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ABSTRACT

Nanocrystallization kinetics of amorphous Finemet alloy was studied using Vyazovkin advanced iso-
conversional method under non-isothermal condition. Well known Kissinger model-fitting method and
four isoconversional methods of Kissinger-Akahira-Sunose (KSA), Flynn-Wall-Ozawa (FWO), Tang, and
Starink were also used for the determination of activation energy. Differential scanning calorimetry (DSC)
and X-ray diffraction (XRD) patterns were used for thermal and structural analyses, respectively. Accord-
ing to Vyazovkin and other isoconversional methods, the mean value of variable activation energy, as a
function of conversion, was obtained as 350 k] mol~'. While, according to Kissinger method, the con-
stant value of activation energy was obtained as 2704 10kJ mol-! for the same experiments, which
shows inaccuracy of this method. The mean value of kinetic exponent (n) was 1.44 4+ 0.05 by considering
instantaneous nucleation condition (n=m), which is consistent with one-dimensional growth mech-
anism. Kinetics and mechanistic predictions were also performed using numerical reconstruction of
the experimental kinetic function. Comparison of the numerically reconstructed model with theoreti-
cal ones showed that no single model could perfectly fit the numerical values of kinetic function and
the mechanism of transformation changes with conversion progress. Nevertheless it could be seen that

nanocrystallization almost follows the one-dimensional diffusion mechanism.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Nanocrystalline Finemet alloy with the nominal composition
of Fe;35Si135B9CuiNbs exhibits excellent soft magnetic proper-
ties. This Fe-Si-B based alloy with small addition of Cu and
Nb is produced as amorphous precursor by melt spinning and
subsequent nanocrystallization heat treatment. During the crystal-
lization, first, a magnetically desirable Fe-Si phase appears (main
transformation) and then precipitation of boride phases begins
to form, which are deleterious to good soft magnetic behav-
ior of the alloy. Appropriate heat treatment leads only to the
formation of ultrafine magnetic Fe-Si nanograins embedded in
the amorphous matrix [1-3]. Magnetic softness of the alloy is
directly related to its ultrafine structure and explained in terms
of the random anisotropy model [4]. The role of both Cu and Nb
in the formation of such nanostructure is also very important.
Cu segregates at the initial stage of crystallization to form Cu-
rich clusters that multiply nucleation of Fe-Si grains. Rejection
of insoluble and slow diffusing Nb atoms to the grain interfaces
hinders the grain growth, which leads to the maintaining of a
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small mean grain size and decreasing of crystallization kinetics
[5-7].

Crystallization kinetics in amorphous alloys and especially in
the alloys that form a two-phase nanocrystal-amorphous struc-
ture is a key subject that provide new opportunities to design the
desired structure and properties [8,9]. Generally two types of proce-
dures could be used for kinetic studies. In some methods, estimated
kinetic data fit to a theoretical reaction model. Using these so-
called model-fitting methods, highly inaccurate activation energy
and other kinetic parameters may be obtained [10]. In some other
methods, there is no need to assume a reaction model for evaluation
of kinetic data. According to these model-free or isoconversional
methods, activation energy as a function of conversion extent could
be acquired and used for kinetic investigations [11,12].

Nanocrystallization kinetics of Finemet type alloys are almost
always investigated assuming the well-known Johnson-Mehl-
Avrami (JMA) or similar kinetic models [13-15]. But continuous
and isothermal DSC measurements, X-ray diffractometry, electron
microscopy and Mdssbauer kinetic analyses [16-19] show that
such model-fitting methods cannot fit the experimental data. For
example, quiet different values of the apparent activation ener-
gies from 143 to 567 k] mol~! obtained for the main transformation
[19-24], indicating the problems associated with using of model-
fitting methods. These problems are mainly due to inability of these
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methods to distinguish the reaction complexity that occurs dur-
ing the nanocrystallization of Finemet alloy [25,26]. In such cases,
isoconversional methods could be used for the detection of reac-
tion complexity. A large number of isoconversional methods have
been conducted on polymer materials and metallic glasses [27-29].
The present study aims to use an advanced isoconversional method
proposed by Vyazovkin [30-32] for calculating kinetic parameters
of main transformation in Finemet alloy. To our knowledge, there
are no pervious results in the literature about using this advanced
isoconversional method for Finemet type alloys.

