
Materials Research Letters

ISSN: 2166-3831 (Online) Journal homepage: www.tandfonline.com/journals/tmrl20

Unusual relation between glass-forming ability
and thermal stability of high-entropy bulk
metallic glasses

M. Yang, X. J. Liu, Y. Wu, H. Wang, X. Z. Wang & Z. P. Lu

To cite this article: M. Yang, X. J. Liu, Y. Wu, H. Wang, X. Z. Wang & Z. P. Lu (2018) Unusual
relation between glass-forming ability and thermal stability of high-entropy bulk metallic
glasses, Materials Research Letters, 6:9, 495-500, DOI: 10.1080/21663831.2018.1482839

To link to this article:  https://doi.org/10.1080/21663831.2018.1482839

© 2018 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

Published online: 03 Jul 2018.

Submit your article to this journal 

Article views: 3159

View related articles 

View Crossmark data

Citing articles: 24 View citing articles 

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tmrl20

https://www.tandfonline.com/journals/tmrl20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/21663831.2018.1482839
https://doi.org/10.1080/21663831.2018.1482839
https://www.tandfonline.com/action/authorSubmission?journalCode=tmrl20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=tmrl20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/21663831.2018.1482839?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/21663831.2018.1482839?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/21663831.2018.1482839&domain=pdf&date_stamp=03%20Jul%202018
http://crossmark.crossref.org/dialog/?doi=10.1080/21663831.2018.1482839&domain=pdf&date_stamp=03%20Jul%202018
https://www.tandfonline.com/doi/citedby/10.1080/21663831.2018.1482839?src=pdf
https://www.tandfonline.com/doi/citedby/10.1080/21663831.2018.1482839?src=pdf
https://www.tandfonline.com/action/journalInformation?journalCode=tmrl20


MATER. RES. LETT.
2018, VOL. 6, NO. 9, 495–500
https://doi.org/10.1080/21663831.2018.1482839

ORIGINAL REPORT

Unusual relation between glass-forming ability and thermal stability of
high-entropy bulk metallic glasses

M. Yanga, X. J. Liua, Y. Wua, H. Wanga, X. Z. Wangb and Z. P. Lu a

aState Key Laboratory for Advanced Metals and Materials, University of Science and Technology Beijing, Beijing, People’s Republic of China;
bInstitute for Advanced Materials and Technology, University of Science and Technology Beijing, Beijing, People’s Republic of China

ABSTRACT
It is generally accepted that good glass formers have a high thermal stability against crystalliza-
tion upon heating. In this paper, we report an unusual relationship between thermal stability and
glass-forming ability (GFA) for high-entropy bulkmetallic glasses (HE-BMGs). As comparedwith their
conventional counterparts in the same alloy system, the HE-BMGs have a lower energy barrier for
atomic diffusion during undercooling, which facilitates crystallization and then reduces the GFA.
Our results clearly demonstrate that the GFA of BMGs is governed by the kinetics of the under-
cooled liquid, whilst their thermal stability is controlled by atomic diffusion in the glass-transition
regime.

IMPACT STATEMENT
The undercooled liquid behavior of HE-BMGs plays a key role in determining glass formation, but the
thermal stability is controlled by the atomic rearrangement in glassy solid state.
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1. Introduction

High-entropy alloys (HEAs) are defined as the alloys
containing four or more elements in equimolar or near-
equimolar ratios [1]. Recently, high-entropy bulk metal-
lic glasses (HE-BMGs) have been developed, which
exhibit a unique combination of promising properties,
such as high strength and excellent corrosion resis-
tance, due to their equimolar or near-equimolar ratios
of constituents combined with amorphous structures.
In comparison with conventional BMGs, HE-BMGs in
the same alloy system usually exhibit higher stability
against crystallization upon heating [2]. For example,
the Be20Cu20Ni20Ti20Zr20 HE-BMG shows higher acti-
vation energy for crystallization (i.e. 281 kJ/mol) and
much more sluggish growth of the crystallized phases
when compared with its conventional BMG counter-
part Vitreloy1 (i.e. 165 kJ/mol) [2]. It is known that glass
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formation is a competitive process between an amor-
phous phase and the competing crystalline phases [3].
Therefore, the glass with large thermal stability against
crystallization is generally believed to have good glass-
forming ability (GFA) [4]. In light of this wisdom, HE-
BMG alloys are expected to possess better GFA than
their conventional BMGs consisting of the same con-
stituents. However, this is not the case as reported in
our previous work; the Be20Cu20Ni20Ti20Zr20 HE-BMG
was found to have the worse GFA [5,6] (the maximum
attainable diameter for glass formation, dmax, is less
than 3mm) with respect to its BMG counterpart Vit-
reloy1 (dmax > 20mm) [7]. This unusual relationship
between thermal stability and GFA is indeed a common
phenomenon observed in HE-BMGs. In other words,
the GFA decreases, while the thermal stability increases
substantially, when the conventional BMG alloys are
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extended to the HE-BMG alloys with equimolar con-
stituents.

