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a b s t r a c t

Crystallization of ultraviscous melt of Mg65Cu25Tb10 glass has been studied by two procedures, (i) by
keeping the samples at several fixed temperatures, and (ii) by heating the samples at different rates.
One prominent exotherm appeared on crystallization in procedure (i), and two appeared on crystal-
lization in procedure (ii). The Kolmogorov–Johnson–Mehl–Avrami relation for the fraction crystallized,
x(t) = 1 − exp(−ktm), and the corresponding relation for rate-heating, fitted the results from both studies
until x began to approach 1 and the measured crystallization rate became slower than the calculated
rate. This is attributed to the slower crystallization of inter-granular melt of the same composition as the

−m

rystallization

sothermal and rate kinetics

crystals. The rate coefficient value in ln k [min ] increased from −8.25 at 448 K to −1.90 at 468 K with
an activation energy of 169 kJ/mol, and m increased from 3.11 to 3.25. On rate-heating at 5 K/min, ln k
[min−m] of the first exothermic peak increased from −21.3 at 458 K to −14.5 at 473 K with an activation
energy of 246 kJ/mol and m decreased from 3.30 to 3.20. On annealing the ultraviscous melt, the first
peak vanished but the second persisted. On reheating it also vanished. The slower kinetics of the second

s tha
exothermic peak indicate
on heating.

. Introduction

As a liquid is supercooled, local fluctuation of thermal energy
eads to clustering and unclustering of molecules in its bulk. In
his stochastic process, clusters that grow to a size larger than the
ritical size are called nuclei and their number formed per unit
ime is called the nucleation rate, which increases with decreas-
ng temperature T initially on supercooling, and then decreases on
urther supercooling. Critical size nuclei grow to form crystals at

rate that depends upon the self-diffusion coefficient in a one-
omponent melt. However, in a multi-component melt, the overall
rowth rate would be governed by an effective diffusion coeffi-
ient that is a combination of partial diffusion coefficients. There
re theories for nucleation and crystallization going back to Turn-
ull and Fisher [1] and the subject has been discussed in detail in
wo monographs on crystallization and solid–solid transformation,
ne monograph on crystalline metals and their alloys by Christian
2], and the second monograph on vitreous solids and their melts

y Gutzow and Schmelzer [3]. There have been conferences on the
ubject of nucleation and crystallization of ultraviscous melts [4]. A
ecent paper [5] has reviewed this subject and provided a scenario
or the usual spinodal decomposition and growth of metastable
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E-mail address: joharig@mcmaster.ca (G.P. Johari).
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t the melt crystallized partially to a metastable phase which transformed

© 2010 Elsevier B.V. All rights reserved.

phases in multi-component systems according to the Ostwald’s rule
of stages.

Depending upon the rate of nucleation and crystal-growth, a
glass may contain an insignificant population of nuclei if the nucle-
ation rate near the vitrification temperature on cooling a melt is
slow or the glass may contain a large population of nuclei if the
crystallization rate is slow. These so-called “athermal nuclei” grow
progressively more rapidly as T is increased, thus causing a glass
to partially crystallize and thereafter a melt to fully crystallize. In
addition, new nuclei form and grow slowly in the same ultravis-
cous melt. More recently, it has been found that nucleation and
crystal-growth also occur in localized regions of a glass structure
where diffusive motions of atoms and molecules are faster [6–14].
These localized regions in which thermally activated motions per-
sist in the rigid structure of a glass were known as the �-relaxation
[15,16] and are currently known as the JG or the Johari–Goldstein
(JG) relaxation [17–19]. In these localized regions in the structure
of a glass, as in the regions of dislocations and high defects con-
centrations in crystalline metals and alloys, nuclei grow to form
crystallites. It has been suggested that nucleation and growth in
these regions of a glass occur by self-diffusion over a distance

shorter than the usual inter-atomic distances. But these regions are
not as randomly distributed in the bulk of a liquid as the nucleation
sites in the current theories of nucleation and growth. Studies of
some ultraviscous melts have shown a so-called induction period
for crystallization of some inorganic glasses, an aspect described by

dx.doi.org/10.1016/j.tca.2010.07.008
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
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eldovich in 1942. Its importance for the understanding of crystal-
ization of melts was first proven by Gutzow and Schmelzer [3] and
thers [20,21]. Their discussion may be consulted for details. It has
een interpreted to indicate the long time required for establishing
steady state distribution of nuclei, the unusually slow growth of

he atomic or molecular clusters to a critical size and in some cases
o indicate early appearance of metastable phases of the material
nd its components. When a melt has only one crystal form, the
rystal size in the microstructure formed on crystallization may
ary depending upon the ratio of the nucleation rate to crystal-
rowth rate. It has been suggested that even in a one-component
elt, the crystal structure of their critical nuclei may also be dif-

erent from the evolving macroscopic phase and the process may
e further complicated by the existence of polymorphism of crys-
als [5]. But when the crystals formed are compositionally different
rom the melt, as would occur for non-eutectic compositions (and
ncongruent freezing/melting), various types of crystals may form
n nucleation and crystal-growth. In such a case, microstructure
f the solid ultimately formed would vary when the crystal type,
ize and the melt composition vary in an isothermal nucleation and
rystal-growth. In non-isothermal experiments, the temperature-
ependence of crystal-growth rate would vary as the composition
hanges. This would lead to unexpected thermal effects.

During the last decade, production of a number of multi-
omponent metal-alloy glasses in the bulk state by normal cooling
f the melt [22,23] has helped establish a discipline of metallic
lasses, much like the discipline of polymers, in which basic con-
epts developed already from studies of nonmetal-alloy glasses are
sed for interpretation of their glass and crystallization thermody-
amics and kinetics. Several reviews on metal-alloy glasses have
ppeared in recent years [24,25]. Properties of bulk metal-alloy
lasses are reasonably stable at ambient temperature as long their
lass-liquid temperature range is far above the ambient temper-
ture. Nevertheless, if such glasses are used at high temperatures
ver a long period of time, or if thermally cycled, not only their
tructure may continuously relax to that of lower energy, but they
ay also crystallize to the detriment of their useful properties.
brief review of their structural relaxation thermodynamics has

een given in the Introduction of a paper on the calorimetric study
f the “memory effect” [26].

