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Glass formation and crystallisation in rapidly solidified zirconium alloys
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Abstract

Zirconium-based alloys offer an unique opportunity for studying various aspects of metallic glass, namely glass forming ability, crystalli-
sation modes and kinetics, diffusion mechanisms and formation of glass in bulk. Thermodynamic and kinetic rationale for glass formation
have been summarised in binary and ternary metalloid free amorphous alloys rich in zirconium. A comparison has been made between the
microstructures of the alloys obtained under different cooling rates in order to understand the process of solidification and the process of
phase selection. The different types of nucleation processes and the growth mechanisms of crystals in the undercooled melts of Zr-based
glass forming alloys have been investigated. Primary, eutectic as well as polymorphic crystallisation have been observed in the alloys of
this class of materials. Crystal nucleation and growth kinetics during crystallisation has been examined. © 2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Zirconium-based alloys show many interesting phase
transformations. One of these is the ability to form metallic
glasses [1]. The reasons for extensive work carried out in the
field of non-crystalline zirconium-based alloys are: (i) abil-
ity to form metal–metal metallic glasses; (ii) ability to form
glass in wide composition ranges and (iii) interesting glass
to crystal transformation modes shown by these amorphous
alloys. Many of the Zr-based glasses crystallise to crystalline
phases of the same composition. These alloys provide op-
portunities for examining the effect of atomic arrangement
alone on properties without any interference from change
in chemistry of the phase [2]. In the Zr–Fe, Zr–Co, Zr–Ni,
Zr–Be, Zr–Cu and Zr–Cr systems which have many com-
mon features, rapid solidification has yielded amorphous
phase over very large composition ranges [3–5]. In some
of these systems the as-solidified microstructure has been
examined in detail [6–10]. The microstructures resulting
from rapid solidification of these alloys have been found to
be fully amorphous or partially crystalline depending upon
the cooling rate and the glass forming ability of the alloys.
Zr-based alloys have also acquired considerable significance
because of the fact that these can form bulk metallic glasses.
This article describes different criteria for the formation of
glass by rapid solidification in binary and ternary Zr-based
alloys, cites some examples of bulk metallic glass formation
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in multicomponent Zr-based alloys and finally examines
kinetics and mechanisms of crystallisation in these alloys.

2. Nucleation and growth of crystals in undercooled
melt of alloys

A rapid increase in the melt viscosity leads to glass forma-
tion in metallic systems. Nucleation and growth of crystals
compete with glass formation in the undercooled melt. A
study of glass formation therefore requires a consideration of
the rates of both nucleation and growth of crystals in under-
cooled metallic melts. The conditions under which a “glass”
can form are: (i) complete suppression of nucleation; (ii) lim-
ited nucleation of crystals but no significant growth of these
and (iii) nucleation of a very few isolated crystals followed
by their substantial growth while the major part of the ma-
trix vitrifies. The quenched product can be qualified to be an
amorphous material if the volume fraction of the crystalline
phases present is negligibly small. Condition (i) is difficult
to achieve during a process like melt spinning. Condition (ii)
leads to the formation of quenched-in-nuclei, which do not
get an opportunity to grow. This condition is most readily
satisfied during melt spinning in the case of Zr-based glass
forming alloys. Consequently, the amorphous matrix usually
contains a distribution of quenched-in-nuclei, their density
being controlled by the rate of nucleation during the cooling
down path. In good glass formers like Zr–Cu, it is possible to
minimise the quenched-in-nucleus density by increasing the
cooling rate during melt spinning for instance, by increasing
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the wheel speed [8]. The quenched-in-nuclei are very small
in size and in volume fraction and hence are very difficult
to detect. In order to establish the nature of these nuclei, it
is necessary to determine the atomic arrangement and their
composition, using high-resolution electron microscopy as
has been done by Savalia et al. [11]. These nuclei mostly
form in the transient nucleation, stage before the attain-
ment of the stead-state nucleation rate [12,13]. Steady-state
homogeneous nucleation frequencies as estimated by the
expression due to Turnbull [14] have been found to be
much higher in Zr-based alloys compared to that in a very
good glass forming system like Pd–Si [10,11,15,16]. In
Zr-based alloys, therefore, glass formation is possible only
if homogeneous nucleation is avoided. Condition (iii) leads
to the formation of a few large crystals in a matrix of the
amorphous phase, the crystalline particles being few and
far between. A study of the microstructure of these partially
crystalline materials yields the following information:

1. The glass forming ability of the alloy can be determined
from the measured volume fraction of the crystalline
phase in the partially crystalline materials.

