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Modulating energy states of metallic glasses (MGs) is significant in understanding the nature of

glasses and controlling their properties. In this study, we show that high stored energy can be

achieved and preserved in bulk MGs by high pressure (HP) annealing, which is a controllable

method to continuously alter the energy states of MGs. Contrary to the decrease in enthalpy by

conventional annealing at ambient pressure, high stored energy can occur and be enhanced by

increasing both annealing temperature and pressure. By using double aberration corrected scanning

transmission electron microscopy, it is revealed that the preserved high energy, which is attributed

to the coupling effect of high pressure and high temperature, originates from the microstructural

change that involves “negative flow units” with a higher atomic packing density compared to that

of the elastic matrix of MGs. The results demonstrate that HP-annealing is an effective way to acti-

vate MGs into higher energy states, and it may assist in understanding the microstructural origin of

high energy states in MGs. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4978600]

Metallic glasses (MGs) are quenched from melts and

inherit the intrinsic topological and geometrical microstruc-

tural frustrations with substantial quenched-in “defects.”1,2

Confirmed by experiments and simulations,3,4 MGs display

microstructural heterogeneity, characterized by densely

packed elastic matrix and loosely packed atomic regions in

nanoscale.5 The structure, size, and distribution of the denser

and looser regions, which correlate with various configura-

tions and energy states in the potential energy landscape6,7

(PEL), affect the properties (e.g., strength and plasticity) of

MGs.8 Thus, modulating energy states through optimizing

atomic configurations continues to be a challenging and cur-

rent research area.

Generally, as-cast MGs naturally age or relax to lower

energy states by annihilation of the free volume9 or the flow

unit.10 Contrary to aging, MGs can also be rejuvenated to

higher energy states by various mechanical11–14 or thermal

treatments15,16 through introducing microstructural defects,

which significantly modulate mechanical properties. Such

high energy states of glasses can be manifested as an exother-

mic peak upon heating in relaxation.17 Other than mechanical

and thermal treatments, high pressure (HP) is also an effec-

tive and controllable way to alter microstructure, energy

states, and properties of MGs. Much effort has been devoted

to the pressure effect on properties of MGs, including glass

transition,18 crystallization,19 and phase transition.20 Previous

study reported that structural relaxation to a lower energy

state by free volume annihilation occurred during high pres-

sure annealing (HP-annealing).18 It is also reported that

Ce-based MGs undergo a reversible polyamorphic phase

transition under HP at room temperature (RT)21 or an irre-

versible transition from amorphous to single crystalline states

at 25 GPa.22 In this wok, HP-annealing on La60Ni15Al25 MG

was performed. The results show that high stored energy can

be achieved and preserved after unloading pressure.

Bulk La60Ni15Al25 rod samples with a diameter of 3 mm

were prepared by suction casting. Sample slices with 1 mm

thickness were cut from the rod, and both the upper and

bottom surfaces were polished to guarantee good thermal

contact. These rods were cut to a length of 6 mm for the

modulus and density measurements. For all samples, initiali-

zation was performed using differential scanning calorimetry

(DSC) to eliminate the difference in thermal history among

the as-cast samples. All the samples were heated up to 488 K

into the supercooled liquid region with a heating rate of

0.33 K/s and then cooled down to RT at the same rate (see

supplementary material). After initialization, the HP treat-

ments were performed in a cubic anvil type large volume

high-pressure apparatus as shown in Fig. S1, supplementary

material. The samples were treated under two sets of HP

conditions: one is keeping the pressure (�5.5 GPa) the same

while annealing at different temperatures ranging from RT

to 454 K; the other is keeping the temperature (�482 K) the

same while applying different pressures ranging from ambi-

ent pressure to 8.0 GPa (see details in supplementary mate-

rial). The samples treated under all conditions show that

crystallization did not take place during the HP treatments

(see Fig. S2, supplementary material).

The structural relaxation of MGs occurred after unload-

ing the pressure, represented by an exothermic peak below Tg

in the subsequent DSC measurements. The total heat release

upon heating in DSC, noted as relaxation enthalpy DHrel, is

an indicator of the energy state of the HP-treated samples.

