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We reported here the studies of a series of Zr20Ti20Hf20M20Be20 (M = Cu, Ni and Co) quinary high entropy
bulk metallic glasses. Glasses with critical diameters (Dc) of 3 mm, 8 mm and 5 mm, respectively has been
successfully fabricated by copper mold casting. Strikingly, a plastic strain of 11.6% is achieved in the
Zr20Ti20Hf20Cu20Be20 metallic glass. The dynamic fragility the Zr20Ti20Hf20Cu20Be20 alloy is determined
from calorimetric measurements. The excellent plasticity is explained to be attributed to relatively higher
fragility.

� 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

High entropy alloys (HEAs) are metallic solid solutions com-
posed by five or more elements of equal (or nearly equal) atomic
mole fraction, and usually possess simple face-centered cubic or
body-centered cubic lattice structures. Such alloys have triggered
a lot of expectations as potential new family of structural compo-
nent materials due to unique physical and mechanical properties
which result from their multi-component nature [1–4]. A series
of excellent properties such as high hardness and strength
[1,5–7], good resistance to softening at high temperature
[5,8–10], outstanding wear and fatigue properties [11], good corro-
sion resistance [12] and biocompatibility [13] have been exhibited.
It appears that the concept of ‘‘high entropy” introduces a new way
to develop advanced metallic materials with unique physical and
mechanical properties.

Recently, the experimental studies show that the high entropy
alloys could be used to develop novel bulk metallic glasses (BMGs)
with certain glass forming ability (GFA) [14–20]. However, most of
the reported ‘‘high entropy bulk metallic glasses (HE-BMGs)” have
a critical size Dc of less than 5 mm and a compressive plasticity
strain of less than 3% [15,19,21]. It appears that the optimal
combination of high entropy alloys and glass formation still remain
unclear, notwithstanding, the application potential. In the present
study, we studied a new series of Zr20Ti20Hf20M20Be20 (M = Cu, Ni
and Co) quinary high entropy alloys, aiming at developing the
understanding of the glass formation in the high entropy alloys,
and found that the addition of Cu, Ni and C0 can enhance effec-
tively glass forming ability, in particular, excellent mechanical
properties is observed in the Zr20Ti20Hf20Cu20Be20alloys.

Experimental procedure

Ingots of a series of alloys with nominal composition of
Zr20Ti20Hf20M20Be20 (M = Cu, Ni and Co) were prepared by arc-
melting the mixtures consisting of pure elements with purities
above 99.9% in a Ti gettered high-purity argon atmosphere. To
achieve chemical homogeneity, all ingots were re-melted at least
four times, and then suction-cast into copper molds to form rod-
shaped samples with different diameters. Glassy structure and
crystallization phases were examined by X-ray diffraction (XRD)
using Cu Ka radiation. Glass transition, crystallization and melting
behavior of as-cast samples were characterized by differential
scanning calorimetry (DSC, Netzsch STA 449C) under flowing puri-
fied argon with a heating rate of 20 K/min. The values of glass tran-
sition temperatures Tg, onset temperatures of the crystallization Tx
and liquidus temperature Tl were derived from the DSC curve. The
compression tests were conducted by using Instron 5582 testing
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Fig. 2. DSC traces for the Zr20Ti20Hf20M20Be20 (M = Cu, Ni and Co) metallic glasses,
with diameters of 3 mm, obtained at a heating rate of 20 K/min.
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machine at a strain rate of 1 � 10�4 s�1. At least three samples
were tested for each composition to get a statistical result. The
compression specimens with diameter of 3 mm and a length of
6 mm were cut from the as-cast rods, and the ends were polished
carefully to ensure parallelism. The deformed specimens were
observed with scanning electron microscope (SEM). The heating
heat capacity curves are recorded around the glass transitions
using a Perkin-Elmer (PE) Diamond Differential Scanning
Calorimeter (DSC) calibrated by indium and cyclohexane. In order
to avoid the crystallization in the Zr20Ti20Hf20Cu20Be20 metallic
glasses during heating, a relatively narrow temperature scanning
range is set with the upper limit 10 K lower than the Tx.

