1 and Ti40, the

performance in glassy state was retained due to the

high thermal stability.
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Fig. 2. (a) The relative enthalpy of HEMG, Vit1 and Ti40

metallic glasses. (b) The relative enthalpy of the three

samples at three representative temperatures 𝑇 = 400, 500

and 600K. (c) The relationship between enthalpy changes

and mixing entropy at 400, 500 and 600K, respectively.

Thermodynamically, the heat capacity of a glass

follows the empirical equations:

𝐶p(𝑇 ) =
3𝑅

𝑀

[︁
1− exp

(︁
− 1.5𝑇

𝑇D

)︁]︁
, (2)

where 𝑇D is the Debye temperature and 𝑀 is close

to 1.[37] Therefore, the specific heat capacity of the

sample should be close to 3𝑅 in glassy state. On the

other hand, the difference of heat capacity between

glassy state and supercooled liquid is around 1.5𝑅.[38]

Furthermore, the 𝐶p can be obtained by the heat flow

signals:[39]

𝐶p(𝑇 ) =
𝑄̇(𝑇 )

𝑀𝑅h
, (3)

where 𝑄̇ is the heat flow (W/g), 𝑀 is the molar mass,

and 𝑅h is the heating rate.

The enthalpies of the three samples are calculated

by

ℎ(𝑇 ) =

∫︁ 𝑇h

RT

𝐶p(𝑇 )𝑑𝑇 , (4)

where RT stands for the room temperature, 𝑇h =

1273K is the final temperature of the equilibrium liq-

uid state. Here, we assume the enthalpy of the equi-

librium liquid state at 𝑇h = 1273K is 0 kJ/mol. In

Fig. 2(a), we can find that the energy state of HEMG

in the glassy state is always higher than those of

Vit 1 and Ti40, indicating that the HEMG can in-

heritance more energy from the equilibrium liquid.

To provide a clear picture of the enthalpy change

with temperature, the enthalpies at three represen-

tative temperatures 𝑇 = 400, 500 and 600K are

shown in Fig. 2(b). For a given temperature 𝑇 =

400K, the enthalpies of HEMG, Vit 1 and Ti40 are

−27.09 kJ/mol, −28.41 kJ/mol, and −28.87 kJ/mol,

respectively. Especially, the energy states of the three

samples increase with the increase of ∆𝑆mix, as shown

in Fig. 2(c). This result reveals a strong link between

the energy state and entropy. For the HEMG, the ran-

dom atomic rearrangement of sample cooled from liq-

uid tends to inherit more defects from the liquid. The

low entropy samples should have a bad memory of the

liquid state. Thus, the glasses with high entropy ex-

hibit a good thermal stability and a high energy state,

which are suitable for thermoplastic deformation.
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Fig. 3. (a) The energy per atom for HEMG, Vit1 and

Ti40 metallic glasses at 100, 200, 300, 400, 500, and 600K,

respectively. (b) The dependence of energy on mixing en-

tropy Δ𝑆mix.

To further confirm the influence of mixing entropy

on the energy state of MGs, ab initio MD simula-
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tion with a canonical NVT ensemble was performed

by the VASP. Figure 3 shows the energy per atom

for the three compositions at 100, 200, 300, 400, 500,

and 600K, respectively. There is a noticeable increase

in the total energy with the increasing temperature,

as shown in Fig. 3(a). Moreover, the energy level

also increases linearly with the mixing entropy [see

Fig. 3(b)]. As is expected, high entropy MG attains

a higher energy level. We note that different concen-

trations of an element could change the energy level.

For example, Zr concentration is significantly differ-

ent in the three MGs, and the high entropy metallic

glass contains less Zr content, which would cause its

higher energy. However, this is not the case because

the Zr41Ti14Cu12.5Ni10Be22.5 MG contains more Zr,

whereas its energy level is not the lowest. For other

elements, the situation is similar. Therefore, the sim-

ulation results also demonstrate that the energy states

can be enhanced by high mixing entropy in MGs.
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Fig. 4. The dependences of yield strength 𝜎𝑦 on the (a)

mixing entropy Δ𝑆mix, and (b) energy at 300K.

In general, the MGs with higher energy states pos-

sess larger strengths.[19,25] The yield strengths (𝜎𝑦) of

HEMG, Vit 1 and Ti40 approximately are 2.4GPa,

1.9GPa, and 1.7GPa, respectively.[29−31] Figure 4

shows the mixing entropy and energy state depen-

dences of yield strength. It can be found that the

yield strength shows a linearly relationship to both

mixing entropy and energy state. The larger 𝜎𝑦 of

HEMG compared to those of Vit 1 and Ti40 indicates

that the MGs with higher energy states possess larger

yield strength from the point of view of chemical com-

position. From the above results, it can be concluded

that the mechanical properties and even other phys-

ical properties of MGs can be adjusted by changing

energy states via regulating mixing entropy.

In summary, the influence of mixing entropy on

the energy states in metallic glasses is systematically

investigated. Both thermal experiments and MD sim-

ulations verify that the energy states of high-entropy

MGs are higher than that of low entropy MGs. It

is significant that the MGs with higher energy states

also possess higher yield strengths and higher thermal

stability. These results provide a new strategy to reg-

ulate the energy states and thus physical properties of

metallic glasses from the componential perspective.
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