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Metallic glasses are metastable and their thermal stability is critical for practical applications,

particularly at elevated temperatures. The conventional bulk metallic glasses (BMGs), though

exhibiting high glass-forming ability (GFA), crystallize quickly when being heated to a temperature

higher than their glass transition temperature. This problem may potentially be alleviated due to the

recent developments of high-entropy (or multi-principle-element) bulk metallic glasses (HE-BMGs).

In this work, we demonstrate that typical HE-BMGs, i.e., ZrTiHfCuNiBe and ZrTiCuNiBe, have

higher kinetic stability, as compared with the benchmark glass Vitreoy1 (Zr41.2Ti13.8Cu12.5Ni10Be22.5)

with a similar chemical composition. The measured activation energy for glass transition and crystalli-

zation of the HE-BMGs is nearly twice that of Vitreloy 1. Moreover, the sluggish crystallization region

DTpl-pf, defined as the temperature span between the last exothermic crystallization peak temperature

Tpl and the first crystallization exothermic peak temperature Tpf, of all the HE-BMGs is much wider

than that of Vitreloy 1. In addition, high-resolution transmission electron microscopy characterization

of the crystallized products at different temperatures and the continuous heating transformation dia-

gram which is proposed to estimate the lifetime at any temperature below the melting point further

confirm high thermal stability of the HE-BMGs. Surprisingly, all the HE-BMGs show a small fragility

value, which contradicts with their low GFA, suggesting that the underlying diffusion mechanism in

the liquid and the solid of HE-BMGs is different. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4955060]

I. INTRODUCTION

High entropy alloys (HEAs) and bulk metallic glasses

(BMGs) are both interesting metallic materials and attract

extensive attention recently. HEAs tend to form simple solid

solution structure such as face-centered cubic (FCC) or

body-centered cubic (BCC), instead of intermetallic com-

pounds1 due to their high mixing entropy. It was reported

that HEAs possess not only high recrystallization tempera-

tures but also high recrystallization activation energy.2 Tsai

et al.3 have also shown slow atomic diffusion and the related

high activation energy, which originated from significant

fluctuation of lattice potential energy4 between lattice sites

in HEAs. However, a high-entropy (HE) system sometimes

could lead to formation of glassy structures, rather than con-

centrated solid solutions.5 Such alloys were termed as high-

entropy BMG (HE-BMG) which usually consists of at least

five constituent elements with an equi-atomic or near equi-

atomic ratio.6 Actually, the first HE-BMG, ZrTiHfCuNi, was

reported by Ma et al. in 2002,7 and the maximum attainable

diameter of 1.5 mm was fabricated. As HE-BMGs are a rela-

tively new comer to the glass family, only a few HE-BMGs

have been developed up to date; Zhao et al.8 prepared the

Zn20Ca20Sr20Yb20(Mg0.55Li0.45)20 MG with a rather low

glass transition temperature of 50 �C while Ding et al.9 dem-

onstrated that the ZrTiHfCuNiBe HE-BMG with a critical

diameter as large as 15 mm could be prepared. Recently, a

few other HE-BMGs such as ZrTiCuNiBe,10 PdPtCuNiP,11

and ZrTiHfCuBe12 were also reported.

Comparing with conventional BMGs, properties such as

thermal stability and tardy crystallization process have not

yet been systematically investigated for HE-BMGs, never-

theless, they are critical for future industrial applications.

We have also noticed that most HE-BMGs were derived

from existing BMGs; for example, the ZrTiCuNiBe and

PdPtCuNiP HE-BMG were based on the benchmark glass

Vitreloy 113 and Pd40Cu20Ni20P20
14 BMG, respectively.

However, crystallization behavior of HE-BMGs upon reheat-

ing, as exemplified by multi-peaks in their differential scan-

ning calorimeter (DSC) curve,9 is totally different from that

of the conventional BMGs in the same alloy system. The

high-entropy effect may be able to impede nucleation and

growth of crystalline phases due to the sluggish atomic diffu-

sion, thus giving rise to high thermal stability. All above

anomalies and conjecture encourage us to investigate crystal-

lization behavior and the underlying mechanisms of HE-

BMGs. In this study, therefore, we securitized the thermal

stability and sluggish crystallization process of two typical

HE-BMGs, i.e., ZrTiCuNiBe and ZrTiHfCuNiBe. For com-

parison, Vitreloy 1 was selected as the benchmark glassy

alloy for our study.
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II. EXPERIMENTAL