The increase energy of MGs can be characterized by exother-

mal enthalpy DHrel in DSC measurements. Figure 1(a) shows

DSC curves for samples annealed at the temperatures ranging

from RT to 454 K (slightly below Tg) under 5.5 GPa for 1 h
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(the curves in the whole temperature range are shown in Fig.

S3, supplementary material). Glass transition temperature Tg,

crystallization temperature Tx, and crystallization enthalpy

are obtained to be 458 K, 523 K, and �5.9 kJ/mol, respec-

tively. The crystallization enthalpy does not change upon the

experimental conditions, indicating that no crystallization

occurred during HP treatments. When the samples are com-

pressed under pressure at RT, the change of enthalpy is not

observable (Fig. 1(a), blue dashed line). As the temperatures

of HP-annealing increase ranging from RT to 454 K while

maintaining pressure at 5.5 GPa, exothermic peaks emerge

and increase with increasing temperatures of HP-annealing.

The inset of Fig. 1(a) illustrates the measurements of DHrel

after HP-annealing using the equation: Hrel ¼
Ð T1

T0
Cp dT,

where T0 is a temperature ahead of exothermic relaxation

peak and is set as 333.15 K and T1 is a temperature in the

supercooled liquid region and is set as 488.15 K. DCp is the

difference between the specific heats of the initialized and

HP-annealed samples. The exothermic enthalpy versus anneal-

ing temperature prior to measuring the stored enthalpy is pre-

sented in Fig. 1(b). A relaxation enthalpy of 0.9 kJ/mol is

obtained for the sample treated at 454 K under 5.5 GPa, which

is three times larger than that of the rejuvenated samples

treated by thermal cycling,15 and similar to those treated by

plastic deformation.12,13 The HP-annealed samples were kept

at RT for two months, and the high stored energy has been

partially released, yet major part of it remained (inset of Fig.

1(b)). On the contrary, for the MGs annealed at the same tem-

perature under ambient pressure, the thermal process in DSC

is slightly endothermal (Fig. 1(b) and Inset (a) of Fig. 2(b)),

which is consistent with previous studies.23 The aging effect at

the same temperature under ambient pressure suggests that

HP plays a crucial role in the achievement of high stored

energy in MGs.

To study the pressure effect, the MGs were annealed at

the same temperature of 426 K for 1 h under different pres-

sures: ambient pressure, 1.0, 2.2, 4.0, 5.5, and 8.0 GPa,

respectively. The DSC measurements after HP-annealing are

presented in Fig. 2(a). When pressure was relatively lower

(ambient pressure and 1.0 GPa), the MG samples aged to a

lower energy state. As the pressure increased to 2.2 GPa, an

exothermic peak appeared, the intensity of which increased

with increasing pressure and finally reached a maximum at

8.0 GPa. Correspondingly, the exothermal enthalpy (Fig. 2(b))

increases with increasing pressure and reaches 0.9 kJ/mol at

8.0 GPa. For the samples treated under different pressures at

RT, no obvious change happened in DSC measurements

(Inset (b) of Fig. 2(b)), suggesting that high temperature is

also a necessary condition for achieving high stored energy of

MGs. Therefore, the high stored energy of MGs is attributed

to the coupling effect of high pressure and high temperature.FIG. 1. High stored energy in La60Ni15Al25 bulk MG after high pressure

treatments under 5.5 GPa at different temperatures. (a) DSC curves for dif-

ferent annealing temperatures under 5.5 GPa. Inset: The evaluation of relax-

ation enthalpy. (b) Relaxation enthalpy versus annealing temperature for

samples tested immediately after HP-annealing and HP-annealed samples

kept at RT for two months. For comparison, relaxation enthalpy of annealed

samples at ambient pressure is shown. The data points are for individual

samples and the changes are larger than the standard deviation of 60.02 kJ/

mol (Error Analysis shown in the supplementary material). The dashed lines

are guides to the eye. Inset: DSC curves for HP-annealed samples relaxed

under ambient condition for two months.

