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Crystallization kinetics of a multicomponent Fe-based amorphous
alloy using modulated differential scanning calorimetry
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Abstract

The kinetics of crystallization of a Fe-based multicomponent metallic glass Fe67Co18B14Si1, commercially known as 2605CO, is studied
using modulated differential scanning calorimetry (MDSC) which still remains much less explored for the study of crystallization kinetics.
The modified Kissinger equation and the one given by Matusita and Sakka for the non-isothermal crystallization have been employed to
analyze the crystallization data at various heating rates. The effect of non-linear heating on the kinetics of crystallization has been discussed.
It has been found that the dimensionality of crystallization is heating rate independent in case of DSC while in case of MDSC it is heating
rate dependent.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Metallic glasses have a combination of amorphous struc-
ture and metallic bond providing them a new and unique
quality, which cannot be found either in pure metals or
in regular glasses. Further, Fe-based metallic glasses have
been recognized to possess two important properties, which
give them an edge over the crystalline Fe–Si alloy[1–4].
First, a more slender magnetization (hysteresis) loop than
grain-oriented Fe–Si and secondly, a higher electrical resis-
tivity reducing induced eddy currents in comparison to crys-
talline Fe–Si alloy. This has resulted into increased use of
wide sheets of Fe-based metallic glasses as transformer lam-
inations. Fe67Co18B14Si1 (2605CO) (procured from the Al-
lied Signal Corporation, USA) is among the family of such
glasses. It is also well-known that the amorphous metal-
lic glasses are in non-equilibrium solid state. Therefore, it
becomes important to study the factors, which may have
crucial bearings on its end applications, related to the amor-
phous metallic structures. Stability[5] is an important factor
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related to crystallization, which is generally a thermally ac-
tivated process of transition from a disordered amorphous
structure to an ordered crystal structure. Study of kinet-
ics of crystallization providesEc, the activation energy of
crystallization and parameters like Avrami exponentn, re-
sponsible for the mechanism of crystallization. This helps
to determine the thermal stability of the metallic glasses.
Recently, Galwey[6] has discarded the concept of ‘vari-
able activation energies’. Accordingly, activation energy is a
physico-chemical parameter determined by the magnitude of
the interatomic interactions that are activated and modified
during the change occurring. For each particular reaction, it
should have a characteristic and constant value. Kaloshkin
and Tomilin [7] on the other hand, have given a plausible
definition of ‘activation energy’ with particular reference
to crystallization of metallic glasses. The activation energy
has been interpreted as a threshold value which if over-
come assures the start of the transformation mechanisms.
Generally, the crystallization process of a multicomponent
amorphous alloy takes place by more than one steps (i.e. by
multi-steps). Therefore, the crystallization is not based only
on one mechanism, it involves different mechanisms, each
one being dominant for a particular step and its range of
temperature.
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Differential scanning calorimetry (DSC) has since long
been the most popular technique to study the crystallization
process and its kinetics in amorphous materials. However,
modulated DSC technique, which is an improvisation over
the simple DSC, gives better resolution and sensitivity[8]
and yet remains to be checked to its full potential for the
same purpose. In the present study, an attempt has been
made to determine the utility of this technique to study the
kinetics of crystallization.

Temperature modulated differential scanning calorimetry
(TMDSC) is a new technique, which is expected to provide
unique information not available from conventional DSC by
overcoming most of the limitations of conventional DSC.
TMDSC is a novel patented[9] and commercialized[10]
method and is distinct from the conventional DSC in the
sense that, a sinusoidal heating pattern can be superimposed
onto an underlying linear heating rate. The slow underlying
heating rate is known to improve resolution and more rapid
sinusoidal (instantaneous) heating rate improves sensitivity.
Thus, the combination of high resolution and sensitivity in
the same experiment is one of the unique benefits of modu-
lated DSC.

