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The phenomenon of vitrification on cooling, also called the glass-transition still remains not fully under-
stood. Recent studies by different techniques were performed in order to shed light on this and on the
converse phenomenon of devitrification. Devitrification may either lead to the formation of a supercooled
liquid, a crystal(s) or a quasicrystal(s). The present paper is a review of recent findings on the processes of
vitrification and devitrification in metallic glasses.

© 2012 Elsevier B.V. All rights reserved.

1. General introduction to metallic glasses (glassy alloys)

Glassy alloys (or metallic glasses) were first formed in an Au-Si
alloy [1] by using a rapid solidification technique. Pd-Cu-Si and
Pd-Ni-P system alloys were produced in a bulk form after flux
treatment which helps to suppress heterogeneous nucleation and
were considered as the laboratory curiosity at that time owing to
their enormous cost compared to conventional engineering alloys
[2,3]. Later, a large number of bulk glassy alloys defined as 3-
dimensional massive glassy (amorphous) articles with a size of
not less than 1 mm (by another definition > 10 mm) in any dimen-
sion have been produced [4-6].

2. Formation of glassy phase

There are still several gaps in obtaining a clear picture of the
glass-transition, especially in metallic liquids [7,8]. Recent studies
were undertaken to shed more light on this issue.

The specific volume (V) of a liquid phase decreases faster (while
its density (p) increases faster) with temperature than that of a
competing crystal. According to several studies, the linearity of
dp/dT slope maintains not only in equilibrium but in the super-
cooled liquid region as well [9,10]. Fig. 1(a) shows a typical density
versus temperature (T) diagram for pure Ni plotted according to
Ref. [11]. By analogy with the well-known Kauzmann’s entropy cri-
sis [12,13] one can suggest that a liquid metal should not have a
volume lower (or a higher density), at a given temperature, than
its crystalline counterpart provided that it contracts upon solidifi-
cation and there are no changes in the chemical bond character.
Face-centered cubic (FCC) and hexagonal close packed (HCP) lat-
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tices are the densest packing structures for crystalline pure metals,
and thus, a liquid or a glassy monoatomic phase should not be-
come denser than them.

Fig. 1(a) suggests an ideal glass-transition temperature (T,) of Ni
to be higher than about 1000-1200 K depending on the thermal
expansion coefficient of liquid Ni which is not very precisely de-
fined. The insert shows the atomic structure of Ni cell obtained
by the molecular dynamics (MD) simulation at 1000 K. Two radial
distribution functions (RDF(R)) are shown in the insert of Fig. 1(b).
The coordination numbers in the first coordination shell at 1800
and 1000 K are 11.23 and 11.86, respectively. The former value is
typical for a liquid metal [14] while the later one likely represents
a glass. An empirical criterion for the glass-transition based on the
reduced radial distribution function or pair distribution function
(PDF(R)) can be described by: 9% =PDF(R)min/PDF(R)max Where
max and min indicate the first maximum and minimum of PDF(R),
respectively, [15]. Using these functions the plot of % versus tem-
perature was created and is expressed in Fig. 1(c). An intersection
point of two slopes indicates the glass-transition temperature of
1200 K.

The equi-volume (isochoric) temperature approach to deter-
mine the reduced glass-transition temperature (T,;) shown in
Fig. 1(a) and an ab initio molecular dynamics simulation [11] dem-
onstrate that an ideal T, of pure Ni may be as high as ~0.6-0.7,
which is an extremely high value for a pure metal. In general, bulk
glassy alloys are formed at the compositions with high T,/T; (T,
glass-transition temperature, T; liquidus temperature) ratio
exceeding approximately 0.6 [16].

A few words must be said about the definition of T,. The glass-
transition phenomenon is characterized by the specific heat capac-
ity (C,) change and change in the volumetric thermal expansion
coefficient as one can observe in Fig. 1(a). An arbitrary glass-
transition point is defined as a temperature at which viscosity of
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Fig. 1. (a) Solid lines - density versus temperature diagram for Ni according to
literature data. Diamonds represent the results of ab initio MD simulation. Several
plots for liquid Ni represent data from different literature sources. The insert —
atomic structure of Ni cell obtained in an MD simulation at 1000 K. The dotted line
represents the liquidus temperature. The data for (a) is taken from Ref. [11] with
permission from AIP. (b) The viscosity of liquid Ni as a function of temperature
fitted considering Tg of 1100 K. The insert — RDFs for liquid and glassy Ni at 1800
and 1000 K, respectively. (c) R. parameter versus temperature plot.

a liquid reaches 10'2Pas on cooling, while the transition takes
place in a temperature interval [17]. For some materials this value
belongs to the glass-transition region defined by C, measurement,
but it is not the case for other materials [18]. In the present work
the glass-transition region is related to the area of change in the
thermal expansion coefficient from a relatively high value charac-
teristic of a liquid phase to a relatively low value for a solid glassy
phase as shown by the diamonds in Fig. 1(a). Such a change of the

thermal expansion coefficient on glass-transition was clearly dem-
onstrated in many works, see for example, Ref. [19].