2. Experimental
2.1. Materials and methods

Ingot of Fe;35Si135B9gCuiNbs (at.%) alloy was prepared by arc
melting under argon atmosphere using highly pure metals. Amor-
phous ribbons with a cross-section of 0.02 mm x 1.00 mm were
prepared by melt spinning under protective argon atmosphere. The
actual composition of the amorphous ribbons was determined by
inductively coupled plasma (ICP) analysis. The amorphous nature
of the ribbons was analyzed using X-ray diffraction with Co Ko
(1.78897 A) radiation. In order to investigate the structural trans-
formations by X-ray diffraction, the samples of amorphous alloy
were annealed at different temperatures (200, 300, 400, 500, 600
and 700°C) for 1 h. To prevent oxidation during the heat treatment,
the samples were sealed in quartz ampoules after repeated evacu-
ation sequences. The magnetic properties were measured at room
temperature using a vibrating sample magnetometer (VSM). The
nanocrystallization kinetics was investigated with a Mettler Toledo
DSC-1 instrument using a continuous heating regime with the heat-
ing rates, B, of 5-80°Cmin~!. The temperature (error less than
0.05%) and the enthalpy (error less than 1%) axes were calibrated
using indium and zinc standards for all the heating rates. In this
case, the samples weighing 20 mg were placed in standard platinum
pans and heated in the DSC cell starting from the room temperature
up to 700°C under a stream of nitrogen with the 20 mL min~! flow
rate.

2.2. Kinetics study

It is well known that the transformation rate of a solid-state
reaction in isothermal conditions is the product of two functions
[33]:

da

4 = KMDf (@), (1)

where k(T) is the reaction rate constant, f{«) is the reaction model
and « is the conversion fraction. For kinetic investigations, non-
isothermal thermo-analytical techniques with a constant heating
rate of B=dT/dt are most commonly preferred techniques due to
their several advantages such as rapidity and extended temperature
range of measurements [34]. Accordingly, considering the Arrhe-
nius form of the reaction rate constant, Eq. (1) may be rewritten
as:

ar — P

where A (s71) is the pre-exponential (frequency) factor, E is the
activation energy and R is the universal gas constant.
Integration of Eq. (2) results in:
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where g(«) is the integral form of the reaction model and I(E,T)
is the temperature integral that does not have an analytical
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Fig. 1. X-ray diffraction pattern of amorphous Fe73 5Si135B9Cu; Nbs (at.%).

solution. Several approximations and numerical integration pro-
cedures such as Doyle [35], Kissinger-Akahira-Sunose (KSA) [36],
Flynn-Wall-Ozawa (FWO) [37,38], Tang et al. [39], Coats and
Redfern[40] and Starink [41,42] have been used to solve the temper-
ature integral. For extracting more accurate information, Vyazovkin
[30-32] developed an advanced isoconversional method that uti-
lizes an accurate numerical integration. According to this method
under non-isothermal condition, for each value of «, the activation

energy is found by minimizing the following function:

I(EOH a,i /3
ote)- Y3 el @
i=1j#i

and the temperature integral over small temperature segments is
calculated as:

Ta E
I(E, T)=/ exp dT, (5)
Ta—Aa < RT)

a

It is worth noting that in simpler methods, assuming a constant
value of E(«) for this integration causes a systematic error as large
as 20-30% in the value of E(«r) that does not appear in the advanced
integration method of Vyazovkin [43].

