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The crystallization kinetics of Zr60Al15Ni25 bulk glassy alloy under isochronal and isothermal
conditions has been investigated by differential scanning calorimetry (DSC). The
microstructure of as-cast Zr60Al15Ni25 bulk glassy alloy is observed by high-resolution
electron microscopy (HREM). It is found that there exist nanocrystals with a size of about 7
nm in the glassy matrix, which are not observed in the XRD image. The results of Kissinger
analysis show that the effective activation energies for glass transition (457 kJ/mol) and
crystallization (345 kJ/mol) are high, indicating that it has large thermal stability against
crystallization. The crystallization of Zr60Al15Ni25 bulk glassy alloy under isothermal
annealing can be modeled by the Johnson-Mehl-Avami equation. The crystallization
kinetics parameters show that the isothermal crystallization starts from the growth of the
pre-existing nanocrystals and the crystallization process is diffusion-controlled.
C© 2004 Kluwer Academic Publishers

1. Introduction
Since 1988, a series of multicomponent bulk glassy
alloys have been produced [1] and great interest has
been paid to this new member of glassy materials. The
bulk glassy alloys usually exhibit high thermal stability
which provides a large experimentally accessible time
and temperature window to investigate, even isother-
mally, the crystallization behavior in the supercooled
liquid region. Zirconium-based bulk glassy alloys have
great glass forming ability and can be synthesized by
conventional casting method, such as suction casting in
a copper mold [2–4]. Furthermore, the Zr-based bulk
glass formers contain no noble metals, which promises
practical application as engineering materials [5]. The
crystallization kinetics of bulk glassy alloys is a subject
of considerable interest since the properties of these
alloys as engineering materials may be significantly
changed due to crystallization. In this paper, the crystal-
lization kinetics of Zr60Al15Ni25 bulk glassy alloy under
isochronal and isothermal annealing conditions is in-
vestigated by differential scanning calorimetry (DSC).

2. Experimental
An ingot with nominal composition Zr60Al15Ni25 was
prepared by arc melting a mixture of pure Zr (99.9
wt%), Al (99.99 wt%) and Ni (99.9 wt%) metals in a
water-cooled copper crucible under titanium-gettered
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argon atmosphere. To enhance homogeneity, the ingot
was repeatedly melted 4 times. A plate-like specimen
with a cross-section of 1 × 10 mm2 and length of 50
mm was produced by suction casting in a copper mold,
and its glassy nature was verified by X-ray diffraction
(XRD) using Cu-Kα radiation. The microstructure of
as-cast Zr60Al15Ni25 alloy was observed using high-
resolution electron microscopy (JEM-2010). The crys-
tallization process of the Zr60Al15Ni25 bulk glassy alloy
was characterized by differential scanning calorimetry
(DSC, NETZCH, DSC 404) under flowing high purity
argon. In the case of isochronal heating, the DSC plot
was recorded at selected heating rates of 10, 20, 30 and
40 K/min. For the isothermal analysis, the glassy sam-
ples were first heated at a heating rate of 50 K/min to a
preset temperature at 743, 748, 753 and 758 K, and then
held for a certain period of time until the completion
of crystallization. The Al2O3 and Al pans were utilized
for the isochronal heating and isothermal annealing,
respectively.

3. Results and discussion
3.1. Crystallization under isochronal

heating condition
The as-cast Zr60Al15Ni25 specimen is verified to be
mostly a single glassy phase (Fig. 1). The linear heat-
ing DSC plots recorded at selected heating rates 10,
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Figure 1 XRD pattern of a as-cast Zr60Al15Ni25 specimen.

650 700 750 800 850
-0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

(W
/g

)
E

xo

Temperature (K)

40 K/min

30
20

10
T

p

T
g

Figure 2 Isochronal heating DSC plots of as-cast Zr60Al15Ni25 alloys
at different heating rates.

20, 30 and 40 K/min are shown in Fig. 2. All the
DSC traces show an endothermic event, which is the
characteristic of glass transition, followed by a single
exothermic event corresponding to the crystallization
process. The detailed linear heating DSC results are
shown in Table I. From the table, it can be seen that
the characteristic temperatures Tg and Tp increase as
the heating rate increases. The effective activation en-
ergies for the glass transition (Eg) and crystallization
(Ec) can be evaluated by Kissinger equation [6]:

ln
T 2

β
= E

RT
+ Const. (1)

where T stands for the glass transition temperature Tg
or the crystallization peak temperature Tp, β is the heat-
ing rate and R is the gas constant. The Kissinger plots
ln(T 2/β) vs. 1/T (Fig. 3) are approximately straight
lines. Based on the slopes of these Kissinger plots, the

