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Abstract: The nanocrystallization kinetics of amorphous FegssNb7Bg alloy has been analyzed by non-
isothermal DSC measurements. The local activation energies E(a) were analyzed and its average value was
about 468.7 kJ/mol. It was found that the nanocrystallization kinetics of amorphous FegsNb7Byg alloy cannot
be described successfully by JMA model while the two-parameter Sestak-Bergggren equation seems to be more
appropriate in this case. However, SB model has only a phenomenological value and gives no insight on the
interpretation of the nanocrystallization mechanisms of FegsNb7Bg alloy. So the local activation energies and
local Avrami exponent were introduced and they were applicable and correct in describing the nanocrystalliza-
tion process of the amorphous FegsNb7Bg alloy according to the theoretical DSC curve simulation.
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Introduction

Soft magnetic alloys consisting of nanoscale bcc Fe
grains have been developed by primary crystalliza-
tion of melt-spun amorphous alloys, as typically ex-
emplified in Fe-Si-B-Nb—Cu (Finemet) [1] and Fe-M-B
(M=Zr, Hf, Nb) (Nanoperm) [2] systems. Among these
nanocrystalline alloys, the Fe-M-B (M=Zr, Hf, Nb) al-
loys, such as FegpZr7Bs, FegsNb7yBg and Fegg Hf7 B, are
particularly attractive because of the simplicity of the
alloy system as well as their high saturation magnetiza-
tion. Various research literatures reveal that the prop-
erties of nanocrystalline materials are closely related to
their composition and the thermal treatment they ex-
perienced [3-6]. The related studies are still carried out
widely. But in these studies, most of them are reported
on nanocrystallization in Fe-Zr-B and Fe-Zr-B-Cu al-
loys, little is known about the crystallization behavior
especially the crystallization kinetics in M=Nb or Hf
alloys.

Generally, because of the very small sizes (~10nm) of
the crystallites, the experimental data of the nanocrys-
tallization kinetics of Fe-based amorphous alloys are al-
ways analyzed within the framework of nucleation and
growth by the well-known JMA model based on a few
of assumptions, which is applicable only to particularly
simple cases meeting the needs of the site saturation
condition [7]. Any of the quantitative evaluations of
experimental thermal analysis (TA) data, the authors
think, must be preceded first by checking if the JMA
model is suitable for describing the alloy system to be
researched. But it seems that the checking is not taken
in all the studies where the crystallization kinetics of
Fe-based amorphous alloys has been carried out.

Therefore, the aim of this paper is to give a de-
tailed investigation on the nanocrystallization kinetics
of FegyNb;Bg alloy considering the validity of JMA
model and give a detailed explanation on it accord-
ing to the determination of variable local activation en-
ergy Ec(a) and local Avrami exponent n(«) during the
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nanocrystallization by differential scanning calorimetry
(DSC) at various heating rates. In addition, the theo-
retical DSC curve taking account of the variable kinetic
parameters was calculated, which is well fitted with the
experimental DSC curve.

Experiment

The amorphous ribbons of Fegy Nb7Bg alloy were pre-
pared by a single-roller melt spinning technique on a
copper wheel in Ar atmosphere and the sample dimen-
sions are 10 mm wide and 20 mm thick. The nanocrys-
tallization kinetics of amorphous FegyNb7Bg alloy was
investigated with a NETZSCH-STA449C TG/DSC in-
strument using a continuous heating regime with heat-
ing rates § from 5 to 30°C/min. A Ny gas flow was
used for the ambient atmosphere. The temperature
axis as well as the enthalpy axis was calibrated using
indium and zinc standards for all the heating rates. X-
ray diffraction confirms the amorphous nature of the
as-quenched ribbons.

Results and discussion

The non-isothermal nanocrystallization process of
amorphous FegysNb7Bg alloy at different heating rates
exhibits a single exothermal peak in the DSC curves
which are normalized with sample weight, as shown in
Fig. 1. It is evident that this exothermal peak cor-
responds to the nanocrystallization of o-Fe grains as
identified by XRD diffraction analysis.