3. Results and discussion

X-ray diffraction pattern of the as quenched sample in Fig. 1
shows only a broad halo peak, which is a characteristic of amor-
phous state. The room temperature hysteresis loop of this sample
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Fig. 2. Room temperature hysteresis loop of amorphous ribbon.



co
N

Tp =506 °C
Peak area: 1100 mJ

-
(=]

o

Tp=632°C
Peak area:491 mJ

Heat flow (W/g) — Exo
& o

Ti =493 °C 1 = 550 o¢

.
-
o

Ti=610°C
Ti=648°C

.
=
o

300 350 400 450 500 550 600 650 700
Temperature (°C)

Fig. 3. DSC curve of the amorphous sample obtained during the heating cycle at the
heating rate of 20 Kmin~'.

before any heat treatment in Fig. 2 shows the typical features of a
soft magnetic material.

Atypical DSC curve obtained during heating cycle of as quenched
sample is presented in Fig. 3, which involves two exothermal peaks.
The first peak corresponds to crystallization of Fe-Si nanograins
and the second is related to the formation of boride phases. The
small broad exothermic peak next to the primary crystallization
peak probably corresponds to Cu clustering, which occurs before
nanocrystallization. The crystallization onset temperature (T;), peak
temperature (Tp), endset temperature (Ty) and heat of reaction (the
area under peak) for both peaks were determined on the DSC curve.
The area under peak is directly related to the conversion fraction
that is used for calculation of conversion versus temperature.

Isothermal structural changes of the samples could be found
by X-ray diffraction patterns (Fig. 4). As could be seen, diffraction
patterns of the samples annealed up to 400°C contain the same
halo peak, indicating an amorphous structure. Increase of anneal-
ing temperature reveals a sharp peak at 260=52.7° whose height
increases with the increase of annealing temperature. This shows
that at temperatures above 500°C, nanocrystallization starts to
occur and further increasing of annealing temperature to about
700°C, leads to the formation of boride phases. These results are
consistent with the DSC results (Fig. 3). The average crystallite
size of the Fe-Si grains was calculated from the full-width at half-
maximum of the (1 10) reflection using the Scherrer formula to be
14 and 19 nm for samples annealed at 500 and 600 °C, respectively.

For calculation of the kinetic parameters, multiple DSC scans (at
least three scans) are needed. Fig. 5 shows the DSC curves of the

1400 5
1200+
=,
= 1000
= .

3 =] a
L 8001  utonmd | P A 700 °C
% ...JL - 600 °C

600 -

E - A__..A 500 °C
'g 400 L 400 °C
- i L 300 °C
200 - PO - - 200 °C

. Amo.

0
20 35 50 65 80 95
20 (deg.)

Fig. 4. X-ray diffraction patterns of the samples isothermally annealed at various
temperatures.
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Fig. 5. DSC curves of the amorphous sample at various heating rates.

amorphous samples taken at five various heating rates. The results
showed that with increasing of heating rate, all values of the onset
(T;), peak (Tp) and endset (Tf) temperatures for both exothermic
peaks shift to higher values, due to the presence of kinetic effects
during the nanocrystallization process. There is a linear relation
between these temperatures and logarithm of the heating rate as
shown in Fig. 6.

Using DSC results, the activation energy of nanocrystallization
process was calculated according to Vyazovkin, Kissinger [44] and
also KSA, FWO, Tang and Starink methods for comparison. Accord-
ing to Kissinger method, which is widely used for the calculation of
activation energy in Finemet type alloys [45-47], a single value of
E=270+10k] mol~! was obtained from the slop of Kissinger rela-
tion:

Bi ( E )
In £Z- = Const | — , (6)
Tii RTp,i

Activation energy is generally defined as the threshold value
of energy above which the fluctuation of energy is sufficient for
the elementary reaction to occur, and it should have a character-
istic and constant value for each particular reaction [26]. But for
nanocrystallization of amorphous Finemet alloy, the activation
energy belongs to several atoms (Fe, Si, B, Nb and Cu), and also the
process of nucleation and growth occurs under continuously varied
chemical composition. Obviously, for such complex crystallization
process, activation energy could not have a single value and the
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Fig. 6. Plot of the characteristic temperatures versus logarithm of the heating rates
for both exothermic peaks.
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Fig. 7. Activation energy versus conversion extent.

above-mentioned constant value obtained from Kissinger method
could not be acceptable.

