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Abstract In the present work, we discuss the glass-
forming ability of various binary alloys in which the glassy
phase was not formed even by melt spinning technique
with high cooling rate of the melt up to 1 MK/s (some
consisted of partly glassy phase), though by commonly
accepted guidelines, these alloys could be as good glass-
formers as many other binary glasses. The alloys studied
belong to binary systems with multiple eutectics; the con-
stituent elements have a negative enthalpy of mixing, and a
significant variability of atomic size differences is observed
from system to system. The results indicate the necessity of
taking into account simultaneously various factors influ-
encing the glass-forming ability including melt fragility.
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Introduction

Metallic glasses and bulk metallic glasses (BMG) are being
extensively studied at present [1-5]. On solidification of
the melt, they are typically formed either in the shape of
10'-10? um thick ribbons by rapid solidification onto a
rotating Cu wheel [2] or in bulk shape of 10°~10% mm thick
rods by Cu mold casting [6]. The cooling rate of the melt
spinning technique attains 1 MK/s. Even upon Cu mold
casting of BMGs having several millimeters in diameter,
the cooling rate reaches tens, hundreds, and even thousands
Kelvin per second depending on the mold cavity size and
melt temperature [7].

According to the principles and rules postulated by
Inoue, there are three most important factors influencing
bulk glass formation: number of alloy components
(chemical elements), large atomic size difference, and large
negative mixing enthalpy among the constituent elements.
All of them represent indispensable conditions in order to
form bulk glassy alloys leading to good glass-forming
ability (GFA) [1, 8] and relatively high thermal stability
against crystallization [9].

First principle (the number of components) leads to the
formation of dense-packed structures, “deep” ternary and
quaternary eutectics (together with large difference in
electronegativity [10]) as well as leads to elemental
“confusion” on solidification [2]. Recently good correla-
tion was found between the alloy system complexity
(number of alloying elements) and critical diameter of the
glassy sample [8]. Role of the second principle (atomic size
ratio) has been rationalized by Egami and Waseda [11, 12]
who investigated minimum atomic concentration necessary
to destabilize terminal solid solution phases. Later, Miracle
and Senkov developed the topological criterion for glass
formation [13]. Third principle (large negative mixing
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enthalpy) is responsible for the formation of eutectics and
dense packing of atoms of different kind. The importance
of an efficient atomic packing for the formation of metallic
glasses was shown recently [14, 15]. One should note that
even, pure metals, for example, Ni, Fe can be made
amorphous at high enough cooling rate estimated at 10°~10°
K/s [16-18] which are, however, not stable at room
temperature unless separated into the nanometer scale
spheres [19].

Egami created a theory of atomic level stresses in solid
solutions and the stress criteria for the instability of the
solid solution [20]. However, local distortions may exist
even in crystalline pure metals and are quite common in
intermetallics. For example, complex cI58 o-Mn is a good
example of the structure which gives different nearest
neighbor distance (atomic size) ranged from 224 to 282 pm
between atoms of the same sort [21, 22].

Bulk glassy alloys with exceptionally high GFA, in
general, are formed at the compositions with high reduced
glass transition temperature T, = To/T) (T glass-transition
temperature and 7) liquidus temperature) ratio exceeding
approximately 0.6 [23]. The width of the supercooled
liquid region (AT,) (defined as T, — T, where T, is the
onset devitrification/crystallization temperature) as indica-
tor of the stability of the supercooled liquid against crys-
tallization also correlates quite well with the observed GFA
[4]. The parameter y = T,/(T; + Ti) [24] and various of its
derivatives (see, for example [25, 26]) developed later take
into account both T}, and AT criteria.

One should also mention a topological criterion A [11],
the thermal conductivity of a molten alloy 4; [27], elec-
tronegativity difference between the constituent elements
AEN [10], criterion [28], and many other parameters [29]
which have been summarized in Ref. [30] and separated for
intrinsic and extrinsic factors. For example, the addition of
Zr or Sc substituting for Y reduces the effective AEN
values among the constituent elements and increases AT,
of an Al-Y-Ni—Co alloy [31]. However, a comparative
study of the GFAs of the binary Si-Ni and Ge-Ni as well
as ternary Si—-Ni—Nd and Ge-Ni—Nd alloys showed that the
principles for achieving high GFA known so far are rather
necessary conditions which in some cases, however, are not
sufficient [32].

