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Abstract

The formation of a supercooled liquid region and devitrification behaviour of metallic glasses on heating are discussed in relation with the
glass-transition phenomenon observed using differential scanning and isothermal calorimetries as well as X-ray diffraction and transmission
electron microscopy (TEM). One of the most clear sequences of the glassy <> supercooled liquid phase transition is the change of the devitrification
behaviour and the kinetics of the devitrification reaction in Al-based and some other alloys after the transition from the glassy to the supercooled
liquid state. The significant variation in the devitrification behaviour and thermodynamic parameters indicate the difference between the glassy

and the supercooled liquid phases.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction and target setting

The glass-transition phenomenon in metallic glasses has been
studied extensively since they were first fabricated [1-3]. Struc-
turally, glassy and liquid states are quite similar but as compared
to a glassy solid state, liquid has zero value static shear modulus.
Several theories of glass-transition have been put forward [4,5]
and one of the most successful explanation is the mode-coupling
theory [6]. A thermodynamic aspect of the glass-transition pro-
cess has been pointed out by Kauzmann [7]. However, an impor-
tant question which is still not completely answered is: Do glassy
and liquid phases belong to the same phase, just observed at dif-
ferent temperatures, or the liquid—glassy phase transformation
and vice versa (called glass-transition) indeed does take place?
Three kinds of approaches have been formulated ([4,8—10], for
example, among the other sources):

1. Glassy phase is just a frozen liquid, and thus, glass-transition
is a kinetic phenomenon and no thermodynamic phase trans-
formation takes place.

2. Glass-transition may be a second-order transformation as
follows from the shape of the curves for the thermodynamic
parameters, for example; specific volume or enthalpy, which
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exhibit a continuity at the glass-transition temperature while
their derivatives like dV/dT or 0H/0T exhibit a disconti-
nuity (in a certain approximation) at the glass-transition
temperature.

3. Glass-transition may be a first-order transformation as
follows from the free-volume model.

At the same time, the abrupt change of the thermodynamic
parameters during a first-order transformation is not obviously
necessary. For example, it is not the case if the local chemical
composition changes upon phase transformation, or in the case
of displacive transformation.

A large number of the recently collected experimental data
motivated us to have a closer look at the glass-transition phe-
nomenon in metallic glasses from the viewpoint of devitrifica-
tion of the glassy phase on heating.

2. Experimental details

The experimental procedure can be obtained from any of our previous works
devoted to devitrification of metallic glasses [11], for example; in details the
ingots of Al- and Cu-based alloys were prepared by arc-melting mixtures of pure
elements in an argon atmosphere. Cu-based alloys are bulk glass formers while
Al-based ones can be produced only as melt-spun ribbons. From these ingots,
ribbon samples were prepared by a melt spinning technique. The structure of
the samples was examined by X-ray diffractometry with monochromatic Cu Ka
and synchrotron radiation as well as transmission electron microscopy (TEM).
The phase transformations on heating were studied by differential scanning
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calorimetry (DSC) at a heating rate of 0.67 K/s and by differential isothermal
calorimetry.

3. Glass-transition on cooling and heating in co-relation
with devitrification behaviour

The slope of the enthalpy (H) of a liquid as a function of tem-
perature curve, which is the specific heat capacity at constant
pressure (Cp,) per mol, changes in the certain temperature inter-
val. The variation of the enthalpy on cooling is schematically
shown in Fig. 1(a). The glass-transition on cooling takes place
in the temperature range between the conditional beginning of
glass-transition (Tbcg) and the finish of glass-transition (Té) tem-
peratures which can be treated as a glass-transition region. The
intersection of the two slopes dH/dT gives an intermediate point
which is called a glass-transition temperature TgC attained at a
certain cooling rate as glass-transition temperature is cooling
rate dependent.

The glass-transition on heating (symbol (H)) takes place
in the temperature range between the conditional beginning
of glass — supercooled liquid transition (Tlf{g) and finish of

glass-transition (Tf'g) temperatures (area of change of slope) as
monitored by the deflection of the DSC curve in Fig. 1(b) on
heating. As it is difficult to detect the deflection point related
to the beginning of change of slope this temperatures (Tg{g) and

(Tflg) are called conditional. As shown in the insert there is also
a slight overshoot in C,, because the heating rate is much lower
than the cooling rate upon the rapid solidification. The forma-
tion of a supercooled liquid is clearly observed in Fig. 1(b). On
heating this state exists between Tf’; and devitrification temper-

ature known as T. T];I; is often treated as the glass-transition
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temperature in the literature. The CussHf>5Tij5Pd5 alloy (here
and elsewhere throughout the paper all alloy compositions are
given in nominal at.%) was taken for representation in Fig. 1(b)
and (c) as it shows quite a large supercooled liquid region.