For the study of crystallization kinetics we assume
that each crystallization peak can be described by a
kinetic equation of the form

da
L= k(T)f (), 1)

where

k(T) = Aexp (—E/RT), 2)

is the Arrhenius temperature-dependent rate constant,
FE is the activation energy, A is the pre-exponential fac-
tor and f(a) characterizes the type of transformation
mechanism.

The activation energy E is one of the most impor-
tant kinetic parameters for the crystallization of an
amorphous alloy. Generally, the nanocrystallization of
amorphous FegyNb7Bg alloy is accompanied by nucle-
ation and growth of crystal phases under continuously
varied conditions of chemical surroundings in the zone
of conversion. For instance, solute B atoms are rejected
into the glassy matrix during the transformation. Thus
the free enthalpy difference between the crystalline and
the amorphous phases also changes, so that the corre-
sponding driving force for crystallization is dependent
on the fraction already transformed. Also, the kinetic
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parameters (i.e. crystallization condition), such as dif-
fusion coeflicient, are composition-dependent, and will
change as the crystallization proceeds. Such changes of
crystallization condition can result in a change of the
activation energy and even the mechanism of the crys-
tallization process. It is, therefore, necessary to study
the change in activation energy and mechanism of an
amorphous alloy during crystallization. So, a local ac-
tivation energy E(«), which presents the activation en-
ergy at a stage when the crystallized volume fraction is
«, was applied to describe the variable activation en-
ergy which reflects the change of nucleation and growth
behavior in the crystallization process in present pa-
per. In this paper, an isoconversional method without
assuming the kinetic model function is used to deter-
mined the value of E(a) [8,9]. This model-free method
is expressed as

dln ¢ E
i A I 3
), @
where, R is gas constant, T and ¢ are the temperatures
and specific heat flow (w/g) corresponding to fixed val-
ues of a from experiments at different heating rates 3,

respectively.
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By using the experimental data of ¢-T at different
heating rates, we plot In¢ vs. 1/T with a certain
value of «, and E.(«) is obtained from the slope of
the straight line for a constant «. Figure 2 shows the
relationship between crystallized volume fraction and
local activation energy of amorphous FegsNb7Bg alloy.
It is seen that at the initial crystallization stage, the lo-
cal activation energies for crystallization of amorphous
FegsNb7Bg alloy lies in the range of 435 kJ/mol~440
kJ/mol (0<a<0.2). When the crystallized volume frac-
tion falls in the range of 0.2~0.9, the local activation
energy of the amorphous FegsNb7Bg alloy increases
from 440 kJ/mol to about 500kJ/mol slowly. At the
last stage of primary crystallization (>0.9), the local
activation energy increases sharply and is up to 527
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kJ/mol when « is about 0.95. The average activa-
tion energy for the whole nanocrystallization of amor-
phous FegsNb7Bg alloy is about 468.7 kJ/mol, which
is just between the activation energy values obtained
from the Kissinger equation (460.8£16 kJ/mol) and
Ozawa equation (473.64+16 kJ/mol) in present exper-
iments and has a good agreement with them.

The E values obtained above for amorphous
FegsNb;Bg alloy are higher than Finemet (around 380
kJ/mol). In amorphous FegsNb;Bg alloy, Nb atom is
an obstacle for the growth of nanocrystallized grains, so
the activation energy of crystal growth is considerably
large. Provided that the activation energy of crystal
growth (Eg) is higher than that of nucleation (E,), the
high E value can be attributed to a significant contri-
bution of crystal growth to the whole nanocrystalliza-
tion process. Another possible reasons for the unusually
high activation energy in this study is the deviation of
experimental results from an ideal Arrhenius type tem-
perature dependence. It has previously been pointed
out by Koster and Meinhardt [10] that the nucleation
kinetics is governed by viscous flow as well as atomic
diffusion in a temperature range around the glass tran-
sition temperature (T,) and the nucleation frequency is
accelerated significantly above T, by the contribution
of viscous flow to the atomic transport.