2. By determining the identity of the crystalline phase, it is
possible to determine the nature of the crystalline phase
which competes with glass formation.

3. By studying the morphology of the crystals it is possible
to understand the process of solidification during melt
spinning.

Once the crystal is nucleated, growth cannot be easily
suppressed if growth is through a partitionless solidification
process. In comparison, long-range diffusion limited growth
rates are much slower due to the partitioning of solutes and
the slow rate of attachment kinetics at the crystal/liquid in-
terface [15]. From the studies on partially crystalline ribbons
in Zr-based Fe and Ni bearing binary alloys by Dey et al.
[17–19] and Savalia et al. [11], the crystalline phases com-
peting with glass formation in these alloys have been identi-
fied. The relative glass forming ability has been determined
in a range of Zr–Ni alloys by estimating the amount of crys-
talline phase in the partially crystalline alloys [18]. Dey and
Banerjee [19] and Tanner [6] have examined the morphol-
ogy of the crystals in the partially crystalline alloys. Dey
and Banerjee [19] encountered single crystals (Fig. 1(a)) and
crystal aggregates (Fig. 1(b)) embedded in the amorphous
matrix. Some of these aggregates have been found to show a
very interesting sunflower-like morphology (Fig. 1(b)) aris-
ing out of twin-relation between the adjacent crystals. Differ-
ent types of crystal/amorphous interfaces were encountered
depending upon the local conditions of solidification [11,19].

In many of these studies, estimates of various nucleation
frequencies and of growth rates have been made using the
free energy difference between the crystalline phase and
that of the liquid phase at different levels of undercooling.
This quantity can be estimated by various methods. Savalia
et al. [11] were the first to make an attempt to evaluate this
quantity from experimentally determined parameters. Their

Fig. 1. (a) Single crystal particle embedded in the amorphous matrix.
The sharp crystal/matrix interface is consistent with partitionless crystal
formation during solidification of Zr76Fe24 alloy; (b) crystal aggregate
showing sunflower morphology of Zr3Fe crystals, each petal being twin
related with its neighbouring petals.

approach has been elaborated in [11]. Dubey and Ramchan-
drarao [20] have expressed,1Gc, the free energy change
associated with the formation of the crystal from the liquid
phase in terms of undercooling,1T, and the difference in
specific heat,1Cp, between the liquid and the crystal phase.
This relation as given below has been found to be the most
appropriate for the estimation of the1Gc and has been used
by Savalia et al. [11] for evaluation of the nucleation and
growth rates of crystals in ternary Zr-based glass forming
alloys

1Gc = 1Hf 1T

Tm
− 1CpT

2

2T

(
1 − 1T

6T

)

The parameters used for evaluation of the free energy are
given in [11]. Fig. 2 shows the variation of1Gc as a
function of temperature.
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Fig. 2. 1Gc as a function of temperature. Curve C corresponds to the
formulation proposed by Dubey and Ramachandrarao, curve A is on the
basis of a linear dependence of1Gc on temperature and curve B is based
on relation1Gc = (1Hf 1T/Tm)[((1 − α)Tm + (1 + α)T )/(T + Tm)]
[11,21].

In order to consider glass forming ability, nucleation and
growth kinetics of the crystals in the undercooled melt needs
to be considered. Three different types of nucleation are
important during rapid solidification of alloys. These are ho-
mogeneous nucleation in the transient and the steady-state
conditions and heterogeneous nucleation. Each of these
types of nucleation needs to be considered in assessing the
possibility of avoiding nucleation and consequent formation
of amorphous structure.

2.1. Transient homogeneous nucleation

The transient nucleation stage persists for a few micro-
seconds till the steady-state is reached. This time scale
becomes important in rapid solidification processing where
solidification time is of the same order. The calculated val-
ues of transient nucleation times in Zr-based ternary glasses
as calculated by Savalia et al. [11] based on an approach
suggested by Kelton et al. [12,13], have been found to be
two orders of magnitude larger than that reported by Ghosh
et al. [10]. This is because of the fact that value of1Gc
used by Savalia et al. [11], which is a better estimate of
this parameter, is lower. A larger transient nucleation time
corresponds to a lower contribution of steady-state nucle-
ation to the overall nucleation process, thereby improving
the glass forming ability.