Nucleation and crystallization processes in metallic-alloy
lasses have certain characteristic of their own, as does their struc-
ural relaxation dynamics. Since atoms do not rotate, diffusive

otions in their glassy and melts are only translational and there
re no internal degrees of freedom or steric hindrance for orien-
ation. In this respect they differ from molecular glasses in which
ertain orientations are favorable for crystal formation, particularly
hen such crystals are anisotropic; and they have an entropy of
ixing which is in addition to the usual configurational entropy.

n the numerous studies on crystallization of metal-alloy glasses
ince the 1970s, calorimetry has been commonly used as an inves-
igative method [27–30]. Interpretation of such studies has in
ome cases been supported by using X-ray diffraction and electron
icroscopy of the samples subjected to a predeterimed thermal

istory [31–35]. Numerous studies on crystallization of metal-
lloy glasses by heating at different rates have been reported. In
uch experiments the ultraviscous melt crystallizes incongruently
hether a glass crystallizes apparently before its glass transition

emperature is reached on heating [36–39] or, as in current studies,
ecomes a relatively stable ultraviscous melt on heating. Analysis
f the data obtained from such studies often does not distinguish

he various kinetic processes. Moreover, it has been concluded
hat the assumptions made in analyzing the crystallization kinetics
verlook features related to a material’s structure, and the param-
ters obtained by fitting the data to formalisms for crystallization
ften have little resemblance with the quantities that determine
ca Acta 510 (2010) 144–153 145

nucleation and crystal-growth [40]. In particular when incongru-
ent crystallization leads to change in the melt composition, the
crystal-growth rate changes with temperature as the average inter-
diffusion coefficient changes. The change in the diffusion coefficient
is taken to be inversely proportional to viscosity of the composition
of the melt prior to incongruent crystallization. Calorimetric fea-
tures of (exothermic) grain growth in nano- and microcrystalline
metal alloys [41–43] have also been observed. These features are
similar to the features of structural relaxation of metal-alloy glasses
[44], and it has been shown that when X-ray diffraction studies can-
not distinguish between a glass and a microcrystalline structure,
analysis of their calorimetric feature by anneal-and-scan method
can be used to determine its glassy state [44].

In view of the above-given features, it is expected that isother-
mal crystallization studies of metal-alloy glasses would not yield
the same results as non-isothermal crystallization studies. Our
purpose here is to investigate (i) isothermal crystallization of
an ultraviscous melt at several fixed temperatures and (ii) non-
isothermal crystallization by heating at several rates and then to
determine whether these two experiments yield different results
when analyzed by using the current methods. If they do so then
the overall kinetics would not appear to be affected by the above-
mentioned assumptions and occurrences, and also would not
be affected by the usual spinodal decomposition and growth of
metastable phases that are known to occur on thermal treatment of
inorganic, molecular and polymer glasses, but are either not known
in the area of metal-alloy glasses or have not been investigated. Any
difference in the total heat of crystallization per mol of the origi-
nal compositions in isothermal and non-isothermal measurements
would reflect the consequences of incongruent crystallization to
compositionally different phases.

In addition to showing that calorimetric features of isother-
mal crystallization kinetics of Mg65Cu25Tb10 melt differ from those
of non-isothermal crystallization kinetics, and both follow the
well-known kinetics of the Kolmogorov–Johnson–Mehl–Avrami
equation with similar parameters and yield different activations
energies, the study may be useful in extrapolating how a hyper-
quenched metal-alloy glass of other compositions may partially or
fully crystallize in storage or a bulk metal-alloy glass may do so
when used as a device at high temperatures. Thermodynamic and
kinetics of structural relaxation of the Mg65Cu25Tb10 glass were
reported in this journal [45]. Our interpretation of the results is
necessarily based on calorimetric data. Diffraction and electron
microscopic studies that may be used to verify these would ideally
require in situ high temperature measurements, and these studies
are not performed.

2. Experimental methods

The metal-alloy glass samples of composition Mg65Cu25Tb10
were prepared by the group of Professor W.H. Wang at Insti-
tute of Physics and Center for Condensed Matter Physics, Chinese
Academy of Sciences, Beijing, China, and its 0.5 g samples were
kindly donated to us by Dr. P. Wen for our study. The procedure
they had used was, (i) arc melting of an accurately weighed mixture
of pure elements under a titanium-gettered argon atmosphere and
(ii) transferring the melt to a water-cooled copper crucible inside
which it vitrified also done in argon atmosphere to prevent any oxi-
dation. The melt was homogenized by raising the temperature of
the glassy solid far above Tg two to four times. Plate-like specimens

of thickness 1–3 mm, width 5–10 mm, and length of 30–40 mm and
rod specimens of diameter 3–5 mm and length of 30–40 mm were
produced.

A Pyris Diamond PerkinElmer DSC was used with argon as purge
gas for the sample holder. The instrument was calibrated with
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where �Hcryst is equal to the total peak area of the crystallization
exotherm. The values of �Hcryst obtained from isothermal crystal-
lization of Mg65Cu25Tb10 melt are listed in Table 1 and those from
non-isothermal experiments are listed in Table 2. At the initial time

Table 1
The fixed temperature of crystallization, the enthalpy of crystallization, and the
KJMA parameters of crystallization kinetics of Mg65Cu25Tb10 ultraviscous melt.

