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Abstract In this study, the temperature-heating rate dia-
gram of the main crystallization process of two metallic
glasses, Fe74Ni3'5MO3Blési3.5 and Fe41Ni38M03B13, was
obtained from one experimental differential scanning cal-
orimetry (DSC) scan and the knowledge of their activation
energy as determined by an isoconversional method. A
good concordance was observed between the diagram
curves obtained by calculation (isoconversional approach)
and the experimental data, which verifies the reliability of
the method and the validity of the kinetic approach in these
alloys.
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Introduction

The knowledge of the crystallization kinetics of materials
is important to control their structure and properties.
Several authors deal with calculating the amount of trans-
formed material during crystallization. They have led to the
determination of temperature—time-transformation, T-T-T,
curves for the description of the isothermal crystallization
reaction since the study of Uhlmann [1]. Other transfor-
mation diagrams have been introduced [2] to describe non-
equilibrium crystallization under continuous heating or
cooling regimes, namely the T-HR-T (temperature—heating
rate-transformation) and T-CR-T (temperature—cooling
rate-transformation) diagrams.
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It is known that nanostructured materials developed by
controlled crystallization yield extremely good properties,
offering a field for many technological applications [3, 4].
Several techniques have been utilized to investigate the
kinetics of crystallization processes. The recent literature
demonstrates that this field presents a great scientific
interest [5, 6]. In particular, the thermoanalytical tech-
niques (TA), such as differential thermal analysis (DTA),
thermogravimetry (TG) and differential scanning calorim-
etry (DSC) are ones of the most often applied to asses
crystallization kinetics. From DSC data, several models
have been developed to analyze experimental data under
isothermal or continuous rate conditions. In this study, we
analyze the crystallization process of two Fe-rich metallic
glasses by applying an isoconversional method. Once
activation energy has been determined, one can construct
the transformation diagrams [7]. In order to develop
nanocrystalline structure, transformation diagrams permit
us the selection of annealing treatments to produce mate-
rials with the desired nanostructure.

Experimental

In this study, both Fe-rich alloys were obtained by rapid
solidification, i.e., melt spinning. The nominal composition
of the metallic glass ribbons studied were: Fe;4Nis 5.
Mo;BSi3 5 and Fe,;NizgMo3;B;g, labeled as alloys A and
B, respectively. The amorphous (as confirmed by X-ray
analysis) ribbons were produced by quenching the molten
alloy on the surface of a rapidly spinning (about 35 m s )
Cu wheel. The working atmosphere was inert, Ar.
Differential scanning calorimetry was done with an
argon purging gas. These measurements were necessary for
the study of the crystallization behavior of the melt-spun

@ Springer



448

J. J. Sunol, J. Bonastre

ribbons in the case of an amorphous phase. Thermal sta-
bility was analyzed via non-isothermal experiments. The

scanning rates, 5, employed varied from 5 to 80 K min™".

Results

Figure 1 shows the DSC scans corresponding to alloys A
and B heated at 10 K min~'. Alloy A has a wider tem-
perature range whereas in alloy A peak is narrower. The
crystallization process of alloy A begins at lower temper-
ature (~790 K) than the corresponding temperature of
alloy B (~815 K).

The apparent activation energies, E, can be obtained
with several linear methods as the Kissinger [8] or the
Ozawa [9] methods. The calculated Kissinger values are
478 4+ 7 and 382 + 5 kJ mol™' for alloys A and B,
respectively. Nevertheless, as well known these methods
use logarithm linearization and not consider all data from
DSC measurements, only peak temperature at each heating
rate. For that reason they are very sensitive to the experi-
mental errors. Furthermore, to study initial stages of crys-
tallization involves transformed fractions lower than 0.2.
Thus, models based on peak temperature induce error
because transformed fraction at peak temperature is usually
~0.5. Several more complex methods based on isocon-
versional transformed fraction can be applied to obtain the
activation energy. A revision of the isoconversional
methods is given in [10]. Obviously, the results are influ-
enced by the activation energy selected in the calculation.
If an isoconversional approach is used, it is possible to
obtain the dependence with the transformed fraction.
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Fig. 1 DSC scans of alloys (a) Fes4NizsMozBi¢Sizs and

(b) Feq1NizgMo;B g at a heating rate of 10 K min~!
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Fig. 2 Activation energy as a function of the transformed fraction for
alloys (a) FC74Ni3A5MO3Blﬁsi3'5 and (b) F€41Ni38M03B1

Transformation diagrams

The production of a controlled nanostructure from the
amorphous state has become of special interest for tech-
nological applications. It can be also interesting to obtain it
with only few data and without the knowledge of the
crystallization governing mechanism. If crystallization
proceeds via simultaneous nucleation and interface con-
trolled growth with time-independent rates in both nucle-
ation, /, and crystal growth, u, classical theory gives the
crystallized transformed fraction, o, under isothermal
regime at temperature, 7, and annealing time, ¢, as

(T,1) = 1 — exp | —A, / 1) (D"t — 7)"de

(1)

where it is assumed that nucleation takes place at a time, T,
through regions of the material which have not been
already transformed, m = 1, 2, 3 is the number of dimen-
sions of the nuclei which grow at the same rate, and A,, are
suitable geometrical constants.