Numerical modeling and analysis of temperature modu-
lated DSC has been recently carried out[11–13]on the sep-
arability of reversing heat flow from non-reversing heat flow
to study heat capacity. In fact, one of the major advantages
of the MDSC method is its ability to separate these revers-
ing and non-reversible processes by the measurement of the
contribution of reverse and non-reserve heat flows in total
heat flow during a phase transition. Several studies have been
reported for glass transitions and crystallization in polymers
[14], chalcogenide glasses[15] and metallic glasses[16] by
MDSC. But the study of the detailed crystallization pro-
cess of amorphous alloy using various kinetics equations
is yet to be reported. Our recently reported work[17] on
a three component transition metal based amorphous alloy
viz. Ti50Cu20Ni30 is among the first such publication. Apart
from studies of various phase transformations, Cao[12,13]
has observed problems in quantitative separation of kinetic
and non-kinetic components.

The MDSC technique is not much explored in the area
of study of kinetics of crystallization. In the present work,
we have applied the MDSC technique for the study of ki-
netics of crystallization of Fe-based bulk metallic glass.
The detailed crystallization of the present system, namely
Fe67Co18B14Si1 using DSC has already been reported by
us [18]. Hence, we thought it worthwhile to investigate the
crystallization of this system in MDSC and to study the
applicability of various kinetic equations utilized for linear
heating in normal DSC.

2. Theory

Sensitivity and resolution are two important parameters
associated with obtaining precise and accurate DSC results.

Generally, optimizing both of these parameters simultane-
ously is difficult because sensitivity is increased by larger
sample size and faster heating rates, while resolution is im-
proved by smaller sample sizes and slower heating rates.
MDSC employs same heat flux DSC cell arrangement, how-
ever, with a different and more complex heating profile ap-
plied to sample and reference. The heating profile is obtained
by superimposing a sinusoidal modulation on the linear heat-
ing ramp where sample temperature increases continuously
with time but not linearly, thus apparently, having an effect
as if two experiments were running simultaneously; one tra-
ditional linear heating and other sinusoidal heating. These
two simultaneous experiments depend on three operational
parameters viz. underlying heating rate (β), period of mod-
ulation (p) and amplitude of temperature modulation (AT).
The slower linear heating rate results in improvement in res-
olution and the faster sinusoidal heating rate improves the
sensitivity in the same experiment. Thus, major advantage
of MDSC is increase in resolution without compromising
the sensitivity[19].

Fourier transformation of modulated heat flow will give
the value of an average heat flow, which is equivalent to
the ‘total’ heat in conventional DSC. The ratio of the mod-
ulated heat flow amplitude and modulated heating rate am-
plitude will give heat capacity; and the reversing heat flow
is product of heat capacity and the average heating rate
whereas non-reversing heat flow is the difference between
the ‘total’ heat flow and reversing heat flows. The separation
of the ‘total’ heat flow into its reversing and non-reversing
component is based on the changes occurring in the mea-
sured heat capacity rather than ‘thermodynamical reversibi-
lity’.

The sample temperature is modulated sinusoidally about
a constant ramp and sample temperatureT at any timet
is

T(t) = To + βt + AT sin(ωt)

α = dT

dt
= β + AT ω cos(ωt)

whereTo is the initial temperature,β the heating rate,AT

amplitude of temperature modulation andp the period in
second. It is very essential to have positive heating profile
through out the MDSC experiment. To achieve this and to
avoid cooling, following condition must be satisfied

β ≥ AT

2π

p

The apparatus measures the total heat flow, which primarily
is the amplitude of the instantaneous heat flow and average
heat flow. The instantaneous heat flow is given by

dQ

dt
= Cp(β + AT ω cos(ωt))+ f ′(t, T) + AK sin(ωt)

where (β + AT ω cos(ωt)) is the measured heating rate
(dT/dt), f ′(t, T) the kinetic response without temperature
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modulation andAK the amplitude of kinetic response to
temperature modulation. Deconvolution of the signals in
MDSC separates the ‘total’ heat flow into its heat capacity
related (reversing) and kinetic (non-reversing) components.

The determination of mechanism of crystallization is of
paramount importance for the determination of the activation
energy of crystal growth from MDSC data. The purpose of
present study is to apply MDSC to ascertain the mechanism
of crystallization.

3. Experimental

The metallic glass samples of Fe67Co18B14Si1 (2605CO)
were procured from Allied Corporation (USA). They were
in the form of continuous ribbon 2.5 cm wide and 30�m
thick. The samples were prepared by the melt spinning tech-
nique. The crystallization kinetics of this glassy alloy is
studied using DSC 2910 (TA Instruments Inc., USA) sys-
tem. The samples were heated with various heating rates to
study non-isothermal kinetics. The crystallization fractions
at various temperatures and various heating rates were ob-
tained from the crystallization curves at different heating
rates. Unlike the conventional DSC, a non-linear heating
was employed by superposition of a sinusoidal temperature
modulation on a linear heating.