Ingots with a nominal composition of ZrTiCuNiBe,10

ZrTiHfCuNiBe,9 and Zr41.2Ti13.8Cu12.5Ni10Be22.5 (i.e.,

Vitreloy 1)13 were prepared by arc-melting under Ti-gettered

high-purity argon atmosphere. The purity level of the constit-

uent elements of Zr, Ti, Hf, Cu, Ni, and Be is 99.99, 99.99,

99.99, 99.99, 99.99, and 99.5 at. %, respectively. Each ingot

was re-melted for at least six times for ensuring chemical

homogeneity. BMG rods with a diameter of 3 mm and a

length of about 30 mm were obtained by copper mold suction

casting.

Amorphous nature of the as-cast rods was examined by

X-ray diffraction (XRD) using Rigaku D/max-RB spectrom-

etry with Cu K a radiation (k¼ 0.15406 nm). Thermal prop-

erties were characterized using a NETZSCH DSC 404 F1

Pegasus
VR

differential scanning calorimeter (DSC) with pro-

tection of argon at a flow rate of 60 ml/min and heating rates

ranging from 5 to 40 K/min. The DSC system was calibrated

using the indium and zinc standards. In order to identify

crystalline phases, high-resolution transmission electron

microscopy (HRTEM) JEM-2010 was employed. TEM sam-

ples were first mechanically ground into 40 lm in thickness,

followed by ion milling in liquid nitrogen.

III. RESULTS

DSC traces of the ZrTiCuNiBe and ZrTiHfCuNiBe HE-

BMGs, hereafter denoted as H1 and H2, at the heating rates of

5, 10, 20, 30, and 40 K/min are shown in Fig. 1. The result of

Vitreloy 1 (denoted as V1 hereafter) is also included for com-

parison. Glass transition temperature, Tg, onset crystallization

temperature Tx, peak temperature of the first exothermic crys-

tallization event Tpf and the last exothermic reaction Tpl, melt-

ing temperature Tm and liquid temperature Tl are compiled in

Table I. The definition of all these temperatures is indicated

clearly by arrows in Fig. 1. The supercooled region, DTx-g and

the crystallization region, DTpl-pf, defined as the temperature

range between Tpl and Tpf, along with the reduced glass transi-

tion temperature Trg that given by Tg/Tl,
15 the glass-forming

ability (GFA) parameter c defined as Tx/(TgþTl)
16–18 and the

critical diameter for glass formation of V1, H1, and H2, are

also listed in Table I. Apparently, the DTpl-pf value reflects how

wide the temperature range from the start to the completion

of crystallization is. Fig. 2 shows dependence of Tg, Tx, Tm,

DTx-g, and DTpl-pf on alloy composition. Compared with that of

the conventional BMG V1, Tg is increased about 50 K in the

two HE-BMGs. Although all BMGs exhibited multiple exo-

thermic crystallization peaks on their heating DSC traces, Tx of

the two HE-BMGs is raised up approximately 40 K. These

observations suggest that the HE-BMGs have a larger crystalli-

zation resistance during reheating than the conventional BMG

in the same alloy system. Nevertheless, the supercooled region

DTx-g is decreased slightly, implying that the stability of

HE-BMGs at the supercooled liquid state was not enhanced.

Interestingly, the crystallization region DTpl-pf is increased

from 65 K of V1 to 111 and 217 K of H1 and H2, respectively.

In particular, the peak temperature of the last crystallization

reaction in H2 is close to the onset melting point Tm, indicating

that the entire crystallization process in the HE-BMGs was sig-

nificantly prolonged and became really sluggish.