Similarly, when crystallization proceeds from preexist-
ing nuclei by interface controlled growth and no nuclei are
formed during the transformation the corresponding equa-
tions giving the crystallized fraction may be written as

t

a(T,1) = 1 — exp|—Bn / [w(T))"(r — 7)™ de (2)
0

where B,, is a constant which includes geometrical factors
and density of preexisting nuclei. Both equations are
possible particular examples of models associated to spe-
cific crystallization mechanism. Nevertheless, it can be
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interesting to obtain information directly from continuous
heating experiments to build the T-HR-T diagrams.

Continuous heating

To avoid a significant crystalline fraction during initial
cooling, quick enough cooling rate, ¢, is necessary on
cooling to the glass transition. The crystallization temper-
ature on subsequent reheating may depend to some extent
on cooling rate due to the fact that, at any time and tem-
perature an embryo (formed initially on cooling the liquid)
may become supercritical when reheating. Assuming that
the glass is formed with crystalline fractions less than 10~°
at the glass transition, the crystalline fraction obtained after
continuous heating to temperature, 7, at a constant heating
rate, f/, may be written, for m-dimensional interface con-
trolled growth, as

(T, B)
T T

=1—exp —A/ dT/ dT M| gty
T T

(3)

for homogeneous nucleation and no pre-existing nuclei, or

/

T

(T, B) = 1 — exp|—By / w(Tyar]"| g @)

T

for growth of pre-existing nuclei.
The approximate treatment of crystallization on heating
at a constant rate, 5, may be written in integral form as

/ n

T

W(T.f) = 1 — exp | / K(T)dT]| (5)

T

where the rate constant K(7) can be written in the
Arrhenius form.

K(T) = ko exp(—E/RT) (6)

Once the value of the apparent activation energy is
known, it is usual to evaluate a function f{x) describing the
crystallization from the continuous heating experiments
and to compare the results to value obtained in other
experiments, i.e., isothermal [11]. Nevertheless, in several
cases complex or overlapping crystallization processes
occur simultaneously and a kinetic model governing
crystallization cannot be deduced correctly. However, a
method of obtaining transformation diagrams from non-
isothermal data can be applied. In this study, E values are
obtained (see Fig. 2) by the model-free developed by
Vyazovkin [12]. T-HR-T curves can be calculated [7] by

integration of the reaction rate equation [13] under
continuous heating rate

koRT? exp(—E/RT)
Ef“ dOt

By using the following equation, one can solve the
integral of previous equation even if the value of f(o) is
unknown:

/ ko f (o

To calculate T-HR-T diagrams, it is necessary to solve
numerically the right integral of Eq. 7. For the integral
isoconversional methods, assumption of a constant value of
the activation energy is necessary and implicit for the
separation of variables in Eq. 8 and for the derivation of
this equation [14]. For it, an average E value of the central
zone <0.2,0.8> of the transformed fraction was used. Only
to build the 0.1-transformed fraction curve the activation
energy was the average value in the zone <0.07,0.13>.
Thus, the only experimental data are one calorimetric curve
(f =10 K min~"') and the activation energy of the process.
In the central zone, the values are nearly constant: ~475
and ~390 kJ mol ™" for alloys A and B, respectively.

This approach is applied to the study of the crystalli-
zation behavior of both amorphous alloys obtained using
the melt-spinning technique. Figures 3 (alloy A) and 4
(alloy B) show the T-HR-T curves calculated with the
experimental data that correspond to « values of 0.1, 0.5,
and 0.9. Curves were compared with the experimental data

B =

(7)

/exp ~E/RT) . ®
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Fig. 3 T-HR-T curves that correspond to main crystallization process
of Fe;4Ni3 sMo3B¢Si3 5 metallic glass. Experimental data (symbols)
and isoconversional calculated curves (lines) for transformed frac-
tions (0.1, 0.5, and 0.9)
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Fig. 4 T-HR-T curves that correspond to main crystallization process
of Fe,NizgMo3B g metallic glass. Experimental data (symbols) and
isoconversional calculated curves (lines) for transformed fractions
(0.1, 0.5, and 0.9)

from measurements at other heating rates to check the
methodological validity. A good concordance was
observed between the diagram curves obtained by calcu-
lation (isoconversional approach) and the experimental
data, which verifies the reliability of the method and the
validity of the rate constant model description. The poor
approach was found at the higher heating rate (80 K
min~"). The major application of the T-HR-T curves
should be for prediction of the amount of material crys-
tallized during treatment of the samples at a certain con-
stant heating rate. Thus, sometimes it is more important the
accuracy of the prediction than the accuracy of the kinetic
analysis.

Conclusions
The temperature—heating rate-transformation diagrams of
the main crystallization process of two metallic glasses

were built. All the transformation curves are obtained from
non-isothermal data. A good concordance was observed
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between the T-HR-T diagram curves obtained by calcula-
tion and the experimental data, which verifies the reliability
of the approach and the capacity of prediction.
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