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NewTi-basedmetallic glasseswere designed and fabricated in the ternary component alloy systemTi–Zr–Co. The
constituent elements of the alloy system were selected based on three empirical rules proposed by Inoue,
Turnbull, Senkov and Miracle, and by a new parameter called the effective atomic radius, which is based on
the first-principles calculations for 2.78 at.% hcp Ti alloys. The reported scheme based on the concept of binary
eutectic clusters was applied to predict the alloy composition that shows a glass transition, Ti44Zr30Co26. We pre-
pared Ti44Zr30+ xCo26− x, Ti46Zr28+ xCo26− x, and Ti48Zr26+ xCo26− x (x=0, 4, 6, 8) alloy sheets using a single roller
method. The new Ti-based ternary metallic glasses exhibited vitrification for many compositions around the
predicted composition of Ti44Zr30Co26. The greatest value of the super-cooled region ⊿Tx was 34 K for Ti48Zr32Co20.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Ti-based metallic glasses exhibit low density, high specific strength,
good corrosion resistance, low Young's modulus, and biocompatibility
[1,2]. The unique properties of these alloys make them extremely attrac-
tive for biomedical applications [3].Most Ti-basedmetallic glasses report-
ed to date are variations of three basic systems (Ti–Cu–Ni, Ti–Cu–Zr,
and Ti–Zr–Be) [4–6]. Adding active elements to these systems to
increase their ability to form a glass has already been studied by many
researchers (for example, Ti–Cu–Ni–(Zr) [7,8], Ti–Zr–Be–(Fe, Cr) [9,10],
and Ti–Zr–Cu–Pd–(Sn) [11,12] alloys). However, many of these alloys
contain toxic elements such as Ni and Be or noble metals such as Pd,
which prevent their practical use. Therefore, it is of scientific and techno-
logical interest to design and fabricate a new Ti-based ternary metallic
glass free from harmful elements and noble metals.

Since the discovery of the Au–Si system, many empirical rules have
been proposed for designing metallic glasses, and some of these are
shown below. First is the component rule of glass type alloys proposed
by Inoue [13,14], where the metallic glass should fulfill the following
conditions: 1) multicomponent system consisting of more than three
elements, 2) significant atomic size mismatches (above 12% among
the main three elements), and 3) negative heats of mixing among the
main elements. The second rule was proposed by Turnbull [15], who
pointed out that amorphous alloy compositions tend to be close to a
very low eutectic melting point in the equilibrium phase diagram. The

third rule is a topological approach proposed by Senkov and Miracle
[16], based on the analysis of atomic size distribution obtained by plot-
ting atomic concentrations versus atomic radii of the constitutive ele-
ments. There are also criteria based on thermodynamic and electronic
models besides these rules [17,18]. However, it is difficult to use ther-
modynamic and electronic models to design metallic glasses because
interatomic reaction data is insufficient. Methods of design based on
short range clusters and e/a ratio have also been reported [19–21]. How-
ever, since there has been no report applicable to Ti-based alloys, it is
difficult to use these methods for the design of new Ti-based ternary
metallic glasses.

The existing ternary metallic glasses are classified into three types
using the third rule among the criteria mentioned above. The first
type is the large element-based (L-based) type. The base alloying
element in this type has the largest atomic size and the smallest atom
has the next highest concentration, and Ln-, Zr-, Pd-, and Pt-based ter-
nary metallic glasses are included in this type. Atomic size distributions
of L-based type glasses, which are known for having high glass forming
ability (GFA), have a concave upward shape with a minimum at the
middle atomic size [16]. Therefore, the model of short and medium
range atomic packing is proposed for this type [22]. The second type is
the middle element-based (M-based) type. The base alloying element
in this type has the middle atomic size and Mg-, Ti-, Fe- and Co-based
ternary metallic glasses are included in this type. Atomic size distribu-
tions of representative compositions of M-based type are shown
in Fig. 1. As can be observed, alloy systems in the M-based type show
significant atomic size mismatches (atomic radius ratios differ more
than 24%between the largest and smallest element), and certainly fulfill
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the semi-empirical rule proposed by Inoue. So in this type, atomic size is
considered to be an important factor of GFA. The third type is the two-
element-based (T-based) type. There are two base alloying elements
in this type (for example, Ti50Cu42Ni8 [24], Cu50Ti40Zr10 [25], Zr47Cu47Al6
[26], Pd40Ni40P20 [27,28], and Ni60Nb37Sn3 [29] alloys). Atomic size
distribution of T-based type does not have a regular shape. Moreover,
the atomic radius ratios between the largest and smallest element of
this type are below 24%. Therefore, it is thought that another factor
other than atomic radius contributes to GFA in this type.