The crystallization kinetics is usually interpreted in
terms of the standard nucleation-growth model formu-
lated by Johnson-Mehl-Avrami (JMA) [11]. The JMA
equation can be described as

dofdt =kn(1—a){ln[1/(1— )}/ ()
where t is time, the rate constant k is a function of tem-
perature and in general depends on both the nucleation
frequency and the crystal growth rate, and the kinetic
exponent n is a parameter which reflects the nucleation
frequency and/or the growth morphology. Henderson
[12,13] has shown that the validity of the JMA equa-
tion can be extended in non-isothermal conditions if the
entire nucleation process takes place during the early
stages of the transformation, and it becomes negligible
afterward. The crystallization rate is controlled only
by temperature and does not depend on the previous
thermal history. Although the limits of applicability
of the JMA equation are well known [12,13], in prac-
tice it is not so easy to verify whether the conditions
of applicability are fulfilled or not. But Malek [14,15]
has proposed a simpler method to test the applicabil-
ity of the JMA model. The test is based on Egs. (5)
and (6) and on the y(«) and z(«) functions. Under
non-isothermal conditions these functions are given by

y(a) = pexp (R—ﬁ)

2 (a) = ¢T?

(5)
(6)
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where ¢(w/g) is the heat flow. For practical reasons
the y(«) and z(«) functions are normalized within the
(0,1) range. If there is a maximum of the y(«) function
at a,;, €(0,1), the kinetic data can be described by the
JMA (n>1). The functions of z(«) also has a maxi-
mum at «,°. This parameter has a characteristic value
ap® = 0.632 for the JMA model.

Figure 3 shows y(a) and z(«) varying with crystalline
fraction o It is evident that the traces by y(«) and z(«)
were nearly independent of heating rate. The value of
am and ap° in functions y(«) and z(a) are shown in
Table 1. The value of «,, show that the kinetic data
can be described by JMA(n>1) model. But the ap°
is far lower than the value predicted for JMA model
(0.61~0.65), it seems that one or more conditions for
the applicability of the JMA model is not fulfilled in the
nanocrystallization kinetics of FegyNb7Bg alloy. An-
other test of the applicability of JMA model is the lin-
earity of the double logarithmic plots vs. Int or 1/T.
Such plots obtained from non-isothermal DSC data for
the nanocrystallization of FegyNb7Bg alloy are shown
in Fig. 4. The plots are clearly non-linear, indicating
that the JMA model cannot be applied. The above two
results are consistent with each other.

As mentioned above, the JMA model can not be used
to describe the crystallization kinetics of FeggsNb7Bg al-
loy. During the formation of the primary nanocrystals,
the rejection of the insoluble atoms will cause the for-
mation of a concentration gradient ahead of the nucle-
ating front. Such concentration gradients have already
been deduced from the experimentally determined evo-
lution of the magnetic properties of the residual amor-
phous phase during crystallization of Nb-containing Fe-
based amorphous alloys [16-18] and measured ahead of
primary nucleating fronts in AlCeNi-type amorphous
alloys [19]. This situation indicates that the site satura-
tion condition is no longer held. As a consequence, the
maximum of the z(«) function is differ from its theoret-
ical value for JMA model. In this case, it is convenient
to use more flexible empirical kinetic model functions,
f(c), for the description of crystallization process, e.g.
the Sestak-Berggren (SB) empirical kinetic model:

fla)=am(1-a)", (7)

where the parameters m and n define the relative con-
tributions of acceleratory and decay regions of the ki-
netic process and they are also taken as kinetic param-
eters describing the shape of measured TA curve. The
SB model is applicable in the crystallization kinetics of
FegsNb7Bg alloy according to the value of «,, and o’
in functions y(«) and z(«) and the diagram proposed
by Malek [20].

