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The crystallization kinetics of glassy Fe65Nb10B25 melt-spun ribbons is studied by differential scanning
calorimetry in the mode of continuous heating and isothermal annealing and by x-ray diffraction and trans-
mission electron microscopy. Continuous heat treatments of the ribbons show the presence of multiple exo-
thermic peaks before melting. The low-temperature peak corresponds to the precipitation of nanoscale
Fe23B6-type crystalline metastable phase, and further annealing leads to its transformation into the metastable
Fe3B phase and subsequent formation of bcc-Fe, Fe2B, and FeNbB stable crystalline phases. The nucleation
frequency and the growth rate are determined at selected temperatures from the analysis of the microstructures
that emerge during the Fe23B6-type nanocrystallization. The master curve method is used to obtain the apparent
activation energy and the Avrami exponent at the nanocrystallization onset. The nanocrystallization kinetics is
explained in the framework of the Kolmogorov-Johnson-Mehl-Avrami theory. The rejection of insoluble alloy
atoms during primary crystallization, the formation of diffusion layers around the crystals, and the decrease in
the nucleation frequency caused by alloy enrichment of the residual disordered matrix is modeled through a
soft impingement factor. Estimated values for the interfacial energy that provide a satisfactory agreement
between experiments and modeling are derived considering that homogeneous nucleation frequency and
interface-controlled grain growth are dominant at the onset of the nanocrystallization. Consequently, the time-
temperature-transformation diagram is also drawn and the critical cooling rate estimated for this glass forming
alloy.

DOI: 10.1103/PhysRevB.76.214111 PACS number�s�: 81.05.Kf

I. INTRODUCTION

Bulk metallic glasses �BMGs� are becoming a novel class
of materials with unique physical properties that can be ex-
ploited for structural and functional applications.1,2 These
metallic glasses require a relatively low critical cooling rate
Rc and show the glass transition at the temperature Tg, fol-
lowed by a supercooled liquid region before crystallization
occurs. Many families of multicomponent glass forming
alloys—viz., Mg-, Ln- �Ln=lanthanide metals�, Zr-, Fe-, Pd-,
Cu-, Ti- and Ni-based alloys,1,3—exhibit excellent glass
forming ability. Typical critical cooling rates range between
10−1 and 103 K s−1 and the reduced glass transition tempera-
ture Tg /Tm have a value of about 0.65, Tm being the melting
temperature. The glass formation, the structure upon crystal-
lization, and the magnetic properties of glassy ribbons of the
Fe-Nb-B ternary alloys have been studied for the consecu-
tion of good soft magnetic materials.4 To enhance thermal
stability and glass forming ability �GFA� different transition
metals and/or rare earth elements are included as
additives.5–7 Good nanostructured soft magnetic Fe-Nb-B-
based materials nowadays used commercially have been de-
veloped using a high content of Fe ��80% � and a low con-
tent of B ��15% �.2,8–11 Also, alloys with �70 at. % Fe and
�25 at. % B are the base for the development of multicom-
ponent BMGs.12–15 The first calorimetric event that sup-
presses the amorphous state is the precipitation of nanograins
from the amorphous matrix, so the study of nanocrystalliza-
tion kinetics becomes fundamental in order to understand the
thermal stability. Since the transformed crystalline fraction as
a function of time and temperature is generally described by
the Kolmogorov-Johnson-Mehl-Avrami �KJMA� theory,16–18

the differential scanning calorimetric �DSC� kinetic analysis
leads, traditionally, to an estimation of both the apparent ac-
tivation energy Ea and the local Avrami exponent n as a
function of the transformed fraction.19–22 Recently, a new
method, called the master curve method �MCM�, has been
developed for the analysis of the kinetic data obtained from
DSC.23,24 The method applies provided the transformation
rate can be expressed in terms of a first-order separable dif-
ferential equation, with an Arrhenius temperature depen-
dence of the rate constant �or, equivalently, of the nucleation
and growth rates�. The obtained master curve is the average
of all the experimental continuous heating DSC scans and
has a better signal/noise ratio than the individual curves.
Consequently, this method allows obtaining a precise value
of Ea and will be used in the present study.

