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Metallic Glasses (MGs) are always aging toward the lower energy state, which leads to higher

density, modulus, and hardness. We find that high pressure (HP) could lead to similar densification

and hardening while the energy is increased. The comparison between two processes under HP and

ambient pressure shows that densification happens in denser regions in MGs under HP, while it

happens in looser regions under ambient pressure, which leads to the opposite energy changes in

the two conditions. This result breaks the common wisdom about the relationship between the free

volume and enthalpy and displays different structural and energy evolutions in MGs. Published by
AIP Publishing. [http://dx.doi.org/10.1063/1.4983017]

INTRODUCTION

Metallic glasses (MGs), since discovered in the 1960s,

have attracted a great deal of attention owing to their unique

properties, such as high strength, high hardness, large elastic

limit, and good wearing and corrosion resistance.1–4

However, the potential applications of MGs are strongly lim-

ited due to their aging behavior.5–8 As metastable materials,

MGs always tend to undergo structural rearrangement to a

lower energy state,9–11 which deteriorates various physical

and mechanical properties such as worse plasticity.12–15

Therefore, it is significant to improve the stability through

tuning the energy state of MGs. Previously, for overcoming

the aging effect of glasses, a lot of approaches for the

enthalpy enhancement have been developed.16–20 Among

them, rejuvenation, a process in which more free volume is

involved and the energy state is increased, has attracted

much attention.21–23 A series of rejuvenation methods by

capitalizing various mechanical or thermal treatments have

been developed for rejuvenating the glassy materials, for

example, plastic deformation,24,25 thermal cycling,21 shot

peening,26 and ion irradiation.27 These methods provide the

possibility to solve the aging problem in the applications of

MGs. For almost all of these methods, the increased free vol-

ume28–31 or equivalently the decreased density has been

widely accepted as the main reason for the enthalpy enhance-

ment or the energy storage in MGs.9,31 However, how the

structure and energy state of amorphous materials change

under the quasi-hydrostatic high pressure (HP) is still

elusive.

High pressure (HP) can input energy into a system with-

out inducing an increase in the free volume and strongly

affect the property of materials.32 Some researches33–38 have

focused on the HP effect on MGs, especially the cerium

based MGs owing to their low glass transition temperature

(Tg) and weak bonding between atoms.39–41 The crystalliza-

tion,42–46 amorphization,47,48 and polyamorphism49–52 of the

Ce–based alloys under HP show their unique behaviors. In

this work, we investigate the effect of HP on the cerium

based MGs at room temperature. We find that HP can lead to

higher energy, density, modulus, and hardness simulta-

neously. We study the time effects on the MGs under HP

and at ambient pressure for comparison of the different

mechanisms of the structural changes in the two processes.

The comparison of the densities and mechanical properties

of the initialized, annealed, and HP treated samples shows

that HP can lead to structural change with both densification

and high stored energy in Ce-based MGs, which is different

from the structural change induced by aging or conventional

rejuvenation.

EXPERIMENTS

Ce65Al20Cu10Co5 alloys were prepared by arc melting

the pure elements in a Ti-gettered argon atmosphere. Copper

mold casting was used to make the ingots into bulk cylindri-

cal samples with a diameter of 3 mm. The amorphous struc-

ture was ascertained by X-ray diffraction (Cu Ka) and

differential scanning calorimetry (DSC). All samples were

initialized with DSC by heating the samples up to 393 K (in

the supercooled region) and then cooling down to the room

temperature with a cooling rate of 20 K/min to make sure

that all the samples had the same thermal history. The isotro-

pic hydrostatic pressure was applied using a pressure device

with six anvil tops. Each sample was kept under the high

pressure for half an hour. The density and modulus of the

samples before and after HP and aging treatments were mea-

sured at room temperature using the Archimedean technique

and pulse echo overlap method, respectively. The Vickers

micro-hardness of these samples was measured using an

EVERONE MH series unit. The energy states of MGs were

measured by DSC with the same heating rate of 20 K/min.

RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show the DSC traces of the sam-

ples before and after HP treatments. The Tg of the as-cast
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MG is 363 K. After the HP treatment, Tg becomes higher and

an exothermic structural relaxation appears before glass tran-

sition, which implies that the sample is in a higher energy

state.21 With increasing pressure, the exothermic peak

becomes larger, the glass transition moves to higher tempera-

ture, and the overshoot of the glass transition decreases. The

inset in Fig. 1(a) shows the difference of the traces of the

samples initialized and 5.5 GPa HP treatment between 313 K

and 393 K, and the shaded area is the enthalpy difference

(DH) before and after HP treatment in the same temperature

range, which determines the energy state of MGs. The calcu-

lated DH and the reduced density, q/q0, (q0 and q are the

densities of the samples before and after treatment, respec-

tively) are shown in Fig. 1(c). It is obvious that after 5.5 GPa

HP treatment, the sample reaches a much higher energy state

with a larger DH. Conventionally, the rejuvenated MGs

should display a higher fraction of free volume, while the

density of the HP treated MGs becomes higher, implying

less free volume in the MGs. These results indicate that the

HP-induced structural change is markedly different from

those happened in conventional aging or rejuvenation.

In order to show the difference between aging, rejuvena-

tion, and the effect of HP, we compare the property change

after the different treatments as shown in Fig. 2. The HP

treated and aged MGs are the initialized MGs after 5.5 GPa

HP treatment and after aging at room temperature for 200

days, respectively. The data of the rejuvenated MGs are

from Ref. 17. The energy state of aged MGs for 200 days

has become very stable (shown in Fig. 3(d)). The reduced

elastic modulus E/E0 and reduced hardness H/H0 show the

mechanical property changes after different treatments,

where E0 and H0 are the elastic modulus and hardness before

the treatments. The rejuvenated MGs have lower density,

modulus, and hardness after various rejuvenating treatments

such as thermal circling and shot peening, while the HP

treated MGs have higher density, modulus, and hardness,

implying the large differences between the two kinds of

treatments, structural and property evolutions in MGs. In

contrast to rejuvenated MGs, the aged samples have similar

mechanical properties to the HP treated MGs, i.e., the similar

densifications. The density and hardness of MG aged for 200

days become larger than those in its initial state, and aged

MG is very stable with almost no flow units in it, but the den-

sity and hardness of the HP treated MGs are even higher.

The coexistence of higher energy and higher density and

modulus for HP treated MGs indicates that the local regions

with higher atomic packing density and higher local inner

stress may exist, which could be called the flow units with

higher density or negative flow units.53 The negative flow

units introduced by HP lead to the higher enthalpy, which is

accompanied by densification and hardening.

In order to introduce the concept of negative flow units,

we should talk about the concept of free volume first. Free

volume is defined by Turnbull as the difference between the

specific volume and the molecule volume. Usually, the spe-

cial volume is larger than the molecule volume in MGs, and

the free volume is positive. But in some occasions, the spe-

cial volume in some local regions can become smaller than

FIG. 1. The thermal property of the Ce65Al10Cu20Co5 MGs after high pressure (HP) treatments. (a) The DSC traces of MGs before and after HP treatment.

The inset shows the detail of the traces between 313 K and 393 K, and the shaded area shows the evaluated DH. (b) The DSC traces of the initialized samples

and the samples after HP treatments of 1.4, 2.8, and 5.5 GPa, respectively. (c) DH and the reduced density of the samples after HP treatments.

FIG. 2. The changes of the density,

elastic modulus, and hardness after

convential rejuvenation, aging, and HP

treatments. (a) The reduced density

change ((q�q0)/q0) of the samples

after three kinds of treatments. (b) The

reduced elastic modulus change

((E�E0)/E0) and hardness change

((H�H0)/H0) of these samples.
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the molecule volume and the free volume is negative. This

can be the anti-free volume in theory. The concept of anti-

free volume was proposed by Egami’s works.54–56 They

investigated the local atomic structure in MGs and found

that there are regions with higher density than the average

density. They used the concept of anti-free volume to

describe the property of these high density regions in MGs.