Based on the DSC data, the apparent activation energy

can be calculated by the Kissinger model19

ln
b
T2

� �
¼ �E Tð Þ

RT
þ constant; (1)

FIG. 1. DSC curves of (a) V1, (b) H1, and (c) H2 metallic glasses obtained

at different heating rates.
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where b is the heating rate, E(T) is the activation energy for

glass transition or crystallization, T is the temperature, and

R is the gas constant. The activation energy can be deter-

mined by using a plot of lnðb=T2Þ versus 1/T for those

BMGs, and the slope of which is �E(T)/R. As an example,

Fig. 3 shows the variation of lnðb=Tpf
2Þ versus 1/Tpf for V1,

H1, and H2. The data are well fitted by straight lines, imply-

ing that the crystallization behavior of both HE-BMGs and

the conventional BMG V1 obey the above mentioned equa-

tion. The activation energy for crystallization was then esti-

mated by evaluating the slope of these straight lines, and the

obtained values of E(Tpf) for the three glasses are listed in

Table I. It can be noticed that both the activation energies

of the HE-BMGs are much higher than those of V1, further

confirming the large thermal stability of the HE-BMGs

against crystallization upon reheating.

In order to further compare the thermal stability of these

BMGs, continuous heating transformation diagrams (i.e.,

lifetime prediction diagram) were constructed based on the

method proposed previously.20 For a given temperature Tpf,

the corresponding b, which brings about crystallization,

could be estimated20

b ¼ Tpf
2 expðb=Tpf þ cÞ: (2)

The heating time th from room temperature (i.e., 298 K) to

Tpf can be obtained as

th ¼ ðTpf � 298Þ=b: (3)

Continuous heating transformation diagrams for Tpf ver-

sus th calculated from primary devitrification process are

shown in Fig. 4, where the th is denoted in the logarithmic

scale. The solid curves depict the Tpf-th relations for different

glassy materials, whereas the dashed curves are the heating

profiles in DSC experiments. The intersections between

the dashed and solid curves are experimental data points

extracted from the first exothermic peaks. After extrapolation

of the solid curves, it is estimated that H1 and H2 remain sta-

ble at room temperature for more than 1020 years, which

is much longer than that of V1 with merely 109 years. At

400 K, the lifetime of H1 and H2 is nearly 1011 years, which

remains much more stable than V1 with 104 years.

IV. DISCUSSION

A. High thermal stability and sluggish crystallization
of HE-BMGs

In multicomponent HEAs, atomic size difference, differ-

ent bonding energy, and crystallographic structure among

the constituent elements result the heavily lattice distortion

in neighboring atoms sluggish atomic diffusion,1,21 which

could effectively inhibit phase transformation, as confirmed

by the recent experimental findings that HEAs usually

possess higher recrystallization temperatures and activation

energies2 than conventional alloys. Based on our earlier

TABLE I. Characteristic temperatures of V1, H1, and H2 metallic glasses, along with the onset crystallization activation energy Ex, critical diameter dc (mm),

and GFA parameters Trg and c (heating rate: 20 K/min).

Alloys Tg Tx DTx-g Tpf Tpl Tm Tl DTpl-pf Epf (kJ/mol) Trg [Tg/Tl] c [Tx/(TgþTl)] dc

V1 628 701 73 718 783 940 1001 65 164.7 6 6.7 0.627 0.430 >2022

H1 691 732 41 751 862 1077 1196 111 281.2 6 16.1 0.578 0.388 310

H2 681 743 62 756 973 1015 1168 217 237.7 6 12.5 0.583 0.402 159

FIG. 2. Characteristic temperatures of the HE-BMGs. (a) Tg, Tx, Tm, and Tl;

(b) DTg-x and DTpl-pf.

FIG. 3. Kissinger plot of the onset crystallization temperature Tx for V1,

H1, and H2 metallic glasses. Activation energy was derived from the slop of

these curves.
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results shown in Figs. 1 and 3, it was suggested that the

HE-BMGs seemingly have larger thermal stability against

crystallization upon reheating, as compared with the conven-

tional BMGs in the same alloy system. In order to verify the

slow crystallization process conceived based on the DSC

results, XRD and TEM experiments were carried out on the

V1 and H1 samples. H1 and V1 have the same elemental

species, and both exhibited three separate exothermic peaks,

which facilitates easy comparison between them. For each

BMG, we have selected three temperatures for study, i.e., the

end temperature of the first, second, and last exothermal

peaks on the DSC curves, denoted as T1, T2, and T3, respec-

tively. Note that the annealing temperatures T1, T2, and T3

of H1 are 799, 865, and 922 K, respectively, much higher

than the corresponding temperature of V1, i.e., T1¼ 741 K,

T2¼ 787 K, and T3¼ 834 K. All the specimens were first

continuously heated at a rate of 40 K/min to a preset temper-

ature and immediately cooled. Although the crystallization

cannot be avoided, the information regarding average size,

nucleation, and growth kinetics of crystallinities and trans-

formation fraction of the amorphous matrix can reflect the

crystallization resistance during heating.