The glass-transition phenomenon was also monitored on
heating by XRD measurements. Q is wave vector correspond-
ing to the center of mass of the first diffraction maximum at
room temperature (Qp) and current temperature (QT) measured
after completion of the structural relaxation process on heat-
ing (the sample was preliminary heated up to Tg{ to complete
the structural relaxation) as is expressed in Fig. 1(c). It is postu-
lated that A(Qo/QT) scales with the linear size changes A(Lt/Lo)
provided that the interatomic interactions on thermal expansion
are elastic [12]. The linear thermal expansion coefficient related
to d(Qo/Qt)/dT derivative changes within the glass-transition
region from 1.4 x 1073 to 4 x 1073 K~!. These values corre-
spond to that of the solid [13] and liquid metals/alloys [14],
respectively.

As it was shown in the previous works the supercooled lig-
uid has the physical properties different from that of the glassy
phase [15]. This results in a difference in the devitrification reac-
tion proceeded from a glassy and a supercooled liquid phase in
several glass-forming alloys provided that the nucleation and
growth transformation mechanism is observed. One of the most
clear consequences of the glassy <> supercooled liquid phase
transition is the change of the devitrification behaviour and the
kinetics of the devitrification reaction in Al-Y-Nd-Ni—Co and
Al-Y-Ni—Co glassy alloys on crystallization from the glassy
and the supercooled liquid state [16,17]. Table 1 shows the influ-
ence of the transformation temperature in the isothermal mode
on the type of the devitrification (crystallization) reaction. The
samples were annealed isothermally at the temperature around
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Fig. 1. (a) Specific heat H as a function of temperature (scheme). (b) DSC curve for CussHf»5Tij5Pds alloy and (c) the ration of X-ray diffraction peak positions
Qo/Qr related to Lt/Lg vs. temperature. (d) DSC trace and Arrhenius plot created using incubation time for phase transformation in AlgsNisY4Nd4sCo, alloy.
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Table 1

Devitrification of AlgsNisY4Nd4Coy alloy in the vicinity of glass-transition region

Temperature (K) Features of transformation® Phases n® 7o — 734 (5)
233 Steady state nucleation a-Al+IM 4 4200-2400
>38 interf:ce-comrolled rowth a-Al+IM 4 2300-1100
543 £ a-Al+IM 4 1300-660
563 Non-steady state nucleation o-Al + traces IM 3.1 300-240
568 diffusion-controlled growth o-Al 2.6 270-225

2 The features of phase transformations have been taken from the earlier work [17].

b Intermetallic compound.
¢ Avrami exponent.

d Transformation time as a difference between the time of the completion of the reaction 7. and the incubation period 7; (corresponding to the smallest detectable

fraction transformed).

Tblé (measured at 1.67 K/s) of 561 K [18]. The transition from
the interface-controlled conjoint growth of a-Al and intermetal-
lic compound (IM) to the diffusion-controlled growth of a-Al
takes place within the glass-transition region (Fig. 1(d)). Such
a behaviour was also observed in the AlgsNi;Gdg alloy [19].
It is also found that the complete transition from the formation
of a-Al + intermetallic compound to a-Al in AlgsNi7Gdg takes
place just below Tf]g of about 543 K.

The reasonable linearity of the Avrami plot below Tg’é, an
exact value of the Avrami exponent of 4 and conjoint precipi-
tation of two phases (a-Al +IM) (possibly eutectic-like) argued
for the interface-controlled growth with steady state nucleation
while the non-linearity of the Avrami plot above T[Hg and the

Avrami exponent of about 2.6 above Tgfg argues for the diffusion-
controlled growth at non-steady state nucleation of a-Al [18].
This result is in agreement with the conclusions made in a recent
work [20] which indicates that transient non-steady state nucle-
ation [21] is typical from the supercooled liquid above ng [22].
At the same time, it has been reported that Fe—Ni—B metallic
glass exhibits polymorphous devitrification with a diffusion-
controlled growth of (Fe, Ni);B compound below Ty, while its
nucleation and growth above the glass-transition region can be
described by the viscose flow [23]. Such a behaviour has not been
observed in the above-described AI-RE-TM alloys as they do
not suffer polymorphous but eutectic-like transformation below
Tblé and primary formation of a-Al above 7}12

At the same time the amorphous AlI-RE-Ni—Co (RE-rare
earth) alloys which show no clear glass-transition on heating
before devitrification exhibited the same devitrification products
[16,17] at different temperatures in the isothermal mode and
after continuous heating.

The above-mentioned may indicate that the devitrification
products in such alloys inherit the local structure (short-range
order) of the glassy (amorphous) solid phase while the glasses
devitrifying from the supercooled liquid state may inherit a
short-range order of the liquid [24]. The origin of such behaviour
may also be connected with the difference in the structure, phys-
ical and thermal properties between the glassy phase and the
supercooled liquid.

Thus, devitrification behavior of AI-RE-Ni—Co metallic
glasses can be classified as follows: (1) If an alloy does not
exhibit glass-transition on heating prior to devitrification (crys-
tallization) and exhibits nucleation and growth transformation

mechanism then it forms intermetallic compound(s) or IM +
nanoscale a-Al. (2) If an alloy does not exhibit glass-transition
on heating prior to devitrification and has pre-existing nuclei
then it forms nanoscale primary a-Al. (3) If an alloy shows
glass-transition on heating and exhibits nucleation and growth
transformation mechanism then it forms nanoscale a-Al above
T, and IM + a-Al or IM below T.