Geometrical aspects of the atomic packing have been
considered in binary metallic glasses, and it was found that
they have solute to solvent radius ratios ranging from
0.602 to 1.456, produce structure-forming, solute-centered
clusters with coordination numbers varying from 7 to 20,
and a strong preference was found for special radius ratios,
that give efficient local atomic packing in the first coor-
dination shell [33].

Nevertheless, notwithstanding on significant progress
achieved, there is still no clear understanding why some
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combinations of chemical elements are better glass-formers
than others with similar molar fractions. In the present
work, we test and discuss various binary alloys in which
the glassy phase was not formed even by melt spinning
technique with high cooling rate of the melt up to 1 MKJ/s,
though by commonly accepted guidelines, these alloys
could be as good glass-formers as other binary glasses.

Experimental procedure

The eutectic and nearly eutectic alloys (except for
AgsoYso), namely: AgggsYirs, Ag71Yzo, AgesYas,
AgsoYs0, Aga75Y72.5 CuseYas, SiszMgys, SiggSmys, Sis;
Pdys, SigsNd7, SigaYis, Gegslajs, GesaMgas, GegaNdg,
Gesgcen, Gegngz, G685Pr15, and Geg5Sm15 were pro-
duced by arc-melting of pure metals and metalloids
(99.9 wt% purity) in an argon atmosphere purified with Ti
getter. In some cases, slightly off-eutectic (namely hyper-
eutectic) alloys were chosen as glass formation is enhanced
in slightly off-eutectic compositions. From these ingots,
ribbon samples of about 20-30 um thickness and 1 mm
width were prepared by melt spinning on to a single copper
roller at a roller tangential velocity of about 40 m/s. The
structure of the ribbons was examined by X-ray diffrac-
tometry with monochromatic CuK, radiation.

Results

None of the studied alloys was found to be fully glassy
after rapid solidification by the melt spinning technique,
though it enables a very high cooling rate of the order of
1 MK/s. Moreover, even the number of alloys which
formed a partially amorphous structure was very limited.
Figure 1 shows the XRD patterns of rapidly solidified Ag—
Y alloys, for example. The crystalline phases formed in this
group of alloys correspond to the equilibrium phase dia-
gram except for the AgsyY 5o alloy which may be connected
with a slight deviation from the stoichiometry. Only
Agr75Y7,.5 alloy formed a partially amorphous structure.
Volume effects in glass-transition have been considered
before [34]. It has been argued that negative mixing vol-
ume is essential for glass formation as such an alloy will
have a higher viscosity and a lower diffusivity [35]. Let us
consider molar volume (MV) of the crystalline phases.
These values are calculated for the intermetallic com-
pounds in three known binary bulk glass-forming systems
(Cu—Hf is similar to Cu—Zr), and the largest values were
found to be —2.3 %(CugZrsz) [36], —3.5 % (NizNb) [37],
and —17 % (Al,Ca) [38] for Cu—Zr, Ni-Nb and Ca-Al
systems, respectively. The difference in Molar Volume
IAMVI values plot for Zr—Cu system (Fig. 2) is built by
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Fig. 2 Molar volume of the liquid, glassy, and crystalline phases in
Cu—Zr system (a) and difference between that of crystals and the
“ideal” solution (b)

using the data for intermetallics [36, 39, 40] and glassy
alloys [41].

Ag-Y system has several eutectics, negative mixing
enthalpy among the constituent elements, forms densely
packed intermetallic compounds (Fig. 3, the data from
Refs. [42-44]), and nearly statistically ideal atomic size
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Fig. 3 Molar volume of the liquid, glassy, and crystalline phases in
Ag-Y system (a) and difference between that of crystals and an ideal
solution (b)

ratio close to 0.8 or 1.25 depending on the solvent element,
while no single metallic glassy phase was formed. On the
other hand, Ca—Al system with much larger atomic size
difference readily forms a small size bulk metallic glass.