Fig. 1. MDSC thermogram of Fe67Co18B14Si1 glass at a heating rate of 4◦C/min.

4. Results and discussion

Fig. 1shows a typical MDSC thermogram of Fe67Co18B14
Si1 glass at an average heating rate of 4◦C/min. The ampli-
tude of temperature modulation has been calculated through
the following equation:

AT <
β

2π
p

In fact, AT has been taken to be just slightly less than
(β/2π)p. This is required due to two reasons. Firstly, by
taking AT < (β/2π)p, the instantaneous heating rate
α = β + ATω cos(ω) is always positive. Thus, material
is not cooled at any time during modulation, eliminating
the possibility of artificially affecting any crystallization
process. Secondly, by keeping the average heating rate
close to zero, there is almost no heat flow associated with
the heat capacity related (reversing events) and hence
any heat flow observed must be the result of kinetic phe-
nomena. Consequently, this condition permits continuous
time-dependent processes such as crystal perfection or crys-
tallization to be observed in the raw, modulated heat flow
signal.

The fractional crystallization (x) data from the DSC can
be fitted to KJMA equation to derive the kinetic parameters
n, Ec and K0. The main assumptions involved in KJMA
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approach[20–24]are:

(1) The crystallization data follow the iso-kinetic model:

dx

dt
= K(T)f(x) (1)

(2) The rate constant is assumed to show Arrhenius tem-
perature dependence:

K(T) = K0 exp

[−Ec

RT

]
(2)

(3) KJMA simplest case equation is

f(x) = n(1 − x)[−ln (1 − x)](n−1)/n (3)

The overall assumptions lead to

[−ln(1 − x)]1/n = K0

∫ t

0
exp

(
−Ec

RT

)
dt (4)

wheren is the Avrami exponent andEc the activation
energy.Eq. (4)can be written as

x = 1 − exp

[−K0

α

∫ T

T0

exp

(−Ec

RT

)
dT

]n

(5)

whereTo is onset crystallization temperature.

However, we do not get unique values ofn as three fitting
parameters, viz.n, k0 and activation energyE are involved.
Simultaneous determination of all kinetic parameters from
a single non-isothermal experiment is quite problematic as
observed by Kemeny and Sestak[25].

The experimental data for non-isothermal crystallization
has been independently interpreted on the basis of method
of modified Kissinger’s equation[26] for determination of
activation energy and fractional crystallization method[27]
for ascertaining mechanism. From the equation suggested by
Matusita and Sakka for non-isothermal crystallization, the
activation energy for crystallization,Ec, can be evaluated:

ln[−ln(1 − x)] = −n ln(α) + 6 lnT − mEc

RT
+ Const. (6)

wherex is the fractional crystallization, at any temperature
T andα is heating rate. The equation of Matusita and Sakka
given byEq. (6)originates from the following expression:

[−ln(1 − x)] = k′T 6

αn
exp

(
−mEc

RT

)
(7)

For MDSC, the measured heating rate becomes

α = dT

dt
= β + AT ω cos(ωt) (8)

Here,β is the linear rate and the second term comes from
sinusoidal temperature modulation.

Thus, the expression (9) changes to

[−ln(1 − x)] = k′T 6

(β + AT ω cosωt)n
exp

(
−mEc

RT

)

ln[−ln(1 − x)] = −ln(β + AT ω cosωt)n + 6 lnT

− mEc

RT
+ Const.