T ABL E I Isochronal heating DSC data of as-cast Zr60Al15Ni25 alloy
at different heating rates

Heating rate β (K/min) 10 20 30 40

The glass transition temperature
Tg (K)

686.4 690.5 694.7 698.6

The exothermic peak temperature
Tp (K)

763.0 770.2 777.2 781.6

1.28 1.30 1.32 1.34 1.36 1.38 1.40 1.42 1.44 1.46
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Figure 3 Kissinger plots of as-cast Zr60Al15Ni25 alloy. From whose
slopes, the effective activation energies for the glass transition Eg and
crystallization Ec are calculated.

effective activation energies Eg and Ec are calculated
to be 457 and 345 kJ/mol respectively. These values
are much higher than those of Zr41Ti14Cu12.5Ni10Be22.5
[7], implying that the Zr60Al15Ni25 bulk glassy alloy
exhibit higher thermal stability against crystallization.

The high thermal stability of Zr60Al15Ni25 bulk
glassy alloy is presumably attributed to its dense atomic
configuration. The atomic radius of Zr, Al and Ni
is 1.600, 1.431 and 1.246 Å, respectively. The ratios
of Zr-Al and Zr-Ni atomic pairs are 1.12 and 1.28,
respectively. As a result, the Zr-Al-Ni system with
significant atomic size difference forms dense ran-
dom packed atomic configuration [8]. Furthermore, the
heats of mixing for Zr-Al, Zr-Ni and Al-Ni atomic
pairs in the Zr-Al-Ni system are −44, −49 and −22
kJ/mol, respectively [9], showing a strong attractive
interaction with each other in Zr-Al-Ni system. Mo-
bility of atoms in such atomic configuration is ob-
viously difficult. It is not surprising that the effec-
tive energy Ec for crystallization is considerably high.
It is worth noting that the critical cooling rates of
Zr60Al15Ni25 and Zr41Ti14Cu12.5Ni10Be22.5 are about
100 K/s [2] and 1 K/s [10], which indicating that the
glass forming ability of Zr60Al15Ni25 is poorer than
Zr41Ti14Cu12.5Ni10Be22.5. This indicates that thermal
stability against crystallization of a glassy alloy cannot
effectively reflect its glass forming ability, which is con-
sistent with the observation reported by Lu et al. [11].

3.2. Crystallization under isothermal
annealing condition

The isothermal crystallization kinetics of Zr60Al15Ni25
bulk glassy alloy in the supercooled liquid region at
743, 748, 753 and 758 K was investigated by DSC. All
the isothermal DSC traces exhibit a single exothermic
peak after a certain incubation period (Fig. 4) and the
detailed results are shown in Table II. The HREM im-
age of as-cast Zr60Al15Ni25 bulk glassy alloy is shown
in Fig. 5, showing that there exist numerous short-range
order domains with a size of about 7 nm in the glassy
alloy. Within the frame of classical homogeneous nu-
cleation theory, the critical radius of the nucleus formed
in an amorphous matrix is estimated to be about 1 nm
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T ABL E I I Kinetic parameters of as-cast Zr60Al15Ni25 alloy at differ-
ent isothermal annealing temperatures

Annealing temperature (K) 743 748 753 758

Incubation time, τ (min) 0.52 0.41 0.39 0.31
Avrami exponent, n 1.51 2.37 3.80 3.91
Reaction constant, k (min−1) 0.24 0.59 0.93 1.79
Exothermic peak width, t95% − t1% (min) 7.73 2.75 1.42 0.82
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Figure 4 Isothermal DSC plots of as-cast Zr60Al15Ni25 alloy at different
annealing temperatures.

Figure 5 HREM image of as-cast Zr60Al15Ni25 alloy, showing existence
of numerous of nanocrystals.

[12]. Hence, the size of these domains in the present
Zr60Al15Ni25 bulk glassy alloy is overcritical, and there-
fore, it is more proper to call them nanocrystals. From
the Table II, it is clear that the incubation times τ (de-
fined as the time scale between the time t0 and t1%, t0
is the time to reach the annealing temperature and t1%
the time to reach 1% crystallized volume fraction) for
all annealing temperatures are very short and the differ-
ence between them is slight, indicating that the crystal-
lization process starts from the growth of pre-existing
nanocrystals. The exothermic peak width (referred to
the time between 1 and 95% of transformation into the
crystalline state) increases as annealing temperature de-
creases, indicating a sluggish crystallization process.