FIG. 2. High stored energy in La60Ni15Al25 bulk MG after treatments at

426 K under different pressures. (a) DSC curves for different pressures at

426 K. (b) Relaxation enthalpy versus annealing pressure for samples treated

at high temperature (426 K) and RT (298 K) under different pressures. The

dashed lines are guides to the eye. Inset (a), (b), DSC curves for samples

annealed at different temperatures under ambient pressure and under differ-

ent pressures at RT, respectively.
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Figure 3 shows schematic HP-annealing temperature

dependent enthalpy of glasses and supercooled liquids under

different pressures. During sub-Tg annealing, the enthalpy of

MGs moves towards the equilibrium state, which is the

extrapolated line of the supercooled liquidus. When the pres-

sure increases to a certain extent, the enthalpy of supercooled

liquid will increase24 (upper black dashed line in Fig. 3),

which is confirmed by Molecule Dynamics simulations (see

Fig. S5, supplementary material). As a result, there is an

intersection temperature, Tin, between the line of enthalpy for

glass under ambient pressure (black solid line) and the line

extrapolated from the supercooled liquid under HP (black

dashed line). When annealing temperature is higher than Tin,

the enthalpy will increase towards (red arrow line) the HP

equilibrium state upon HP-annealing. However, aging still

dominates the process under ambient pressure and the

enthalpy decreases (blue arrow line). If HP-annealing temper-

ature is below Tin, the enthalpy will decrease towards the

extrapolated liquidus for HP (light blue dashed arrow line),

suggesting that both high temperature and HP are necessary

conditions for the achievement of high energy states.

The high stored energy induced by HP-annealing can

also be interpreted by the PEL theory.6,7 During sub-Tg

annealing, the MG has potential to jump across the energy

barrier, fall into a local minimum with lower energy, and

finally relax to an ideal glass after being annealed for suffi-

cient time due to ergodicity.25 Confirmed by previous stud-

ies, strain can induce disappearances of energy minima26,27

and the energy of the system increased to a higher level after

a large strain cycle.28 In this case, the shape of the PEL has

been vastly changed, and the system relaxes into a local min-

imum far from the initial state, which signifies that the final

configuration has changed greatly. After strain recovering,

the preserved configuration may locate in the minimum with

higher energy than that of initial configuration.28 In the case

of HP-annealing, HP alters the PEL dramatically. As dis-

played in Inset (a) of Fig. 3, a configuration in PEL varies

vastly under HP. Accordingly, the energy of MG annealed

under HP could be kept in a local minimum in the HP-PEL

with a configuration quite different from the initial one (from

state 1 to 2). After unloading the pressure, the configuration

favored under HP is no longer preferred, but at ambient condi-

tion, the temperature is too low to provide energy to overcome

the energy barrier, and no notable atomic rearrangement can

take place after unloading at RT. Consequently, the MG can

only reside into a local minimum with a similar configuration

to that of HP (from energy state 2 to 3). Therefore, the higher

energy state can be preserved after HP-annealing in the PEL

theory.

Generally, high pressure promotes atomic rearrange-

ment in short range. When pressure is low, free volume anni-

hilation dominates the process and results in aging.18,29

However, when the pressure is high, the MGs are com-

pressed greatly, the atoms will rearrange into configurations

with higher atomic packing density. As shown in Fig. 2(b),

the energy of MGs decreases under lower pressure (ambient

pressure and 1 GPa) but increases with increasing pressure. It

can also be interpreted by the Lennard-Jones-like potential

(Fig. 3 inset (b)) that when the interatomic distance is larger

or smaller than the critical distance (A) of the bottom of the

potential well, the potential energy will increase. During

HP-annealing, the interatomic distance will first decrease

towards the critical distance (from B to A), leading to free

volume annihilation that corresponds to aging. When the

pressure further increases, the interatomic distance will

decrease to the left (from A to C), leading to a higher poten-

tial energy and a further densification of MGs.

To verify the above assumption, we measured the den-

sity and elastic modulus of the HP-annealed MGs. Unlike

previous results, where rejuvenation in energy states usually

causes a decrease in density and elastic modulus,12,15 in the

present study a reverse trend is observed. After annealing at

454 K under 5.5 GPa for 1 h, the density increases by 1.09%

(from 5.82 g/cm3 to 5.88 g/cm3). The elastic and shear mod-

uli increase by 2.65% (from 38.4 GPa to 39.4 GPa) and

3.15% (from 14.3 GPa to 14.8 GPa), respectively. From pre-

vious reports, the high energy stored in MGs originates from

microstructural defects of flow units,10 which usually act like

“soft spots” with a lower atomic packing density and a lower

coordination.30,31 However, in HP-annealing, the high stored

energy is accompanied by densification, implying that a dif-

ferent microstructural origin exists.

