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Abstract
The kinetics of an amorphous-to-Cu51Zr14 phase transformation in an as-cast
Cu60Ti20Zr20 rod have been investigated by differential scanning calorimetry.
The relative volume fractions of the transferred crystalline phase as a function of
annealing time, obtained at 713, 716, 723, 728, and 733 K, have been analysed
in detail using 14 nucleation and growth models together with the JMA model.
A time-dependent nucleation process is revealed. A steady-state nucleation
rate of the order of 1022–1023 nuclei m−3 s−1 in the temperature range 713–
733 K and an activation energy of the order of 550 kJ mol−1 for the phase
transformation in the as-cast Cu60Ti20Zr20 rod were detected, for which some
possible reasons are suggested.

1. Introduction

The first Cu-rich bulk metallic glass-forming alloys were discovered in a Cu–Ti–Zr–Ni
system [1], and then Cu–Ti–Zr–Ni–Si and Cu–Ti–Zr–Ni–Sn systems were reported [2, 3].
Very recently, the report of ternary Cu60Ti10Zr30 and Cu60Ti15Hf25 systems [4, 5], exhibiting
excellent mechanical properties, has generated considerable research activity in this area [4–
28], especially in the microstructure of the ternary systems which is essential to explain the
excellent mechanical properties [4–14]. For the Cu60Ti10+x Zr30−x (x = 0 and 10) alloys, the
existence of nanocrystals was confirmed in as-prepared ribbon and rod samples by electron
microscopy [8–10]. The differential scanning calorimeter (DSC) measurements reveal two
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exothermic peaks assigned to an amorphous-to-Cu51Zr14 phase transition and the formation
of a MgZn2-type hexagonal phase [11–13]. The origin of non-detectable x-ray diffraction
(XRD) peaks in the annealed samples with a large reduction of the first exothermic peak
area was uncovered due to overlapping of diffraction peaks of Cu51Zr14 phase with small
crystallite sizes and defects [12]. Here we report the kinetics of the amorphous-to-Cu51Zr14

phase transformation in as-cast Cu60Ti20Zr20 rod.

2. Experimental details

Alloy ingots with the composition of Cu60Ti20Zr20 were prepared by arc melting pure metals
of 99.99% copper, 99.9% zirconium and 99.9% titanium in a purified argon atmosphere.
Cylindrical Cu60Ti20Zr20 samples of 2 mm diameter were prepared by a copper mould casting
method. The XRD measurements were performed using a Philips PW 1820 diffractometer with
Cu Kα radiation. Thermal analyses were performed in a Pyris Diamond power compensation
DSC at a heating rate of 20 K min−1 under a flow of purified argon (99.998%). The samples
were placed in Al pans. The DSC equipment was calibrated to within 0.5 K using melting of
relevant pure metals. Isothermal measurements were performed by heating samples to a given
temperature at a rate of 20 K min−1. It should be noted that at 20 K min−1 the difference
between sample and DSC programmed temperatures at any time is negligible, while high
heating rates could cause a big difference, e.g., around 5 K difference for 100 K min−1.
Heat treatments were carried out in the DSC machine by first heating the sample to a given
temperature at 20 K min−1, maintaining the temperature for various times and finally cooling
down using a rate of 200 K min−1. The DSC measurements of the annealed samples were
carried out just after the heat treatments.