The analysis of the thermal expansion curves allowed to derive
a new parameter 6 = ox0(T,—298)/Aps_; [20,21] where ¢ is the
volumetric thermal expansion coefficient of the liquid alloy, p) is
the density of a liquid measured at a certain temperature, usually
close to the melting temperature (T,) and Aps_; is the density dif-
ference between the solid and liquid phases. The influence of ther-
mal expansion coefficient of a solid o is much smaller than that of
the liquid and is excluded for convenience. The § criterion indicates
how fast a metal/alloy can reach the glass-transition temperature,
while it does not provide information on the stability of the re-
sulted glass against crystallization.

Another important parameter is the stability of the supercooled
liquid or metallic glass against crystallization. The correlation ob-
served between the critical cooling rate for glass formation R, li-
quid fragility index (m), and T, [22] explains the low glass-
forming ability (GFA) of a pure metal even if it has a high T,. This
is intuitively clear because according to the Angell plot [23] strong
liquids, as a rule, have a higher viscosity above Tg, and thus, should
be less prone to crystallization for kinetic reasons, which, however,
does not include the thermodynamic aspects related to the driving
force in terms of the Gibbs free energy difference. If we assume
that the viscosity of a liquid should rise steeply when the liquid
Ni volume approaches that of the FCC crystal, take 1100K as T,
for Ni when the viscosity reaches about 10'? Pa s and fit the viscos-
ity of the equilibrium liquid Ni together with the point at T, by VFT
equation (1 = neexp[DxTo/(T—To)]) [23,24] (where #o, D and T, are
the fitting parameters), we obtain the fragility parameter D =2
(Fig. 1(b)). Thus, liquid Ni is more fragile than any metallic glass-
former known so far, as according to [25], most fragile metallic
glasses have D = 6. It indicates that pure Ni, as a very fragile liquid,
should be very unstable against crystallization, though its GFA is
higher than that of Cu (Ni has a lower critical cooling rate), which
has a lower & parameter [20].

The above-mentioned factors limit the applicability of the T,
concept to metallic glasses, and indicate that a parameter combin-
ing both T, and stability of the supercooled liquid against crystal-
lization linked to its fragility must be taken into consideration.

Nevertheless, as can be seen from Table 1, metals, which were
found to vitrify easily [26], i.e. Ni, Fe, Co, V have a relatively large
6 parameter and a large activation energy for the temperature
dependence of viscosity (E) above 40 kJ/mol in the equilibrium li-
quid state. Most of the data is from Ref. [10].

It is also interesting to note that T, predicted by the point of
equal volume for liquid and crystalline Fe of about 1200 K [20] is
very close to that found in the MD simulation [27] by monitoring
the dependence of the size of the largest cluster formed by mutu-
ally penetrating and contacting icosahedrons.

The width of the supercooled liquid region (ATy) (defined as
T,—T; where Ty is the onset crystallization temperature) as indica-
tor of the stability of the supercooled liquid against crystallization
also correlates quite well with the glass-forming ability [28]. There
is also a good correlation between the alloy system complexity,
critical diameter of the sample and AT, [29]. The parameter
y=T,/(Tg + T)) [30] takes into account both T,¢ and ATy criteria.

One should also mention a topological criterion 4 [31], the ther-
mal conductivity of a molten alloy 4, [32], electronegativity differ-
ence between the constituent elements AEN [33], ¢ [34] and many
other parameters [35]. For example, the addition of Zr or Sc substi-
tuting for Y reduces the effective AEN values among the constitu-
ent elements and increases AT, of an Al-Y-Ni-Co alloy [36]. The
importance of an efficient atomic packing for the formation of
metallic glasses was shown recently [37,38]. However, a compara-
tive study of the GFAs of the binary Si-Ni and Ge-Ni as well as ter-
nary Si-Ni-Nd and Ge-Ni-Nd alloys showed that the principles for
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