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a b s t r a c t

The crystallization kinetics of Co46.45Fe25.55Ta8B20 soft magnetic metallic glass with high thermal stability
has been systematically investigated during isochronal and isothermal annealing treatments. The ki-
netics parameters have been calculated using different approaches, such as Kissinger, Ozawa, Augis
eBennett, Gao and Johnson-Mehl-Avrami (JMA) for isochronal crystallization and JMA for the isothermal
regime. According to the isoconversional approach, it has been shown that the nucleation of the
(Co,Fe)21Ta2B6 phase during continuous heating needs a higher energy barrier compared to its growth,
where the average activation energy value is smaller than the apparent one. The Avrami exponent values
for isochronal crystallization at all heating rates, calculated according to the Gao model, shows a good
agreement with those determined by the JMA model at the beginning of crystallization. The JMA model
demonstrates that the average Avrami exponent is around 2 for isochronal crystallization, revealing a
three-dimensional diffusion-controlled crystal growth with a decreasing nucleation rate. It has been
shown that based on the JMA model, the site saturation occurs for crystallized fraction (a) beyond 0.3 in
the isochronal condition, so that the normal grain growth (NGG) model with an exponent of 0.32 can be
applied for a � 0.5. The results manifest that the average Avrami exponent and the overall nucleation
rate of (Co,Fe)21Ta2B6 crystals in the isothermal and isochronal conditions are comparable and the
nucleation process occurs over a notably larger crystallized fraction in the isothermal condition.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Metallic glasses (MGs) are metastable materials with improved
physical, chemical and mechanical properties, compared to their
crystalline counterparts. The absence of lattice periodicity and
crystalline defects in MGs can result in good corrosion resistance,
high fracture strength and hardness, low elastic modulus and
excellent soft magnetic properties, making MGs promising for
many industrial applications [1e8]. Due to the metastable nature of
MGs, a decrease in their free energy and their transformation to
more stable states are possible during heating, as a result of crys-
tallization [1]. It is well-known that many physical and mechanical
properties of MGs can significantly change upon (partial)
ghvaei).
devitrification [9e11]. For example, several studies have indicated
that the controlled formation of nanocrystals in an amorphous
matrix during heating of some Fe-based MGs can drastically
improve their magnetic properties [12,13]. Moreover, a noticeable
enhancement in strength and toughness has been obtained in some
Al-Ni-based amorphous alloys by partial crystallization via the
development of ductile crystals in the amorphous matrix [14].
Hence, it is of great importance to gain knowledge about the ki-
netics of crystallization, i.e., the nucleation and growth behaviors of
crystalline phases during heating of MGs. In addition, the investi-
gation of the crystallization kinetics and the calculation of thermal
parameters give valuable information about the thermal stability of
MGs. It is known that thermal stability plays a leasing role in
determining the suitable temperature and time for the thermo-
mechanical treatment of MGs in the temperature range of super-
cooled liquid region (SLR) [1,15,16].

In general, the crystallization kinetics of a MG can be studied in
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Table 1
Apparent activation energy of the first crystallization event (Ec) of the
Co46.45Fe25.55Ta8B30 MG calculated by the different models.

Models Kissinger Ozawa AugiseBennett Gao

Ec (kJ/mol) 445 ± 11 [24] 438 ± 10 [24] 453 ± 10 420 ± 25

Fig. 1. AugiseBennett plot for the calculation of the apparent activation energy of the
first crystallization event (Ec) of the Co46.45Fe25.55Ta8B30 MG.
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either isothermal or isochronal heating experiments. In the case of
isothermal crystallization, a MG is heated up to a temperature in
the SLR and held for a certain period of time for crystallization. The
kinetics of isothermal crystallization can be studied by the well-
known Johnson-Mehl-Avrami (JMA) approach [17,18]. However, in
isochronal crystallization, a MG is heated continuously above the
crystallization temperature at a certain heating rate. Compared to
the isothermal experiments, non-isothermal heating is more
interesting because it can be carried out faster even beyond the
temperature range accessible for the isothermal condition [19].
Kinetics parameters in isochronal crystallization can be determined
by using different approaches suggested by Kissinger [20], Ozawa
[21], JMA [18], AugiseBennett [22], Gao [23] and Kempen [24].
Many studies have shown that the crystallization behavior and
corresponding kinetic parameters can be different for a MG heated
in isochronal and isothermal conditions [25e27].