Crystalline phases in Cu-Y system also demonstrate
large and negative difference in Molar Volume [45-47] but
the glass formation is difficult in this system—only par-
tially amorphous samples were obtained even by melt
spinning. Metalloid-based Si,Ge-Mg, Si—Pd, and Si,Ge—
RE alloys (RE-rare earth metal) also did not show single
glassy phase formation.

Figure 4 shows the number of metallic glassy alloys as a
function of the atomic size ratio. The data are taken from
the database for 685 binary alloys [33]. One can mention at
least three clear maxima at 0.7, 0.8, and 1.25. Similar data
were obtained before with a smaller database [48, 49].
Looking at this diagram, one can see a small number of
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Fig. 4 Number of metallic glassy alloys produced by melt spinning
as a function of atomic size ratio of solute to solvent atom (Rg/Rp).
The integration distance was 0.02 nm

alloys with atomic size ratios from 0.9 to 1.1 and absence
of alloys having Rg/Ra exceeding 1.45. Also, surprisingly
low atomic size ratio of 1.14 [13] is found for Ni-Nb
system in which a bulk glass-former (D. = 1-2 mm) was
found [50].

Several parameters for the alloy systems studied in the
present work are summarized in Table 1 together with the
results for the systems with good glass-formers studied
previously from Ref. [33]. As one can see there is poor
correlation between any parameter and the order of mag-
nitude of critical thickness of the metallic glass.

Table 1 Solute to solvent atom atomic size ratios (Rg/R,), mixing
enthalpy in liquid state (AHY;,), difference in molar volume between
the weighted average and the most dense intermetallic compound

In order to identify promising compositions with high
glass-forming ability, the following structural and chemical
factors [51, 52], such as the difference in atomic size (J),
the enthalpy of mixing (AH,;y), the entropy of mixing
(ASmix), and the difference in electronegativity of elements
(Ay) are calculated. The values of these factors are deter-
mined by the following formulas:

where ¢; is the atomic fraction of the i-th component;
r; is the atomic radius of the i-th component nm;
r is the mean radius of the atoms in the alloy nm.

r= Citi (2)
i=1

AHpix = Z 4400 cic (3)
i=L,i#j

where Am is enthalpy of mixing of the alloy A-B,
ASmix = =R _ ciInc; (4)
i=1

where R is the gas constant, R = 8314 J/(mol K).

(IAMV ..x]), difference in electronegativity (IAENI), critical thickness
of the fully glassy sample (D.), and the resulted type of the binary
system alloys

System alloy Rg/RA AHY,, kJ/mol AB compound IAMV ., % IAENI ~D,, m Type
Ca—Al 0.701 —20 - 17 0.61 1073 BMG
Zr—Cu 0.797 —23 cP28l 23 0.67 1073 BMG
Ti—Cu 0.887 -9 tP4 5.9 0.46 10°° RSG*
Zr-Ni 0.797 —49 0C8cm 6.5 0.58 107°° RSG
Al-Y 1.270 —38 N/A® 5.9 0.39 1076 RSG
Y-Cu 0.704 -22 cP2eum 6.3 0.78 ? -
Y-Ag 0.8 —-29 cP2em 13.8 0.71 ? -
Ni-Nb 1.135 -30 - 35 0.31 1073 BMG
Si-Y 1.565 73 0C8¢m 182 0.68 ? -
Ge-Y 1.452 73 0C81m 12 0.79 ? -
Pd-Si 0.775 —55 N/A 16 0.30 1073 BMG
Si-Pd 1.290 —55 oPg8Ht 16 0.30 ? -
Au-Al 0.993 -22 mP8y 2.5 0.93 ? -

RSG denotes rapidly solidified metallic glass, while AB denotes the type of the equiatomic compound. HT denotes high temperature, while CM
and IM indicate congruently melting and incongruently melting compound, respectively. In many cases, congruent or incongruent melting is only

assumed in the phase diagrams but not verified
* Rapidly solidified glass (melt spun ribbons)

® Not applicable, because the glasses are formed near Al- or Pd-rich size of the phase diagram far from AB compound
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where y; is Pauling electronegativity of the i-th component;

7 is the average electronegativity of the components in
the alloy.
1= Z CiXi- (6)

i=1

The r;, Aoy, and y; values were taken from Refs [53,
54]. The calculation results are given in Table 2 together
with critical thickness of the glassy samples [33].