Further simplification leads to

ln[−ln(1 − x)] = −n ln β − n ln

(
1 + AT ω

β
cosωt

)

+ 6 lnT − mEc

RT
+ C (9)

Assuming|(AT ω/β) cosωt| < 1 we can expand the second
logarithm term on RHS ofEq. (9)as

ln

(
1 + AT ω

β
cosωt

)
= AT ω

β
cosωt − A2

T ω2

2β2
cos2 ωt + · · ·

(10)

neglecting the higher order terms. Then,Eq. (9)can be writ-
ten as

ln[−ln(1 − x)] = −n ln β − n

{
AT ω

β
cosωt

− A2
T ω2

2β2
cos2ωt + · · ·

}

+ 6 lnT − mEc

RT
+ C (11)

Taking the average over a complete cycle,

ln[−ln(1 − x)] = −n ln β + A2
T ω2

2β2

1

2
+ 6 lnT − mEc

RT
+ C

= −ln β

{
n − nA2

T ω2

4β2

}
+ 6 lnT − mEc

RT
+ C

(12)

For one-, two- or three-dimensional nucleation, the value
of the exponentn is expected to be more as compared to
the subsequent value obtained from DSC results because the
value of lnβ in the denominator of the second term within
parenthesis on RHS ofEq. (12)is always negative. Let us
call this as Avrami exponent and denote it asn′.

For the evaluation of the apparent Avrami parametern′,
ln[−ln(1−x)] was plotted as a function of ln(α) for DSC and
ln(β) for MDSC. The dimensionality can be derived from
the apparent Avrami exponentn′ by using the expression

n′ = a + bm′ (13)

wherea = 1 for constant nucleation rate,a = 0 for zero nu-
cleation rate, anda > 1 for increasing nucleation rate,m′ =
1 for one-dimensional growth,m′ = 2 for two-dimensional
growth andm′ = 3 for three-dimensional growth.

m′ has been termed as apparent value of dimensionality.
The plots of ln[−ln(1− x)] as a function of ln(α) and ln(β)
for the two steps of the crystallization for DSC and MDSC
are shown inFigs. 2 and 3, respectively. The derived values
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Fig. 2. Plot of ln[−ln(1 − x)] vs. ln(α) for DSC: (�) first peak atT = 673 K; (�) second peak atT = 668 K.

Fig. 3. Plot of ln[−ln(1 − x)] vs. ln(β) for MDSC: (�) first peak atT = 673 K; (�) second peak atT = 768 K.

of Avrami exponent for two steps of crystallization using
both DSC and modulated DSC have been given inTable 1.
It is obvious that then′ values for both the steps are not
identical for DSC and MDSC experiments. For the first step
crystallization, then′ (2.78) from MDSC comes out to be
higher than then′ obtained (2.38) from DSC plot. But, for
second step crystallization, then′ derived (4.84) from MDSC
plot is lower than the corresponding value (5.99) of DSC. So,
it appears from this that one is not justified in taking average
over a complete cycle which leads toEq. (12). Instead, one
should note down the initial temperatureTo and plot the

Table 1
Apparent values of the Avrami exponent (n′) and the dimensionality of
growth (m′) obtained from the plots inFigs. 2 and 3

Crystallization peak n′ m′

Present results [29] [28]

DSC
First 2.38± 0.18 1.00 2.00 2.76± 0.18
Second 5.99± 0.71 1.55 2.8 4.99± 0.71

MDSC
First 2.78± 0.05 – – 3.56± 0.05
Second 4.84± 0.38 – – 3.84± 0.38
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Fig. 4. Plot of ln[αn/T 2
p ] vs. 1/Tp for DSC: (�) first peak; (�) second peak.

graph of time and temperature following the equation:

T(t) = T0 + βt + AT sin(ωt)

From the resulting plot, one can get timet corresponding to
a particular temperature of interestT and putting the same
t in Eq. (11)one may get a correct estimate ofn′. The val-
ues ofn′ for the two stages of crystallization from literature
[28,29] have also been listed in the table for comparison.
It can be observed fromTable 1that in the present work,

Fig. 5. Plot of ln[βn/T 2
p ] vs. 1/Tp for MDSC: (�) first peak; (�) second peak.

the first step of crystallization (primary crystallization) is
a diffusion-controlled process with constant nucleation rate
(a = 1). Our observation for primary crystallization is con-
sistent with the isothermal DSC studies of Baburaj et al.
[28]. de Biasi and Grillo[29], on the other hand, get Avrami
exponentn = 1 suggesting that primary crystallization is
diffusion-controlled process with a nucleation rate close to
zero.