In the present paper, the crystallization kinetics of
Co46.45Fe25.55Ta8B20 MG was systematically investigated in both
isochronal and isothermal heating regimes. Our previous work
indicated that the Co46.45Fe25.55Ta8B20 MG exhibits a wide SLR of
51 K, demonstrating a high thermal stability [28]. Furthermore, it
was shown that this alloy offers promising soft magnetic proper-
ties, including a high saturation magnetization of 93.5 Am2/kg and
a very low coercivity of 1.2 A/m [28]. The activation energy of
crystallization in the isochronal condition was calculated and
compared by using the Kissinger, Ozawa, AugiseBennett and Gao
approaches. The crystallization mechanism upon isochronal heat-
ing was discussed based on overall and local kinetics parameters
calculated by using the Gao and JMA approaches. In addition, the
JMA model was applied for isothermal crystallization in order to
evaluate and compare the activation energy, nucleation and growth
behaviors of crystals with those of isochronal heating.

2. Experimental procedure

Co46.45Fe25.55Ta8B20 master alloy was obtained by arc-melting of
pure Co (99.9%), Fe (99.9%), Ta (99.96%) and crystalline B (99.5%). In
order to increase the chemical homogeneity, the alloy ingot was re-
melted at least three times under a Ti-gettered Ar atmosphere. A
single-roller Bühler melt-spinner was employed to produce glassy
ribbons with 2 mm of width and 30 mm of thickness under an Ar
atmosphere. The rotation speed of the copper wheel was selected
as 41 m/s.

The phase analysis of the ribbons was conducted by X-ray
diffraction (XRD) in a reflection mode by using CoKa radiation with
a corresponding wave length of l ¼ 1.7902 Å. The thermal behavior
and crystallization kinetics under continues heating at different
heating rates (10e40 K/min) were examined by using a differential
scanning calorimeter (DSC, NETZSCH DSC 404) working under a
flow of purified Ar. The isothermal crystallization behavior at
different temperatures was evaluated by a PerkineElmer DSC7
under a continuous flow of high-purity Ar.

3. Results and discussion

3.1. Isochronal crystallization kinetics

The heating rate dependence of glass transition temperature
(Tg), onset temperature (Tx) and peak temperature (Tp) of the first
crystallization event was investigated in the previous work [28].
The apparent activation energy of the first crystallization event (Ec)
was calculated based on the Kissinger and Ozawamethods, as listed
in Table 1. As well as these approaches, Ec can be determined by
other equations suggested by AugiseBennett [22] and Gao et al.
[23]. In the AugiseBennett equation, Ec can be calculated as [22]:
ln
Tp
b

¼ Ec
RTp

þ ln K0; (1)

where b is the heating rate, R is the gas constant and K0 is the pre-
exponential factor. Fig. 1 depicts the variation of lnTp/b as a function
of 1000/Tp, indicating a straight line with a slope of 453 ± 5 kJ/mol
corresponding to Ec, which shows a good agreement with the
values reported in Table 1. Moreover, Gao et al. [23] derived an
equation from the JMA approach in order to calculate Ec from var-
iations in the maximum transformation rate with Tp, according to
the following relation:

ln
�
da
dt

�
p
¼ � Ec

RTp
þ c; (2)

where a is the crystallized fraction, (da/dt)p is the rate of crystal-
lization at Tp and c is a constant. The crystallized fraction, a, at each
heating rate can be obtained as:

a ¼ Ax

A∞
; (3)

where A∞ is the total area of the crystallization event and Ax is the
partial area between Tx and any given temperature T ranging be-
tween Tx andT∞. Before the integration, the contribution of the heat
capacity changes upon crystallizationwas subtracted from the total
heat released by an iterative procedure [29].