The plots of the critical thickness as a function of the
AH,;x and AS,;x given in Table 2 are shown in Fig. 5. No
clear correlation is found between the D. and the param-
eters. One may only notice that too large value of AH,;y is
harmful for glass formation. Also, binary BMG alloys tend
to have AS,,x close to 4 and 5.5.

Discussion

Ag and Y have a large difference in the electronegativity of
1.93 and 1.22 (Pauling scale), respectively [55], negative
mixing enthalpy in the liquid state of —29 kJ/mol (for
equiatomic composition), nearly ideal atomic size ratio
R of 0.8 or 1.25 (depending on the base element) required
for achieving good GFA, form a number of intermetallic
compounds, and several eutectic compositions without
high melting temperature intermetallic compounds (not
exceeding the weighted average melting temperature of Ag
and Y of the same composition) [42-44, 56, 57].
AT = Ty, — T, (T, and T, are weighted average liquidus
and eutectic temperature, respectively) is as large as about
450 K and AT, = (T, — T.)/Tys. is close to 0.3. The molar
volume difference between the ideal solid solution and the
intermetallic compounds in Ag-Y system is much higher
than that in Cu—Zr but close to that in Al-Ca one and yet no
single glassy phase is formed, while even bulk metallic
glasses can be formed in Cu—Zr and Al-Ca systems [33].
Molar volume of Cu—Zr metallic glasses is close to that of
the ideal solid solution for crystalline metals, and the
density of intermetallic compounds in this system is not as
large as in Al-Ca alloys yet BMG samples can be formed.
On the other hand, Al-rich Al-Y alloys having nearly the
same atomic size ratio do form metallic glasses on rapid
solidification notwithstanding on the existence of the ALY
intermetallic compound with high melting temperature of
1758 K.

These results are similar to those obtained for Cu-Y
alloys, except for Cuz3Yg7 [58]. Liquid Cu-Y system alloys
also have a negative mixing enthalpy of —22 kJ/mol (for
equiatomic binary alloy) which is close to that of liquid
alloy in Cu—Zr system but the GFA of the eutectic Cu-Y
alloys is much lower. Moreover, eutectic temperatures are
quite close in the phase diagrams of both systems, and

equiatomic cP2 cubic phase is formed in both systems,
while it is more stable in Cu-Y one [56]. The corre-
sponding lattice parameters are 0.3477 nm for CuY [45]
and 0.3262 nm for CuZr [59] phase. However, no BMG
phase was found in Cu-Y alloys notwithstanding on large
negative mixing enthalpy and large atomic size ratio of
0.704 or 1.421. The results are also similar for the metal-
loid-rich alloys. Si and Ge also form quite dense com-
pounds with Y and well as with Pd (Table 1).

Table 1 also indicates that the formation of densely
packed intermetallic compounds with complex structure in
the alloy systems neither favor nor disfavor glass forma-
tion. More loosely packed systems readily form metallic
glasses at right atomic size ratio. For example, all the AgY,
CuY, and CuZr compounds have a cP2 structure (simple
cubic lattice, ordered BCC) which is easy to nucleate from
the melt owing to its small unit cell consisting of 2 atoms
and simple cubic structure. However, the CuZr phase is
less stable in comparison with the former two compounds
as it decomposes by the eutectoid reaction at low temper-
ature. According to Table 1, BMG alloys are formed in the
systems where no such compound exists. At the same time,
cP2 phase is not formed in the most of Ag-Y alloys on
rapid solidification (Fig. 1) which indicates that this is not
the competing crystalline compound in most of these
alloys. The binary eutectic temperatures at the composi-
tional center of the Cu—Zr and Ag—Y phase diagrams are
close to each other but about 10-20 K lower in case of Cu—
Zr alloys [60].