3. Results and discussion

Figures 1 and 2 show DSC curves and the time dependence of the first and second exothermic
peak areas for the as-cast and annealed Cu60Ti20Zr20 rods at 708 K. The DSC curve for the
as-cast rod exhibits an endothermic event, characterized by a glass transition temperature
Tg = 706 K, followed by two exothermic events, indicating a two-stage phase transformation
process, characterized by Tx1 = 736 K, �H1 = 19 ± 1 J g−1 and Tx2 = 767 K,
�H2 = 28±1 J g−1, which are in good agreement with data reported in the literature [11–13].
Upon increasing the annealing time, the enthalpy of the first exothermic peak monotonically
decreases from 19 J g−1 for the as-cast rod to close to 0 J g−1 for the sample annealed for 2.4 ks,
while the second exothermic peak remains almost unchanged within experimental uncertainty
up to 5.4 ks. With further increases in the annealing time, the second exothermic peak starts
to decrease and becomes very small after 43.2 ks. We further performed XRD measurements
of the corresponding samples after the isothermal annealing treatments at 708 K, as shown
in figure 3. Similar to the as-cast Cu60Ti10Zr30 rod [12], no diffraction Bragg peaks from the
Cu51Zr14 phase were detected after 2.4 ks, at which the first exothermic peak almost disappears.
However, the FWHM of the peak located at 2θ ≈ 41◦ in figure 4, deduced from both Gauss and
Lorentz line profiles, does decrease by about 25% from the as-cast rod to the sample annealed
for 2.4 ks. After 5.4 ks peaks from the Cu51Zr14 phase appear, and after 43.2 ks the diffraction
pattern is dominated by the diffraction peaks of Cu51Zr14 phase. The drop in integrated intensity
by about 94% of the second exothermic peak area after 43.2 ks as compared to as-cast rod
indicates that the grain growth of the second MgZn2-type phase is much slower at 708 K so
that the crystallite size of the second crystalline phase could be too small to be detected by
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Figure 1. DSC curves for the as-cast Cu60Ti20
Zr20 rod and samples annealed at 708 K for
various times in DSC, at a heating rate of
20 K min−1 under a flow of purified argon.

Figure 2. The time dependence of the first and
second exothermic peak areas for the as-cast
Cu60Ti20Zr20 rod and samples annealed at 708 K for
various times in DSC.

XRD. In order to check the nature of the second exothermic peak, we heated the sample at
20 K min−1 to 813 and 853 K and cooled at a rate of 200 K min−1. The XRD patterns recorded
for the two samples are shown in figure 5. It is clear that after 853 K, which is higher than
the second exothermic peak, the MgZn2-type phase appears together with the Cu51Zr14 phase.
Based on the results mentioned above and the results reported in [10–13], we could conclude
that for the first crystallization event, the amorphous-to-Cu51Zr14 phase transition, the XRD
technique is not able to detect the transformation, while DSC is much more sensitive to it.

Figure 6 depicts isothermal DSC thermograms of the first crystallization event at 713, 718,
723, 728, and 733 K for the as-cast Cu60Ti20Zr20 rod. To be sure that the heat release observed
in figure 6 is only from the first crystallization reaction, we further performed constant heating
DSC measurements for the samples after the isothermal measurements and found that the
areas of the second exothermic peak were equal to that for the as-cast rod without isothermal
measurements. When we assume that the heat release measured in figure 6 is proportional to
the volume of the transferred phase, then the relative volume fraction of the Cu51Zr14 phase as
a function of time can be deduced, as shown in figure 7. The shape of the curves is a typical
‘S’ type.
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Figure 3. X-ray diffraction patterns recorded for the as-
cast Cu60Ti20Zr20 rod and samples annealed at 708 K for
various times in DSC.

Figure 4. The FWHM of the peak located at
2θ ≈ 41◦ using both Lorentz and Gauss line
profiles, as a function of annealing time for as-cast
Cu60Ti20Zr20 rod and samples annealed at 708 K
for various times in DSC.

In many cases, the time evolution of the fraction of a phase is represented by a
phenomenological model describing the kinetics of isothermal phase transformation, known
as the Johnson–Mehl–Avrami (JMA) model [29–31]. The essence of the model can be written
as a very simple formula commonly referred to as the JMA equation

x(t) = 1 − exp{−[k(t − τ )]n} (1)