Fig. 2 depicts the evolution of a as a function of temperature for
different heating rates. It is observed that all of the curves show a
sigmoid type with slow crystallization rates at the beginning and
end of crystallization, which is typical for devitrification of metallic
glasses [26,30]. Initially, nucleation takes place at different points in
the bulk of the samples, i.e. bulk crystallization becomes dominant.
As the surface area of nucleation increases, the growth of the nuclei



Fig. 2. Evolution of the crystallized fraction (a) versus temperature, determined for the
first crystallization event of the Co46.45Fe25.55Ta8B30 MG at the different heating rates.

Table 2
Gao kinetics parameters at the different heating rates, corresponding to the first
crystallization reaction of the Co46.45Fe25.55Ta8B30 MG. (da/dT)p is the maximum
crystallization rate, Kp is the maximum reaction rate constant, and n is the Avrami
exponent.

Heating rate (K/min) (da/dT)p (1/min) Kp (1/min) n

10 0.75 0.67 3
20 1.50 1.32 3
30 2.07 1.95 2.9
40 2.68 2.56 2.8
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occurs with a rapid reaction rate. Finally, due to the impingement of
crystals and the decrease in the surface area of nucleation, the
crystallization rate decreases. The evolution of (da/dt) as a function
of temperature, calculated at the different heating rates, is shown in
Fig. 3(a). For each heating rate, it can be seen that (da/dt) shows a
maximum value at a temperature corresponding to Tp, which sig-
nifies the maximum crystallization rate. The variation of ln(da/dt)p
with respect to 1000/Tp is shown in Fig. 3(b). As the figure shows,
the least-square fitting of the data point results in an straight line
with a slope of 420 ± 25 kJ/mol, assigned to Ec, which shows a
relatively good agreement with the values listed in Table 1. In
addition to Ec, it is worth to note that the approach suggested by
Gao et al. [23] can be used in order to evaluate other important
kinetics parameters like the maximum transformation rate con-
stant, Kp, and the Avrami exponent, n, as [23]:

�
df
dt

�
p
¼ 0:37nKp; (4)
Fig. 3. Variations of the first crystallization rate of the Co46.45Fe25.55Ta8B30 MG versus temp
activation energy of the first crystallization event (Ec) (b).
Kp ¼ bEc
RT2p

; (5)

Table 2 lists the values of (da/dt)p, Kp and n for the
Co46.45Fe25.55Ta8B20 MG at the different heating rates. It can be seen
that n values are almost identical and do not show any heating rate
dependency, which is in line with the isokinetics assumption of the
phase transformation [31]. It is known that the Avrami exponent n
can reflect the mechanisms of nucleation and growth during phase
transformations, which can be written as [32]:

n ¼ bþ pm (6)

where b denotes the index for nucleation (b ¼ 0 for the zero
nucleation rate, 0 < b < 1 for a decreasing nucleation rate, b¼ 1 for a
constant nucleation rate and b > 1 for an increasing nucleation
rate), p is the growth index (p ¼ 0.5 for diffusion-controlled growth
and p ¼ 1 for interface-controlled growth), and m is the dimen-
sionality of growth (m ¼ 1, 2 and 3 for one-, two- and three-
dimensional growths, respectively). According to Table 2, the n
values are close to 3. Based on Eq. (6), this value indicates that the
crystallization occurs through a three-dimensional interface-
controlled growth of quenched-in nuclei (site saturation) or a
three-dimensional interfaced-controlled growthwith an increasing
nucleation rate. It should be noted that the absence of pre-existing
nuclei in the Co46.45Fe25.55Ta8B20 MG was confirmed by trans-
mission electronmicroscopy (not shown here). As a result, based on
the above kinetics model, the (Co,Fe)21Ta2B6 crystals are formed
upon isochronal heating by a three-dimensional diffusion-
erature at different heating rates (a) and Gao plots for the calculation of the apparent
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controlled growth with an increasing nucleation frequency.
The crystallization activation energies listed in Table 1 demon-

strate the overall or effective energy barrier for nucleation and
subsequent growth of nuclei. The kinetics parameters are not
usually constant during the progress of crystallization, as a result of
ongoing changes in the mechanism and contributions of the
nucleation and growth phenomena. Hence, the local kinetics pa-
rameters can be deviated from a constant value and exhibit a de-
pendency on the crystallized fraction. According to the
isoconversional approach [33], the local energy barrier of crystal-
lization Ec(a) can be determined based on a relation similar to the
Ozawa equation as [21]:

ln b ¼ �1:0516
EcðaÞ
RTa

þ C; (8)

where Ta is the temperature corresponding to a certain crystallized
fraction a, which can be obtained from Fig. 2.

