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Study of Nanocrystallization Kinetics in Fe73.5Cu1Nb3Si13.5B9 Finemet Type 
Alloy by Differential Thermal Analysis and Using Different Models
Pritish Kumar Roy and Dr. Shibendra Shekher Sikder

Abstract 

The study of the crystallization processes in the FINEMET type 
nanocrystalline amorphous alloy is interesting not only from 
the fundamental aspect of establishing reaction mechanism of 
crystal nucleation and growth, but also from a technological 
point of view. The process and nature of crystallization phase 
constitution of nanocrystalline amorphous alloy of composition 
Fe73.5Cu1Nb3Si13.5B9 prepared by rapid quenching method is 
investigated in the present study. The amorphous nature of the 
alloy has been verified by x-ray diffraction (XRD). The differential 
thermal analysis (DTA) experiments were performed at different 
continuous heating rates of 10, 20, 30, 40 and 500C/min. Two 
different crystalline phases are observed. The crystallization 
temperatures, the volume fraction of crystallizations and 
enthalpies of two different crystalline phases of the alloy have 
been determined from DTA traces.  The dependence of on-set 
crystallization temperature (Tx ) on the heating rate of different 
phases have been used for the determination of different 
crystallization parameters such as, the activation energy of 
crystallization, the order parameter or Avrami exponent (n). The 
results of crystallization were discussed on the basis of different 
models such as Kissinger’s approach and modification for non-
isothermal crystallization of Matusita in addition to Kolmogorov, 
Johnson, Mehl, Avrami and Ozawa.
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1. Introduction

Traditionally, solid state physics has meant crystal physics. Solidity and crystallinity 
are considered as synonymous in text on condensed matter physics. Yet one of the most 
active fields of solid state research starts from the middle of the last century has been the 
study of solids that are not crystals, solids in which the arrangement of atoms lacks the 
slightest vestige of long range order. The advances that have been made in the physics 
and chemistry of these materials, which are known as amorphous solids or glasses, have 
been widely appreciated within research community.

Amorphous soft magnetic alloys are now well accepted and mature materials. At first 
the great interest in amorphous metals stems from the reports by Duwez et.al[1] on the 
preparation and properties of  amorphous metallic alloys. Simpson and Brambley[2] 
appear to have been the first to point out that the amorphous alloys are expected to have 
no magnetocrystalline   anisotropy and should have very low coercivity.

Nanocrystalline soft magnetic materials were first reported in 1988 by Yoshizawa, 
Oguma and Yamauchi[3]. Exploitation of this novel material in practical applications 
started shortly after the discovery and manufactured by Hitachi Co. Ltd. under the 
trade name FINEMET[4]. FINEMET is the first nanocrystalline soft magnetic material 
in the world developed by Hitachi Metals, Ltd. The precursor material of FINEMET 
is amorphous metal obtained by rapid quenching the molten metal, consisting of Fe, 
Si, B and small amounts of Cu and Nb. The originally proposed composition of the 
alloy was Fe73.5Cu1Nb3Si13.5B9. By applying proper heat treatment to the alloy at higher 
temperature (around 5550C) than its crystallization temperature of the amorphous state, 
this alloy produces homogeneous, ultrafine nanocrystalline grain structure  of α-Fe(Si) 
with bcc structure  having grain diameter approximately 10 nanometer and gain unique 
soft magnetic properties[5]. Usually on crystallization of amorphous alloys much 
larger grains with diameter 0.1-1µm is obtained. The formation of this nanocrystalline 
structure is ascribed to the combined condition of Cu and Nb, which both are not soluble 
in α-Fe. Hereby Cu is thought to increase the nucleation of α-Fe grains, whereas Nb 
lowers its growth rate[6]. FINEMET has high saturation magnetic flux density (more 
than 1T) comparable to Fe-based metal and high permeability (10000 at 100kHz) 
comparable to Co-based amorphous metal. It has the advantages of both Fe-based and 
Co-based amorphous metals. Researchers are working on nanocrystalline soft magnetic 
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alloys since last around five decades. The interest  has been growing day by day in the 
synthesis and characterization of FINEMET type nanocrystalline amorphous alloys due 
to their excellent performance in electromagnetic noise suppression and contribution to 
energy saving. It allows reduction in size and weight of electric and electronic devices. 
Magnetically soft materials are needed for the applications of magnetic devices such 
as transformer, inductive devices, biomedical applications, space applications and 
many more other applications. Nowadays, researchers are thinking that by using the 
nanoscience and technology, it is possible to solve many unsolved real life problems 
such as the fatal diseases like cancer.