2.2. Steady-state homogeneous nucleation

The time for the attainment of the steady-state nucleation
stage has been calculated by Savalia et al. [11] in the case of
Zr-based ternary metallic glasses. They have also calculated
the steady-state nucleation frequency using the equation
proposed by Turnbull [14] and the values of1Gc calcu-
lated from experimentally determined parameters. Fig. 3
shows the steady-state nucleation frequency as a function of

Fig. 3. Homogeneous nucleation frequency as a function of reduced
temperature for the alloy Zr76Fe16Ni8.

temperature in the case of a ternary Zr-based alloy. It has
been shown [11] that steady-state nucleation rates deter-
mined from the modified1Gc values are about three orders
of magnitude lower than those reported by Thomson et al.
[21] and Ghosh et al. [10].

2.3. Heterogeneous nucleation

This mode of nucleation assumes a special significance
in determining the possibility of formation of bulk metal-
lic glasses. If heterogeneous nucleation sites have been
eliminated and homogeneous nucleation frequencies are
low, glass can form at very low cooling rates. The esti-
mated homogeneous nucleation frequency for the Zr-based
ternary metallic glasses containing Fe and Ni was quite
large as compared that in the case of bulk glass formers
like Pd40Ni40P20 alloy [11,22]. This is consistent with the
fact that the bulk glass does not form in these ternary alloys
based on Zr. However, the homogeneous nucleation fre-
quencies are low as compared to many other glass formers
suggesting that a suitable modification of the alloy chem-
istry is likely to produce bulk metallic glasses. Attempts to
locate the possible heterogeneous nucleation sites by HREM
has been made by Savalia et al. [11], who have shown the
presence of the quenched-in-nuclei in the ternary Zr-based
glasses. However, it has not been possible to identify the
source of heterogeneous nucleation in these alloys.

Dey et al. [23] have examined the structure of bulk metal-
lic glasses using HREM, and have shown that though in bulk
metallic glasses, the structures are primarily amorphous a
distribution of quenched-in-nuclei is invariably present in
the amorphous matrix (Fig. 4).

2.4. Growth

The slow rate of growth of crystals is important for easy
glass formation. The rate of growth of crystals may be slow
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Fig. 4. HREM micrograph showing quenched-in-nuclei in a bulk metallic
glass having the composition Zr56.26Al9.7Cu17.46Ni13.58Nb3.0.

due to either need for partitioning of solutes or due to the
need for chemical ordering in the growing phase. Savalia
et al. [11] have calculated the interface temperature of a crys-
tal growing in a undercooled melt using the one-dimensional
model for crystal growth developed by Greer and Evans [24],
and have shown that for a ternary Zr-based alloy Zr76Fe16Ni8
for a very small super heat the interface temperature, drops
below Tg before the liquid-to-crystal transformation pro-
gresses to a significant extent, indicating easy glass forma-
tion in this alloy. Dey et al. [23] have examined the growth
of crystals in the bulk glass forming alloys and have drawn
similar conclusions.

3. Theoretical estimation of glass forming ability

Numerous factors have been found to influence GFA and
there is no single key parameter, which alone can describe
GFA [2,4,25,26]. The various types of arguments put forth
to explain GFA can be divided into those thermodynamic
or kinetic in nature and those based on, size factor and
electronic structure. Thermodynamically glass formation is
favoured in certain composition ranges of some systems
where the free energy difference between the supercooled
liquid and the metastable and stable phases competing with
glass formation is as little as possible [25].

These concepts have been applied in case of Zr-based
glasses. The free energy of the liquid phase and that of
the intermetallic compounds have been determined as
a function of the composition in binary alloy systems,

Fig. 5. Free energy–composition diagram showing the free energy hier-
archy of the liquid phase and the intermetallic compounds in the Zr–Ni
system.

using a thermodynamic analysis of the phase diagram and
by incorporating some experimental thermodynamic data
[27]. From the free energy hierarchy of several competing
phases it could be observed that in the Zr–Ni system, the
driving force for crystal formation in Zr-rich alloys was
much smaller in case of Zr67Ni33 as compared to that for
Zr76Ni24 alloy (Fig. 5). This observation is consistent with
the fact that thermodynamic glass formation tendency was
higher at composition close to that of the first intermetallic
compound and not at the first eutectic composition.