Tcryst (K) �Hcryst (kJ/mol) k (min−m) m E (kJ/mol)
46 D.P.B. Aji, G.P. Johari / Thermo

ndium and zinc by using their melting points and their enthalpy
f melting. During the course of measurements on a sample,
he baseline, temperature calibration and stability of the equip-

ent was frequently checked. An accurately weighed, nominally
–15 mg, amount of the sample was placed in an aluminum-pan
nd crimp-sealed. It was transferred to the instrument at ambient
emperature. Repeat measurements showed that the DSC output
n Watts (J s−1) divided by the sample’s mass remained constant to

ithin 0.2%. Thus the effect of the sample’s mass on the measured
alues was negligible.

Crystallization kinetics was studied, (i) in isothermal mode by
eeping the sample at a fixed temperature Tcryst, and measuring
ith time the heat released in W g−1, and (ii) in scanning modes by
eating the sample at a fixed rate and measuring the heat released

n W g−1 with increasing T. Before performing the isothermal crys-
allization, the usual DSC heating scan was obtained for a heating
ate of 20 K/min. This yielded the glass softening temperature Tg of
14 K, and a specific heat increase of 13.3 J/(mol K) in the Tg range,
he temperature for onset of crystallization, Tx, and the temperature
f the exothermic minimum in the heat flow rate on crystallization.
his minimum is here referred to as exothermic peak, Tp, which
ppeared in this experiment at 483.2 K. For isothermal studies of
rystallization, the features of this DSC scan were used for choosing
cryst such that crystallization rate at Tcryst would be slow enough
o allow measurement of the heat flow with a reasonably accuracy
y DSC. This temperature was less than Tp.

For each isothermal study of crystallization, a new sample of the
s-cast glass was heated from 363 K at 100 K/min rate to the above-
entioned selected temperatures, Tcryst, of 448 K, 453 K, 458 K,

63 K, and 468 K and kept at that temperature for a predetermined
ime period. After crystallization appeared to have been completed,
he sample was cooled to 363 K and thereafter reheated at 20 K/min
o a temperature slightly higher than Tx in order to determine
f further crystallization or other thermally detectable transfor-

ation may occur. None of the samples showed an exothermic
inimum on this reheating. Their featureless DSC scans are not

hown here.
For each non-isothermal study, the as-cast sample was heated

t a fixed rate from 363 K to a certain temperature, Tmax, and
ts DSC scan was obtained. The heating rates for this study were
K/min, 10 K/min, 20 K/min, 40 K/min and 80 K/min. During the
rst heating, the characteristic crystallization feature appeared as
he exothermic minimum in dH/dt against T plot, which is referred
o as Tp. The sample was then cooled to 363 K at the same rate as
he heating, and then rescanned to the same Tmax of 693 K in order
o determine whether or not the sample had fully crystallized.

To investigate whether non-isothermal crystallization produced
he same calorimetric state as isothermal crystallization, DSC res-
ans of the crystallized samples from the two studies were obtained
nd compared. The two DSC rescans were found to be identical
ithin experimental errors. They did not show the glass transition

nd/or crystallization minimum.

. Results and data analysis

The plots of dH/dt against the time, t, are shown in Fig. 1, where
he chosen temperature at which the sample was isothermally kept
or crystallization, Tcryst, is noted. In all cases, this temperature
s higher than Tg of 414 K for Mg65Cu25Tb10 glass for heating at
0 K/min rate. The plots show only one exothermic peak, which is

ue to overall crystallization of the melt. As expected for a thermally
ctivated process, increasing the sample’s Tcryst shifts the minimum
o a higher temperature, increases its height, makes it narrower and
harper, and reduces the time taken for full crystallization. How-
ver, a distinct feature appears in the plot obtained at the lowest
Fig. 1. The plots of dH/dt against time of the ultraviscous melt during isothermal
crystallization at 448 K, 453 K, 458 K, 463 K, and 468 K.

temperature of 448 K. Here, the broad peak appears to have become
distorted near the beginning.

The plots of dH/dt against T were obtained for heating at a rate,
qh of 5 K/min, 10 K/min, 20 K/min, 40 K/min and 80 K/min. These
are shown in Fig. 2. There are two exothermic peaks at tempera-
tures Tp,1 and Tp,2 as the Mg65Cu25Tb10 glass gradually crystallizes.
The onset temperatures of the peaks are labelled as Tx,1 and Tx,2.
The low-temperature peak is much more prominent than the high
temperature peak. This indicates that there are two crystallization
processes occurring at different rates. As is expected, when qh is
increased, Tp,1 and Tp,2 and Tx,1 and Tx,2 increase and the height of
the peaks increases.

The partial area of the peak in Fig. 1 is proportional to x, the
volume fraction of the sample crystallized at time, t, at the relevant
temperature,

x(t) = 1
�Hcryst

∫ t

t=0

(
dH

dt

)
dt (1)
448 2.81 2.6 × 10−4 3.11
453 2.92 1.7 × 10−3 3.15
458 2.96 5.5 × 10−3 3.17 169
463 3.23 0.026 3.21
468 3.61 0.15 3.25
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Fig. 2. The plots of dH/dt against T of the glass during heating at rates of 5 K/min,
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Fig. 3. (A) The crystallized volume fraction plotted against time and the fitting of

T
T
f
u

0 K/min, 20 K/min, 40 K/min, and 80 K/min. Tx,1 and Tx,2 are the onset crystalliza-
ion temperatures for peak 1 and peak 2, respectively. Tp,1 and Tp,2 are the peak
emperatures for peak 1 and peak 2, respectively.