So, variable activation energy versus conversion according to
Vyazovkin advanced isoconversional method was calculated, which
is shown in Fig. 7, where three regions are noticeable; first, an
increase of E(a) with « occurred corresponding to the initial
stage of crystallization («v<0.1) that reached up to 300 k] mol~!
for a=0.1. For volume fraction in the range of 0.1-0.75, activation
energy increased approximately linearly, with the mean value of
350Kk] mol~1. At the final stage of crystallization (0.75-1), activation
energy decreased sharply. The results showed that the mean value
of activation energy from the Vyazovkin method (350k]mol-1)
was higher than the one obtained from the Kissinger method
(270 +10kJmol~1) in the same experiments, showing inaccuracy
of the Kissinger method. As could be seen in Fig. 7 isoconversional
methods such as KSA, FWO, Tang and Starink show similar results
(error less than 1%). These results, as anticipated, show that the
nanocrystallization in Finemet alloy is a complex and multi-step
reaction. At the initial stages where nucleation is dominated, the
local activation energy has its lowest value. At this stage, precip-
itation of Cu-rich clusters is supposed to provide a high number
density of nucleation sites, due to higher Fe concentration in their
vicinity [4] and also due to the heterogeneous nucleation promoted
by lower interface energy [6]. Since the solubility of copper in Fe-
based matrix is very low, heterogeneous nucleation needs much
lower energy compared to the homogeneous one, and the amor-
phous glassy precursor has metastable nature, then the nucleation
process and its sub-processes may occur quickly or even during
solidification. Indeed, the lower effective activation energy in the
initial stage of primary crystallization seems mainly attributed
to the presence of quenched-in nuclei (embryos) that is due to
finite cooling rate during glass formation [48,49]. In the middle
stages (o =0.1-0.75), as the Fe-Si phase forms, Nb and B atoms are
excluded from the FeSi crystallites (because of their low solubil-
ity) and enriched in grain interfaces. Slow diffusion of Nb atoms
forms a Nb-rich shell and acts as a diffusion barrier that gradually
hinders further growth. Increase of activation energy at this stage
could be related to the continuous variation of chemical composi-
tion during the conversion and also contribution of several atoms
in the nanocrystallization process. Diffusion has also an important
role in this stage and the overall process rate becomes dependent
on the diffusion rate of the atoms as well as on the chemical reac-
tion rate. Additionally, the kinetic parameters such as diffusion
coefficient are composition-dependent and will change as the crys-
tallization proceeds [16]. Finally, the abrupt decrease of E(«) at the
end of the transformation may be as a result of inaccurate base
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Fig. 8. Plot of conversion extent versus temperature for the heating rates of 5, 10
and 20 Kmin~!.

line subtraction. Also it must be noted that after 0.8 conversions,
the amorphous matrix is enriched by Nb and B atoms. Thus further
growth is almostimpossible and so in our opinion, activation energy
for this stage has no physical meaning. The remained amorphous
phase transforms into boride phases at higher temperatures.

Controversial results related to the activation energy of Finemt
alloys have been reported. Differences in results are probably due to
nanocrystallization complexity of the Finemet alloy, initial condi-
tion of amorphous precursor and also the precision of used kinetics
methods. Lu et al. [25,26] have found the activation energy to
be equal to 386 +30k] mol~! using the isoconversional methods.
Isothermal studies by Zhou et al. [50] showed the activation energy
equals to 370 k] mol~!. Using Kissinger model-fitting method, Phan
et al. [22] and Illekova et al. [20] have found the activation energy
values of 313 and 418 + 8 kf mol~1, respectively. The mean value of
this parameter obtained in this study (350 k] mol~!) seems to be
comparable with those obtained by Lu et al. and Zhou et al. and
relative differences could be attributed to the precursor condition
and the precision of used method.