The concept of flow units is defined to describe the heteroge-

neity of MGs. Flow units are the regions with lower activa-

tion energy than the average value of MGs and can be

activated easier. The flow units are the regions with more

free volume and lower density than the average values. In

contrast, the negative flow units are the regions with more

anti-free volume and higher density than the average density

of MGs. The two kinds of regions both have lower activation

energy and can be activated easier than the average value of

total MGs. The reason for easier activation of flow units is

that there is more free volume in flow units, so that the atoms

in flow units have enough space to move. The reason for eas-

ier activation of negative flow units is that there is local

stress in the denser atomic packing regions. The local stress

makes the denser regions be in the local higher energy state.

The main difference between free volume and flow units is

that free volume indicates the excess volume for each mole-

cule, and it is real space in which there are no atoms occu-

pied; but flow units indicate the local regions with lower

atomic packing density and lower activation energy in MGs,

in which there are some looser packed atoms.

The structural change of MGs could happen instanta-

neously under HP, such as the polyamorphism,36,43,44 which

can be totally recovered after unloading the pressure.

However, the irreversible structural change, such as that hap-

pens during aging or crystallization, sustains with applied

time. Therefore, the time effect plays an important role in

the irreversible structural change of MGs under HP. As

shown in Figs. 3(a) and 3(b), longer holding time (th) under

pressure leads to a larger exothermic peak in the DSC curves

and higher enthalpy in MGs, indicating that the MGs are in

higher energy states. The density of MGs increases with th,

which is similar to that occurred in aging at ambient

FIG. 3. The time effect on MGs with

and without HP treatments. (a) The

DSC traces of the initialized samples

and the samples after 5.5 GPa HP treat-

ments for 20 s, 10 min, and 30 min,

respectively. (b) DH and the reduced

density of the MGs after 5.5 GPa HP

treatments with different pressure

holding times. (c) The DSC traces of

the hyperquenched sample and the

samples after aging at room tempera-

ture for 1 day, 5 days, and 10 days,

respectively. (d) The aging behavior of

the initialized, HP treated, and hyper-

quenched MGs represented by the DH
change during aging. The data with

10�4 day show the DH of the unan-

nealed samples. (e) The position of the

exothermic peak in (a) with different

pressure holding times. (f) The posi-

tion of the endothermic peak in (c)

with different aging times.
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pressure. In aging, the time effect at ambient pressure leads

to the lower energy state of MGs. To compare the time effect

at ambient pressure with that under HP, we display the aging

effect of the hyperquenched (HQ) MGs, which are more

active and have more pronounced aging behavior. The HQ

MGs were prepared by melt spinning of the

Ce65Al20Cu10Co5 alloys at 40 m/s. As shown in Fig. 3(c),

aging leads to the disappearance of the exothermic peak and

the appearance of the endothermic peak before glass transi-

tion, indicating the lower potential energy of the MG. The

DH of the HQ MGs after aging is shown in Fig. 3(d), as well

as the initialized and HP treated MGs, implying that both

HQ and HP treated MGs have the higher energy states. It has

been discussed that aging and HP treatment can both lead to

densification and hardening of MGs, while the enthalpy

changes in the two processes are opposite. A longer holding

time under HP leads to higher enthalpy in MGs but lower

enthalpy at ambient pressure. The different enthalpy changes

in the two processes indicate different structural changes.