where x(t) is the volume fraction of the transformed phase, t the annealing time, n a constant
related to the dimensionality of nucleation and growth, k a kinetic constant of the process which
depends on temperature and effective activation energy, Ea, by k = k0 exp(−Ea/RT ), where
k0 is a constant and R is the gas constant, and τ the incubation time, which can be expressed as
τ = τ0 exp(Ea/RT ), where τ0 is a constant. Equation (1) can fit the experimental results well,
as shown in figure 7 by solid curves, for annealing times longer than τ . The values of k, τ and
n obtained from the fitting are listed in table 1. Both k and n are good experimental parameters
for kinetic studies and are usually estimated from the intercept and slope, respectively, of a
ln[− ln(1 − x)] versus ln(t − τ ) plot for a limited experimental data, providing the value of
τ . Figure 8 shows the plot of ln[− ln(1 − x)] versus ln(t − τ ) at five temperatures for the
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Figure 5. X-ray diffraction patterns recorded for
as-cast Cu60Ti20Zr20 samples heated up to 813
and 853 K in DSC using a rate of 20 K min−1

under a flow of purified argon.

Figure 6. Isothermal DSC thermograms of the
first crystallization event at 713, 718, 723, 728,
and 733 K for as-cast Cu60Ti20Zr20 rod.

data of x = 0.2–0.8, in which the values of τ obtained from equation (1) are used. The values
of k and n deduced from the slopes and intercepts are also listed in table 1, which are in
accordance with those obtained directly from equation (1). The effective activation energy for
the formation of Cu51Zr14 phase from the as-cast Cu60Ti20Zr20 rod is found to be 490 ± 50 or
533 ± 24 kJ mol−1, deduced from the plots of ln k versus 1/T or ln τ versus 1/T as shown in
figure 9, respectively. Both methods give almost the same values for the effective activation
energy within experimental uncertainty, which are very large. A similar value was also
deduced from Kissinger plots for an as-spun Cu60Ti20Zr20 ribbon [13]. The higher the effective
activation energy the higher the effective energy barrier for the nucleation and growth process.

It is clear from figure 7 that

(1) volume fractions of the Cu51Zr14 phase detectable by DSC require incubation times at all
five temperatures used here and

(2) the JMA model cannot describe the data for annealing times less than the incubation times.

These results imply the existence of a transient nucleation process for the amorphous-to-
Cu51Zr14 phase transformation in the as-cast Cu60Ti20Zr20 rod. Furthermore, it was reported
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Figure 7. Relative volume fractions of the
Cu51Zr14 phase as a function of time at 713,
718, 723, 728, and 733 K for the as-cast
Cu60Ti20Zr20 rod. Points are the data deduced
from figure 6 and solid curves are the fits from
the JMA equation.

Table 1. Parameters obtained from the JMA model, model 8 and model 10 at five temperatures
for the as-cast Cu60Ti20Zr20 rod.

Parameters 713 K 718 K 723 K 728 K 733 K

k (min−1) 0.134 ± 0.001 0.207 ± 0.001 0.316 ± 0.002 0.502 ± 0.002 1.134 ± 0.005
From τ (min) 3.36 ± 0.01 1.71 ± 0.01 1.12 ± 0.02 0.53 ± 0.01 0.28 ± 0.01
figure 7 n 2.1 ± 0.1 1.8 ± 0.1 1.5 ± 0.2 1.6 ± 0.2 1.2 ± 0.3

Ea (kJ mol−1) 533 ± 24

From k (min−1) 0.136 ± 0.002 0.208 ± 0.002 0.317 ± 0.002 0.503 ± 0.002 1.136 ± 0.002
figure 8 n 2.1 ± 0.1 1.9 ± 0.1 1.5 ± 0.2 1.6 ± 0.1 1.3 ± 0.2

From Ist-K V0 (min−1) 0.61 ± 0.03 0.60 ± 0.02 0.57 ± 0.01 0.94 ± 0.03 1.51 ± 0.02
model τK (min) 8.5 ± 0.5 3.7 ± 0.3 1.7 ± 0.4 0.9 ± 0.2 0.3 ± 0.1
8 EK (kJ mol−1) 582 ± 83