Results and discussion

Fig. 1 shows the XRD spectra of the as-cast Zr20Ti20Hf20M20Be20
(M = Cu, Ni and Co) rods with different diameters. It can be seen
that the /5 mm rod of Zr20Ti20Hf20Cu20Be20 HEA and the /8 mm
rod of Zr20Ti20Hf20Ni20Be20 HEA are of full amorphous structure.
The critical size (5 mm) of the Zr20Ti20Hf20Cu20Be20 HEA is less
than 12 mmwhich was reported by Zhao et al. in their recent stud-
ies [20]. Sharp diffraction peaks corresponding to crystalline
phases were observed on the XRD spectrum of the /5 mm rod of
Zr20Ti20Hf20Co20Be20 HEA, while no sharp diffraction peak (shown
in the inset) but a typical broad halo pattern could be observed
on the /3 mm rod.

Thermal analysis of the Zr20Ti20Hf20M20Be20 (M = Cu, Ni and Co)
HE-BMGs was carried out and the obtained DSC curves were
shown in Fig. 2. The relevant thermal parameters such as the glass
transition temperature, Tg, the crystallization onset temperature, Tx
and the liquidus temperature, Tl can be determined. Several
exothermic peaks after the glass transition indicate the crystalliza-
tion in the supercooled liquid regions. The thermal parameters
measured from the DSC curves are summarized in Table 1 together
with the critical diameter, Dc, supercooled liquid region, DTx, the
GFA parameter, c, the reduced glass transition temperature, Trg
and plastic strain,ep. It was found that the GFA did not correlate
with the DTx and Trg, but was roughly relevant to the c parameter,
which was consistent with the investigations by Lu et al. [22].

The compressive stress-strain curves for the three HE-BMGs at
room temperature are shown in Fig. 3. Similar elastic deformation
can be seen for the three HE-BMGs when the strain is small, how-
ever, the remarkable difference is shown for the plastic deforma-
tion prior to failure. It can be seen clearly that while the
Zr20Ti20Hf20Cu20Be20 HE-BMG shows a large plastic strain as high
Fig. 1. XRD patterns for the Zr20Ti20Hf20M20Be20 (M = Cu, Ni and Co) alloys, taken
from rods with diameters of 3 mm, 5 mm and 8 mm.
as 11.6% with the fracture strength of 1885 MPa. The fracture
strength and plastic strain of the Zr20Ti20Hf20Ni20Be20 HE-BMG
are 2140 MPa and 2.3%, respectively. However, the Zr20Ti20Hf20-
Co20Be20 HE-BMG shows a typical brittle fracture behavior with a
relative lower fracture strength and nearly no plastic strain.
Fig. 4(a)–(c) shows the SEM images of the side views of Cu20,
Ni20 and Co20 HE-BMGs with a diameter of 3 mm after compres-
sion tests. As shown in Fig. 4(a), for the Cu20 HE-BMG a number of
shear bands roughly parallel to the major shear band are observed
near the fracture surface. For the Ni20 HE-BMG, only a few shear
bands (Fig. 4(b)) appear on the side surface. And for the Co20
HE-BMG with practically no plastic strain, there is no shear bands
can be seen on the outer surface (Fig. 4(c)). The fracture surface of
the Cu20 and Ni20 HE-BMGs are shown in Fig. 4(d) and (e), a vein-
like pattern with a rather uniform arrangement can be observed,
indicating a typical shear fracture mechanism. As for Co20 HE-
BMG, different fracture surface profiles (Fig. 4(f)), i.e. a dimple-
like structure, a periodic corrugation pattern and a pure mirror
zone can be observed, implying the brittle nature of Co20 HE-
BMG [23].

To explain the excellent plasticity of the Zr20Ti20Hf20Cu20Be20
HE-BMG, the kinetic factors and the fragility m are studied by
DSC measurements. Fig. 5(a) shows the heating heat capacity
curves of the Zr20Hf20Ti20Cu20Be20 quenched at different cooling
rates with a fixed heating rate of 20 K/min. In the method
described in Ref. [24], a standard scan and a standard fictive tem-
perature Tf are defined using the Moynihan method [25] and then
the fictive temperatures for runs of different cooling rates qc are
assessed by an enthalpy differencing procedure. The differences
DH(q) (which is the enthalpy release from the nonstandard sample
if the cooling rate -q exceeded that of the standard scan) are
obtained from the differences between the heating heat capacity
of glasses quenched at other cooling rates and of the reference
glass [24], the heating heat differences are shown Fig. 5(b). Note
that the DCp of Ni20 and Co20 HE-BMGs are difficult to determine
from the heat flow because Ni20 and Co20 HE-BMGs crystallize
immediately above the Tg, leaving no overshoot and no stable
supercooled liquid region on the up scan. Fig. 5(c) shows the acti-
vation energy plot built by the reciprocal fictive temperature Tf and



Table 1
Thermal properties, mechanical properties and the critical diameters of the Zr20Ti20Hf20M20Be20 (M = Cu, Ni and Co) HE-BMGs.