hich is taken as zero, x = 0 and at time near the end of the exper-
ment, x = 1. The quantity x was calculated from the data in Fig. 1
nd is plotted against t in Fig. 3A. The corresponding plots of the
ate of crystallization, dx/dt, are shown in Fig. 3B. Since this rate, is
roportional to −dH/dt, the dx/dt plots would be equivalent to the

nverted plots of Fig. 1.
Similarly, the plots in Fig. 2 were used to obtain x at different

emperatures from the relation,

(T) = 1
�Hcryst

∫ T

T ′

1
qh

(
dH

dt

)
dT (2)

here �Hcryst here is equal to the total peak area in the plot of
dH/dt)/qh in the temperature plane, and T′ is a reference temper-

ture below Tx,1 or Tx,2. The rate of crystallization is then obtained
rom, dx/dt = qh (dx/dT). The quantities x and dx/dt obtained for
eak 1 are plotted against T in Fig. 4A and B, and the corresponding
uantities for peak 2 are plotted against T in Fig. 5A and B.

able 2
he heating rate, the onset and peak temperatures, the enthalpy of crystallization, and the
or the first exothermic feature. Also listed are the onset and peak temperatures, and the
sed is similar with the one used by Greer [62].

qh (K/min) Tx,1 (K) Tp,1 (K) �Hcryst,1 (kJ/mol) ln k0

5 461.9 466.9 3.47 191.90
10 469.8 475.2 3.51 190.10
20 478.2 483.2 3.58 187.01
40 484.3 493.9 3.74 183.25
80 496.1 503.8 4.05 180.30
the KJMA equation to data at, (1) 468 K, (2) 463 K, (3) 458 K, (4) 453 K, and (5) 448 K.
(B) The corresponding rate of crystallization. Solid lines are the experiment data and
the dash lines are the fitting curves.

4. General features and formalisms for isothermal and
non-isothermal crystallization

It appears that the general concepts and analysis that had been
developed for congruent crystallization of (mono-component or
eutectic composition) glasses and melts have been used for crystal-
lization of multi-component non-eutectic compositions. In as much
as these concepts are used for interpreting the data for metal-alloy
glasses, it seems worth mentioning their theoretical and experi-
mental context, and their limitations: according to Turnbull and
Fisher’s theory of crystal-growth [1–5,46], the rate of homogeneous
nucleation is determined by two quantities, (i) the extent of super-
cooling denoted by (Tm − T), where Tm is the equilibrium freezing
point of the melt, and (ii) the excess entropy of supercooled melt
over the crystal phase. Kinetic equations for the nucleation rate

require also the solid–melt interfacial energy and the free energy
barrier for molecular diffusion across the interface, and this barrier
may change with both t and T when crystal formed do not have
the same composition as the melt. As the melt is cooled, the term

KJMA parameters of crystallization kinetics on rate-heating the Mg65Cu25Tb10 glass
enthalpy of crystallization for the second exothermic feature. The fitting method

m E (kJ/mol) Tx,2 (K) Tp,2 (K) �Hcryst,2 (kJ/mol)

3.30 469.5 530.7 0.76
3.28 477.5 541.6 0.85
3.26 246 487.1 553.5 0.89
3.23 498.8 565.9 0.97
3.20 515.7 585.9 0.99
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Fig. 4. (A) The crystallized volume fraction from peak 1 is plotted against the
temperature. The data were obtained for heating at, (1) 5 K/min, (2) 10 K/min, (3)
20 K/min, (4) 40 K/min, and (5) 80 K/min. (B) The corresponding plots of the crystal-
lization rate plotted against temperature. Solid lines are the experiment data and
the dash lines are the fitting curves.

Fig. 5. (A) The crystallized volume fraction from peak 2 is plotted against the
temperature. The data were obtained for heating at, (1) 5 K/min, (2) 10 K/min, (3)
20 K/min, (4) 40 K/min, and (5) 80 K/min. (B) The corresponding plots of the crystal-
lization rate plotted against temperature.
ca Acta 510 (2010) 144–153

(Tm − T)2, that appears in the denominator of the negative exponen-
tial term for the nucleation rate (see Refs. [2–5,20,21]), increases
rapidly and hence the nucleation rate increases from a low to a high
value over a small temperature range. The assumption of constant
excess entropy with increasing supercooling restricts the use of
the Turnbull–Fisher equation to a small extent of supercooling. For
deep supercooling to T far below Tm, the excess entropy becomes
significantly less than that at Tm. This lessening not only has a sig-
nificant effect on the nucleation rate, but also on the crystal-growth
rate if the excess entropy were to determine the viscosity, as in ther-
modynamic theories of glass formation [47]. (Multi-component
glasses also have entropy of mixing that does not change on cool-
ing.) In the terminology of thermodynamic and kinetic driving
forces for crystallization, (i) the effect of increase in (Tm − T)2 is rel-
atively small at T just below Tm and large in the ultraviscous melt,
particularly on cooling toward the vitrification range and (ii) the
effect of reduction in the excess entropy is large at T just below Tm

and small in the ultraviscous melt on cooling toward the vitrifica-
tion range. Nucleation rate is zero at Tm and crystal-growth rate is
vanishingly small in the vitrified state. Plots of both the nucleation
and crystal-growth rates against T show a peak. Their widths and
shapes differ and the plots often partly overlap. Recent reviews on
this subject have provided details of these effects [4,5,46].

The above-mentioned separation between the time scales of
nucleation and crystal-growth, recognized already by Tammann
[48] as two consecutive stages of crystallization, is now used
for developing the time–temperature profiles for producing glass
ceramics of different microstructures and properties by both
homogeneous and heterogeneous nucleation [49,50]. Plots of the
nucleation and crystal-growth rates against T also have different
shapes, and when an ultraviscous melt obtained by heating a glassy
state crystallizes, the crystal nuclei, if already present, are expected
to grow before new nuclei may form preferably in the localized
regions in the glassy state or else form randomly in the volume
of an ultraviscous melt. Both the nucleation and crystal-growth
rates determine the crystallization kinetics of the melt but the
slower of the two rates dominates the observed thermal effects.
In contrast, crystallization of metal-alloy glasses by Ichitsubo et al.
[12–14], by use of radio-frequency ultrasonic energy absorption
has shown that mechanical instability due to the resulting shear
in local regions, where the faster process of JG relaxation occurs
[51], causes crystallization. Also, as nucleation and crystal-growth
occur in the same volume of a melt, the amount of melt available
for nucleation decreases as crystals grow. The situation becomes
further complicated for incongruent crystallization, because in this
case the composition and properties of the remaining melt also
change.