The plots of conversion fraction versus temperature correspond-
ing to B=5, 10 and 20K min~! are shown in Fig. 8. The volume
fraction crystallized at any temperature is given as « =St/S, where S
is the total area under exothermic peak and St is the area between
the initial and the selected temperatures [51]. The sigmoid shape
of the fractional conversion curves shown in Fig. 8 indicates a
slow initial period (¢ < 0.1) corresponding to nucleation that occurs
at various points in the bulk of the sample. The middle stage
(0.1 <<0.75) shows the growth of nuclei, already formed at the
initial stages. The Nb diffusion barrier that is gradually formed
at this stage inhibits further growth and affects the shape of the
conversion-temperature plot. The final decay part (> 0.75) is the
consequence of attaching of the nuclei or diffusion field around
them.

Additionally, with an Arrhenius temperature dependence, the
volume fraction crystallized under the non-isothermal conditions
could be expressed as [52]:

a=1-exp (—Q(K‘gz) ) , (7)

where Q is a parameter equal to

gR(R/Eg)mZTzo(—l)s (T) (Eny +SEc)™! and Ky is reaction rate

constant:

(1/m) E
Ky = (vouf) " exp (<5 ) (8)

where n and m are important kinetic parameters that supply infor-
mation about the reaction mechanism and the dimensionality of
crystal growth, respectively [53,54]. The crystallization exponent,
n, related to the number of growth dimension, m, and to the number
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Table 1
Maximum crystallization rate and kinetic exponent, n, for nanocrystallization in
Finemet alloy.

Table 2
Common solid-state reaction models used to describe the crystallization process
and the corresponding values of A and E.

B (Kmin~1) 103 (dx/db)lp (s—") n i Reaction model ga) E (kJ/mol)  A(min-1)
5 2.7 1.39 1 Power low, n=1/4 allt 45 9.84E1
10 53 1.4 2 Power low, n=1/3 ol 64 2.30E2
20 10.3 1.4 3 Power low, n=1/2 all? 102 1.06E6
40 20 1.41 4 Power low,n=3/2 o312 328 2.08E21
80 39.2 1.43 5 Avrami-Erofeev, n=1.5 [=In(1 — )] 206 2.06E13
6 Avrami-Erofeev, n=2 —In(1 —a)]'2 152 4.03E8
7 Avrami-Erofeev, n=3 {—lngl —a;}‘ﬂ 97 5.94E5
ofnuclel forming stages. s [33]: D i TAoab sh
n=m+s, 9) phase boundary
reaction
where s=0 is for instantaneous nucleation and s =1 is for constant 10 Two-dimensional 1-(1-a)!f2 261 4.59E16
nucleation rate. phase boundary
Itis possible to calculate the kinetic exponent, n, using the exper- MEEEEn
imental data on T, and (dx/dt)|p, according to the following equation 1 gg:ssgzigzlgf; ! « 215 9-04E13
[56,57]: reaction
, dx . 12 S'econd order re..action (1-—a)y'-1 442 3.46E29
=7 (G ) v oo RESEE R  S E
where (dx/dt)p is maximum crystallization rate for each heating . ?glfc‘)’_sc'l‘i);ensional R S 601632
rate. Using a set of exotherms taken at different heating rates, the Gt
values of n and (dx/dt)|p were acquired (Table 1). The mean value of 16 One-dimensional a? 443 9.71E27
n could be assumed as the most probable value and used for recog- diffusion
nition of reaction mechanism and dimensionality of crystal growth.
Considering the site saturation condition (s =0), the mean value of 1 -
kinetic exponent, n=1.4440.05, is relatively consistent with one- A
dimensional growth mechanism. Lu et al. [25,26] have found that 0.9 - *
the values of n lie between 1 and 2 in a wide rang of 0.2 <« <0.9 and A
concluded that one-dimensional growth at a near zero nucleation 0.8 - [
rate surface crystallization is dominant mechanism. By obtaining - Experimental:
n values as a function of conversions, Zhou et al. [50] have also % 071 .
found the same values of n between 1 and 2 for 0.2<<0.9. In = 06 e D
another study, Conde et al. [58,59] have obtained n values near 1 for s A Roher K"mf"
Finemet alloys and implied similar analysis about reaction mech- E 0.5 - B Stem20 Kimin
anism. Comparison of the kinetic exponent obtained here shows E
good concurrence with above-mentioned results. ‘g il
However, the activation energy has more important role com- 2 0.3 -
pared to pre-exponential factor, A, and reaction model, flee), for
kinetic study. Anyway knowing all kinetic triplets are necessary 0.2 4
for a complete kinetic study. In order to do a detailed study on
crystallization kinetics and distinguish which one of the listed 0.1 1
models in Table 2 can describe the nanocrystallization process in 0 i '