Binary bulk metallic glass (BMG) alloys were formed in
the following systems: Ca—Al, Cu-Hf, Cu—Zr, Hf—Cu, Ni-
Nb, Pd-Si, and Zr—Cu with atomic size difference Rg/R 4 of
0.701, 1.254, 1.254, 0.797, 1.135, 0.775, and 0.797. One
can see various atomic size ratios close to 25 % difference,
while Ni—-Nb atomic pair has clearly too small one. Binary
glasses were found to be most commonly produced with
radius ratios near R = 0.799 that give structures with
coordination number of 10 [33]. In such a case, the effi-
ciently packed clusters consisting of a central solute atom
surrounded by ~ 10 solvent atoms are formed. This is the
case for Y-Ag alloys, which, however, did not form
metallic glasses even by rapid solidification (except for
partial glassy phase in the Y-rich alloy).

Other commonly observed structures include the glasses
with coordination numbers of 9, 12, 15, and 17 with radius
ratios near Rg/R5 0.710, 0.902, 1.116, and 1.248, respec-
tively. The most stable glasses represent 4 values of R,
including 0.710 for CN = 9 structures; 0.799 for CN = 10
structures; 1.116 for CN = 15 structures; and 1.248 for
CN = 17 structures [33, 61]. Again various binary system
alloys produced in the present work are not glassy.

The influence of efficient atomic packing on the con-
stitution of metallic glasses was studied, and it was found
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Table 2 The structural and

Alloy AH i (kJ/Mol) AS ix J/(Mol-K) Ay 14 D, (mm)
chemical factors, such as the
difference in atomic size (9), the Low GFA Aggg Y115 —11.81 2.97 0.23 7.66 <0.02
enthalpy of mixing AHy, the Ago1Yao ~23.88 5.01 032 1046  <0.02
entropy of mixing (ASpy;y), the
difference in electronegativity AgosY3s —26.39 538 0.34 10.85 <0.02
of elements (Ay), and critical Ags0Ys0 —29.00 5.76 0.36 11.00 <0.02
thickness D, for glass formation Agr75Y725 —23.13 4.89 0.32 9.36 <0.02
for different alloys
Y 44Cusg —21.68 5.70 0.34 17.24 <0.02
Sis7Mgas —25.49 5.68 0.29 16.48 <0.02
SiggSm, —41.77 3.05 0.24 17.33 <0.02
Sis,Pdyg —54.91 5.76 0.15 8.81 <0.02
SigzNd,, —41.20 3.79 0.29 14.80 <0.02
Y 15Sig —43.10 3.92 0.26 19.64 <0.02
Gegylag —39.51 3.66 0.33 17.45 <0.02
Mg36Gegy —24.42 5.43 0.34 12.65 <0.02
Nd;Gegs —54.57 3.66 0.32 11.25 <0.02
GegsCe; —41.48 3.79 0.33 16.41 <0.02
Y ,Gegg —30.62 3.05 0.26 13.97 <0.02
GegsPrs —36.98 3.51 0.31 11.25 <0.02
Sm;sGegs —36.98 3.51 0.30 15.36 <0.02
Binary BMGs Cagg 4Al33 6 —17.85 5.31 0.29 14.33 1
CugsHf35 —15.47 5.38 0.29 10.35 2
CugoHf 49 —16.32 5.60 0.29 10.51 1
CugysZr3s5 -21.07 5.41 0.27 11.16 2
CugyZr3e —21.1968 5.43 0.27 11.18 1.6
CuggZrag —22.08 5.60 0.28 11.31 1
CussHfys —16.83 5.72 0.30 10.56 1.5
Nig,Nbsg —28.27 5.52 0.15 6.75 2
NigoNbyg —27.84 5.60 0.15 6.80 1
Si gPdg, —32.47 3.92 0.12 6.39 7"
SijoPdg; —33.86 4.04 0.12 6.53 8~
SiyoPdgg —35.20 4.16 0.12 6.67 8-
CuysZrss —22.77 5.72 0.28 11.10 1.5
CuyeZrsy —22.85 5.74 0.28 11.14 2
Symbol T denotes that fluxing CusZrsg —23.00 5.76 0.29 11.28 1.2
treatment is required for CuseZry, —22.67 5.70 028 1135 1