XRD patterns of all the specimens heat-treated to differ-

ent temperatures are shown in Fig. 5, and the corresponding

TEM images are shown in Figs. 6 and 7. Based on the XRD

results, it is clear that the crystallization products in H1 and

V1 are different, although both of them showed three exo-

thermic peaks on their DSC trace. At T1, H1 shows a broad

halo superimposed with a few crystalline peaks on its XRD

pattern, indicating that this specimen still consists of a large

portion of amorphous structure. The primary phase was

identified as FCC (face-centered cubic), but changed to the

intermetallic compound Zr2Cu in V1. Although the actual

annealing temperature T1 for H1 (i.e., 799 K) is higher than

that of V1 (i.e., 741 K), it seems that the percentage of the

amorphous matrix remained in H1 after the first annealing

is still higher than that in V1, confirming a much retarded

crystallization process in the HE-BMG, consistent with the

earlier DSC results. From the TEM images shown in Fig. 6,

it is confirmed that nanocrystal grains with different

crystallographic structures were precipitated in both kinds of

BMGs. Nevertheless, their corresponding dark field images

ambitiously reveal that the FCC nanoparticles in H1 have a

smaller volume fraction (i.e., a high fraction of amorphous

matrix remained) and size, as compared with those of the

Zr2Cu phase in V1, further verifying a larger crystallization

resistance of the HE-BMG.

As the annealing temperature increased, i.e., T2 and T3,

a new BCC (body-centered cubic) phase and eventually

the Ni7Zr2 compound gradually appeared in the HE-BMG

matrix while two additional intermetallic compounds, i.e.,

ZrBe2 and Ni10Zr7, were formed in V1 based on the XRD

measurements shown in Fig. 5 and the selected area diffrac-

tion patterns in Fig. 7. From Fig. 7, it is seen that the average

grain size of all the crystallinities in H1 is appreciably

smaller than that in V1, although the actual annealing tem-

perature for H1 is much higher. All above results indicate

that high mixing entropy can successfully retard lattice diffu-

sion during reheating, and consequently, enhance the thermal

stability of HE-BMGs.

B. Dilemma between thermal stability and GFA

While the above results have indicated that HE-BMGs

have higher thermal stability against crystallization than con-

ventional BMGs with the same constituents, the significant

difference in their GFA should be stressed. The GFA of V1,

FIG. 5. XRD patterns of (a) V1 and (b) H1 glasses annealed at different

temperatures.

FIG. 4. Continuous heating transformation diagrams of primary precipita-

tion for V1, H1, and H2. The dashed vertical line indicates the heating

curves at a rate of 5–40 K/min.
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in terms of the attainable maximum diameter, is above

20 mm.22 However, the GFA of H1 and H2 was dramatically

reduced (see Table I). Considering the higher thermal stabil-

ity of the HE-BMGs upon reheating, the fundamental

question here is why the thermal stability is not in line with

the GFA if both are referred to the ability of retarding crys-

tallization. In literature, fragility is a measure of the sensitiv-

ity of the atomic rearrangement rate to temperature,23–25

which can therefore be regarded as an indicator of GFA.

Accroding to the change of viscosity g with the scaled

temperature Tg/T, Angell26 introduced the classification of

strong and fragile liquids. In general, a strong liquid (for

example, silica) can be vitrified under a slow cooling rate

since the logarithmic magnitude of viscosity or relaxation

time increases linearly with temperature. The fragile liquid,

however, must be vitrified by applying a fast cooling rate

since its logarithmic viscosity only increases precipitously

within a very narrow temperature window near its Tg.27 The

fragility m was then defined to be the slope of Angell’s plot

at Tg, which is given by27,28

m ¼ DT0Tg

Tg � T0ð Þ2ln10
; (4)

where D is the strength parameter in the Vogel–Fulcher–

Tammann (VFT) equation, which controls how closely the

liquid system obeys the Arrhenius law. T0 is the asymptotic

value of Tg, which is usually approximated as the onset of

the glass transition temperature at the limit of infinitely slow

cooling, and Tg is the glass transition temperature at a heat-

ing rate of 20 K/min. The variation of Tg with the heating

rate b can be fitted by using the Vogel–Fulcher–Tammann

(VFT) equation29

lnb ¼ lnb0 � DT0=ðTg � T0Þ; (5)

where b0 is a constant, T0 and D can be obtained by fitting

the VFT equation from the heating rate dependence of Tg,

then the fragility index m can be calculated using Eq. (4).