4. Changes in the activation energies within the
glass-transition region

The Cus0Zr3pTijgNijg alloy which shows formation of an
equilibrium oC68 (Cu, Ni)1o(Zr, Ti)7 solid solution phase upon
devitrification [25] exhibits a completion of the transition to a
liquid state at about 740 K (Fig. 2(a)). The isothermal calorime-
try traces taken within the supercooled liquid region (7 — Tlg),

glass-transition region (Tbg - Tf];) and from the glassy phase
shown, Fig. 2(b) was used to create an Arrhenius plot (Fig. 2(c))
for the logarithm of incubation time 7 versus invert temperature
according to the following equation:

En
T =T eXp (RT) (1)

where E, is an activation energy mostly related to nucleation
events, R the gas constant and T temperature. This plot is fitted
with two straight lines using least squares method in the high and
low-temperature regions, respectively. The intersection of these
two lines takes place at a temperature of 730 K (see Fig. 2(c)).
This temperature belongs to the glass-transition region between
Tng (~720K) and ng (~740K). The slope of each fit gives E,, of
240 kJ/mol above (liquid phase) and 405 kJ/mol below the glass-
transition region (glassy phase). Thus, E;, changes by about two
times within the glass-transition region.

Similar data have been obtained for AlgsNisY4Nd4Cos
alloy (Fig. 1(d)). The E, value changes drastically around the
glass-transition region (see DSC signal in Fig. 1(d)).

Similar Arrhenius plots were also created for the transfor-
mation time in the CusgZr3gTijgNijo glass Fig. 2(d) and the
intersection point of two least squares linear fits also gives
the glass-transition temperature of 730K (see Fig. 2(d)). The
activation energy values of 280kJ/mol and 410kJ/mol are
obtained in the high-temperature and low-temperature region,
respectively. These activation energy values include both
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Fig. 2. (a) DSC curve for the CusoZr3pTijoNijo glassy alloy; (b) isothermal calorimetry curves at different temperatures; (c) and (d) Arrhenius plots created using

incubation time and reaction time, respectively.

factors: nucleation and growth, and thus, are higher than those
obtained mostly for nucleation only from the plot in Fig. 2(c).

The above-mentioned data indicate that the glassy phase
may not be a simply frozen liquid but a different type of
phase.

5. Possible origin of glass-transition phenomenon

Let us discuss the nature of the glass-transition region
consisting of two temperatures Tpe and Tf,. If it is a phase
transformation than the glass-transition may be a first-order type
diffusionless phase transformation which takes place within a
temperature interval provided that not all but a certain volume
of the matrix phase is transformed at a definite temperature
between Ty and Tt,. The diffusionless character of this trans-
formation implies that the atoms are shifted on the distances
smaller than the interatomic distances [26]. One can suppose
that the supercooled liquid regions are gradually transformed
to the glassy regions upon cooling. This supposition have much
in common with liquid- and solid-like cells in free-volume
theory [9].

This postulate can be illustrated as follows. Fig. 3(a) schemat-
ically shows an atomic structure of an alloy in the glass-transition
region between Tbcg and ng" As in general, the glassy phase has
a higher density (lower specific volume) than that of the super-
cooled liquid. The transformed glassy areas with higher packing
density are encircled with dashed line in Fig. 3(a). It is known
that the local atomic structure changes insignificantly upon the
glass-transition which implies that the atomic shifts are smaller
than the average interatomic distance leading to the diffusion-

less formation of the glassy structure with higher density as
shown in Fig. 3(b) and (c). A position shift of a group of atoms
(fluctuation) having lower energy may form a local region of a
glassy phase having higher density and lower specific volume
(see Fig. 3(c)) [27].

0.
. . Je® T
092009 ) 0922 0 @'
Fig. 3. (a) Schematic representation of the atomic locations in a liquid within

the glass-transition region. The glassy areas are marked with dashed lines; (b)
and (c) indicate a process of solidification.
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At higher heating rate the metallic glass can reach a liquidus
temperature, on heating without crystallisation [28], while at
slower heating not a diffusionless but a diffusive transformation
takes place [29].

The last, the diffusionless transformation can be a natural
source of the free volume and stresses, i.e. local regions of the
glassy phase which were formed first may not allow the later
formed parts to contract to an “ideal” glassy state leading to
elastic stresses [30,31]. These elastic stresses generated from
the volume differences between transformed (glassy) and non-
transformed (supercooled liquid) phases may prevent growth
of the glassy regions beyond a critical size, thereby, delaying
transformation of the whole volume.

6. Conclusions

The changes of the devitrification pathways in the Al-based
glassy alloys and the activation energy values in Al- and Cu-
based glassy alloys within the glass-transition region argue that
the glass-transition is not just a simple kinetic freezing of a liquid
but a phase transformation leading to a different type of phase.
It is proposed that the glass-transition may be an analogue of the
first-order diffusionless transformation which takes place in the
certain temperature interval.
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