To investigate structural origin of the high stored energy

by HP-annealing, double aberration corrected scanning

transmission electron microscopy (Cs-STEM) experiments

were performed. Samples were polished with a Twin-jet

Electropolishing device cooled by liquid nitrogen below

�40 �C. All the scanning parameters were kept constant (see

supplementary material). Figures 4(a) and 4(b) show the

Cs-STEM dark-field images of the distribution of metallic

atoms in the initialized and HP-annealed samples, respec-

tively. The yellow spots represent relatively denser packed

regions and blue regions denote looser packed regions.

Figures 4(c) and 4(d) show the atomic resolution Cs-STEM

images of the same area of Figs. 4(a) and 4(b), in which

FIG. 3. Schematic of temperature dependent enthalpy change of the MGs

and supercooled liquids under different HP-annealing conditions. The energy

state of MGs could be altered upon HP-annealing below glass transition tem-

perature. Inset: (a) PEL changes for MGs under different pressures upon

HP-annealing. (b) Sketch of the Lennard-Jones-like potential, A, B and C

schematically denote the average interatomic distances upon different pres-

sures. (c) The difference between “flow units” and “negative flow units.”
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random distribution of atoms is clearly visible. All images

show amorphous structures, which are consistent with XRD

results. However, compared with the initialized sample, the

HP-annealed sample shows much larger regions with higher

atomic packing density (yellow spots in Fig. 4(b)). In addi-

tion, in the Fast Fourier Transformation (FFT) images (inset

of Figs. 4(a) and 4(b)), the HP-annealed sample displays a

slightly sharper ring than that of the initialized sample,

implying an ascending trend of local structural ordering.

This is also consistent with the secondary ring outside the

halo ring where there is a sudden leap in intensity in the FFT

image of HP-annealed sample. The intensity of the FFT

images is integrated32 (Fig. 4(e)), and it has two distinct fea-

tures, marked as A and B. For the HP-annealed sample, the A
peak is narrower, indicating a trend to a higher short range

ordering. The position of B locates at high Q value, which

corresponds to a short interatomic distance. There is a hump

around B, indicating that more atoms possess shorter inter-

atomic distance in the HP-annealed sample than that in the

initialized sample. These atoms contribute to higher atomic

packing density, which is the structural origin of high stored

energy by HP-annealing.

The high stored energy in MGs is usually accompanied

by an increase in flow units with lower atomic packing den-

sities containing free volumes. However, the high stored

energy induced by HP-annealing originates from clusters

with higher atomic packing density. They are termed as

negative flow units, which possess higher density and

higher energy. Opposite to normal flow units, negative flow

units contain anti-free volumes that have been confirmed by

high-energy X-ray diffraction33,34 and experimentally

observed in colloidal system.35 During HP-annealing, pres-

sure first leads to free volume annihilation, resulting in

structural relaxation to lower energy states and increase in

density, as happened in aging. When the pressure increases

to a certain value, the negative flow units are produced

accompanied by a further increase in density, which has

also been confirmed by recent simulation work from

Miyazaki et al., in which systematic studies on thermal

rejuvenation and compressive effect under hydrostatic pres-

sure have been reported.36 According to the experimental

observations, the flow units change from positive to zero,

and finally to a negative value, simultaneously the density

and modulus increase continuously.

In summary, the MGs can be activated to high energy

states by HP-annealing below Tg due to the coupling effects

of pressure and temperature. The high stored energy is

accompanied by an increase in density and modulus due to

the formation of the negative flow units, which have a higher

atomic packing density. The difference between PELs under

HP and ambient pressure results in such change. This study

enriches the traditional theories of flow units with a lower

atomic packing density and shows experimentally the exis-

tence of negative flow units by HP treatments. Compared to

conventional rejuvenation, the HP-induced high stored

energy demonstrates the unique features: higher density,

modulus and higher energy with negative flow units.

See supplementary material for experimental details,

error analysis method and data for: XRD structure and

Molecule Dynamics results of potential energy under differ-

ent pressures.
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