Figure 8 shows the variation of lnb with Tg fitted by VFT

equation for the HE-BMGs and V1. The m value of H1 and

H2 is calculated to be 20.1, and 21.2, which is much smaller

than that of V1 (m¼ 40) in the same alloy system. The m

value obtained in this study for H1 and V1 is similar with the

results reported by Gong et al.,30 i.e., m¼ 23 for H1 and

m¼ 44 for V1. For strong liquids,31 m< 30 with a lower

limit of �16. For example, strong glass formers like SiO2

and GeO2 have m¼ 20 at Tg.32 Fragile liquids, on the other

hand, are associated with m> 100. In this sense, the studied

HE-BMGs can be classified to the strong glass former, which

is obviously in contrast with their actual GFA.

In general, metallic glasses which process high crystalli-

zation activation energy, sluggish crystallization process in

heating process, and a small fragility m value are probably

good glass formers. Based on our above results, the GFA of

the HE-BMGs H1 and H2 cannot be directly represented by

FIG. 6. TEM images of V1 and H1

glasses annealed at 741 and 799 K,

respectively; (a) bright-field image of

V1, (b) dark-field image of V1, (c)

bright-field image of H1, and (d) dark-

field image of H1.
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their m values. This dilemma might be related to the break-

down of the Stoke-Einstein equation at low tempera-

tures,33–36 indicating that the diffusivity and viscosity are

no longer related when the melt is vitrified. GFA is mainly

governed by the variation of viscosity with temperature at

the undercooled liquid state, whilst crystallization upon

reheating is mediated by atomic diffusion in solid matrix.

According to Adam–Gibbs equation,37 the high entropy of

mixing can lead to low viscosity and a high mobility of the

atoms in the liquid, which would accelerate crystallization

during cooling, and decreasing the GFA. HE-BMGs may not

be cast into large sizes but can well retard crystallization

once it is vitrified because of small diffusivity in solid ma-

trix. In other words, applicability of the fragility parameter

to reflect GFA of HE-BMGs needs to be carefully verified.

Actual underlying mechanisms of the inverse relationship

between the thermal stability and GFA in HE-BMGs are still

unclear, which merits further investigation.

V. CONCLUSIONS

We have systematically investigated thermal stability

and crystallization behavior of two HE-BMGs, in compari-

son with those of a representative conventional glass

Vitreloy 1 in the same alloy system. Main results can be

summarized as follows:

(1) The HE-BMGs have shown an increased glass transition

temperature and onset crystallization temperature. The

apparent activation energy for glass transition and crys-

tallization estimated by Kissinger plot dramatically

increased. All these observations indicate that the HE-

BMGs have much larger thermal stability upon reheating

than the conventional BMG with the same constituents,

and high-entropy configuration state can effectively

retard relaxation and crystallization kinetics.

(2) The crystallization region, i.e., the span between the onset

and end crystallization temperature, was greatly increased

in the HE-BMGs. In addition, the continuous heating
FIG. 8. The VFT relationship between Tg and lnb for V1 and the HE-

BMGs.

FIG. 7. TEM images of V1 and H1

glasses annealed at different tempera-

tures; (a) V1, 787 K, (b) V1, 834 K, (c)

H1, 856 K, and (d) H1, 922 K.
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transformation diagram suggested that HE-BMGs possess

much longer lifetime at room temperature. Moreover,

detailed TEM characterization demonstrated and con-

firmed that nucleation and grain growth of crystallinities

in the HE-BMG matrices are much slower than in conven-

tional BMGs. All these results suggest that high mixing

entropy which retards atomic lattice diffusion can lead to

a sluggish crystallization process.

(3) The fragility parameter m of the HE-BMGs can be clas-

sified to strong glasses, which is in contrast to their low

GFA. This dilemma is related to the breakdown of the

Stoke-Einstein equation at low temperatures and the fact

that the diffusion at the liquid and solid state is deter-

mined by different mechanisms.
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