The evolution of Ec(a) as a function of the devitrified fraction a

(Fig. 4) manifests that the crystallization energy barrier exhibits a
strong dependence on a. As the figure shows, Ec(a) initially de-
creases from 445 kJ/mol at a ¼ 0.02e426 kJ/mol at a ¼ 0.1. It re-
mains relatively unchanged up to a ¼ 0.5 and then decreases
gradually up to the end of the first crystallization event. According
to Fig. 4, the average activation energy of crystallization is 400 kJ/
mol, which is slightly lower than the apparent ones listed in Table 1.
It is worth noting that the fraction dependence of Ec(a) for the
present MG is completely different compared to that of the
Co40Fe22Ta8B30 MG, which indicates an increasing trend for Ec(a)
with a [33]. In the case of the Co46.45Fe25.55Ta8B20MG, only the face-
centered cubic (FCC) (Co,Fe)21Ta2B6 phase is formed upon primary
crystallization [28]. However, it was shown that the primary crys-
tallization event of the Co40Fe22Ta8B30 MG resulted in the forma-
tion of the (Co,Fe)21Ta2B6 phase as well as a small amount of the
(Co,Fe)3B2 crystals, which in turn causes a different evolution of
Ec(a) with a [33].

During the isochronal crystallization of a MG, it has been sug-
gested that nucleation takes place only at the early stage of the
transformation, and the grain growth phenomenon is expected to
be dominant in the rest of devitrification [34]. This effect implies
that the Ec(a) values calculated at small a values are mainly
Fig. 4. Variations of the local activation energy of the first crystallization event (Ec(a))
of the Co46.45Fe25.55Ta8B30 MG versus crystallized fraction (a), calculated in the
isochronal condition.
attributed to the energy barrier required for nucleation (En). In the
same way, the values of Ec(a) at the final stage of crystallization
dominantly shows the essential energy barrier for the growth of
the precipitated nuclei (Eg). Ec(a) at other a values includes both En
and Eg, with different contributions depending on the local Avrami
exponent values [35]. According to Fig. 4, En and Eg for the
Co46.45Fe25.55Ta8B20 MG are about 445 and 318 kJ/mol, respectively.
It is observed that the Co46.45Fe25.55Ta8B20 MG exhibits a higher
energy barrier for the nucleation of the (Co,Fe)21Ta2B6 phase
compared to its growth. It has been demonstrated that in metal-
boron amorphous alloys, a network-like medium-range ordering
can be created through the connection of the boron-centered tri-
capped trigonal prism (TTP) type polyhedra with a different atomic
structure compared to the (Co,Fe)21Ta2B6 phase [28]. Hence, for-
mation of the (Co,Fe)21Ta2B6 phase requires a drastic atomic rear-
rangement and long-range diffusion of the constituent elements,
which is consistent with a higher activation energy for nucleation
and the wide SLR of this alloy (51 K) [28]. On the other hand, after
the nucleation of the (Co,Fe)21Ta2B6 phase, the chemical composi-
tion of the remaining amorphous matrix is probably changed,
which results in different activation energy values for growth of the
(Co,Fe)21Ta2B6 crystals.