A similar approach involving the relative free energies of
the liquid and the crystalline phases uses the concept of the
To curve. TheTo curve in the phase diagram is the locus of
compositions at each temperature, where the liquid and the
solid phases of the same composition have the same value
of the integral molar free energy. The importance of theTo
curves in connection with rapid solidification has been re-
alised quite some time back [28,29]. Predictions about the
formation of a single solid solution after rapid solidification
can be made for a given alloy system, provided theTo line
can be calculated in the phase diagram. Dey et al. [30] and
Boettinger et al. [31] have examined the conditions for par-
titionless solidification, based on the position ofTo, line in
the phase diagram. If rapid solidification can suppress alloy
partitioning the system tends to behave as a single compo-
nent system, which can solidify at a temperature belowTo
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Fig. 6. The zirconium rich part of the phase diagram of the Zr–Ni system
with superimposedTo line corresponding to the metastable equilibrium
between the liquid and theb phase.

into a crystalline phase inheriting the composition of the
liquid. In case,To temperature for a given composition is
so much depressed that it falls belowTg, the liquid will vit-
rify. This point is illustrated in the Zr–Ni system in which
To, as determined by an approach suggested by Katgerman
[32], drops rapidly with increasing Ni content (Fig. 6). It
can be seen that exceptionally large undercoolings will be
required for the partitionless solidification into theb phase
at compositions close to the first eutectic (Zr75Ni25). The
extrapolatedTo temperature indeed drops down belowTg
at such compositions resulting in the formation of glass.

The destabilisation of the crystalline phase rather than
the stabilisation of the glass phase which is important
during glass formation [33]. From the kinetic consider-
ations, glass can be obtained in any liquid, which has
been so supercooled that crystal nucleation and growth is
avoided. The cooling rate required for the avoidance of
crystal formation can be estimated from the overall crys-
tal formation kinetics, which is represented by isothermal
TTT (time–temperature–transformation) diagrams. Such
diagrams were first developed in the context of metallic
glasses by Uhlman [34] and subsequently used by Davies
[35] to determine the value of the critical cooling rate to
just avoid crystallization. Savalia et al. [11] have used this
approach and the1Gc calculated from experimentally de-
termined parameters for estimating the critical cooling rate
for glass formation in the case of Zr76Fe16Ni8 and found it
to be close to 106 K/min. This value is in good agreement

with that for other alloys in this system [11]. The TTT di-
agrams for two Zr–Ni alloys, Zr67Ni33 and Zr76Ni24 were
constructed by Dey [9]. It could be seen from these dia-
grams that critical cooling rate for glass formation is lower
for the Zr67Ni33 alloy as compared to the Zr76Ni24 alloy,
though the latter is the eutectic composition. This estimation
clearly demonstrated that the eutectic composition need not
necessarily be the composition at which glass formation is
the easiest. The factors of importance are the viscosity of
the melt and the free energy difference between the liquid
and solid phases. The Zr-transition metal systems provide
opportunities for comparing the glass forming ability of the
eutectic compositions such as Zr76Ni24 and of inertmetallic
compounds such as Zr76Fe24. The eutectics though gener-
ally considered to be better glass formers can in fact have
a poorer glass forming ability due to either the presence of
metastable phases competing with glass formation or low
viscosity of the melt at the eutectic composition due to lack
of ordering in the melt. On the other hand glass formation
in the intermetallic compounds may be favoured because of
the higher viscosity of the melt due to ordering in the liquid
phase and/or due to slow nucleation of the intermetallic
compounds because of their complex structure.

The formation of bulk metallic glasses can also be based
on certain criteria. According to Lieu et al. [36] the im-
portant points which need to noted for bulk metallic glass
formation are (a) multicomponent systems consisting of
more than three elements; (b) large difference in atomic
sizes exceeding 12 pct among the constituent elements and
(c) negative heats of mixing among the elements. These fac-
tors influence both thermodynamic and kinetic criteria. The
foremost requirement is the avoidance of crystallization.
Bulk glass formation occurs when crystal nucleation and
growth can be avoided even at low cooling rates. Besides
other factors, diffusivity in the melt is one important factor
controlling the kinetics of crystal nucleation and growth
in the undercooled melt. In ceramic and organic systems
where bulk glass formation is very easy, melt viscosities
below melting point has been found to be very high [2].
In metallic systems as well, the formation of bulk metal-
lic glass would be easy if the melt viscosities are high. A
large number of Zr-based alloys have been obtained in the
bulk amorphous state [37]. It appears that not only is the
melt viscosities high for these alloys,1Gc, the free energy
difference between the liquid and the crystalline phase com-
peting with glass formation is also low. The lower values
of 1Gc in the case of Zr-based ternary Fe and Ni bearing
glasses as compared to estimates made earlier [10,12] has
been indicated in the study carried out by Savalia et al. [11].