achieving high GFA

that a high atom packing efficiency is a fundamental
principle in the formation of metallic glasses [48]. Efficient
atomic packing produces a smaller system volume,
reducing the volume energy associated with an atomic
ensemble and providing a physical basis for this concept.
From a kinetic perspective, efficiently packed atoms are
expected to produce a highly viscous melt. The values of
R=0.884 (N=11) and R = 1.116 (N = 15) accurately
represent bounds of ~ 12 %. This concept is based on atom
packing efficiency in the first coordination shell of solute-
centered clusters. However, the efficient packing of clus-
ters and filling of the space between clusters are also
important as otherwise there could be voids between effi-
ciently packed in the first coordination shell.

@ Springer

However, the concept of atomic size has some clear
deficiencies. (1) There is meaningless to talk about size of a
single atom. One can discuss only half of the nearest
interatomic distances in the lattice of similar kinds of
atoms or atomic sizes of atoms of different kinds in a
compound. This approach has been utilized by Goldsch-
midt [62]. (2) As we are talking about metallic glasses, all
bounds are considered to be non-directional. Nevertheless,
existence of some degree of covalent or even partly ionic
bonding in the intermetallic compounds (and thus in
metallic glasses) has been discussed for years [63, 64]. (3)
Only atoms with outer shells of s-type can be considered
spherical, while elements having, for example, p-type outer
shell are not spherical by default which makes
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Fig. 5 Critical thickness for glass formation in various alloys as a
function of AH,;x and AS,x. For the alloys with low glass-forming
ability, O is used as D,

determination of their atomic sizes more complicated. (4)
Atomic size of an element derived from the bond length
with different elements varies owing to different bond
character, charge transfer, etc.. Significant bond shortening
has been observed in case of Al-Fe—-Ce [65] and Au—Al
alloys [66].

Too large mixing enthalpy may be the reason for the
chemical short-range order observed in the Ni—Zr alloys
resulting from the hybridization of 3d band of nickel with
the 4d band of zirconium [67] leading to lower GFA of
these alloys compared to Cu—Zr. The formation of partly
covalent bonds leading to large mixing enthalpy may be
responsible for lower GFA of the Si- and Ge-rich glasses.
On the other hand, the structural changes and vitrification
of the Pd—Cu—Ni-P liquid alloy on cooling from above the
equilibrium liquidus temperature studied in situ by syn-
chrotron radiation X-ray diffraction, and the results of
ab initio computer simulation clearly indicated intensifi-
cation of covalent bonding close to glass-transition which
is responsible for large fragility of the melt [68]. It allows
us to anticipate that the Si- and Ge-rich glasses can also be

fragile which deteriorates their GFA. This factor explains
the low GFA of alloys even having high enough T, [17].

No glass formation was found in rapidly solidified
AuysAlys and Aus;Aly; alloys [66], though Au-Ti alloys
having nearly the same atomic size ratio close to 1 have
been vitrified upon laser beam melting [69]. Although in
general, compositions of metallic glasses follow deep
eutectics [70], Au—Al system alloys located in composi-
tions close to deep eutectics but having similar atomic size
do not produce a glassy phase. The liquidus temperature of
some Au-Al system alloys is as low as about 525 °C
(798 K), which is significantly lower than those for the
pure elements. It indicates that this thermodynamically
stable liquid is significantly under-cooled compared to that
of pure elements and yet its Gibbs Free Energy is still
lower than that of any of the competing crystalline phases.
One viewpoint could be connected with the theory that
glass formation is favored in systems where the formation
of complex compounds with large unit cells takes place,
while atoms with similar atomic size trigger formation of
simple crystalline compounds which formation in its turn
successfully competes with the glass formation.