As well as the activation energy, the Avrami exponent n can have
local values and change as crystallization proceeds due to the var-
iations expected in the nucleation or growth mechanism. To
calculate the local values of n, the JMA approach can be used,
provided that total nucleation takes place at the initial stage of the
process, then growth only becomes dominant and the crystals are
uniformly participated in the amorphous matrix [18,36]. In this
case, the transformation rate is given by Ref. [36]:

da
dt

¼ f ðaÞKðTÞ; (9)

where f(a) is a function of the transformed fraction, describing the
crystallization mechanism. According to the JMA model which
considers both nucleation and growth processes, f(a) is given by
Refs. [18,37]:

f ðaÞ ¼ nð1� aÞ½�lnð1� aÞ�n�1
n ; (10)

While for the model describing only the normal grain growth
(NGG) of the precipitated nuclei, f(a) is calculated as [38]:

f ðaÞ ¼ ð1� aÞmþ1; (11)

In Eq. (9), K(T) is the reaction rate constant given by Refs. [18,37]:

KðTÞ ¼ A0 exp
�
�Ec
RT

�
; (12)

where A0 is the frequency factor. The combination of Eqs. (9) and
(12) gives:

ln
�
da
dt

�
þ Ec
RT

¼ lnðA0f ðaÞÞ; (13)

In Eq. (13), the right-hand side changes only with the crystal-
lized fraction and can be calculated from the known values of Ec and
(da/dt) represented in Table 1 and Fig. 3(a), respectively. The values
of ln(da/dt) þ Ec/RT (Ec ¼ 445 kJ/mol) at the different heating rates
were averaged for the same crystallized fraction and were plotted
versus �ln(1�a)(Fig. 5). It can be observed that ln(A0f(a)) changes
significantly by progression of crystallization, which demonstrates
various devitrification mechanisms at the different stages of
transformation. According to Fig. 5, ln(A0f(a)) rapidly increases at



Fig. 5. Evolution of ln(A0f(a)) as a function of �ln(1�a), calculated from Eq. (13) for the
first crystallization event of the Co46.45Fe25.55Ta8B30 MG, and the corresponding ki-
netics parameters obtained by the different curve fittings according to the JMA and
NGG models.

Fig. 6. Isothermal DSC plots of the Co46.45Fe25.55Ta8B20 MG at the different annealing
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the early transformation stages, reaches a maximum value of
61.45 at a ¼ 0.32 and subsequently decreases linearly in the range
of 0.50 � a � 0.95. It was found that (not shown in the paper) the
heating rate has a negligible effect on the trend and evolution of
ln(A0f(a)), which reflects the same kinetics parameters and conse-
quently the similar crystallizationmechanisms at each heating rate.
This is in good agreement with the isokinetics assumption in the
JMA model.

In order to find the kinetics parameters including n,m and A0 at
the different crystallization stages, the least-square minimization
curve fitting procedure was performed by comparison of the data
point in Fig. 5 with the plot of ln(f(a)) as a function of �ln(1�a)
determined from Eqs. (10) and (11). As can be inferred from Fig. 5,
the JMA model with lnA0 ¼ 61.47 and n ¼ 2.8 can be applied to
describe the crystallization kinetics for a � 0.05. This result in-
dicates that at the beginning of crystallization, a three-dimensional
diffusion-controlled growth with increasing nucleation rates is
dominant, which is in good agreement with the kinetics results
mentioned in Table 2. Furthermore, the JMA model with
lnA0 ¼ 61.53 and n ¼ 2.5 shows the best fitting result for 0.05 <
a � 0.26, which signifies that the nucleating rate decreases while a
diffusion-controlled growth is still taking place. The n value de-
creases to 1.65 for 0.30 � a � 0.36 and lnA0 increases to 61.7,
reflecting a three-dimensional growth with a zero nucleation rate,
which is the characteristic of the site saturation. Furthermore, a
more decrease in the Avrami exponent up to n ¼ 1.2 occurs for 0.39
� a � 0.5, and lnA0 becomes 61.9 for this range. As Fig. 5 shows, by
more progression of crystallization, the plot shows a linear
behavior, indicating that the NGG model with the exponent of
m ¼ 0.32 becomes dominant for 0.5 < a � 0.95. The above results
confirm that in the case of the isochronal crystallization of the
Co46.45Fe25.55Ta8B20 MG, the nucleation rate continuously decreases
and crystallization dominantly proceeds by the growth of nuclei
precipitated in the initial stages of crystallization (a � 0.3). Ac-
cording to the above results, the average Avrami exponent for
a � 0.5 is 2, which is lower than those calculated by the Gao model
(n ¼ 3). Hence, for the Co46.45Fe25.55Ta8B20 MG, it is concluded that
the Gao model can give the Avrami exponent for the initial stage of
crystallization (a � 0.05).
3.2. Isothermal crystallization kinetics