FINEMET is obtained by the proper heat treatment to the amorphous state of the 
nanocrystalline alloy. So, study of crystallization kinetics and behavior of this type 
of fine metal (FINEMET) is fundamentally important. Differential thermal analysis 
(DTA) is a direct and effective technique for analyzing the crystallization kinetics 
and stability of the crystalline phase with respect to the crystallization process. In this 
technique structural change occurs in the material under heat treatment. These changes 
may be due to melting, solidification, dehydration, phase transition from glass to solid, 
transition from one crystalline variety to another, destruction of crystalline lattice, 
oxidation, decomposition etc.   Differential thermal analysis (DTA) has been widely 
used in scientific and engineering fields to study clays, soaps, polymers and various 
other organic and inorganic materials those, may be solid or liquid. The DTA technique 
was first suggested by H. Le Chatelier[7] in 1887 and was applied to the study of clays 
and ceramics. The objectives of these DTA studies, generally speaking, included two 
aspects: identifying the characteristic temperature and nature of phase transformations 
of the alloy studied, and determining the effect of chemical composition and processing 
on phase transformation behavior in the alloy.

2. Experimental

Glassy alloy Fe71.5Cr2Cu1Nb3Si13.5B9 is prepared by melt spinning technique. The melt 
spinning facilities were used at the Centre for Materials Science, National University 
of Hanoi, Vietnam. Melt spinning is a widely used production method for rapidly 
solidifying materials as well as preparing amorphous metallic ribbons. Amorphous 
ribbons with the composition Fe71.5Cr2Cu1Nb3Si13.5B9 were prepared in an arc furnace 
on a water-cooled copper hearth under an atmosphere of pure Argon (Ar). High purity 
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(99.9%) source materials were obtained from Johnson Matthey (Alfa Aesar Inc.). 

Fig. 1 XRD pattern of nanocrystalline amorphous Fe71.5Cr2Cu1Nb3Si13.5B9 alloy at room 
temperature.

A Philips Model PW 3040 X’ Pert PRO XRD system was employed for studying the         
structure of the material. The copper target was used as a source of X-rays with λ = 
1.5406 Å (Cu-Kα). The scanning angle was in the range of 300- 900. Fig. 1 shows the 
X-ray diffraction pattern of Fe71.5Cr2Cu1Nb3Si13.5B9 nanocrystalline amorphous ribbon 
at room temperature. The absence of any sharp structural peak confirms the amorphous 
nature of the sample.

Differential Thermal Analyzer (DTA) Shimadzu model TG/TDTA 6300 was used 
to measure the thermal manifestation of the phase transformation and to study the 
crystallization kinetics under non-isothermal condition. The DTA runs have been taken 
at five different heating rates i.e. 10, 20, 30, 40 and 500C/min on accurately weighed 
samples taken in aluminum pan. The temperature range covered in DTA was from room 
temperature to 8000C.

3. Results and Discussion

In Fig. 2 DTA trace of as-cast nanocrystalline amorphous Fe71.5Cr2Cu1Nb3Si13.5B9 ribbon 
sample recorded in a nitrogen atmosphere with a heating rate of 100C/min has been 
presented. 
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Fig. 2 DTA trace of as-cast nanocrystalline amorphous Fe71.5Cr2Cu1Nb3Si13.5B9 alloy.

There are clearly two separated exothermal peaks at Tp1=5220C and Tp2=6610C on 
DTA curve, ascribed to the precipitation of bcc-Fe(Si) and boride (FeB/Fe2B) phase, 
respectively. Fig. 3 represents the DTA traces of as-cast nanocrystalline amorphous 
Fe71.5Cr2Cu1Nb3Si13.5B9 alloy from room temperature to 800oC with heating rates of 10-
50oC/min at the step of 10oC. In each DTA curve, two exothermic peaks are distinctly 
observed; corresponding to two different crystallization events initiated at temperature 
Tx1 and Tx2 respectively. 