With the assumption that the crystallized volume
fraction x , up to any time t , is proportional to the par-
tial area of the exothermic peak, the crystallized volume
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Figure 6 The crystallized volume fraction as a function of annealing
time for as-cast Zr60Al15Ni25 alloy at different isothermal temperatures.

fraction corresponding to a given time during crystal-
lization can be determined by measuring the partial area
of the exothermic peak. The measured results at differ-
ent temperatures are shown in Fig. 6. Their shapes are
typical sigmoid type. The time evolution of the crystal-
lized volume fraction can be modeled by the Johnson-
Mehl-Avrami (JMA) equation as follow [13, 14]:

x(t) = 1 − exp{−[k(t − τ )]n} (2)

where x(t) is crystallized volume fraction, t the an-
nealing time, n, called as Avrami exponent, a constant
related to the behavior of nucleation and growth, and k
a reaction rate constant.

The double logarithmic form of Equation 2 is ex-
pressed as:

ln[− ln(1 − x)] = n ln k + n ln(t − τ ) (3)

The JMA plots can be obtained by Plotting ln[− ln(1−
x)] vs. ln(t − τ ) at different annealing temperatures for
the data x = 15%–85% (Fig. 7). These plots are nearly
straight lines. The Avrami exponent n and the reac-
tion rate constant k can be calculated from the slopes
and intercepts of these lines, as shown in Table II. The
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Figure 7 JMA plots for the crystallization of as-cast Zr60Al15Ni25 alloy
at different isothermal annealing temperatures.
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T ABL E I I I Estimated viscosity of as-cast Zr60Al15Ni25 alloy in the
supercooled liquid region at different temperatures

Annealing
temperature (K) 743 748 753 758

Viscosity η (Pa s) 3.15 × 107 2.09 × 107 1.41 × 107 9.63 × 106

large variation of Avrami exponents from 1.5 to 3.9
indicates a change of crystallization mechanism at dif-
ferent isothermal annealing temperatures.

The values of Avrami exponent n (1.5–3.9) indicate
that the crystallization of as-cast Zr60Al15Ni25 alloy is
diffusion-controlled. For the diffusion-controlled crys-
tallization, 1 < n < 1.5 indicates the growth of particles
with an appreciable initial volume; n = 1.5, the growth
of small particles with a nucleation rate close to zero;
1.5 < n < 2.5, the growth of small particles with a de-
creasing nucleation rate; n = 2.5, the growth of small
particles with a constant nucleation rate; n > 2.5, the
growth of small particles with an increasing nucleation
rate [15]. At 743 K, n ≈ 1.5, indicating the growth
of pre-existing small particles with a nucleation rate
close to zero. At 748 K, 1.5 < n < 2.5, indicating a de-
creasing nucleation rate with time. At 753 and 758 K,
the Avrami exponent is larger than 2.5, implying an
increasing nucleation rate.

The diffusion coefficient Di of component i in a
multicomponent system can be expressed as Stokes-
Einstein (SE) relation [16]:

Di ∝ η−1 (4)

in which η is the viscosity. Thus, it is the viscosity
that determines the diffusion coefficient Di which is
inversely proportional to the viscosity η.

It’s assumed that the temperature dependence of the
viscosity η in the supercooled liquid of Zr60Al15Ni25
bulk glassy alloy can be expressed by Vogel-Fulcher-
Tammann (VFT) relation [17]:

η = η0 exp[B/(T − T0)] (5)

where η0 and B are constants, T0 corresponds to the
VFT temperature which is known to be lower than Tg.
The effective activation energies Eg and Ec are given
by equation as following [18, 19]:

E = BRT2/(T − T0)2 (6)

where E stands for Eg or Ec and R is the gas constant.
The value of T0 is calculated to be 411 K by inserting the
values of Eg and Ec (Fig. 3), and the value of B is 9094
(K). Setting η0 with 4 × 10−5 Pa s [20], the viscosity
at different temperatures in the supercooled liquid re-
gion can be calculated according to Equation 5, and the
detailed results are shown in Table III. From the Table,
it is clear that the viscosity of supercooled liquid con-
siderably decreases when the temperature increases. In
other words, the diffusion coefficients of atoms increase

significantly when the temperature increases, which is
the origin of the increase of the nucleation rate as the
annealing temperature increases.

4. Conclusions
The results of Kissinger analysis show that the effective
activation energies for glass transition and crystalliza-
tion are considerably high, indicating that Zr60Al15Ni25
bulk glassy alloy has high thermal stability against crys-
tallization, which is attributed to the dense atomic con-
figuration of Zr-Al-Ni system. The crystallization under
isothermal annealing can be modeled by JMA equation.
The isothermal crystallization starts from the growth
of the pre-existing nanocrystals. From the values of
Avrami exponents, it can be known that the crystal-
lization mechanism at different annealing temperatures
changes, which is probably attributed to the significant
change of the mobility of atoms at different annealing
temperatures.
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