In addition to the isochronal crystallization kinetics, the
isothermal devitrification kinetics of the Co46.45Fe25.55Ta8B20 MG
was studied. For this purpose, the glassy ribbons were heated up to
different temperatures in the SLR at a heating rate of 20 K/min, kept
for a certain period of time for complete crystallization, and sub-
sequently cooled to room temperature at 100 K/min. Fig. 6 shows
the isothermal DSC plots of the Co46.45Fe25.55Ta8B20 ribbon at
different annealing temperatures. As can be seen, all of the DSC
curves indicate a single exothermic event after a certain incubation
period corresponding to the crystallization of the glassy phase.
Fig. 7 indicates the XRD patterns of the Co46.45Fe25.55Ta8B20 alloy
after the isothermal and isochronal crystallization treatments. For
isothermal crystallization, according to Fig. 6, the
Co46.45Fe25.55Ta8B30 MGwas annealed at 853 K for 20min. Based on
Fig. 7, it is concluded that similar to isochronal crystallization, the
isothermal heating process results in the formation of only the
(Co,Fe)21Ta2B6 phase. The average crystallite size, calculated by the
Scherer equation [39], for the (Co,Fe)21Ta2B6 phase precipitated
after the isothermal and isochronal heating processes is 57 ± 2 nm
and 64 ± 2 nm, respectively.

The evolution of the (Co,Fe)21Ta2B6 phase fraction as a function
of heating time for each annealing temperature was determined by
dividing the partial area of each exothermic event up to a certain
period to its total area, as shown in Fig. 8. As can be seen, all of the
plots exhibit a sigmoid shape, similar to those calculated for
isochronal crystallization displayed in Fig. 2. According to Fig. 8, it is
obvious that the incubation period decreases and the curves shift to
left, manifesting that the crystallization rate increases as a result of
the enhanced diffusivity of atoms upon rising temperature.

The crystallization kinetics in the isothermal mode can be
investigated by the JMAmodel, according to the following equation
[17,18]:

a ¼ 1� exp
�� ðKðt � tÞÞn�; (14)

where K is the reaction rate constant (Eq. (12)), a is the transformed
fraction at time t and t is the incubation time. The above equation
can be written as:

lnð�lnð1� aÞÞ ¼ n lnðt � tÞ þ n ln K; (15)
temperatures.



Fig. 7. The XRD patterns of the Co46.45Fe25.55Ta8B20 alloy after crystallization in the
isochronal and isothermal conditions.

Fig. 8. Evolution of the crystallized fraction in the isothermal condition versus time at
the different annealing temperatures, calculated for the Co46.45Fe25.55Ta8B20 MG.

Fig. 9. JMA plots of the Co46.45Fe25.55Ta8B20 MG, determined in the isothermal
annealing at the different temperatures.

Table 3
JMA kinetics parameters of the Co46.45Fe25.55Ta8B30 MG, calculated upon isothermal
crystallization at the different annealing temperatures. n is the Avrami exponent and
navg is the average Avrami exponent.