Based on our previous work [2], in this letter, wemade
an in-depth analysis on the relation between thermal sta-
bility and GFA of HE-BMGs and tried to understand the
GFA of HE-BMGs from a new perspective. This corre-
lation can provide a good guideline for designing BMGs
with appropriate thermal stability and GFA for practical
applications, especially at elevated temperatures.

2. Experimental methods

Two typical HE-BMGs, i.e. ZrTiCuNiBe (H1) and ZrTi-
HfCuNiBe (H2) [6] were selected to compare with their
benchmark BMG Vit1 (i.e. Zr41.2Ti13.8Cu12.5Ni10Be22.5,
denoted as V1 hereafter). These BMG rods with a diam-
eter of 3mm and a length of about 30mm were pre-
pared by copper-mold suction casting. The onset temper-
ature of glass transition and crystallization was measured
by using the Netzsch DSC 404 F1 differential scanning
calorimeter (DSC) at various heating rates. The melting
and solidification behaviors of the BMGs were charac-
terized by DSC at a heating/cooling rate of 10K/min.
The tensile creep tests were conducted by a dynamic
mechanical analyzer (TA, DMA Q8000) under nitrogen
atmosphere and a constant stress of 5MPa to obtain
viscosity information. The samples used for the DMA
measurements are thin wires with a diameter of 0.1mm
and a length of 25mm. High-temperature melt viscosity
measurements were accomplishedwith an oscillating vis-
cometer. The samples were placed in a vessel hung by a
torsional suspension, and the vessel was set in oscillation
around a vertical axis, the resulting motion was gradu-
ally damped on account of frictional energy absorption
and dissipation within the melt [8]. The samples sealed
in a vacuum of 10−1 Pa were overheated to 250K above
their liquidus temperatures and held at the temperature
for 30min. Then the samples were cooled to the stud-
ied temperature and held for 20 min before the viscos-
ity measurement. At each temperature, the viscosity was
measured three times.

3. Results and discussion

3.1. Viscosity in supercooled liquid region

It is known that the viscosity and fragility in supercooled
liquid regions of BMGs are two important parameters
to associate with GFA. Therefore, these two parameters
were measured to understand kinetic behavior of the
supercooled liquid of HE-BMGs and then to understand
the unusual relation between GFA and thermal stability
of HE-BMGs. Figure 1 exhibits the viscosity as a function

Figure 1. Viscosity measured by the tensile creep technique
performed at a heating rate of 5 K/min and under a constant
stress of 5MPa. The temperature was normalized to the Tg value
measured at the same heating rate.

of temperature forH1 andH2, in comparisonwith that of
the traditional BMG V1. By loading the sample in a con-
stant tension stress andmeasuring the strain change with
time, the viscosity can be calculated from [9]:

η = σ/3ε̇, (1)

where σ and ε̇ are the tensile stress and the strain rate
[10], respectively. As the temperature increases above Tg ,
the viscosity decreases by several orders of magnitude,
reflecting the softening of the BMGs in their supercooled
liquid regions. The large viscosity of supercooled liq-
uid corresponds to the high thermal stability since it
implies sluggish kinetics in this temperature region [11].
As shown in Figure 1, the HE-BMGs show the larger vis-
cosity in its supercooled liquid region, indicating that the
HE-BMGs possess more sluggish kinetics upon heating,
which is consistent with our previous study [2].