From Ist-Z V0 (min−1) 1.39 ± 0.01 1.14 ± 0.02 0.91 ± 0.02 1.47 ± 0.05 2.08 ± 0.02
model τZ (min) 17.0 ± 0.8 6.9 ± 0.9 2.8 ± 0.7 1.5 ± 0.6 0.4 ± 0.2
10 EZ (kJ mol−1) 600 ± 125

that the grain size of the Cu51Zr14 phase, formed during isothermal annealing treatments in
the supercooled liquid region for the Cu60Ti20−x Zr20+x (x = 0 and 10) alloys, is very small,
approximately 5–10 nm [10, 12, 13]. Thus, to confirm the high value of the activation energy
for the amorphous-to-Cu51Zr14 phase transformation, we attempt to analyse the kinetic data
obtained here using various nucleation and growth models. Time-dependent nucleation, or
transient nucleation, means that over time an equilibrium cluster distribution is established [32].
Due to fast nucleation processes in metallic glasses, in general, steady-state nucleation has been
considered in most cases. In the classic transient nucleation theory, two analyses, based on the
Zeldovich–Frenkel equation [33], were proposed. One is the Zeldovich equation (hereafter
Z-model). Zeldovich [33] assumed that the work of formation of a nucleus with size d is
proportional to d2 and the rate of monomer addition to a nucleus with size d is k+

d ≈ k+
d∗ , and

found a time-dependent nucleation rate, Id∗ (t), at the critical size d∗ as

Id∗ = Ist-Z exp(−τZ/t) (2)

where τZ is the transient nucleation time and Ist-Z is the steady-state nucleation rate for the
Z-model. The other is the Kashchiev equation (hereafter K-model) [34]. Kashchiev further
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Figure 8. JMA plots, ln[− ln(1 − x)] versus
ln(t − τ ), at five temperatures for the as-cast
Cu60Ti20Zr20 rod, in which the data for 0.2 <

x < 0.8 are used.

Figure 9. Arrhenius plots of induction time, τ , and
effective rate constant, k, as a function of
temperature for the amorphous-to-Cu51Zr14 phase
transformation in the as-cast Cu60Ti20Zr20 rod, in
which k values obtained from JMA and τ values
obtained from JMA and models 8 and 10, listed in
table 1, are used.

studied the transient nucleation process and performed the most thorough analytical treatment
of the Zeldovich–Frenkel equation. Based on two assumptions, (1) the work of formation of
a nucleus with size d is approximated by the first two non-zero terms in a Taylor expansion
about d∗, and (2) k+

d ≈ k+
d∗ , he derived the time-dependent nucleation rate as

Id∗ = Ist-K

[
1 + 2

∞∑
m=1

(−1)m exp

(
−m2t

τK

)]
(3)

where τK is the transient nucleation time and Ist-K is the steady-state nucleation rate for the
K-model. The relative crystallized volume fraction x(t) during the crystallization process in
metallic glasses as a function of time can be expressed as x(t) = 1 − exp(−Y (t)), where
the expression of Y (t) depends on the nucleation and growth models used. In our previous
work [35], 14 different nucleation and growth models have been established. They are

(1) quenched-in nucleation with three-dimensional constant growth rate U ;
(2) quenched-in nucleation with constant grain size V0;



8710 Q P Cao et al

(3) steady-state nucleation Ist with three-dimensional constant growth rate;
(4) steady-state nucleation with constant grain size;
(5) quenched-in and steady-state nucleation with constant growth rate;
(6) quenched-in and steady-state nucleation with constant grain size;
(7) time-dependent K-model with three-dimensional constant growth rate;
(8) time-dependent K-model with constant grain size;
(9) time-dependent Z-model with three-dimensional constant growth rate;

(10) time-dependent Z-model with constant grain size;
(11) time-dependent K-model with three-dimensional constant growth rate at t < t0 and zero

growth rate at t > t0;
(12) time-dependent Z-model with three-dimensional constant growth rate at t < t0 and zero

growth rate at t > t0;
(13) quenched-in and time-dependent Z-model with three-dimensional constant growth rate;

and
(14) quenched-in and time-dependent Z-model with constant grain size.

