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Abstract. The composition dependence of formation of ternary bulk metallic glasses (BMGs) has
been analyzed with crystallographic data concerning 16873 ternary compounds with a composition triangle named L-M-S diagram for relative atomic size of constituent elements of L (Large), M
(interMediate), and S (Small). As well as ternary compounds containing Cu2Mg, Fe2P and C6Cr23
types, three types of ternary BMGs characterized by the relative atomic size of the main element of
L- (La-, Zr-, Pd- and Ca-based BMGs), M- (Fe- and Mg-based BMGs) and S-types (Cu-based
BMGs) are plotted in the L-M-S diagram. The L-M-S diagram with plots of all ternary compounds
reveals a general tendency that the ternary compounds are frequently formed in the S-rich corner
as compared to L- and M-rich corners. The L-M-S diagram shows that Fe2P and C6Cr23 type compounds directly affect the formation of M-type BMGs and also possibly influence the formation of
the L-type BMGs. The high glass-forming ability of La-, Zr- and Ca-based BMGs is due to features
of their composition regions in the L-M-S diagram wherein ternary compounds infrequently appear
and anti-Laves relationship to Cu2Mg type compounds holds in ternary systems.

1. INTRODUCTION
Recently, unprecedented interest has been paid to
metallic glasses in the field of materials science
and engineering since the first success in their fabrication in 1960 [1]. In part, this is due to the success in fabricating a number of multicomponent
metallic glasses into bulk shape, known as bulk
metallic glasses (BMGs) [2]. Several studies have
been conducted to explain the formability of glassy
phase with respect to stoichiometry of binary compounds. For instance, the earliest research made
by Hume-Rothery and Anderson [3] clarifies that
the approximate atomic ratios of 1:6, 1:3, 1:2, and
2.3 are favorable for eutectic compositions and that

quasi-stoichiometric compositions of A12B can be
stable as a liquid phase from considerations with
the Frank icosahedral unit. On the other hand, Chen
[4] pointed out some of the stable compounds of
A3B and A2B types affecting the stability of glassy
phase. Furthermore, Amand and Giessen [5] reported the important stoichiometry of A2B in Cabased binary metallic glasses, which were termed
as anti-Laves composition.
These reported results from stoichiometric,
geometrical and structural points of view give important insights into the stabilization mechanism
of the glassy phase. However, general remarks
have not been established yet for multicomponent
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Table 1. Ten structure types that frequently appear in the ternary phase diagrams and the numbers of
compounds (Nos. compounds) [16]. The coordination symbol (CS), coordination number (CN) and coordination notation of each structure type is from Pettifor map [15]. The total numbers of ternary compounds
are amounted to be 16873 [16], and the ten structure types account for approximately 20% of all the
ternary compounds.
No.

Structure type

Nos. compounds

CS

CN

Coordination notation

1
2
3
4
5
6
7
8
9
10

Al4Ba
Cu2Mg
ClNa
Co2Si
Fe2P
MgZn2
BiF3
Mn12Th
P4Th3
CaCu5

624
474
392
371
336
330
296
231
219
212

bc
ry3
d4
ms
kr
ry
w5
rv1
df
qr

4/5
12/16
6
10/13
9/12
12/16
14
12/14
6/8
12/12

43.0/42.114.0
125.0/125.046.0
64.0
5.0 4.0
8 2 /105.026.014.0
65.034.0/125.0
125.0/125.046.0
80.360.4
5.0
12 /125.026.0
64.0/45.044.0
122.2(h)/125.0

alloy systems containing more than two elements,
except for the results reported by Miracle [11]. The
aim of the present study is to clarify the general
trends of the composition dependence of formation of ternary BMGs from the crystallographic data
on ternary compounds in terms of their stoichiometry and local atomic arrangements of their structure in a scheme to pay attention to the atomic order similar to that in competing crystalline structures.