4. Thermal stability of Zr-based metallic glasses

Zr-based metallic glasses show a variety of crystallisa-
tion reactions. These have been studied in detail in Zr–Cu,
Zr–Cr, Zr–Be, Zr–Ni and Zr–Fe systems [4,5,7,9,38,39].
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Primary, polymorphic and eutectic crystallisation reactions
have been encountered in these glasses. Studies in Zr-based
ternary glasses are fewer in comparison. The overall crys-
tallisation kinetics has been studied in a number of Zr-based
binary alloys by differential scanning calorimetry (DSC)
[19,38,39]. The crystal, nucleation and growth kinetics
have been studied separately by transmission electron mi-
croscopy (TEM) in case of Zr67Ni33 glass by Dey et al.
[38]. This glass undergoes polymorphic crystallisation. A
similar study has been carried out in the amorphous alloys
Zr76Fe24 that also undergoes polymorphic crystallisation
[19]. Eutectic crystallisation has been observed in Zr76Ni24
amorphous alloy [10]. These are illustrated in Fig. 7.

The products of crystallisation in the Zr76Fe24 and the
Zr76Ni24 glasses have been found to be the Zr3Fe phase and
a mixture of thea and the Zr2Ni phases, respectively. Since
the equilibrium Zr3Fe and Zr2Ni phases are not isostruc-
tural, a continuous substitution of Fe by Ni is not expected
in these intermetallic phases during the crystallisation
of amorphous alloys containing progressively increasing
amounts of Ni. Earlier investigations on the crystallisation
of the binary Zr76Fe24 and Zr76Ni24 glasses have shown that
the base centred orthorhombic (bco) phase crystallises poly-
morphically from the former while the later decomposes by
a eutectic mode resulting in a mixture of phases having bct
and hcp structures. Dey et al. [38] in their study of crys-
tallisation of Zr-based ternary glasses containing Fe and Ni
have attempted finding answers to the following questions:
(a) to what extent Fe and Ni can be mutually substituted in
the intermetallic compounds Zr3Fe and Zr2Ni; (b) whether
any new phases form in these alloys during crystallisation
and (c) how the addition of the third alloying effects the
process of crystallisation. Table 1 shows the various crys-
tallisation parameters for Zr-based Ni and Fe bearing binary
and ternary glasses as determined by Dey et al. [38].

In addition to the study of the crystal nucleation and
growth kinetics, the overall crystallisation kinetics has been
examined and the activation energy of crystallisation deter-
mined by the Kissinger peak shift method [38–40]. It was
observed by Dey et al. [38] that addition of Ni to the Zr–Fe
alloys reduces the thermal stability of these glasses. These
authors have shown [38] that in compositions where surface
crystallisation occurs, the crystallisation temperature comes
down substantially. Dey et al. [38] have found that the nu-
cleation density was found to increase with time linearly
at all temperatures and that the growth rate of the crystals
was constant at each temperature for the alloys showing
polymorphic crystallisation.

Crystallisation of metallic glasses can also lead to the for-
mation of nanocrystalline structures. Dey et al. [38] have
shown that in the Zr-based ternary alloys having composi-
tions Zr76Fe24−xNix wherex < 12, nanocrystal formation
can occur under suitable conditions of crystallisation. The
formation of nanocrystals occurs only in some compositions
because of the fact that the steady-state nucleation rates are
high. This has been demonstrated by Dey et al. [38] in the

Fig. 7. Morphologies of crystals produced in different modes of crystalli-
sation: (a) primary crystallisation of Zr3(Fe, Ni) in the Zr76Fe20Ni4 glass;
(b) polymorphic crystallisation of Zr3Fe in Zr76Fe24 alloy; (c) eutectic
crystallisation leading to the formation of Zr2Ni + a (hcp: Zr rich phase)
from the Zr76Fe8Ni16 glass.
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Table 1
Crystallisation sequence (mode), glass transition temperature:Tg, crystallisation temperature:Tx, peak crystallisation temperature:Tp, activation energies
for (i) overall crystallisation,E; (ii) nucleation,En and (iii) growth, Eg, isothermal annealing temperature,T and Avarami exponent for (i) single step
process (n) and (ii) two-step processes (n1 and n2)