No glassy phase was produced in Si,Ge-RE or Si,Ge-Mg
alloys studied though they satisfy general requirements for
glass formation i.e., form relatively “deep” eutectics, have
large mixing enthalpy [71] and large atomic size difference
which should favor glass formation. However, these alloys
represent an extreme case of large difference in the atomic
size. For example, solute to solvent atomic size ratios for Si—Y
and Ge-Y alloys are 1.56 and 1.45[72, 73], respectively. It has
been suggested that atomic radius of metallic Ge can be
143 pm [74] or 139 pm [73], while 124 pm is a more rea-
sonable value in metallic glasses from the viewpoint of
experimental observations of Ge—Cr and Ge—Al distances [75]
which is close to that of tetrahedral Ge. This may indicate
significant charge transfer in Ge- and Si-bearing alloys.

Moreover, Sis,Pdyg alloy is supposed to have a good
GFA according to the topological instability criterion
combined with the average electronegativity difference of
an element and its surrounding neighbors [76] which is,
however, not supported by the present data. If one calcu-
lates minimum concentration C,;, for amorphization using
a correlation between the glass formability and the extent
of atomic size mismatch of the constituent atoms in Si-Y
system (Cpin = O.l/((RB/RA)3 - 1) [11], it will be about
3.5 % and yet no glass formation is found. Although Si—Y
and Ge-Y eutectics are quite close to the metalloid ter-
minal part of the corresponding phase diagrams, Al-RE
alloys with much smaller size difference of about 1.26
produce metallic glasses by melt spinning in Al-rich area
[33].
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Notwithstanding on the formation of a deep eutectic and
low stability of oP8 PdSi compound, Sis,Pd;s alloy
(Cmin = 13.7 % if Rg; = 115 pm) did not produce a glassy
phase, though Pd-Si alloys are good glass-formers and
even bulk glass-formers when fluxed [77, 78]. Earlier
investigations showed metallic glass formation in multi-
component metalloid-based alloys which are, however, still
marginal glass-formers [79]. AT and AT, parameters for Si—
Pd system are quite large of about 590 K and 0.4,
respectively. Also, although the number of intermetallic
compounds in Pd-rich area of the Pd-Si system is much
larger and the temperature stability interval of PdSi phase
is narrow, the enthalpy of mixing is highly negative in both
Pd- and Si-rich areas, and the shape of the AH,;; curve as a
function of composition is nearly symmetrical with central
mirror plane [80]. For comparison, there are only two
equilibrium intermetallic compounds in Ca-Al system
(Al4Ca and Al,Ca), and yet bulk metallic glass formation
was possible in Ca-rich side where there are no equilibrium
compounds [81].

On the other hand in the range of metallic glass for-
mation, the terminal solid solution is not the phase which
competes with the glassy phase. This role is played by
intermetallic compounds, and for the formation of inter-
metallic compounds, the difference in atomic size is not an
issue. As well as metallic glasses chemical compounds are
also formed at significantly different atomic sizes of the
elements or when the elements have a large difference in
the electronegativity like Au and Al. Many of binary glass-
forming systems have plenty of equilibrium intermetallic
compounds even in case of Pd-P, Pd-Si, Fe-B and other
similar systems with a large atomic size difference.

RE/Si atomic size ratios in Si-RE alloys range from
1.48 to 1.75. These values are out of the glass formation
range in the diagrams in Fig. 4. On the other hand, smaller
atomic size ratio 1.39 for Mg/Si, 1.37-1.45 for RE/Ge, and
even 1.2 for Pd/Si also do not favor glass formation in the
corresponding alloys though Si—-RE and Ge-RE phase
diagrams are quite similar in metal-rich and metalloid-rich
area. These particular ratios are also not well represented in
Fig. 4. These results support the idea of efficient packing
and indicate that not only large but also certain atomic size
ratios favor glass formation.

Glass formation is hampered in metalloid-rich areas
likely owing to unfavorable atomic size ratios as, in gen-
eral, metallic glasses are more readily formed in alloys
having solute to solvent size ratio below unity than above.
The number of glassy alloys with Rg/R, <1 is three times
larger than with Rg/R5 >1 (Fig. 4).

One can also see that owing to the rules of the Periodic
Table [82], the atomic radius and electronegativity [55, 83]
of chemical elements are somewhat interrelated (Fig. 6).
The plot has been fitted with an exponential function. After
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linearization, the coefficient of determination is 0.72. Thus,
atomic size difference and mixing enthalpy are also
mutually correlated factors.