Compositions Dc (mm) Tg (K) Tx (K) Tl (K) DTx Trg c ep (%)

Zr20Ti20Hf20Cu20Be20 5 632 715 1194 83 0.53 0.39 11.6
Zr20Ti20Hf20Ni20Be20 8 657 709 1108 52 0.59 0.44 2.3
Zr20Ti20Hf20Co20Be20 3 683 722 1187 39 0.57 0.37 0

Fig. 3. Compressive stress-strain curves for the as-cast Zr20Ti20Hf20M20Be20
(M = Cu, Ni and Co) glassy rods (3 mm in diameter and 6 mm in length) obtained
at a strain rate of 1 � 10�4 s�1 at room temperature.

Fig. 4. SEM observations revealing the compressive fracture feature of
Zr20Ti20Hf20M20Be20 (M = Cu, Ni and Co) HE-BMGs, respectively. (a)–(c)shear bands
on the outer surface; (d)–(f) compressive fracture surface.

Fig. 5. (a) Heating heat capacity Cp curves of Zr20Ti20Hf20Cu20Be20 quenched at
different cooling rates. (b) Cp difference between the glass quenched from a cooling
of 20 K/min and the glasses quenched at other rates. (c) The fictive temperature
dependence of cooling rate.
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the cooling rates qc for Zr20Hf20Ti20Cu20Be20 HE-BMG, and the fra-
gilitym = 37 is obtained from the slopes [24], showing a strong liq-
uid. For comparison, the data of Pd39Ni10Cu30P21 [25] is also shown.
By using the fragility parameter (m), the supercooled liquid can
be classified as strong or fragile. Metallic glasses typically have m
values in the range of 32–66 and were classified in the intermedi-
ate category according to Angell’s classification scheme [26].The m
value of Cu20 HE- BMG is following this classification. Some papers
have reported the relationship between fragility and plasticity of



Fig. 6. Excess heat flow measured by DSC upon heating at 20 K/min after a
proceeding cooling at 20 K/min (qh = qc) for Zr20Ti20Hf20M20Be20 (M = Cu, Ni and Co)
HE-BMGs.
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BMGs [27]. It was found that the ductile BMGs could be viewed as a
mixture of ‘‘solid like” and ‘‘liquid like” structural entities. Gener-
ally, BMGs with higher m value have a larger Possion’s ratio and
allows shear collapse before the extensional instability of crack for-
mation occurs [28,29]. Namely, fragile metallic glasses with higher
m value need less debonding energy inside a shear band due to
their relatively weak atomic bonding, which furthermore favors
the formation of a large amount of shear transition zones [30]. This
would cause the formation of multiple shear bands, which results
in large plasticity.

In our experiment, the m indexs of the Zr20Ti20Hf20M20Be20
(M = Cu, Ni and Co) HE-BMGs are determined calorimetrically via
the Tf method rather than Tg-onset method. As mentioned above,
the m indexs for the Ni20 and Co20 HE-BMGs are hard to deter-
mine due to that there are no overshoot and no stable supercooled
liquid region on the up scan. Recently, Shuai et al. found that the
liquid fragility was well correlated with the scaled maximum slope
of the DSC heat flow during the glass transition [31]. In Fig. 6., the
excess heat flow was plotted against the absolute temperatures
ranging from 550 K to 750 K and also the calculated maximum
slopes for Cu20, Ni20 and Co20 HE BMGs were 0.0077, 0.0055
and 0.004, respectively. It can be derived that the m values of the
three HE-BMGs are in turn as follows:mCu20 >mNi20 > mCo20. There-
fore, the excellent plasticity of Cu20 HE-BMG in our study can be
attributed to its relatively higher fragility.
Conclusions

A series of Zr20Ti20Hf20M20Be20 (M = Cu, Ni and Co) quinary HE-
BMGs were successfully prepared by copper mold casting. The
Zr20Ti20Hf20Ni20Be20 alloy exhibits the largest critical diameter of
8 mm. The Zr20Ti20Hf20Cu20Be20 HE-BMG has the largest plastic
elongation of 11.3% and the excellent plasticity is attributed to
its relatively higher fragility index.
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