Molecular diffusion dynamics that is needed for crystallization
of an ultraviscous melt and glass is distinguished from that of a low-
viscosity melt. In the ultraviscous melt, it is said to be co-operative
and is described in terms of either the characteristic time for the �-
relaxation process or viscosity, both of which show a non-Arrhenius
variation with T. Their apparent activation energies decrease as T is
increased. There is also a dynamics of localized motions that shows
up as the �- or the JG relaxation, and whose characteristic time
varies with T according to the Arrhenius equation. In the glassy
state, the co-operative dynamics is too slow and only the JG relax-
ation dynamics is observed and yet heat treatment of metal-alloy
glass changes its shear modulus [52]. Localized modes of motions
are also recognized as the source of the unexpectedly rapid nucle-
ation and growth in the glassy and ultraviscous states of small

molecule organic substances [6–11], and there are indications that
the overall crystallization rate is most rapid in a viscous melt far
below its freezing point [53], at the Donth temperature [54], where
the �-relaxation process evolves from the JG relaxation process
[51,55].
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Kolmogorov [56] had calculated the probability of nucleation in
certain volume that remains available at a certain time after crys-

allization has begun. Gutzow and Schmelzer [3] have provided a
etailed discussion of the subject and compared the Kolmogorov’s
robability calculation with Poisson’s probability calculation of a
athematically similar problem. They also discussed the formal

reatments of the volume available for nucleation in a partially crys-
allized melt by Johnson and Mehl [57] and by Avrami [58,59]. Their
escription [3], which seems relevant to metal-alloy glasses, may
e consulted for details. More recent experiments [6–14] showing
hat nucleation and crystal-growth occurs in local regions imply
hat these processes are not necessarily as random as is implicit in
he Poisson distribution. It has not been possible to incorporate it
n the kinetics of nucleation and crystal-growth, and the incongru-
nt crystallization of metal-alloy glasses makes it more difficult to
athematically interpret crystallization kinetics. As we are unable

o take these aspects into account, we analyze our data, as in numer-
us earlier studies of phase transformation in crystalline metals,
nd crystallization of molecular and polymeric and metal-alloy
lasses, by using the Kolmogorov–Johnson–Mehl–Avrami (KJMA)
quation [56–59] for overall crystallization. Accordingly, the quan-
ity x is written as,

n(t) = 1 − exp[−Yn(t)], and Yn(t) = ωnJvn

∫ t

0

(t − t′)ndt′ (3)

here Yn is the new phase formed until time t, J is the nucle-
tion rate, v is the linear growth velocity and ωn is a geometrical
actor equal to 4�/3 for spheres. The parameter n has different
alues for different nucleation and growth mechanisms and for
imensions of space in which transformation occurs. These val-
es have been listed in Table 10.1 in Ref. [3]. After substitution
or the integral for Yn(t), the final equation is now known as
olmogorov–Johnson–Mehl–Avrami (KJMA) equation. Burbelko et
l. [60] have reviewed its progress since Kolmogorov’s original
aper. We follow the description in the monograph by Gutzow and
chmelzer [3]:

n(t) = 1 − exp
[
− ωn

n + 1
Jvntn+1

]
(4)

r

n(t) = 1 − exp[−kntn+1], where kn = ωn

n + 1
Jvn (5)

The quantity n + 1 is written as equal to m, which is known
s the KJMA coefficient for phase transformation. The quantity kn

s known as KJMA kinetic coefficient. Macroscopically, it is the
emperature-dependent rate constant for crystallization in this
tudy. The value of m is usually an integer, which depends upon
he dimensionality and morphology of the crystal-growth.

In the formalism for nucleation and crystal-growth in molten
etals, interactions between atoms have a spherical symmetry, i.e.,

here is no directional bias, and in molecular melts interactions are
lso taken to be spherical but in terms of the van der Waals forces.
ny change in these interactions may be seen as a process occur-
ing concurrently to crystal-growth, and this change is expected to
how up as decrease in the enthalpy. This aspect is also discussed
n Ref. [3]. The form of KJMA equation used for fitting the overall,
sothermal crystallization kinetics data is:

m dx m−1 m
(t) = 1 − exp[−kt ];
dt

= mkt exp(−kt ) (6)

Note that Eq. (6) is also written as x(t) = 1 − exp[−(kt)m] which sim-
lifies subsequent calculations, as discussed in detail by Bruijn et
l. [61]).
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5. Discussion

5.1. Thermodynamic aspects

In Table 1, �Hcryst of Mg65Cu25Tb10 melt increases from
2.81 kJ/mol from Tcryst of 448 K to 3.61 kJ/mol for Tcryst of 468 K. In
Table 2, (Hcryst for peak 1 increases from 3.47 kJ/mol for qh of 5 K/min
to 4.05 kJ/mol for qh of 80 K/min and the peak itself shifts from
466.9 K to 503.8 K. Also, (Hcryst for peak 2 increases from 0.76 kJ/mol
for qh of 5 K/min to 0.99 kJ/mol for qh of 80 K/min and the peak shifts
from 530.7 K to 585.9 K. If crystallization occurred congruently and
there were no other thermodynamic occurrences, the (Hcryst values
would be closely similar for the five temperatures listed in Table 1.
Also, the total (Hcryst value for peaks 1 and 2 would be similar for
the five heating rates. Moreover, the (Hcryst value determined from
isothermal crystallization would be similar to that determined from
non-isothermal crystallization. Any difference in the total heat of
crystallization per mol of the original compositions (Mg65Cu25Tb10)
in isothermal and non-isothermal measurements would be a conse-
quence of incongruent crystallization to compositionally different
phases. The differences observed here indicate that crystallization
is incongruent and the calculations based on per mol of the origi-
nal composition of Mg65Cu25Tb10 are not directly comparable. This
behavior also has been observed in Fe-based metal-alloy glass [36].