In the Ti-based ternary metallic glasses, the Ti–Zr–Be system
included in the M-based type shows the highest GFA. But Be is so
toxic that it is necessary to search for an alternative element to Be
using the atomic radius, which is considered to be an important factor
in GFA in M-based type glasses. However, atomic radius varies depend-
ing on the crystal structure and combination of elements. Therefore, in
this study, a new parameter called the effective atomic radius of the
elements in the Ti solid solution (calculated by first-principles calcula-
tions) is used along with the three empirical rules mentioned above,
which are the component rules of glass-type alloys proposed by Inoue,
the rule of favorable conditions for amorphous formation in metallic
systems suggested by Turnbull, and the topological approach proposed
by Senkov and Miracle to design a new Ti-based ternary metallic glass
free from toxic elements and noble metals.

2. Theory

2.1. First-principles calculations of effective atomic radius

First-principles calculations were performed using the Cambridge
Serial Total Energy Package (CASTEP) [30]. CASTEP is an ab initio
pseudopotential method code for solving the electronic ground state
of periodic systems in which wave functions are expanded in a plane-
wave basis that is set using a technique based on density functional
theory (DFT). The electronic exchange-correlation energy used in the
DFT was given by the generalized gradient approximation proposed
by Perdew et al. (PW91) [31]. Ultrasoft pseudopotentials [32] were
used. A cut-off energy of 350 eV was used for the plane-wave basis in
all the calculations.

The (hcp)-Ti35X1 solid solution was modeled using supercells con-
taining 36 atoms that are periodic in all three directions, as in our previ-
ous studies [33]. The (hcp)-Ti35X1 supercells were hexagonal cells with
3 × 3 × 2 primitive unit cells. The supercells contained only one substi-
tutional solute atom per supercell, which corresponded to a 2.78 at.%
solid solution. The energy integration over the Brillouin zone was

undertaken using k-points in accordance with the Monkhorst–Pack
grid [34]with sets of 6 × 6 × 5 k-points. As introducing the substitution-
al solute atom leads to local lattice distortion and change in the cell
volume, full structural relaxation of the atomic configurations and
lattice constants was taken into account for the calculations.

Empirically, the atomic radius of metallic materials is the metallic
radius, which is defined as half the distance between neighboring
atoms. It is desirable to use the so-called Goldschmidt radius that con-
verts the radii to values with a coordination number of 12 [35] for the
atomic radius of metallic materials. The effective atomic radius can be
determined by quantitative comparison of the size of the solute atom
from the hard sphere approximation as in our previous studies [36].
The effective atomic radius of solute atoms in a solid solution, rX, is
given by

rX ¼ d−d0=2; ð1Þ

where d is the interatomic distance between a solute X atom and a sol-
vent Ti atom in the Ti–X solid solution, and d0 is the interatomic distance
for the first nearest-neighbor atoms in pure Ti. The interatomic dis-
tances between the solute and solvent atoms were readily obtained
using first-principles calculations by relaxing both the lattice constants
of the supercell and atomic configurations.

2.2. Selection of elements

First, the elementwhich replaces Be of the Ti–Zr–Be system included
in the M-based type was selected using the atomic radius, which is
considered to be an important factor in GFA in this type. It is needed
for an alternative element to Be to have a small atomic sizes with an
atomic radii ratio differing 24% or more from Zr. Atomic radii are
shown in Fig. 2 [35,37].

As can be observed in Fig. 2, Si, P, and S fulfill the conditions, but
these elements do not have a lowmelting eutectic point in their equilib-
rium phase diagram with Ti. The eutectic temperatures with Ti are
1330 °C, 1495 °C, and 1212 °C for Ti–Si, Ti–P, and Ti–S systems, respec-
tively [38]. Generally, good glass forming compositions in a given sys-
tem are often at or near deep eutectic points, which has been clearly
demonstrated in many alloy systems [5,39–41]. From these studies, a
critical eutectic temperature in a phase diagram for forming a glass
phase is considered to be around 1000 °C. So the element that fulfills
these conditions does not exist when selected by the conventional
method based on atomic radii. Hence, the constituent elements were
selected for this study based on the values of effective atomic radii in
the Ti solid solution. The calculated effective atomic radii from first-
principles calculations are shown in Fig. 3. It can be seen that Zr has
the largest atomic size and fulfills the empirical rules and purpose of

Fig. 1. Atomic size distributions in ternary metallic glasses of M-based type [6,23–29].

Fig. 2. Atomic radius from Li to Te [40,42].
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