For SB (m,n) model, the kinetic parameter ratio,
p=m/n, is calculated using the following formula,

(8)

p=am/ (1 — Q)
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and n can be obtained by the following formula,

In[(da/dt)e”] =InA+nlnfo® (1 —a)]. 9)
That is, the kinetic parameter n corresponds to the
slope of the linear plot of In[(da/dt)e*] vs. In[a?(1—a)]
for a €(0.2, 0.8). Then the second kinetic exponent is
m=pn.

Using formula (8) and (9), the kinetic parameters in
SB(m, n) model of nanocrystallization for Finemet al-
loy are calculated and shown in Table 2. The average
value of n was 2.31 and m was 0.18. The high value

of n>1 means a complex kinetic process involving both
nucleation and growth. These results can be applied to
explain the variable E described in above.

Table 1 The value of a,, and «;° in functions y(«)
and z(«) at different heating rates.

Heating rate 8 (°C/min) am ax’
5 0.0727 0.4333
10 0.0827 0.4159
17.5 0.0689 0.4165
30 0.0654 0.4508

1.0

0.0

1 1
0.4 0.6
Crystallite fraction o

0.2 0.8 1.0

1 1
0.4 0.6
Crystallite fraction o

0.2 0.8 1.0

Fig. 3 Normalized y(a) (A) and z(«) (B) functions obtained by transformation of non-isothermal DSC data for FessNb7Bg
alloy. The heating rates are shown by lines: 5°C/min (solid line); 10°C/min (dash line); 17.5°C/min (dot line); 30°C/min

(dash dot line).
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Fig. 4 The double logarithmic plots obtained from DSC
data shown in Fig. 1 as a function of 1/T.

Table 2 Kinetic parameters of SB (m, n) model
calculated from DSC data using equations (8) and

(9)-

Heating rate 8 (°C/min) p n m
5 0.0784 2.33 0.18
12.5 0.0902 2.33 0.21
17.5 0.0740 2.32 0.17
30 0.0699 2.26 0.16
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However, SB model has only a phenomenological
value and gives no insight on the interpretation of the
nanocrystallization mechanisms of FegyNb7Bg alloy. In
order to give a detailed explanation on it, we intro-
duce a local Avrami exponent, n(«) [21], to describe
the detailed mechanism of the nanocrystallization of
amorphous FegyNb7Bg alloy. But this equation is only
applicable for isothermal crystallization. In Ref.[22], we
deduced a new equation in order to calculate the local
Avrami exponent for non-isothermal crystallization and
it is expressed as follow:

_ —ROIn[-In(1 - a)]
") = —Fe /D)

(10)

Taking account of the variable local activation energy
E(«), the local Avrami exponents n(«) at heating rate
of 5 °C/min were calculated. Figure 5 shows the value
of local Avrami exponent of amorphous FegsNb7;Bg al-
loy during primary crystallization. It can be seen that
the value of n(«) varies significantly with « over the
whole primary crystallization process. Initially, n(«) is
about 4.0. With the progress of crystallization, n(«)
decreases slowly from 4.0 to about 0.8 when « reaches
0.95. However, when the crystallized fraction is higher
than 0.95, the local Avrami exponent increases rapidly
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to 1.4. The n(a)-« dependence curves obtained at other
heating rates are similar to this one.

4.0¢

Avrami exponent n
= g N «w «w
ot (=] ot (=} ot

—_

=

=)
T

05 0.0 0.2

0.4 0.6
Crystalline fraction o

0.8 1.0

Fig. 5 Local Avrami exponent n(«) as a function of crys-
tallized fraction o at heating rate of 5 °C/min.