5.2. Features of isothermal and non-isothermal crystallization

In Fig. 3A and B, we have fitted Eq. (6) to the plots of x against
t and the values of m and k thus obtained for isothermal crystal-
lization at five temperatures are listed in Table 1. The k values in
turn were used to determine the rate constant k0 and the activation
energy E from the relation,

k = k0 exp
(

− E

RT

)
(7)

When the nucleation rate is negligibly small over the temper-
ature range of interest, E is identified as the activation energy for
crystal-growth. The data for ln(k) obtained from isothermal crys-
tallization studies are plotted against 1/T in Fig. 6.

The parameters for the crystallization kinetics on rate-heating
were obtained also by fitting the KJMA equation modified for the
purpose. It is worth noting that there are several such modifica-
tions used for performing such an analysis, but one suggested by
Greer [62] seems most appropriate for our use. Greer assumed that
the crystallization at different T would vary only in the time scale,
i.e., that the transformation is iso-kinetic and its rate at any instant
depends only on T and x at that instant. It is independent of prior
thermal history of the sample, as would be the case for a melt in
which only one type of crystals of only one composition form. In
this study, direct use is made of the isothermal KJMA equation by
approximating the linear heating profile as a series of short isother-
mal anneals. Consider a material transformed at T1 for a time of t1.
The transformed fraction at T1 is x = f1(t′), where t′ is the time from
the start of the transformation at T1. At the end of transformation at
T1, the transformed fraction is x = f1(t1). The transformation contin-
ues at T2 for a time of t2 at which x = f2(t′′), where t′′ is the time from
the start of transformation at T2. The course of the transformation
at T2 is precisely the same as if the initial transformed fraction at T2,
f1(t1), had been formed at T2. If t1′ is the time it would have taken
at T2 to produce x = f1(t1), i.e., f1(t1) = f2(t1′ ), the transformation at
T2 is given by,
x = f2(t + t1′ − t1) (8)

where t is the time from the start of the transformation at T1 (or
T2). At the end of transformation at T2, x = f2(t2 + t1′ − t1). The calcu-
lations were performed by using a computer algorithm in which
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the plots of measured (dx/dT)q against T in Fig. 7B is much greater,
reaching a factor of 1.4 relative to calculated values at the highest
ig. 6. The plots of ln(k) against the reciprocal temperature. Circles are data from
sothermal kinetics, and lines from the rate-heating kinetics.

he temperature was uniformly incremented. At the end of the
ate-heating, the value of x was obtained and dx/dt evaluated at
he midpoints of temperature step. For the ith increment, dx/dt at
= (Ti + Ti+1)/2 was taken to be (xi+1 − xi)/(ti+1 − ti). Fig. 4B shows

he result of fitting of the dx/dt plots for crystallization peak 1 at
ifferent heating rates. The fitted parameters for the crystalliza-
ion kinetics are listed in Table 2. The ln(k) value obtained by this
tting is plotted against 1/T in Fig. 6, and the E value is listed in
able 2. (Yinnon and Uhlmann [63] have critically reviewed the
ight mathematical methods for fitting the KJMA equation to the
on-isothermal crystallization kinetics data, including the widely
sed Kissinger’s [64] method. For reasons given by them [63], we
id not use any of these methods for analyzing our data for non-

sothermal crystallization kinetics [65].)
The activation energies obtained by the two methods differ: for

sothermal crystallization, E = 169 kJ/mol in Table 1 and for non-
sothermal crystallization E = 246 kJ/mol in Table 2. Although both
alues are considerably high they are less than those observed
or molecular ultraviscous melts, e.g., E for isothermal crystal-
ization for syndiotactic polystyrene is 792 kJ/mol [66]. It is also

orth noting that E of Pd77Cu6Si17 and Pd48Ni32P20 glasses [67]
ere determined by non-isothermal crystallization studies, and it
as found to be equal to the activation energy for viscous flow,
ecreasing with increase in the crystallization temperature range
n increase in the heating rate. The equality led to the conclu-
ion that crystallization rate is controlled by viscosity. In another
tudy, it was suggested that crystallization in the amorphous solid
68] may occur by a diffusion-less mechanism, in which case E
s low and hence the crystallization rate is slow. This is reminis-
ent of crystallization occurring as a result of localized motions

f the JG relaxation, as mentioned here earlier. However, it is
ow considered that generally speaking crystallization is instead
iffusion-controlled.
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One of our finding is that the overall crystallization occurred
in one thermal step in isothermal experiments, and in two thermal
steps in non-isothermal experiments. It is to be noted that multiple
peaks in non-isothermal experiments have been observed before
in other metal-alloy glasses [30,69–73]. We also observe a small
further broadening to the left (shorter times) of the already broad
peak, but only for isothermal crystallization at 448 K in Fig. 1. As
this feature appears before the main crystallization exotherm it
would corresponds to a faster kinetics. Therefore, we expect that
a correspondingly small feature from this faster process would
appear at the low-temperature side of the first peak in the non-
isothermal experiment. But no such feature was observed in Fig. 2.
As isothermal crystallization at 468 K is complete in less than
10 min according to the plot in Fig. 1, and 468 K is considerably
below 510-580 K range at which Tp,2 appears in Fig. 2, we may esti-
mate the temperature Tp,2 at which the second peak might appear
at zero heating rate, i.e., isothermally, by extrapolation. This tem-
perature is 525 K.