Composition Sequence (mode) Bulk or surface
crystallisation

Tg

80 K/min
T1 (K)
20 K/min

Tp (K)
20 K/min

E/En/Eg (kJ/min) T (K) n/n1/n2

Zr76Fe24 A → Zr3Fe (polymorphic) Bulk 650.0 653.5 656.0 272.0 (E)/545.0
(En)/168.0 (Eg)

626.0 3.10 (n)

Zr76Fe24Ni4 A → Zr3(Fe, Ni)+ A′ (primary),
A′ → a + Zr2Ni (eutectic)

Bulk 641.0 653.0 655.0 286.0 (E) 631.0 2.71 (n)

Zr76Fe16Ni8 639.0 650.7 652.0 278.0 (E) 634.0 2.65 (n)
Zr76Fe12Ni12 A → Zr3(Fe, Ni) (polymorphic) Bulk 627.0 646.0 648.0 275.0 (E) 633.0 2.55 (n)
Zr76Fe8Ni16 A → Fe rich (Fe, Ni)3,

Zr(Ll2) + A′ (primary)
Surface 624.0 634.0 647.0 274.0 (E) 631.0 2.21 (n1)/

2.73 (n2)
Zr76Fe4Ni20 A → Zr3(Fe, Ni)

+ A′(primary), A′ →
Zr2Ni + a (eutectic)

Bulk 624.0 634.0 647.0 236.0 (E) 634.0 1.98 (n1)/
4.00 (n2)

Zr76Ni24 A → Zr2Ni + a (eutectic) Bulk 650.0 652.0 654.0 271.0 (E)/
410.0 (En)

631.0 3.20 (n)

Zr-based ternary glasses. The requirement for the formation
of the nanocrystalline structures is that a large number den-
sity of nuclei should form and these nuclei should grow to
the stage of impingement without leaving any untransformed
amorphous matrix.

5. Diffusion in Zr-based glasses

Work on the diffusivity of Cu and Al in Zr-based metal-
lic glasses has shown that the diffusivity of Cu is higher
than that of Al by an order of magnitude. This observation
is indicative of the fact that the diffusivity of the species
depends on its atomic size [41]. This point is further es-
tablished by demonstrating that diffusivities of Cu, Al, and
Sb in Zr-based glasses follow the sequence,DCu > DAl >

DAu > DSb [42], which is consistent with the fact that
rCu < rAl < rAu < rSb wherer is the radius of atom. It
is interesting to note that the activation energy of crystal
growth in these Zr-based metal–metal glasses is of the same
order as the activation energy of diffusion of metal atoms in
these amorphous alloys [19]. This is unlike the case of poly-
morphic crystallisation in metal-metalloid glasses where the
activation energy of growth of crystals is very high [19]. This
could be because of the fact that atomic transport occurring
during polymorphic crystallisation in the metal-metalloid
glasses is different from that occurring during diffusion in
such amorphous matrix. The activation process in the former
may involve a group of atoms. Similar magnitudes of the
activation energies of diffusion and for growth of crystals
during polymorphic crystallisation in metal–metal glasses
suggests the possibility that similarities exist between the
mechanism of diffusion and that of atomic jump across
the crystal-amorphous matrix interface during this mode of
crystallisation.

6. Conclusions

This review highlights the fact that the studies on
zirconium base metallic glasses have made important con-
tributions towards a better understanding of several issues
connected with amorphous alloys. The glass forming abil-
ity of these alloys can be rationalised on the basis of the
thermodynamic stability of the liquid phase and the kinetic
consideration of avoidance of a competing crystalline phase
under a given condition of cooling. The morphology of
crystals forming during the crystallisation process and the
kinetics of crystallisation can be rationalised in terms of
the different modes of crystallisation process encountered
in the system. The extent to which homogeneous nucle-
ation — both transient and steady-state and heterogeneous
nucleation take part in the overall kinetics and the role of
quenched-in-nuclei in the crystallisation process have been
elaborated.
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