At the beginning of the primary crystallization
(o <0.02), the calculated local Avrami exponent n is
about 4.0. But because of the large uncertainties caused
in calculating n based on the DSC data which rely on
the choice of baseline in region o <0.02, the value of
n for a <0.02 is not taken into consideration. So, in
the initial stage (0< « <0.2), the local Avrami expo-
nent n(«) is in the range of 2.0~4.0, which means that
two and three dimensional nucleation and grain growth
controlled by diffusion at decreasing nucleation rate are
dominant for bulk crystallization in this stage. In the
middle stage (0.2< a <0.95), the n(a) decreases from
about 2.0 to about 0.8 with the increasing crystallized
fraction. This result indicates that one dimensional nu-
cleation and grain growth at a near-zero nucleation rate
are responsible for surface crystallization. From the
variation of n(«), this kind of growth mode is dominant
during non-isothermal primary crystallization process.
In the final stage (o > 0.95), the local Avrami expo-
nents n(«) rise sharply to about 1.4. The anomalous
rise of local Avrami exponents n(«) at high « has also
been observed in the primary crystallization processes
of various metallic glasses [23~26]. As discussed in ref-
erence [26], if there exist inhomogeneously distributed
pre-existing nuclei in the amorphous ribbons, and/or a
inhomogeneous nucleation occurs in the crystallization
process, anomalous Avrami exponent will be expected,
especially at high «, just as what have been observed in
references [23~25]. So the inhomogeneous distribution
of nuclei in the amorphous samples may be one im-
portant factor resulting in the widely observed anoma-
lous Avrami exponent. In present paper, the anomalous
Avrami exponent n(«) at high « is mainly because of
the exhaustion of pre-existing nuclei of a-Fe grains and
the formation of some a-Fe grains quickly growing up
to almost the final sizes.
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In order to test the correctness of local activation en-
ergies and local Avrami exponents, the JMA theoreti-
cal DSC curves with and without assuming non-linear
relationships between kinetic parameters (local activa-
tion energy Ec(a) and local Avrami exponent n(«))
and crystallization fraction o shown in Figs. 2 and 5
were calculated. The theoretical and experimental DSC
curves are all shown in Fig. 6 for comparison. It is ev-
ident that the theoretical DSC curve taking account-
ing of variable local activation energy Ec(«) and local
Avrami exponent n(«) fits the experimental DSC curve
well while the theoretical curve based on only constant
activation energy and Avrami exponent does not. So,
one may expect that the variable local activation en-
ergies Ec(a) and local Avrami exponents n(«) are ap-
plicable and correct in describing the primary crystal-
lization process of the amorphous Finemet alloy while
the constant activation energy and Avrami exponent
are not.

1.0r

Normalized heat flow
o = o
i~ > %

T T T

e
DO
T

0.0F

500 520 540
Temperature/°C

460 480 560

Fig. 6 Theoretical and experimental DSC curves at heating
rate of 5 °C/min. Experimental curve (solid line); JMA the-
oretical curve using constant activation energy and Avrami
exponent (dotted line); JMA theoretical curve using vari-

able activation energies and Avrami exponents (dash line).

Conclusions

The nanocrystallization kinetics of amorphous
FegsNb7Bg alloy was investigated by DSC using var-
ious heating rates in present paper. The local ac-
tivation energy E(a) was determined by an isocon-
versional method without assuming the kinetic model
function. It was found that the local activation en-
ergy E(a) changed with crystalline fraction « and the
average value was about 468.7 kJ/mol. The nanocrys-
tallization kinetics of amorphous FegysNb7Bg alloy can-
not be described successfully by JMA model and the
two-parameter Sestak-Bergggren equation seems to be
more appropriate in this case. However, SB model
has only a phenomenological value and gives no in-
sight on the interpretation of the nanocrystallization
mechanisms of FegsNb7Bg alloy. The local activation
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energies and local Avrami exponent were introduced
to describe the nanocrystallization mechanisms. The
significant variation of local Avrami exponent and lo-
cal activation energy with crystallized volume fraction
demonstrates that the nanocrystallization kinetics of
amorphous FegyNb;Bg alloy varies at different stages
and the variable local activation energies Ec(a) and lo-
cal Avrami exponents n(«) are applicable and correct
in describing the primary crystallization process of the
amorphous FegyNb7Bg alloy according to the theoreti-
cal DSC curve simulation.
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