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ABSTRACT

The crystallization processes for the amorphous Fe85Zr3.5Nb3.5B7Cu1 al-
loy were investigated using no-isothermal method. The crystallization data
are analyzed in terms of  a modified Kissinger’s equation to determine
the activation energy (E) and the Avrami exponent (n). The obtained
activation energies for the first crystallization is 271±19kJ/mol, with the
crystallization kinetics proceeding by a three-dimensional diffusion con-
trolled grain growth on pre-existing nuclei, where n=1.3. And the ob-
tained activation energies for the second crystallization is 466±7kj/mol
and where n=2.0, with the crystallization kinetics proceeding by a three-
dimensional diffusion controlled grain growth of small particles with de-
creasing nucleation rate.              2006 Trade Science Inc. - INDIA
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INTRODUCTION

The nanometer scale crystalline structure in
NANOPERM alloys is responsible for their soft
magnetic properties. The soft magnetic properties are
closely dependent on the microstructure. And this

nanocrystalline structure is obtained by partially crys-
tallization of  the amorphous precursor. The under-
standing of the crystallization kinetics of magnetic
amorphous alloys has two important reasons. First,
for the case of an alloy that exhibits good magnetic
properties in its amorphous phase, the crystalliza-
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tion kinetics represents the limit at which the prop-
erties begin to deteriorate, thus the thermal stability
determines the magnetic stability of  the amorphous
phase of  the materials. Second, for the case of  an
alloy that exhibits excellent magnetic properties in
the two-phase nanocrystalline structures. Control the
crystallization process allows the ability to tailor the
microstructure and then obtain the desired magnetic
properties. Therefore, the control of  crystallization
of amorphous is often critical for the preparation of
desirable microstructures, and much attention has
been paid to the mechanism of  structural evolution.
Thermal analysis method is widely used for kinetic
analysis of crystallization processes in the amorphous
solids[1-7]. Two thermal analysis methods are avail-
able: one is the non-isothermal method[1-4], in which
amorphous samples are heated up at a constant heat-
ing rate; and the other is isothermal method[5-7], in
which amorphous samples are quickly heated up and
held at a temperature above the glass transition tem-
perature. In this method, amorphous samples crys-
tallize at a constant temperature. Generally, an iso-
thermal experiment takes longer time than a non-
isothermal experiment, but isothermal experimental
data can be interpreted by the well-established
Johnson-Mehl-Avrami equation[5–7]. On the contrary,
non-isothermal experiments themselves are rather
simple and quick, but assumptions are usually re-
quired for data interpretation because there is no
uniquely accepted equation available for non-isother-
mal method. Several equations for interpreting non-
isothermal data have been proposed and used[1–4].

Theoretical analysis
The crystallization kinetic during the isothermal

treatment process, the time evolution of crystalline
volume fraction, x, can be described by the Johnson-
Mehl-Avrami equation as[8-10].

])Kt(exp[1x n−−= (1)
Where n is the Avrami exponent and K is the

reaction rate constant, which is associated with the
activation energy (which describes the overall crys-
tallization process, nucleation and growth, for a single
reaction), E, and the frequency K0 through the
Arrhenius temperature dependence,

)RT/Eexp(KK 0 −= (2)

where T is absolute temperature, R is the gas
constant.

Applying the JMA equation to the non-isother-
mal transition of glasses needs to take into account
to the dependence of K on time, t, thus,
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At a certain temperature, Tp, when
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the crystallization rate of the amorphous dx/dt
reaches its maximum. By taking the second deriva-
tive of equation (3) and combining with equation
(4), one can finally derive an equation relating the
crystallization kinetics parameters of the amorphous
alloys to the temperature Tp and the heating rate b.
In the case of  non-isothermal, it can be shown that
a generalization of the JMA theory leads to the vali-
dation of the Kissinger analysis, through the equa-
tions[11-13].
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where β is the constant heating rate and p refers
to the variables at maximum crystallization rate. It is
possible to obtain both the overall effective activa-
tion energy and the frequency factor of  the crystalli-
zation process. It is obviously that the plot of

)Tln( 2
p β versus 1/Tp should be linear and the acti-

vation energy, E, can be easily determined from the
slope. When E>>RTp and the crystallization frac-
tion for the maximum crystallization rate is 0.63,
which is independent of the heating rate and of the
Avrami exponent[12], then equation (6) can be trans-
ferred into the form[14,15].
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which make it possible to calculate the kinetic
exponent n.

EXPERIMENTAL

Amorphous ribbons of  Fe85Zr3.5Nb3.5B7Cu1 alloy



Kun Peng et al. 231MSAIJ, 2(6) December 2006

FFFFFullullullullull     PPPPPaperaperaperaperaper

An Indian Journal
Materials ScienceMaterials Science

were prepared by single-roller spinning method. The
obtained ribbons are about 25µm in thickness and 1
mm in width, showing no evidence of crystalliza-
tion in the X-ray diffraction patterns. The crystalli-
zation behaviors of the amorphous alloys were stud-
ied by means of  differential thermal analyzer (DTA).
The non-isothermal experiments were performed in
Perkin-Elmer DSC-7 differential Scanning Calorim-
eter under Ar atmosphere with a heating rate of 5,
10, 15 and 20 K/min, each sample was heated from
473K to 1173K, the peak crystallization tempera-
ture (Tp) was determined from DTA curves.