The second step polymorphic crystallization is found to
be an interface-controlled growth similar to the observations
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Table 2
mEc and Ec values obtained from the plots inFigs. 4 and 5

Crystallization peak mEc/R mEc (kJ/mol) Ec (kJ/mol)

Present results [29] [28] [33]a

DSC
First 85.98± 0.99 714± 8 258± 13 230 231 260
Second 255.19± 4.25 2120± 35 424± 53 365 360 394

MDSC
First 72.02± 0.56 598± 4 168± 3 – – –
Second 217.44± 2.16 1806± 17 470± 42 – – –

a For Fe65Co18B16Si1.

Fig. 6. Plot of ln[−ln(1 − x)] vs. 1/T for DSC first peak: (�) 2◦C/min; (�) 4◦C/min; (�) 8◦C/min.

Fig. 7. Plot of ln[−ln(1 − x)] vs. 1/T for DSC second peak: (�) 2◦C/min; (�) 4◦C/min; (�) 8◦C/min.
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Table 3
mEc and m values obtained from the plot of ln[−ln(1 − x)] vs. 1/T at
different heating rates for DSC

Heating rate (◦C/min) mEc/R mEc (kJ/mol) m

First peak
2 34.21± 0.99 284± 8 1.10± 0.02
4 47.29± 1.74 393± 14 1.52± 0.02
8 39.39± 2.22 327± 18 1.27± 0.01

Second peak
2 216.41± 23.08 1798± 191 4.23± 0.08
4 205.69± 32.07 1709± 266 4.02± 0.12
8 202.15± 37.38 1679± 310 3.95± 0.23

of Baburaj et al.[28]. However, de Biasi and Grillo[29]
get quite low value ofn (= 1.55) for second step indicat-
ing it to be diffusion-controlled process with a constant nu-
cleation rate. The apparent Avrami exponent’s values for
polymorphic crystallization, in the present study, indicating
interface-controlled growth, come out to be higher than that
obtained by Baburaj et al.[28]. Normally,n′ should not ex-
ceed 4 (i.e. the value for three-dimensional bulk nucleation).
But, in the present study, its value is higher than 4.n′ >

4 indicates that the three-dimensional interface-controlled
crystallization takes place with increased nucleation rate.
Similar high values ofn (i.e. n = 6) have been reported
for a ternary chalcogenide glass[30]. For the evaluation
of the apparent dimensionality of growth,m′, Eq. (13)has
been used, assuming diffusion-controlled growth for primary
crystallization and interface-controlled growth for polymor-
phic crystallization and the so-obtained values have been
provided inTable 1.

For the evaluation of apparent activation energy of crys-
tallization Ec, the modified Kissinger equation[26] is used

Fig. 8. Plot of ln[−ln(1 − x)] vs. 1/T for MDSC first peak: (�) 2◦C/min; (�) 4◦C/min; (�) 8◦C/min.

and is given by the following expression:

ln

(
αn′

T 2
p

)
= −m′Ec

RTp
+ 4 lnTp + ln K (14)

where the shift in peak crystallization temperature,Tp, with
heating rateα is used to determineEc andm′ is the apparent
dimensionally of growth.

In temperature modulated DSC, the measured heating rate
is non-linear given byEq. (8). Puttingα = β+AT ω cos(ωt)

in the modified Kissinger equation (Eq. (14)), we get

ln

(
βn′

T 2
p

)
+ ln

(
1 + AT ω

β
cosωt

)n′

= −m′Ec

RTp
+ 4 lnTp + ln K

ln

(
βn′

T 2
p

)
+ n′

(
AT ω

β
cosωt − A2

T ω2

2β2
cos2 ωt + · · ·

)

= −m′Ec

RTp
+ 4 lnTp + ln K

Taking the average over a complete cycle, we get

ln

(
βn′

T 2
p

)
− n′A2

T ω2

4β2
= −m′Ec

RTp
+ 4 lnTp + ln K (15)

whereβ is linear heating rate. The second term on the LHS
of Eq. (15)is expected to cause non-linearity in the modi-
fied Kissinger plot of modulated DSC results. However, it
is observed that the points of ln(βn′

/T 2
p ) versus 1/Tp lie

on straight line. So, we have not considered the effect of
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Fig. 9. Plot of ln[−ln(1 − x)] vs. 1/T for MDSC second peak: (�) 2◦C/min; (�) 4◦C/min; (�) 8◦C/min.

the second term. The activation energy of crystallization ob-
tained in such a way is termed as apparent activation energy.