2. METHODS
The ternary BMGs and compounds are plotted in
a composition triangle termed as L-M-S composition diagram, wherein the elements at the corners
are determined by their relative atomic size of constituent elements in the order of L (Large), M
(interMediate), and S (Small). In case of constituent elements with the same atomic radius, the element with greater atomic number is to be the larger
atomic radius. The values of atomic radius of elements are quoted from our previous study [12], in
which the data are quoted from the original literatures [13,14].
The crystallographic data on binary systems
including their local atomic arrangements are
quoted from Pettifor map [15] as supplemental
data, and those on ternary systems are from ternary phase diagrams [16]. Table 1 shows ten structure types that frequently appear in the ternary
phase diagrams and the numbers of the ternary

compounds [16], together with the coordination
symbol (CS), coordination number (CN) and coordination notation from Pettifor map [15]. Among a
number of ternary compounds, we focused on the
ternary compounds with structure types of Cu2Mg,
Fe2P and C6Cr23 according to the following aspects.
Firstly, Cu2Mg and Fe2P types are the second and
the fifth major ternary compounds and the C6Cr23
[10] type is widely accepted as a structural unit for
the local atomic arrangements in Fe-based metallic glasses. Secondly, the Cu2Mg type contains local atomic arrangements of icosahedron denoted
by 125.0 (coordination notation) and r (CS) whereas
Fe2P contains both trigonal prism capped with three
half octahedron (65.034.0, k) and (125.0, r), which are
widely accepted to be the local atomic arrangements of metallic glasses. However, Co2Si, Mn12Th
and CaCu5 types, which also contain 125.0 in a part
of their structures, are neglected in the present
analysis because they are not the Laves phase.
On the other hand, MgZn2 is substituted for Cu2Mg
in the analysis owing to the facts that MgZn2 is identical with Cu2Mg in terms of CN and coordination
in Table 1 and that the plots of MgZn2 are covered
by those of Cu2Mg in the L-M-S diagram.
The ternary BMGs analyzed in the present study
are summarized in Table 2 with sequential numbers and their references. The BMGs are categorized into L-, M- and S-types according to the relative atomic radius of the main constituent in each
alloy [12]. Here, it is noted that the S-type is more
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Table 2. Ternary BMGs used for the analysis, which are categorized into L(Large)-, M(interMediate)- and
S(Small)- types according to the relative atomic size of the main constituent of each alloy, and are numbered sequentially from 1 to 22 with their reference numbers. The chemical formula of each BMG is
written as LaMbSc (a+b+c = 100). The S-type is also widely defined as Transition Metal-type, since they
forms BMGs with transition metals only.
L-type BMGs
1 ,Zr60Al15Ni25 [17]
2 ,La55Al25Ni20 [18]
3 ,La50Al25Ni25 [18]
4 ,Pd40Ni40P20 [19]
5 ,Ca70Mg20Cu10 [20]
6 ,Ca60Mg25Ni15 [21]
7 ,Ca65Mg15Zn20 [22]
8 ,Ca60Mg20Zn20 [23]
9 ,Ca57Mg19Cu24 [20]

M-type BMGs
10 ,Y6Fe72B22 [24]
11 ,Y10Mg70Cu20 [25]
12 ,Tb10Mg65Cu25 [26]
13 ,Gd10Mg65Cu25 [27]
14 ,Y10Mg65Cu25 [28]
15 ,La20Mg50Ni30 [29]

S-type (Transition Metal-type) BMGs
16 ,Zr30Ti10Cu60 [30]
17 ,Sn6.9Nb33.6Ni59.5 [31]
18 ,Zr40Ti10Cu50 [32]
19 ,Zr45Ag5Cu50 [32]
20 ,Zr45Ag10Cu45 [32]
21 ,Zr50Ag5Cu45 [32]
22 ,Zr47.5Ag10Cu42.5 [32]

Fig. 1. The L-M-S composition diagram with plots of L-type (Zr-, La-, Pd-, and Ca-based), M-type (Feand Mg-based), and S-type (transition metal base) ternary BMGs, together with ternary compounds containing Cu2Mg, Fe2P and C6Cr23 types. The sequential numbers from 1 to 22 with square are from Table 2.
The ellipsoids drawn with dotted line at cL, cM and cS of about 0.6 (Regions L, M, and S) are guide for eyes.
The plots of 12 ,Tb10Mg65Cu25 [26] and 13 ,Gd10Mg65Cu25 [27] are substituted for the plot of 14 ,Y10Mg65Cu25
[28] in the diagram.

widely defined as Transition Metal-type, since Stype BMGs consists of constituents belonging to
transition metals only.