The exponent, m, is interpreted such as to determine the man-
ner in which nuclei grow to form crystals. Its magnitude is seen
to indicate the mechanism of crystal-growth [2,3]. For isothermal
crystallization, the value of m listed in Table 1 varies from 3.11 to
3.25. For non-isothermal crystallization at different heating rates
m listed in Table 2 is in the 3.2–3.3 range. According to the criteria
for crystal-growth [2,3], both sets of m values would suggest that
crystallization occurs by interface-controlled growth with decreas-
ing nucleation rate. Since our study is focused on thermal effects of
crystallization, we did not confirm the validity of these interpreta-
tions by X-ray diffraction and electron microscopy studies.

5.3. Deviations from KJMA equation and crystallization kinetics

It is understood the KJMA equation is at best an adequate fitting
equation for overall thermal effects and it cannot be related to a
molecular phenomenon, but since such deviations have often been
neglected we briefly consider these here. The plots in Fig. 3 show
that in the beginning of isothermal crystallization at 468 K, the mea-
sured x deviates from the best fit of the KJMA equation. There are
also deviations in the plots of the rate of crystallization, but the
deviations are small and negligible in view of the measurements
and analysis errors. The plots in Fig. 4 show that for non-isothermal
crystallization at different heating rates both x and the crystalliza-
tion rate (dx/dt) deviate considerably from the best fit of the KJMA
equation. The deviation seems to be highest at high temperatures
where the measured values are more spread out than the calcu-
lated values. The calculated values also show, as expected for a
thermally activated process, a relatively sharp decrease. It should
be noted that in comparison with the deviations from the KJMA
equation observed for other metal-alloy glasses in several earlier
studies [62,74,75], deviations from the KJMA equation observed for
Mg65Cu25Tb10 are much smaller and seem negligible in this study.

To investigate the source of this deviation, we determined the
ratio of the measured rate of crystallization to that calculated, for
both isothermal and non-isothermal crystallizations. This ratio is
plotted in Fig. 7A and B, respectively. For isothermal crystalliza-
tion, the plots in Fig. 7A show a positive deviation by at most 25%
at short times when crystallization occurs at 468 K. For higher tem-
peratures, the deviation is less. This may be partly due to the errors
in the fitting as well as in experiments and these errors are more
pronounced in dx/dt than in the value of x.

For non-isothermal crystallization, the maximum deviation of
temperatures. In the absence of any effects that may increase the
heat evolution and thus add to −dH/dt, this would indicate that
crystallization of the melt becomes faster than expected from the
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ig. 7. (A) The ratio of the measured rate of crystallization to that calculated from
tting the KJMA equation is plotted against time. The data are taken from Fig. 3B.
B) The corresponding plots against the temperature from data in Fig. 4B.

JMA equation as x → 1. Alternatively, it may indicate additional
eat evolution if (i) micron-size crystal grains formed initially grew
apidly as T increased, (ii) some or all of the inter-granular melt
rystallized more slowly than the bulk, (iii) the melt composition
hanged on incongruent crystallization and it slowed the crystal-
ization process more when x → 1, and (iv) the crystals formed
nderwent a solid–solid transformation.

We also investigate how the rates of isothermal and of non-
sothermal crystallization change with the extent of crystallization.
ig. 8A shows the plots of (dx/dt)T against x isothermally and
ig. 8B shows the corresponding plots for heating at different rates.
ccording to Eq. (6), a plot of (dx/dt)T against t would show a
eak only when m > 1, which of course is roughly evident from the
igmoid-shaped plots of x against t in Fig. 3A. The plots of (dx/dt)T

gainst x in Fig. 8A shows a hump-like feature whose peak shifts
rom x = 0.52 at 448 K to x = 0.53 at 468 K, as indicated by the arrows.
he relatively small shift is mainly due to change in m with the
rystallization temperature. In contrast a broad peak is observed in
ig. 8B, and this peak shifts from x = 0.62 at 5 K/min to x = 0.56 at
0 K/min, as indicated by the arrows.

.4. Origin of the second peak on non-isothermal crystallization

In Fig. 2A and Table 2, the high temperature and low-intensity
xothermic peak shifts to higher temperatures as the heating rate
h is increased. In contrast, the first peak shifts much more. This

ndicates irreversible occurrence of an additional process in the
ltraviscous melt or in the crystal formed in the first crystalliza-
ion. If such a second exotherm were observed for a one-component

elt, it would indicate, (i) grain growth in some of the fine structure
r nanocrystalline phases formed as a result of the first crystalliza-
Fig. 8. (A) The rate of crystallization is plotted against the extent of crystallization
at, (1) 468 K, (2) 463 K, (3) 458 K, (4) 453 K, and (5) 448 K. (B) The corresponding
plots from the data obtained for heating at, (1) 5 K/min, (2) 10 K/min, (3) 20 K/min,
(4) 40 K/min, and (5) 80 K/min.

tion, or (ii) a solid–solid transformation to a more stable crystalline
phase. These processes may also occur here. But they seem unlikely
for a ternary melt of Mg65Cu25Tb10 unless its crystals melted and
froze congruently. It is also conceivable that the melt initially
crystallized non-congruently to form an inter-metallic compound,
leaving behind a melt rich in one component. If nucleation and
growth in this latter melt were slow, its crystallization would pro-
duce a broad exothermic peak at higher temperatures. In physical
terms, it is conceivable that the two peaks are a consequence of
the difference in the locations of the maxima for nucleation and
crystal-growth in a melt that begins to crystallize non-congruently.