RESULTS AND DISCUSSION

Figure 1 shows the DTA curves of  the amor-
phous Fe85Zr3.5Nb3.5B7Cu1 alloy at different heating
rate. Where it is observed that this alloy has two
stages crystallization for all the applied heating rates.
It was shown that the peak temperature increase as
the heating rates increase, suggesting a dependence
of peak temperature on the heating rate of the
sample. The XRD patterns indicates that the first
crystallization step corresponds to the formation of
α-Fe phase and the second one corresponds to the
formation of  the Fe3B phase (seen in figure 2). It is
in accordance with other author’s results the first peak
corresponds to the formation of  α-Fe phase, and the
second peak is associated to the crystallization of
the residual amorphous phase, it is also explained

the formation of  Fe-borides[16-18]. It is apparently that
the peak temperature Tp increase with increasing
heating rate, the area under the DTA curve is di-
rectly proportional to the total amount of alloy crys-
tallized. Both of the crystallization kinetic param-
eters for the formation of  both of  α-Fe phase and
Fe3B phase in Fe85Zr3.5Nb3.5B7Cu1 alloy were investi-
gated.

If β2
pT  is measured in a series of  exothermal re-

action taken at different heating rates, the plot of
)Tln( 2

p β  as a function of 1/Tp should be a linear

function with the slope of E/R. The )Tln( 2
p β  ver-

sus 1/Tp curves for Fe85Zr3.5Nb3.5B7Cu1 alloy are
shown in figure 3, then the activation energy E can
be obtained, E1=271±19kJ/mol and E2=466±7kJ/
mol, where the subscript 1 and 2 refer to the first
and the second crystallization process respectively.
The activation energy for Fe self-diffusion in pure
BCC α-Fe is 239.7kJ/mol at atmospheric pressure[19].
However, it can be seen from the experimentally
determined higher values of  activation energy that
Zr, Nb and B also play a part in the crystallization
of NANOPERM. The densities of Zr, Nb and B
are lower in the α-Fe region and higher in the amor-
phous phase[20], the Zr, Nb and B diffuses away from
the growing crystals. Therefore, the activation en-
ergy in Fe85Zr3.5Nb3.5B7Cu1 alloy is higher than that in
pure Fe. And the value of  activation energy in

Figure 1: DTA curves obtained at different heat-
ing rates for Fe85Zr3.5Nb3.5B7Cu1 amorphous alloy

Figure 2: XRD data for spun and the sample
annealed at 823K and 1073K for 1 hour
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Fe85Zr3.5Nb3.5B7Cu1 alloy is a little smaller than those
published in the literature on similar amorphous
magnetic alloys (2.8-3.4ev)[21], which is due to the
influence of  alloy’s composition. According to equa-
tion (5), it is also possible to obtain the frequency
factor (K0) of the crystallization process, the obtained
K0 are 3.9×1015 and 4.7×1020 for the first and the
second crystallization in the Fe85Zr3.5Nb3.5B7Cu1
amorphous alloy respectively.

The area under the DTA curve is proportional
to the total amount of alloy crystallized. The crys-
tallized fraction, x, at any temperature T is given as
x=AT/A, where A is the total area of the exother-
mal between the onset temperature Ti, where the
crystallization is just beginning and the temperature
Tf, where the crystallization is completed and AT is
the area between the onset temperature Ti and any
given temperature T. The ratio between the ordinates
and the total area of the peak gives the correspond-
ing crystallization rates, which make it possible to
plot the curves of  the exothermal peaks represented
in figure 4. It was observed that the (dx/dt)p values
increase in the same proportion as the heating rates
increase; a property has been discussed in the litera-
ture[22]. In addition, the experimental data of Tp and
(dx/dt)p, which correspond to the maximum crystal-
lization rate for each heating rate. Then equation (6)
and (7) can be used to determine the Avrami expo-
nent, n, as an average of the set of parameters ob-
tained for different heating rates.

The obtained value of n of the first crystalliza-
tion process is 1.3, which can be associated with a
three-dimensional diffusion controlled grain growth
on pre-existing nuclei[23], which produced mainly dur-
ing quench or prior to the primary crystallization. It
was found that Cu clusters form prior to the onset
of the primary crystallization by using atom probe
field ion microscopy[24]. More recently, it was inves-
tigated that the Cu clusters form prior to the onset
of  the primary crystallization and directly serve as
heterogeneous nucleation sites for the a-Fe primary
crystals[20]. The obtained value of n of the second
crystallization process is 2.0, which can be associ-
ated with a three-dimensional diffusion controlled
grain growth with a decreasing nucleation rate[23].

Figure 3: Kissinger plot of Fe85Zr3.5Nb3.5B7Cu1
alloy crystallization

Figure 4: crystallization rate versus temperature of
the exothermal peak at different heating rates, (a)
the first crystallization and (b) the second crystal-
lization
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CONCLUSION

The crystallization processes for the amorphous
Fe85Zr3.5Nb3.5B7Cu1 alloy were investigated using no-
isothermal method. The obtained activation ener-
gies are 271±19kJ/mol and 466±7kJ/mol for the
formation of  a-Fe and Fe3B phase. The formation
of  α-Fe was associated with a three-dimensional dif-
fusion controlled grain growth on pre-existing nu-
clei, and the formation of  Fe3B phase was associ-
ated with a three dimensional diffusion controlled
grain growth with a decreasing nucleation rate.
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