As it is shown there is no common group of the factors
which could explain the difference in the GFA among the
studied alloys and the BMG formers reported earlier. The
existence of the unaccounted factors influencing the GFA
of alloys had been suspected long ago. One of them should
be related to the electronic structure [84, 85]. This idea can
be supported by the following observations. For example,
the addition of 1 at% of Cu or Pd to Al-Y-Ni—Co alloy
[86, 87] or Cu to Al-Y-Fe alloys [88, 89] drastically
reduces their GFA and causes precipitation of the primary
o-Al particles, while none of the other parameters such as

(a)

En (Pauling Scale)

50 100 150 200 250
Atomic radius Ry (pm)

(b)

En/En(Cs) (Pauling Scale/Pauling Scale)

Atomic radius RA/RO

Fig. 6 Pauling electronegativity En as a function of atomic radius of
the element in absolute (a) and relative (b) values. The data are taken
from Ref. [55, 33]
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Fig. 7 Schematic plot indicating an inverse temperature dependence
of melt viscosity (1) as a function of temperature

average atomic size or overall mixing enthalpy are affec-
ted. Replacing Ni in the AlgsNigLag alloy with Cu also
decreases its thermal stability [90]. Small amount of Si
affects crystallization of AlggNi,CosgGds - alloy [91]. Al
forms readily intermetallic compounds with Cu as well as
with Fe, Ni, or Y, and the effect cannot be connected with
possible repulsive atomic interactions. Charge transfer
between the metals with significantly different electro-
negativity may lead to the changes in the atomic size [66].
If one considers the electronegativity difference, which is
higher in case of Ag—Y alloys compared to Cu—Zr, Y may
form a more strongly covalent bond with Ag and, owing to
change transfer, become considerably larger—making the
radius ratios inappropriate for glass formation. For exam-
ple, the high thermal stability of Zr—-Pt compounds is
attributed to a combination of localized, highly polar, sd—sd
bonds between Zr and Pt that enhance the normal metallic
(sp—sp) bonding [92].

Also, intensification of a covalent bonding between
metallic atoms and P was found in Pd—Cu-Ni—P melts
cooled in situ close to the glass-transition region [68, 93]
which was responsible for the changes in the structure of a
liquid (clustering, [94] ), and thus, fragile behavior of this
melt. Fragile liquids are generally predisposed to have
lower GFA compared to strong liquids [95]. It can be easily
illustrated by using a schematic Angel plot shown in Fig. 7.
Even at the same values of T, fragile liquid is going to
have lower viscosity on cooling in the entire range between
T) and T,. In general, low viscosity of the melt facilitates
both nucleation and growth rate of crystals [96].

Conclusions

Most of the alloys studied in the present work have a large
difference in the electronegativity between the constituent

elements, large negative mixing enthalpy in the liquid state,
large atomic size difference, or nearly ideal atomic size
ratio (such as, for example, R of 0.8 or 1.25 depending on
the base element in Ag—Y system) required for achieving
good GFA, form a number of intermetallic compounds
with relatively low melting temperature and several
eutectic compositions, but yet do not form metallic glasses
even by rapid solidification.

Formation of densely packed intermetallic compounds
with complex structure in the alloy systems neither favors
nor disfavors glass formation. Systems with more loosely
packed crystalline phases, like Zr—Cu, readily form
metallic glasses if right atomic size ratio is attained at right
composition.

Glass formation is hampered in metalloid-rich alloys
likely owing to unfavorably large or small atomic size
ratios strongly deviating from the unity and possible
covalent bonding leading to large fragility of the melt. The
atomic size ratios close to 1 like in Au—Al system also
disfavor glass formation.

No clear correlation with critical thickness for glass
formation was found for the difference in the atomic size,
the entropy of mixing, and the difference in electronega-
tivity of the elements. One can note, however, that too
large value of AH ,;y is rather harmful for glass formation,
while binary BMG alloys tend to have AS,;, close to 4 and
5.5. Electronic structure of the melt, structural changes on
cooling related to the fragility of the melt might be
responsible for the observed glass-forming ability.
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