3.2. Fragility parameter in the supercooled liquid
region

It is well known that the temperature span of glass tran-
sition is a function of heating rate, and the heating rate
dependence of the kinetic glass transition is a measure
for the fragility of a glass [12,13]. A glass with a small
heating rate dependence of glass transition is termed as
a “fragile” glass, while a large heating rate dependence is
characteristic of a “strong” glass [12]. Figure 2 shows the
relation between the inverse heating rate and the onset
temperature of glass transition (Tg). The data are fitted
with the Vogel-Fulcher-Tammann (VFT)-type equation
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Figure 2. Relation between inverse heating rate and T∗
g /Tg. T∗

g is
the Tg valuemeasured at the rate of 0.1667 K/s. The data for other
MGs from Ref. [11] were selected for comparison.

[14], as follows:

τ = τ0 × exp
(
D∗ × T0

Tg − T0

)
, (2)

where τ is the inverse heating rate, D* is the fragility
parameter, andT0 is the VFT temperature where the flow
barrier would go to infinity. Figure 2 shows the results
for H1 and H2 HE-BMGs, in comparison with those of
other typical metallic glasses (MGs) [11]. The best fit of
the experimental data yields D* = 31.1 and T0 = 313K
for H1 and D* = 28.7 and T0 = 346K for H2. In com-
parison with V1 (D* = 20.4) and other BMGs [11], the
current HE-BMGs show a similar behavior to the strong
glasses in terms of their larger fragility parameter D*.

As shown in Figure 1, the viscosity of the HE-BMG
supercooled liquids is much higher than that of V1. For
example, the viscosity at Tg/T = 0.92 is 2.8*1010 Pa s for
H1 and 1.4*1010 Pa s for H2, one order of magnitude
higher than that of V1 (∼4.6*109 Pa s). Moreover, the

crystallization activation energiesEx of theHE-BMGs are
higher than that of V1 [2]. These data indicate that the
HE-BMGs have higher thermal stability against crystal-
lization upon reheating, which is consistent with thermal
stability parameters including the larger fragility D*,
higher Tg and crystallization temperature Tx, as listed
in Table 1. Nevertheless, the width of supercooled liq-
uid region�Tx = (Tx − Tg) shows a contradictory trend
with the higher thermal stability for HE-BMGs, i.e. �Tx
of H1 andH2 is smaller than that of V1. The smaller�Tx
for the HE-BMGs is mainly attributed to the remarkable
increase in Tg (∼50K), as compared with the V1 BMG.
In general, MGs possessed high thermal stability upon
reheating usually exhibit superior GFA. However, this is
not the case for the HE-BMG, as evidenced by their small
dmax values (Table 1).

Glass formation always occurs during undercooling of
glass-forming liquids, i.e. within the temperature range
betweenTg and the liquid temperatureTl. Figure 3 shows
the melting and solidification curves of the HE-BMGs
and V1. As can be seen, both of the HE-BMGs show
multiple endothermic melting peaks upon heating while
V1 exhibits only a single peak, indicating that these two
HE-BMG alloys are far away from their eutectic compo-
sitions. In addition, the onset melting temperature Tm
of V1 is around 941K, much lower than that of H1
and H2 (i.e. 1079 and 1015K, respectively), as demon-
strated in Table 1. From these melting curves, it is clear

Figure 3. Melting and solidification curves of HE-BMGs and V1
alloys at the rate of 10 K/min.

Table 1. The fragility parameter, D*; the width of supercooled liquid region, �Tx ; glass-transition temperature, Tg; crystallization
temperature, Tx ; reduced glass-transition parameter, Trg; critical diameter, dmax; melting temperature, Tm; liquid temperature, Tl , the
solidus temperature, Ts; and the degree of undercooling,�TL(= Tl − Ts).

Alloys D* �Tx Tg Tx T rg Tm (K) Tl (K) Ts (K) �TL dmax (mm)

V1 20.4 73 628 [2] 701 [2] 0.627 941 986 919 67 > 20 [7]
H1 31.1 41 691 [2] 732 [2] 0.578 1079 1193 1166 27 3 [5]
H2 28.7 62 681 [2] 743 [2] 0.583 1015 1112 1076 36 15 [6]
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that the composition of alloy V1 is close to a much
“deeper” eutectic in the Zr–Ti–Cu–Ni–Be system, whilst
theHE-BMGs are associatedwith high-temperature non-
eutectic. It is well accepted that the “deep” eutectic alloys
often have better GFA based on the framework of phase
competition [15]. In addition, the solidus temperatureTs,
i.e. the starting temperature for forming primary crys-
talline phase during cooling, of V1 is 919K, much lower
than that ofH1 andH2 (see Table 1). It is clear that V1 has
a larger degree of undercooling �TL value than H1 and
H2, its liquid is more thermally stable during cooling and
is therefore has higher GFA.