High pressure leads to the exothermic peak in the DSC mea-

surement before glass transition, which moves to lower tem-

perature with th as shown in Figs. 3(a) and 3(e), in contrast,

the endothermic peak after aging moves to higher tempera-

ture with the aging time as shown in Figs. 3(c) and 3(f). It is

believed that the endothermic peak below Tg correlates with

b relaxation or fast a relaxation,57,58 which relates to activa-

tion of the looser regions or flow units59–64 in MGs. These

regions have more free volume and can be activated easily at

low temperature, leading to the endothermic peak before

glass transition. On the contrary, the denser regions, which

consist of most parts of the MGs called elastic matrix, need

to be activated at higher temperature and mainly affect the

overshoot in the DSC curves. Therefore, the movement of

the endothermic peak shows that the aging process starts

from the loosely packed atomic regions or flow units first

and then extends to closely packed elastic matrix regions. In

contrast, the movement of the exothermic peak for HP

treated samples shows that the enthalpy enhancement for HP

treated samples happens at the elastic matrix first and then

transfers to the loosely packed atomic regions. These results

reveal that the HP treatment is remarkably different from

aging even though the densification and hardening in the two

processes are similar.

To explain the unique structural change after HP treat-

ments, we take the mechanism of the HP effect on the inter-

action between atoms into account. The average distance

among atoms decreases when HP is applied. The Lennard-

Jones potential-like function can be used to describe the

interatomic potential among atoms as shown in Fig. 4(a).

Considering the heterogeneity65–71 of MGs, the points A and

B are used to represent the regions with different average dis-

tances between atoms: blue circle A represents the denser

regions or the elastic matrix, while red circle B displays the

looser regions or the flow units, which are distributed ran-

domly in the elastic matrix as shown in Fig. 4(b). Aging at

ambient pressure mainly affects the flow units or region B
which have higher energy and are more unstable. The free

volume in these regions decreases first, leading to the endo-

thermic peak at low temperature part in DSC curves. When

the aging time is longer, some parts in region A also relax,

and the endothermic peak moves to higher temperature and

finally superposes the overshoot with the sufficiently long

aging time. However, in the HP process, the average distance

between atoms decreases instantaneously in both denser and

looser regions. Figures 4(c) and 4(d) schematically show that

denser region A (blue atom regions) has higher energy and

FIG. 4. A sketch of the Lennard-Jones

potential-like potential energy of the

samples and the atoms in MGs. (a) and

(c) display the atoms’ position in the

potential of the MGs without and with

HP, respectively. (b) and (d) display

the distribution of the atoms in MGs

without and with HP, respectively. The

red and blue atoms display the flow

units and elastic matric in MGs,

respectively. The light blue atoms in

(d) show that the local areas with

higher density appear after HP

treatment.
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becomes more unstable than region B (red atom regions)

under HP. Thus, the densification happens first in the elastic

matrix, and some local areas (light blue) in region A (dark

blue) become much denser than other areas. These local

areas have so much anti-free volume that they are more

unstable and enhance the potential energy of MGs. The

structural change in the elastic matrix mainly affects the high

temperature part in DSC curves, leading to the decrease of

the overshoot and the formation of the exothermic peak at

higher temperature (see Fig. 1(b)). With a longer pressure

holding time, region B also involves in the densification pro-

cess, leading to the change in the DSC curves at low temper-

ature (see Fig. 3(a)). The change in region B has two

processes: the free volume annihilates first, and then the anti-

free volume forms. Thus, the endothermal peak below Tg

appears at th¼ 20 s, then disappears, and finally a large exo-

thermal peak forms as shown in Fig. 3(a), implying that the

enthalpy has been enhanced strongly. After unloading HP,

the relaxation of the anti-free volume is similar to the relaxa-

tion of the free volume, resulting in a similar enthalpy relax-

ation process as shown in Fig. 3(d). In a word, the time

effect at both ambient pressure and under HP leads to the

densification in MGs, but the densification starting in the

denser region leads to higher energy in MGs, while the one

starting in loose regions leads to lower energy.

SUMMARY

In conclusion, high pressure can store energy into Ce-

based MG and also lead to densification and hardening as

that occurred in aging. The densification induced by HP

starts in the denser regions rather than the looser regions,

resulting in the abnormal energy storage in MGs. This kind

of structural change induced by HP is completely different

from the conventional rejuvenation or aging, in which free

volume produces or annihilates, breaking the common wis-

dom on the relationship between volume and enthalpy of

MGs. The work provides new perspectives on the structural

and energy evolutions in the amorphous materials.
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