3. RESULTS AND DISCUSSION
Fig. 1 shows the L-M-S diagram with plots of 16873
ternary compounds containing Cu2Mg, Fe2P and
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C6Cr23 types and three types of ternary BMGs listed
in Table 2. Fig. 1 reveals that the numbers of plots
of all compounds are the highest in the Region S,
and smallest in the Region L. Thus, the ternary
compounds are readily formed in S-rich corner of
the diagram. The Cu2Mg type compounds are
mainly plotted along the three composition regions
of (1) cL = 33.3 at.%, (2) cS = 66.7 at.% and (3) cM =
66.7 at.% and cS < 20 at.% where the L- and Mtypes of BMGs are scarcely plotted. On the contrary, Zr30Ti10Cu60 and Sn6.9Nb33.6Ni59.5 belonging to
S-type BMGs are plotted as part of the plots of
Cu2Mg type compounds at cL = 33.3 at.% and the
Region S as well. However, other S-type BMGs
with sequential numbers from 18 to 22 are out of
the plots of Cu2Mg type compounds and Region S.
This shift in the position of the plots of S-type BMGs
takes place owing to the increase in glass-forming
ability (GFA) [12] accompanied by the shift in main
constituent with the smallest atomic size (Cu: in
Zr 30Ti10Cu60) to the largest atomic size (Zr: in
Zr50Ag5Cu45 and Zr47.5Ag10Cu42.5). Here, it is again
noted that Zr 30Ti 10 Cu 60, Zr 50 Ag 5 Cu 45 and
Zr47.5Ag10Cu42.5 are defined as S-type BMGs according to its wide definition that S-type BMGs consists
of constituents belonging to transition metals only.
As a whole, S-type BMGs are plotted at S-L side
with cM ~ 10 at.% of the L-M-S diagram, which is
supported by the fact that atomic size difference is
greater in S-L side than in S-M side at the S-corner.
The M-type BMGs are plotted near the edge of
the Region M, in particular, in the M-S side at
around L10M70S20 where the ternary compounds are
frequently found than the other side (L-M side) of
the Region M. This is mainly due to the fact that
the some of the Fe2P and C6Cr23 type compounds
are plotted at around L10M70S20 and that M-type
BMGs presumably are producible at compositions
by avoiding Laves phase with high melting temperature, which is located at M2L in the L-M-S diagram.
Among the L-type BMGs, the plot of Pd40Ni40P20
is isolated from the other plots of L-type BMGs in
Fig. 1. However, Pd40Ni40P20 shows similarity with
the other L-type BMGs and the M-type BMGs with
respect to the point that they are plotted at composition regions around cS = 20 at.%. Another similarity between L- and M-type BMGs are seen in
the plots of Fe2P and C6Cr23 type compounds that
these compounds are plotted at the L-corner and
the M-corner as well. This indicates the possibility
of Fe2P and C6Cr23 types to influence the formation of L-type BMGs. The La-, Zr and Ca-based
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ternary BMGs are plotted at compositions around
L60M20S20 inside the Region L wherein the ternary
compounds infrequently tend to be plotted than the
other Regions. In addition, advantage of these Ltype BMGs to be plotted at composition regions,
which are regarded as anti-Laves compositions [5]
to Cu2Mg type compounds (Laves phase), is presumably the reason for the high GFA of the La-, Zr
and Ca-based BMGs.

4. CONCLUSIONS
The formation of ternary bulk metallic glasses
(BMGs) have been analyzed with the L-M-S diagram arranged by the order of the relative atomic
radius of the constituent elements denoted by large,
intermediate and small, and with the crystallographic data on ternary compounds. The L-M-S
diagram with plots of ternary compounds reveals
that ternary compounds in S-rich side of the diagram tend to form frequently than those in the other
sides. The Fe2P and C6Cr23 type compounds directly affect the formation of Mg- and Fe-based
BMGs and also influence that of La-, Zr- and Cabased BMGs. The high glass-forming ability of La, Zr- and Ca-based ternary BMGs is achieved due
to their composition regions around L60M20S20 in the
L-M-S diagram where ternary compounds appear
infrequently and anti-Laves relationship to Cu2Mg
type compounds holds in ternary systems.
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