We found that the relative volume fraction data versus time can be well fitted using either
the Z- or K-model with a constant grain size while the steady-state nucleation process cannot
describe the experimental data for the amorphous-to-Cu51Zr14 phase transformation in the
as-cast Cu60Ti20Zr20 rod, as shown in figure 10. The initial transition stage can be well fitted
using the models, as illustrated in the inset. The deduced parameters using models 8 and 10
are listed in table 1. Three striking features are found.

(1) The activation energies, deduced from the incubation time for both K- and Z-models,
of the amorphous-to-Cu51Zr14 phase transformation in the as-cast Cu60Ti20Zr20 rod are
consistent with the value deduced from the JMA fitting within the uncertainty. They are
indeed large values.

(2) τZ is about twice τK. The incubation time decreases as temperature increases. The
incubation times are very significant in the whole phase transition time period, i.e.,
time-dependent nucleation must be considered for the amorphous-to-Cu51Zr14 phase
transformation in the as-cast Cu60Ti20Zr20 rod. A similar conclusion was also drawn
for crystallization in other metallic glass systems [35–37].

(3) If we assume an average grain size of 7 nm of the Cu51Zr14 phase and use the results
deduced from model 8, the steady-state nucleation rates are estimated to be 5.7±0.9×1022,
5.6 ± 0.9 × 1022, 5.3 ± 0.9 × 1022, 8.7 ± 0.9 × 1022, and 1.4 ± 0.9 × 1023 nuclei m−3 s−1

at 713, 718, 723, 728, and 733 K, respectively. These values are very large, which results
in the nanostructure feature in the partially crystallized Cu60Ti20Zr20 rod.

Two questions we will further discuss are (1) why the system has a high steady-state
nucleation rate and (2) why the activation energy for the amorphous-to-Cu51Zr14 phase
transformation is extremely large. For the first question, two possible reasons came to us.
In the as-cast Cu60Ti20Zr20 rod, about 1000 ppm oxygen, most likely introduced by Ti and
Zr elements, was found. Oxygen could act as a heterogeneous nucleation site to enhance
the steady-state nucleation rate. We roughly estimated the heterogeneous nucleation site
density using an embryo size of 0.5 nm ZrO2 (or TiO2) for 1000 ppm oxygen. The density
is about 1026 embryo m−3, which could be a source for the high steady-state nucleation rate.
The second reason could be phase decomposition (separation) before crystallization in the
Cu60Ti20Zr20 system, which was suggested in [13] although the issue still remains to be
debated fully. At boundaries between the separated phases the nucleation rate could be very
high. This could result in a high steady-state nucleation rate in the system. For the second
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Figure 10. Relative volume fractions of the
Cu51Zr14 phase as a function of time at five
temperatures for the as-cast Cu60Ti20Zr20 rod.
The solid lines are the fitting curves using model
8 (details given in text) and points are the data
deduced from figure 6. The inset illustrates the
initial stage of the phase transformation.

question, the experimental fact that very small grains are observed after the first crystallization
reaction indicates that the growth process is extremely slow. The first crystallites are mainly
composed of Cu and Zr, implying that Ti atoms should diffuse out the region where the Cu51Zr14

phase was formed. An activation energy for Ti atom diffusion at around the glass transition
temperature in a Zr41.2Ti13.8Cu12.5Ni10Be22.5 alloy was reported to be 4.09±0.76 eV, i.e., about
409 kJ mol−1 [38]. Amorphous boundary regions, which have a different composition to the
newly formed crystalline grains, separate the grains and could act as a barrier against atomic
transport. As suggested by Tang et al [39] and recently reviewed [40], diffusion in amorphous
metallic alloys requires thermally activated highly collective atomic processes involving groups
of atoms. Consequently, one expects a high activation energy for the growth process, as
observed for the amorphous-to-Cu51Zr14 phase transformation in the as-cast Cu60Ti20Zr20 rod.
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