Fig. 3 Effects of heating rate on DTA trace of as-cast nanocrystalline amorphous 
Fe71.5Cr2Cu1Nb3Si13.5B9 alloy.
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The on-set crystallization temperature Tx has been defined as temperature corresponding 
to the intersection of two linear portion adjoining the transition elbow of the DTA trace in 
the exothermic direction. The value of on-set crystallization temperatures (Tx1 and Tx2), 
crystallization peak temperatures (Tp1 and Tp2) and crystallization ending or completion 
temperatures (Te1 and Te2) at different heating rates for the alloy is given in Table-1.

Table-1 Effects of heating rate on 1st and 2nd crystallization states of the nanocrystalline 
Fe71.5Cr2Cu1Nb3Si13.5B9 amorphous alloy. 

Heating 
rate (β) in 

oC/min

1st crystallization state 2nd crystallization state

(Tp2-Tp1)
in oC

Onset
temp. (Tx1) 

in oC

Peak 
temp.

(Tp1) in oC

Ending 
temp. (Te1)  

in oC

Temp. 
range

(Te1-Tx1) 
in oC

Onset 
temp.
(Tx2)   
in oC

Peak 
temp 

(Tp2) in 
oC

Ending 
temp. 

(Te2)  in 
oC

Temp. range 
(Te2-Tx2)  

in oC

10 509 522 560 51 650 661 683 33 139
20 516 532 574 58 657 672 696 39 140
30 518 537 578 60 661 679 707 46 142
40 520 544 587 67 665 680 709 44 136
50 522 547 600 78 668 686 713 45 139

Fig. 3 reveals that the crystallization of each phase occurs over a wide range of 
temperatures and this temperature range increases with the increase of heating rate for 
the1st crystallization state, but a little anomaly is seen in the 2nd crystallization state. 
From Table-1 the crystallization temperature range for the 1st crystallization state is 51 
to 780C and for the 2nd crystallization state is 33 to 460C. Crystallization temperature 
range for the 1st crystallization state is always greater than the 2nd crystallization state. 
The DTA curves in Fig. 3 show sharp peaks at 522-5470C for the 1st crystallization state 
depending on the heating rate from 100C/min to 500C/min, which is lower than that 
for original FINEMET 540-5720C respectively[8] and the replacement of 1% Fe by Cr 
of the original FINEMET 542-5690C respectively[9]. Fig. 3 also reveals that the peak 
temperature shifts to higher values with the increase of heating rate. In other word, 
more heat energy is required for the formation of crystalline phases with increasing 
heating rates. Table-1 also shows that the two crystallization events are separated by a 
large temperature gap of ~140oC. For FINEMET without Cr i.e. for pure FINEMET the 
temperature difference between two events was found ~150oC[10]. The large separation 
between two crystallization events is one of the characteristic features of the FINEMET 
type alloys, which exhibit easy nanocrystallization[11]. From Fig. 3 we can also see that 
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the peaks of 2nd crystallization state exhibited with high sharpness than the peaks of 1st 
crystallization state relating to strong crystallization of boride phase. These results are 
fully agreed with those reported in the work of C. Gomez-Polo et.al [12].

The crystallization volume fraction (α) at any temperature T is given as α = AT/A, where, 
A  is the total area of exothermic peak between the on-set crystallization temperature Tx, 
where crystallization just begins and the temperature Te where the crystallization peaks 
end i.e. crystallization is completed. AT is the partial area of exothermic peak between 
the temperature Tx and Te. The temperature T is selected between Tx and Te.

The calculated values of volume fraction of crystallization at different heating rates for 
the alloy under study are listed in the Table-2.

Table -2 Effects of heating rate on crystallization volume fraction of 1st and 2nd 
crystallization states of the nanocrystalline Fe71.5Cr2Cu1Nb3Si13.5B9 amorphous alloy. 