The enthalpy decrease associated with the second exotherm
(appearing as peak 2) is 0.89 kJ/mol for heating rate of 20 K/min.
The enthalpy released in the first crystallization peak is 3.58 kJ/mol
for heating rate of 20 K/min as in Table 2, and for the isothermal
crystallization is 2.81–3.61 kJ/mol, as given in Table 1. This is only
∼78–85% of the enthalpy released in the first peak observed in Fig. 2,
and it seems to be a substantial thermal effect. But we point out that
such comparisons may be misleading because when incongruent
crystallization occurs, the original composition of Mg65Cu25Tb10
can not be used for determining the per mole amount of �Hcryst

for either the first peak or the second peak. Also, in a case where
the surface of compositionally different crystals acts as a heteroge-
neous nucleation site, crystallization of the remaining melt would
be faster than that observed from homogeneous nucleation and
its rate would vary with the amount of crystals present and dis-
tribution of the crystal size. This is not observed in the data for

Mg65Cu25Tb10 here. For that reason we may use the KJMA equa-
tion also for the second exothermic peak, but its broadness makes
it difficult to separate it satisfactorily from the low-temperature
peak.
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Fig. 10. The plots of dH/dt against T of the glass that was annealed at 458 K for 10 min
ig. 9. The plots of dH/dt against T of ultravisocus melt during heating at 20 K/min
f the as-cast sample of Mg65Cu25Tb10 glass without annealing and after isothermal
nnealing of its melt at 448 K for 40 min, at 453 K for 25 min, at 458 K for 20 min, at
63 K for 15 min, and at 468 K for 10 min.

To investigate the origin of the second exothermic peak in Fig. 2,
e performed a further experiment by annealing the melt. A new

ample of Mg65Cu25Tb10 glass was heated at 20 K/min from 300 K
o 458 K (∼44 K above the Tg of 414 K) and then kept isothermally
t 458 K for 20 min. Thereafter, the sample was heated from 458 K
o 613 K at a rate of 20 K/min. The plot obtained is shown as curve
abeled 458 K in Fig. 9. The experiment was repeated for annealing
f new samples at 448 K for 40 min, at 453 K for 25 min, at 463 K
or 15 min and at 468 K for 10 min periods. These plots are included
n Fig. 9, where the plot obtained on heating the sample without
nnealing is included. The data show that the first crystallization
eak vanishes and the second peak is broader after annealing at
48 K and becomes narrower after annealing at 468 K.

In a further experiment, Mg65Cu25Tb10 glass was heated to 458 K
∼44 K above the Tg of 414 K) and then kept isothermally at 458 K
or 10 min. Thereafter, the sample was reheated from 458 K to 613 K
t a rate of 20 K/min. The curve obtained is shown as curve 1 in
ig. 10. It shows no features until a temperature of 480 K is reached
nd thereafter an exotherm appears as in Fig. 9. This shows that
nnealing of the ultraviscous melt at 458 K for 10 min does not
emove the second exothermic peak. Since annealing was done at
44 K above its Tg, it is unlikely that a significant amount of melt
ould have persisted after 10 min. (When compared against the
lot at 458 K in Fig. 1, this annealing condition amounts to extend-

ng the isothermal experiment for 10 more minutes at 458 K.) The
ample was then cooled back to 495 K at 20 K/min and reheated at

he same rate, and curves 2 and 3 in Fig. 10 were obtained. These
how no indication of a further exotherm. The enthalpy released on
his reheating is 1.40 kJ/mol (of the Mg65Cu25Tb10 composition) in
omparison with 0.89 kJ/mol given in Table 2 for the same heating
then heated at 20 K/min, as shown by curve 1. The scan did not show the first peak
but the second peak persisted. The curves 2 and 3 were obtained by reheating the
sample to 613 K. These showed no features.

rate without annealing. Vanishing of the exotherm may indicate
that crystallites growing at different sites produced a solid con-
taining extremely small grains and hence a large surface area, and
annealing was insufficient for grain growth to reach completion.
But the 1.40 kJ/mol of the heat evolved for Mg65Cu25Tb10 compo-
sition from curve 1, seems too large for surface energy reduction
by grain growth of particles. It is possible that a metastable phase
had formed on annealing and it transformed to a stable phase on
heating a process for which the heat evolved would seem accept-
able. But we also realize that Mg65Cu25Tb10 may not be a ternary
eutectic composition in which case crystallization would be incon-
gruent, leaving behind a melt that crystallizes at a slower rate. It
seems that the latter occurrence is more probable.

6. Conclusion

Isothermal crystallization of the Mg65Cu25Tb10 ultraviscous
melts at several fixed temperatures shows only one exothermic
feature. This is in contrast with the non-isothermal crystallization
at several heating rates that shows two exothermic features over
a shorter total time. The total heat evolved on isothermal crys-
tallization of Mg65Cu25Tb10 melt varies with the crystallization
temperature and that evolved on non-isothermal crystallization
varies with the heating rate. The heat of crystallization in the
isothermal experiment is less than the total heat of crystallization
in non-isothermal experiment. The second exotherm is excep-
tionally broad when the heating rate is high. This shows that
the Mg65Cu25Tb10 melt crystallizes incongruently and the heat
of crystallization per mole may not be determined by using the
Mg65Cu25Tb10 composition. The remaining melt of a different
composition has a higher viscosity and or slower overall rate
of crystallization. There also may be exothermic effects of grain
growth but the enthalpy change seems too large for its occurrence.
Isothermal crystallization at different temperatures shows no such
occurrence.

Crystallization of ultraviscous melts is interpreted in terms of
classical nucleation and growth kinetics and the KJMA equation for
one-component liquid with temperature-dependent exponent m.
Its magnitude indicates that both isothermal and non-isothermal

crystallizations are predominantly interface-controlled. The acti-
vation energy determined from isothermal crystallization kinetics
is ∼69% of the activation energy determined from the rate-heating
kinetics.
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As crystallization approaches completion, the fraction crystal-
ized isothermally at the lowest temperature is slightly more than
hat calculated from the KJMA equation, and the rate of crystal-
ization shows random deviation, but the rate of non-isothermal
rystallization in the first step is slightly higher at high tem-
eratures for the high heating rate. The broad and small second
xothermic peak observed in non-isothermal experiments is likely
o be due to slower crystallization of the melt that persists after
ncongruent crystallization of a melt or a solid–solid transforma-
ion.
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