Moreover, the Trg parameter is often used to evalu-
ate the GFA of MGs and reflects the stability of under-
cooled liquids [16,17]. The larger Trg(= Tg/Tl) value
corresponds to the higher stability of liquids, which is
beneficial to the glass formation, i.e. the better GFA [18].
In our case, the V1 BMG has the highest Trg value of
0.627, indicating that it possesses the highest stability
to inhibit crystallization during cooling. The relatively
lower Trg for H1 and H2 implies that the HE-BMGs
are featured with lower thermal stability upon cooling,
leading to a poorer GFA. These results demonstrate that
the HE-BMGs indeed possess high thermal stability dur-
ing reheating, but apparently are not favorable for glass
formation in terms of their liquid stability and phase
competition scenario.

3.3. Viscosity in the superheated liquid region

According to our above results, the unusual phenomenon
between high thermal stability and poor GFA for the
HE-BMGs is probably originated from different mech-
anisms controlling glass formation during cooling and
thermal stability upon heating. To verify this speculation,
the viscosity of superheated liquids as a function of tem-
perature was measured by an oscillating viscometer from
the temperature of 250K above Tl to Tl (i.e. the super-
heated state) and the results are shown in Figure 4(a). As
shown, the viscosity of H1 and H2 is 9.4 (±0.5)mPa s
and 12.3 (±0.5)mPa s at their liquidus temperatures of
1196 and 1112K, respectively, much lower than that of
V1 (14.7 (±0.3)mPa s). The Arrhenius equation is often
adopted to describe the metallic viscosity at superheated
temperatures [19],

η = η0 exp
(

E
RT

)
, (3)

where η0 is the pre-exponential viscosity, T is the
temperature, R is the gas constant (8.314 J/(mol*K)),
and E is the activation energy which is the required
energy to move flow unit from one balanced posi-
tion to another one in the melt [20]. The measured

Figure 4. (a) The viscosity of superheated liquid as a function of
Tl/T. (b) Viscosity of V1, H1 and H2 BMGs as a function of the Tg/T.
The solid and dash lines show a sketch of the undercooled liquid
region for the three types of BMGs.

data for these alloy melts well obey the Arrhenius
equation. The solid curves represent the fitting of the
experimental data according to Equation (3). The val-
ues of the fitting parameters η0 and E for the alloys
are also listed in Table 2. The HE-BMGs exhibit a
lower viscosity ηL (9.4× 10−3 Pa s) at Tl and lower acti-
vation energy E (13.9± 0.4 kJ/mol) for viscous flow,
as compared with V1 with ηL = 14.7× 10−3 Pa s and
E = 17.3± 0.1 kJ/mol. According to the Stokes–Einstein
equation [21,22], Deff = kT/3πηa, where Deff is the dif-
fusion coefficient, a is atomic distance, k is the Boltz-
mann constant, and η is the viscosity of the liquid. The
reduction of liquid viscosity would promote atomic dif-
fusion and rearrangement, thus enhancing the possibility
of nucleation and growth of crystalline phases and reduc-
ing the GFA. Although HE-BMGs have higher thermal
stability and sluggish atomic diffusion in supercooled liq-
uid region, it seems that the high-entropy effects cannot
stabilize the high temperature melt but decrease GFA.

In fact, glass formation is closely related to the tem-
perature range between Tg and Tl during the cooling of



MATER. RES. LETT. 499

Table 2. Viscosity at the liquid temperature, ηL; pre-exponential viscosity, η0; activation energy for viscosity flow, E; and the optimized
viscosity parameters,W1,W2, C1, and C2 obtained by fitting Equation (4).