Heating rate 
(β) in oC/min

1st crystallization state 2nd crystallization state
Total peak 
area(A)  in 

mm2

Partial peak 
area(AT)  in 

mm2

Crystallization 
volume 

fraction(α)

Total peak 
area(A)  in 

mm2

Partial peak 
area(AT)  in 

mm2

Crystallization volume 
fraction(α)

10 9.53 2.55 0.27 5.66 1.26 0.22
20 16.98 5.48 0.32 8.90 3.12 0.35
30 15.92 6.01 0.34 13.80 5.19 0.38
40 23.86 10.62 0.45 18.05 8.79 0.49
50 41.38 20.55 0.50 21.98 11.8 0.54

Table-2 along with the Fig. 3 shows that the total peak area increases with the increase 
of heating rate for both the crystallization states and for each of the DTA trace, the 
area under the first crystallization peak is larger than the area covered by the second 
crystallization peak. Table-2 also shows that, the crystallization volume fraction (α) 
increases with the increase of heating rate for both the crystallization states. The 
dependence of on-set crystallization temperature (Tx) on the heating rate (β) is given by 
the empirical relation that has been suggested by Lasocka[13] and has the form:

Tx = Bx ln β+Ax                                 (1)

Where, Ax and Bx are constants. The plots of ln(β) vs Tx for the 1st and 2nd crystallization 
states of the alloy is shown in Fig. 4(a) and Fig. 4(b). 
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The straight lines show the good validity of this relationship for the alloy. The calculated 
values of Ax =764.5K=491.5oC, Bx=7.81min for the 1st crystallization state and Ax 

=897.1K=624.1oC, Bx=11.06 min for the 2nd crystallization state. Ax values depict the 
crystallization temperature at a heating rate of 10C/min while Bx values are proportional 
to the time taken by the system to reduce its crystallization temperature when its heating 
rate is lowered from 100C/min to 10C/min.

The kinetics of isothermal crystallization involving nucleation and growth is usually 
analyzed using the Kolmogorov-Johnson-Mehl-Avrami (KJMA) model[14, 15]. According 
to this model, the volume fraction of crystallites ((0<α<1)) is given by[16-18]:

α(t) = 1- exp {-(kt)n}                                                                      (2)

where, α(t) is the volume fraction crystallized after time t, n is the Avrami exponent that 
is associated with the nucleation and growth mechanisms and k is the effective overall 
reaction rate, which actually reflects the rate of crystallization in thermally activated 
process and usually assigned Arrhenian temperature dependence,

k = k0 exp (-Ec/RT)                                              (3)

Where, Ec is the activation energy of crystallization, k0 is the pre-exponential factor 
or frequency factor, which indicates the number attempts made by nuclei to overcome 
the energy barrier during crystallization and R is the gas constant. In the framework of 
KJMA model, the kinetic parameters n, k0 and Ec are assumed to be constant during the 
crystallization process.
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In non-isothermal crystallization, the existence of a constant heating rate condition 
is assumed. The relation between the sample temperature and the heating rate can be 
written as   

tTT β+= 0                        (4)

Where, T0 is the initial temperature and β is the heating rate. As the temperature 
constantly changes with time, k is no longer a constant but varies with time in a more 
complicated form and Eq. (2) becomes

α (t) = 1- exp [-{k (T-T0)/β}n]                                                         (5) 

After rearranging and taking logarithms of Eq. (5), Ozawa[19, 20] obtained 

ln {-ln (1- α)} = nln k (T-T0) - nln β                                               (6) 

According to Eq. (6), a plot of ln{− ln(1 − α)} versus lnβ yield a straight line with slope 
equal to n. 

Fig. 5(a) and Fig. 5(b) show the variation of ln{−ln(1 − α)} against lnβ for the 
nanocrystalline Fe71.5Cr2Cu1Nb3Si13.5B9 amorphous alloy. The value of n for the α-Fe(Si) 
crystalline phase is 0.60~1 and for the Fe2B crystalline phase is 0.69~1.

It is well known that crystallization of nanocrystalline amorphous alloy is associated 
with nucleation and growth processes and the extent of crystallization increases with an 
increase in temperature. Due to these order parameter (n) changes. Since for the sample 
prepared by melt quenching technique, the value of n may be 4, 3, 2 or 1, which can be
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related to different crystallization mechanism; n=4 represents volume nucleation, three 
dimensional growth; n=3 represents volume nucleation, two dimensional growth; n=2 
represents volume nucleation, one dimensional growth; n=1 represents surface, one 
dimensional growth from surface to inside[21]. In our present system of nanocrystalline 
Fe71.5Cr2Cu1Nb3Si13.5B9 amorphous alloy, the value of n is equal to 1 for both the crystalline 
phase, which represents surface, one dimensional growth from surface to inside.