Using the value of the apparent order parametern′ and
m′, Ec, the apparent activation energy of crystallization is
computed from the slope of ln(βn′

/T 2
p ) versus 1/Tp plots

for first and second crystallization processes using DSC and
MDSC shown inFigs. 4 and 5, respectively. The values of
activation energy for DSC and MDSC derived for two-step
crystallization are given inTable 2. Within the errors in-
dicated in the table, out data is in fair agreement with the
reported values in the literature.

From the slope of the ln[−ln(1−x)] versus 1/TdatamEc
was calculated usingEq. (8). It is well known that a double
logarithm function in general, is not very sensitive to sub-
tle changes to its argument. Therefore, one can expect that
the plots of ln[−ln(1 − x)] versus 1/Tmay be linear even
in the case the JMA model is not fulfilled[31]. In fact, the
plot has been found to be linear over most of the tempera-
ture range. The curvature of such plot comes from either in
the beginning of the crystallization (lowerT values) or near
the completion of the crystallization (higherT values). The
non-linearity at lowerT values is due to increased inaccu-
racy in the evaluation of fractional crystallizationx at lower
temperature[32]. Generally, the break in the slope in the plot
of ln[−ln(1−x)] versus 1/Tat high temperatures, i.e. at low
value of 1/T is attributed to the saturation of the nucleation
sites in final stages of the crystallization or to the restriction
to the crystal growth by the small size of the particles[30].

ThemEc values were observed to be more or less heating
rate independent in the case of plots obtained from DSC
curves drawn for both first step of crystallization (Fig. 6) and
for second stage crystallization (Fig. 7). This is obvious from
the variousmEc values derived from the plots. Consequently,
the dimensionality of growthm also becomes heating rate

independent. Them values for the two crystallization steps
using both DSC and MDSC data have been listed inTable 3.

The MDSC plots, on the other hand, shown inFigs. 8 and
9 clearly point out the heating rate dependent nature of crys-
tallization process observed in MDSC. This leads to vari-
able values of the dimensionality of growthm for different
heating rates (Table 4) for both the stages of crystallization.
Them values decrease with increasing heating rate. Similar
heating rate dependence ofm has been observed by Matusita
and Sakka[27] also.

The relative error in the evaluatedmEc from MDSC tech-
nique is found to be smaller as compared to DSC method.
This may be attributed to the sinusoidal temperature modu-
lation, which leads to longer experimental time than conven-
tional DSC experiments allowing the system to equilibrate
causing uniform mechanism of crystallization at all heating
rates.

Finally, a comparative plot of the thermograms at various
heating rates for both DSC and MDSC shown inFig. 10 is
indicative of the fact that the MDSC has increased sensitiv-

Table 4
mEc and m values obtained from the plot of ln[−ln(1 − x)] vs. 1/T at
different heating rates for MDSC

Heating rate (◦C/min) mEc/R mEc (kJ/mol) m

First peak
2 55.44± 1.37 460± 11 2.74± 0.02
4 30.08± 0.91 250± 7 1.48± 0.02
8 33.89± 1.31 281± 11 1.67± 0.03

Second peak
2 251.10± 5.86 2086± 48 4.43± 0.29
4 180.92± 18.32 1503± 152 3.19± 0.04
8 140.17± 10.08 1164± 83 2.48± 0.04
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Fig. 10. DSC and MDSC thermograms for various heating rates.

ity for transition-like crystallization. This is clear from the
increased sharpness of the crystallization peaks as compared
to DSC peaks at all heating rates.

5. Conclusion

The crystallization kinetics of Fe67Co18B14Si1 glass has
been investigated using both DSC and modulated DSC tech-
niques. As such both of them take good account of the
two-step crystallization of this multicomponent amorphous
alloy. The first step corresponds to diffusion-controlled pri-
mary crystallization, while the second step is exhibited as
a polymorphic interface-controlled crystallization process
with increased nucleation rate. These features are in line
with the other reported literature. Although kinetic equations
get somewhat more involved and complicated in MDSC, the
smaller relative error in evaluation of kinetic parameters like
activation energy as compared to DSC is an encouraging
sign. Further, the modulated DSC seems to be more sensi-
tive to the transition-like crystallization.
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