Composition ηL (10−3 Pa s) η0 (10−3 Pa s) E (kJ/mol) log η∞ (Pa s) W1 C1 W2 C2

V1 14.7± 0.3 1.77 17.3± 0.1 −2.13 2552 16559 0.00038 613
H1 9.4± 0.5 2.22 13.9± 0.4 −2.15 5542 18076 0.00044 951
H2 12.3± 0.5 1.95 15.7± 0.2 −1.95 3887 15401 0.00036 724

liquids (i.e. the undercooled state), but it is difficult to
directly characterize any properties of these undercooled
liquids due to the occurrence of crystallization. Never-
theless, the viscosity of the undercooled liquids can be
estimated by a model based on the extension of MYEGA
expression [24,25]:

log η= log η∞+ 1

T
[
W1 exp

(
−C1

T

)
+ W2 exp

(
−C2

T

)] ,
(4)

where C1 and C2 are two constraint onset conditions
of two different structural mechanisms caused by the
floppy-to-rigid transitions, W1 and W2 are normalized
weighting factors, and η∞ is a pre-exponential factor,
which is the viscosity at infinite high temperature. When
C1 =C2, the standard three-parameter MYEGA expres-
sion is recovered [24]. The fitting parameters are listed
in Table 2. Figure 4(b) shows the estimated viscosity data
of the HE-BMGs and V1. It can be seen that Equation
(4) is capable for describing the viscosity behavior for
both supercooled and superheated liquids. As is evident
in Figure 4(b), when the liquid is cooled, a fragile to
strong transition occurs, and the viscosity increases with
decreasing temperature. For example, the viscosity of V1
increases much quicker and becomes much higher than
that of HE-BMGs, which is consistent with the previ-
ous report that an order-disorder transition exists from
the supercooled liquid region to the liquid state above
Tl in V1 [23]. The higher viscosity at the undercooled
state could stabilize the melt and favors glass formation.
Therefore, the lower viscosity of the undercooled HE-
BMGs suggests that the HE-BMGs are kinetically less
stable and have faster atomic diffusion during cooling,
leading to easier crystallization and smaller GFA.

Based on the above results, the high-mixing entropy
can retard atomic diffusion upon reheating of glassy
solids, leading to a sluggish crystallization kinetics
and thus high thermal stability. However, high-mixing
entropy cannot effectively stabilize the undercooled liq-
uids. According to the Adam–Gibbs model [26], η =
η0 exp(A/TS) (whereA is a constant and η0 is a reference
dynamic viscosity coefficient at one atmosphere pres-
sure), a larger mixing entropy would result in a smaller
liquid viscosity, which is consistent with the measured
viscosity of superheated melts, i.e. the HE-BMGs have

the lower viscosity above Tl with respect to the conven-
tional V1 BMG. Clearly, high-mixing entropy has great
impact on both thermal stability and GFA of MGs. The
implication of this finding is that one can balance the
GFA and thermal stability through regulating the entropy
effect during alloy design.

Therefore, the decisive mechanisms of GFA and ther-
mal stability in BMGs are different. The high-mixing
entropy can retard atomic diffusion upon reheating of
glassy solids, leading to a sluggish crystallization kinetics
and thus high thermal stability. However, GFA is dic-
tated by the stability of undercooled liquids, which is
strongly dependent on alloy composition. It seems that
the high-mixing entropy cannot effectively stabilize the
undercooled liquids of HE-BMGs. The low viscosity of
the high-entropy undercooled liquids facilitates crystal-
lization and hinders the glass formation.

4. Conclusions

In summary, the unusual relation between thermal sta-
bility and GFA in the HE-BMGs was revealed by mea-
suring the fragility and viscosity data upon heating. The
fragility and viscosity of the supercooled liquid suggest
that theHE-BMGs are strong liquid, and the high-mixing
entropy can effectively enhance thermal stability of glassy
solids. Nevertheless, the melting solidification behavior
and the viscosity data of the undercooled HE-BMG liq-
uids uncover that the fast atomic diffusion and low acti-
vation energy for viscous flow facilitate crystallization
and reduce the GFA. Our findings confirm that GFA is
mainly governed by the liquid properties at the under-
cooled state, but the thermal stability is controlled by the
atomic rearrangement in glassy solid state. Therefore, the
undercooled liquid behavior during cooling plays the key
role in determining glass formation, and careful atten-
tion should be paid when using the fragility and viscosity
derived from the heating process to assess GFA of BMGs.
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