The interpretation of the experimental crystallization data is given on the basis 
of Kissinger’s, modified Ozawa’s and Matusita’s equations for non-isothermal 
crystallization. The activation energy (Ec) for crystallization can therefore be calculated 
by using Kissinger’s equation[22],

ln (β/T2
p) = - Ec / RTp + C                                                         (7)

Where, C is a constant.  

The plots of )/ln( 2
pTβ  versus 1000/Tp for nanocrystalline Fe71.5Cr2Cu1Nb3Si13.5B9 

amorphous alloy are shown in Fig. 6(a) and Fig. 6(b), which come to be straight lines. 
The value of Ec may be calculated from the slope of each line and it is found for the 
α-Fe(Si) crystalline phase is 3.43eV  and for the Fe2B crystalline phase is 4.92eV.
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The activation energy of crystallization can be obtained from the variation of the 
crystallization peak temperature with heating rate by using Ozawa’s[20] relation 
as :

ln β = Ec/ RTp + D                                 (8) 

Where, D is a constant. 

Fig. 7(a) and Fig. 7(b) show lnβ versus 1000/Tp dependences for the alloy under study, 
which come to be linear. The value of Ec is calculated from the slope of each line and it 
is found for the α-Fe(Si) crystalline phase is 3.57eV  and for the Fe2B crystalline phase 
is 5.08eV.

The activation energy of crystallization can also be obtained from the variation 
of  crystallization volume fraction (α) and the crystallization peak temperature with 
constant heating rates by using Matusita’s[23] relation as:

ln {-ln(1-α)}=-n lnβ -1.052mEc /RTp + constant

-[ln {-ln(1-α)}+ n lnβ] =1.052mEc /RTp – constant    (9)
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Where, m and n are integer or half integer numbers that depend on the growth 
mechanism and the dimensionality of the crystal. Usually it is considered m=1, 2 or 3 
for one, two, or three dimensional growth of the crystal[24].

Fig. 8(a) and Fig. 8(b) show -[ln{-ln(1-α)}+ n lnβ] versus 1000/Tp dependences for the 
alloy under study, which come to be linear. The value of Ec is calculated from the slope 
of each line and it is found for the α-Fe(Si) crystalline phase is 4.09eV and for the Fe2B 
crystalline phase is 6.65eV.

The values of the activation energy calculated from Eq. (8)[20] are slightly higher than 
the values of activation energy calculated from Eq. (7)[22]. So it can be considered Eq. 
(7) and Eq. (8) are in good agreement with each other. But, the value of the activation 
energy calculated from Eq. (9)[23] is a little bit higher.

The activation energy of the original FINEMET, the replacement of 1% Fe by Cr of the 
original FINEMET and the replacement of 2% Fe by Cr of the original FINEMET is 
listed in Table-3
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Table-3 Activation energies of original FINEMET and modified FINEMET alloys.

FINEMET and modified 
FINEMET type alloys

Activation energy 
of 1st crystallization 

phase in eV

Activation energy of 
2nd  crystallization 

phase in eV

Model used 
for calculating 

activation energy of 
crystallization phases

Fe73.5Cu1Nb3Si13.5B9 3.25[8] ----- Kissinger’s model
Fe72.5Cr1Cu1Nb3Si13.5B9 3.26[9] 4.87[9] Kissinger’s model
Fe71.5Cr2Cu1Nb3Si13.5B9 3.43 (present work) 4.92  (present work) Kissinger’s model
Fe71.5Cr2Cu1Nb3Si13.5B9 3.57 (present work) 5.08 (present work) Ozawa’s model
Fe71.5Cr2Cu1Nb3Si13.5B9 4.09 (present work) 6.65 (present work) Matusita’s model