Finemet alloy, integral form of the reaction model, g(«), was cal-
culated numerically. To determine g(«), Eq. (3) was used and the
pre-exponential factor was evaluated using the compensating cor-
relation of E and A as [43,60]:

lOgAi = aE,— — b, (11)

where a and b are constants and A; and E; are Arrhenius parame-
ters associated with a particular reaction model, g;j(«), in Table 2.
Accordingly, the values of a and b were obtained as 6.69 x 10~> and
0.875, respectively.

The numerically reconstructed form of experimental kinetics
model, g(«), corresponding to different heating rates and also some
theoretical models from Table 2 are shown in Fig. 9. Comparison of
the experimental and theoretical models (solid line) clearly shows
the mechanism changes during the transformation. The results
showed that selected heating rates did not change the mechanism
of reaction and the experimental data at the selected heating rates
are approximately identical. As shown in Fig. 9, no single model
from Table 2 could perfectly fit the numerical values of g(«), and the
mechanism of transformation changes with conversion progress.
Nevertheless it could be seen that nanocrystallization almost fol-
lows the one-dimensional diffusion mechanism (16 in the diagram).

0.3 0.4 0.5 0.6 0.7 0.8
Conversion fraction

Fig. 9. Variation of the integral form of the reaction model, g(«), versus conversion
and also some theoretical models listed in Table 2.

Mechanism changes or deviations from a selected model may be
related to the relative contribution of nucleation and crystal growth
through the process and role of diffusion of various atoms. At ini-
tial stage of crystallization, contribution of nucleation is more than
growth process and this may be the reason for deviation of process
from the considered mechanism. Deviation of g(«) at the final stage
of crystallization, as mentioned above, is attributed to the abrupt
decrease of E(«). At this stage, amorphous matrix is fully enriched
by Nb and B, and further growth is almost impossible, so the kinet-
ics data at this stage are not helpful for the main transformation
investigations.

4. Conclusions

Isoconversional kinetics of nanocrystallization in Finemet
alloy was investigated according to the Vyazovkin method. The
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activation energy as a function of conversion was calculated and
found to vary with conversion extent, indicating a reaction com-
plexity. Changes in activation energy during nanocrystallization
reflect mechanism changing during the reaction, which could
not be distinguished with the model-fitting procedures such as
Kissinger method. In order to distinguish how and when the
mechanism of process changes, numerical reconstruction of the
reaction model using experimental data was performed. The results
showed that nanocrystallization mechanism could not perfectly
fit on a single theoretical model. Nevertheless nanocrystallization
in Finemet alloy relatively follows one-dimensional diffusion
mechanism.
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