Temperature (K) n navg

846 2.63 2.07
849 2.58 2.10
851 2.61 1.90
853 2.49 1.75

Fig. 10. Variations of the local Avrami exponents (n(a)) as a function of the crystallized
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Hence, the kinetics parameters K and n can be obtained by
plotting ln(�ln(1�a)) versusln(t�t), as depicted in Fig. 9. As the
figure shows, the JMA plots are almost linear in the range of
0.01�a�0.63. Subsequently, their slopes decrease with increasing
the crystallized fraction, and a deviation from linearity can be
observed for each plots particularly for a�0.94. Table 3 lists the
values of n at each annealing temperature, as obtained from the
linear fitting of the experimental data in Fig. 9 for 0.01�a�0.63. It is
inferred that the Avrami exponent is independent on the annealing
temperature and is close to n ¼ 2.5, which is the characteristic of a
three-dimensional growth with a constant nucleation rate. In
addition, such Avrami exponent values are slightly larger than the
average value of n ¼ 2, obtained from the JMA approach for crys-
tallization in the isochronal mode (Fig. 5). However, since the JMA
plots in Fig. 9 exhibit a non-linear behavior for a > 0.63, it can be
understood that the nucleation or growth behavior may change
upon crystallization and can showa dependency on the crystallized
fraction. In this case, the local Avrami exponent may offer more
realistic results to determine the crystallization kinetics. According
to Eq. (15), the local Avrami exponent n(a) at the different stages of
crystallization is calculated as:

nðaÞ ¼ d lnð�lnð1� aÞÞ
d lnðt � tÞ ; (16)

Fig. 10 depicts the variations of n(a) versus a for the different
fraction (a) at the different annealing temperatures for the Co46.45Fe25.55Ta8B20 MG.



A.H. Taghvaei, J. Eckert / Journal of Alloys and Compounds 675 (2016) 223e230 229
annealing temperatures. The figure reveals that the trend of the
Avrami exponent variations with the crystallized fraction is similar,
regardless of the annealing temperature. At the initial devitrifica-
tion stages, n increases, reaches its maximum at a ¼ 0.1, and sub-
sequently decreases gradually for each annealing temperature.
From Fig. 10, the maximum of the n values at the beginning of
crystallization lies between 2.7 and 2.9, which indicates a three-
dimensional growth with increasing the nucleation rate. A rela-
tively similar Avrami exponent was calculated for the isochronal
mode (Fig. 5) but at smaller transformed fractions (a � 0.05). The
increase of a beyond 0.1 (see Fig. 10) is accompanied by a contin-
uous decrease of n up to around 1.5 at the final stages of crystalli-
zation, manifesting the reduction of the nucleation rate up to about
zero (site saturation) at each annealing temperature. Compared to
crystallization in the isochronal regime, inwhich the site saturation
starts around a ¼ 0.3 (Fig. 5), it can be deduced that the nucleation
of crystals can take place in a significantly larger span during the
isothermal heating process. In other words, the JMA model can be
applied for a larger extent of crystallization in the isothermal
approach in order to determine the kinetics parameters. This effect
can be attributed to the more period available for the nucleation of
crystals in the isothermal mode, compared to the isochronal one.
From Fig. 10, the average values of the Avrami exponent navg over
the entire crystallization range were determined (Table 3). It is
observed that the navg values are relatively similar for all of the
annealing temperatures, demonstrating a three-dimensional
growth with decreasing the nucleation rate. It is noteworthy that
the navg values are comparable to the average Avrami exponent
(n¼ 2) calculated for isochronal crystallization. This effect indicates
that the average nucleation or growth rate of the (Co,Fe)21Ta2B6
crystals are relatively similar in the isochronal and isothermal
conditions.

4. Conclusions

The crystallization kinetics of Co46.45Fe25.55Ta8B20 soft magnetic
metallic glass with high thermal stability was investigated during
isochronal and isothermal annealing treatments. The apparent
activation energy of the first crystallization event in the isochronal
condition, determined by different approaches consisting of Kis-
singer, Ozawa, AugiseBennett and Gao, showed relatively close
values. Furthermore, based on the JMA approach, an average
Avrami exponent of 2, as the characteristic of three-dimensional
diffusion-controlled growth with a decreasing nucleation rate,
was calculated for the crystallized fraction less than 0.5 under
continuous heating. Under the isochronal condition, the site satu-
ration occurred at the devitrified fraction of about 0.3, and subse-
quently crystallization proceeded by a NGG process with an
exponent of 0.32. It was found that the average Avrami exponents
calculated according to the JMA model in the isothermal and
isochronal conditions were similar, demonstrating a comparable
overall nucleation rate for crystallization under these heating re-
gimes. Compared to the isochronal mode, the JMA analysis indi-
cated that the nucleation process was involved in a significantly
larger crystallized fraction in the isothermal annealing experiment.
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