The activation energy for formation of 1st crystallization α-Fe(Si) phase of the original 
FINEMET is 3.25eV[8, 22]. The activation energy of 1st crystallization phase of modified 
FINEMET type alloy Fe72.5Cr1Cu1Nb3Si13.5B9 (replacement of 1% Fe by Cr of the original 
FINEMET) is 3.26eV[9, 22], which is approximately similar to that of original FINEMET. 
But the activation energy of crystallization phases of modified FINEMET type alloy 
Fe71.5Cr2Cu1Nb3Si13.5B9 (replacement of 2% Fe by Cr of the original FINEMET) is 
3.43eV[22], which is slightly higher than the previously observed tendency. It is also 
noticed that the activation energy for first crystallization phase is lower than the second 
crystallization phase. This is because, at the early stage of crystallization, a formation 
of Cu clusters leads to low activation energy for preferential nucleation however, with 
the increase of crystallized volume fraction, the Cu-rich regions gradually run out[25]. 

Measuring the total area under the exothermic peak, the experimental determination 
of crystallization enthalpy released ΔHc during crystallization process is evaluated by 
using the formula: 

∆Hc = KA / M                   (10) 

Where, K is the constant of the instrument used, M is the mass of the sample and A is the 
area under the crystallization peak. Mass of the sample M was taken constant trough out 
the DTA experiment. So, from Eq. (10) it shows that, crystallization enthalpy released 
ΔHc is directly proportional to the area under the crystallization peak. The value of ∆Hc 

i.e. the area under the crystallization peak for nanocrystalline Fe71.5Cr2Cu1Nb3Si13.5B9 

amorphous alloy at different heating rates are shown in Table-2. From Table-2 it is 
seen that, enthalpy released for both the crystalline states increases with the increase 
of heating rate and the enthalpy released in 1st crystallization phase is higher than the 
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enthalpy released for 2nd crystallization phase. The release of enthalpy is related to the 
metastability of the crystalline phases and the least stable crystalline states are supposed 
to have maximum ∆Hc

[21]. From the enthalpy consideration the 1st crystallization phase 
is less stable than the 2nd crystallization phase and both the phases have higher stability 
at the lower heating rate of the alloy under study.

4. Conclusions

Non-isothermal DTA measurements have been performed from room temperature to 
8000C at several heating rates in order to study the kinetics of the nanocrystallization 
process of the Fe71.5Cr2Cu1Nb3Si13.5B9 amorphous alloy. Replacement of 2% Fe 
by Cr of the original FINEMET was observed to decrease heating rate dependence 
crystallization (on-set or peak) temperature with respect to the original FINEMET 
and the FINEMET with the replacement of 1% Fe by Cr. Cr additions also 
narrowing the interval between crystallization (on-set or peak) temperatures of 
the observed  crystallization states. A temperature interval of ~140oC between 
the two crystallization events is measured. This temperature gap is an indication 
of the enhancement of stability of α-Fe(Si) phase against detrimental Fe2B 
phase due to a slight substitution of Cr in place of Fe. The nanocrystallization kinetics 
is described using the Kolmogorov-Johnson-Mehl-Avrami (KJMA) approach and 
values close to 1 were found for the Avrami exponent (n) for both the crystallization 
states of the alloy. The n values close to 1 are related to an increase of a diffusion 
barrier, suggesting a controlled diffusion process with a nucleation rate close to zero. 
The interpretation of the experimental crystallization data is given on the basis of M. 
Lasocka’s, Kissinger’s, modified Ozawa’s and Matusita’s equations. By employing 
Kissinger’s, Ozawa’s and Matusita’s methods, the activation energy of crystallization 
(Ec) determined from the heating rate dependence of crystallization temperature. 
The activation energy of the primary crystallization of α-Fe(Si) phase is found to be 
3.43eV(Kissinger), 3.57eV(Ozawa) and 4.09eV(Matusita). The results obtained from 
Kissinger’s and Ozawa’s models are very close to each other and compatible with the 
previous works which indicates that these two models are in good agreement with each 
other. The result obtained from Matusita’s equation is a little bit higher. The activation 
energy is found to be increased with the increase of replacement amount of Fe by Cr. 
The results of crystallization kinetics indicate that the degree of crystallization fits well 
with the theory of Kolmogorov-Johnson-Mehl-Avrami (KJMA), Kissinger and Ozawa. 
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