Although the calorimetric analysis provides critical ki-
netic information about the overall crystallization process, it
fails to deliver a description of individual processes of nucle-
ation and growth. Thus, a corresponding microstructural ex-
amination is also necessary to fully describing the phase
transformation within the KJMA formalism. In primary crys-
tallization the situation becomes much more complicated due
to the independent variations of the nucleation and growth
rate with temperature and matrix solute content.25

In this paper we report on a detailed study of the nano-
crystallization kinetics, GFA, and thermal stability of
Fe65Nb10B25 alloys obtained by rapid solidification. This
study provides an opportunity to compare kinetic parameters
determined from experimental data and the theoretical mod-
eling �KJMA, classical homogeneous nucleation, and
interface-controlled growth� that were posed several decades
ago. This quantitative analysis could provide groundwork for
the control of microstructures obtained by thermal treatment
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as well as for glass forming ability of the molten alloy. The
glass formation process is discussed in terms of the thermo-
dynamics and kinetics of the nanocrystallization process. A
key kinetic parameter is the viscosity whereas the ease for
glass formation should be related to both the driving force
for crystallization and the liquid-crystal interfacial
energy.26,27 The transformation to a nanostructured material
by thermal treatment is visualized as initiated with the for-
mation of the primary crystals and subsequent development
of a concentration gradient ahead of the nucleating front.
Grounded on the nucleation and growth of the precipitates,
the analysis of the evolution of the transformed fraction with
time as a function of the thermal treatment is here performed
beyond the constant activation energy assumption.

The structure of the present paper is as follows: A simple
but systematic microstructural path for crystallization of the
FeNbB metallic glass is deduced from DSC and x-ray dif-
fraction �XRD� measurements. A careful study of the pri-
mary crystallization is performed under both isothermal and
continuous heating regimes. The individual nucleation and
growth kinetic rates are found directly from transmission
electron microscopy �TEM� observations at selected tem-
peratures. The main objective is to establish a firm basis for
modeling the primary crystallization. Therefore, we discuss
the generic issues that arise in the application of the master
curve method to coupled continuous heating and isothermal
DSC data. The most important of these issues is that the
method of analysis leads to the determination of the values
of the exponent n and the individual activation energies of
nucleation and growth at the onset of the transformation
�where soft impingement effects can be ignored�. The results
of the analysis are used to assess whether the transformation
follows the KJMA model with constant activation energy.
However, since the constant activation energy assumption is
a rough approximation only justified when considering a lim-
ited temperature range, values of the interfacial energy, vis-
cosity, and driving force for crystallization are tentatively
evaluated from nucleation and growth data at precise experi-
mental crystallization temperatures and extrapolated to ob-
tain the time-temperature-transformation �TTT� diagram.
Glass forming ability is obtained from critical cooling rate
estimations.

II. EXPERIMENTAL PROCEDURE

Glassy Fe65Nb10B25 ribbons were prepared by melt spin-
ning under Ar atmosphere with single Cu roller at a linear
velocity of 40 m /s. The master alloy was prepared from Fe,
Fe2B �98% purity�, and NbB �99% purity� powders, pressed
at 150 kg /cm2 and melted 3 times for 15 s in an induction
furnace to improve homogeneity. The ribbons are about
20 �m thick and 2 mm wide. Both as-prepared and annealed
samples were examined by XRD in a Philips xPert diffrac-
tometer using Cu K� radiation and by TEM providing also
selected-area electron diffraction �SAED� using a Philips
CM30 microscope.

DSC measurements have been performed with a
NETZSCH DSC 404, for high-temperature measurements,
and a Perkin-Elmer DSC7 differential scanning calorimeters

under dynamic pure Ar atmosphere. Continuous heat treat-
ments at different heating rates �2.5–80 K /min� and isother-
mal measurements at selected temperatures were done in the
PE DSC7. The calorimeter was calibrated using Zn and
K2CrO4 as reference materials. A second scan has been al-
ways done in order to subtract the DSC base line in both
continuous heating and isothermal experiments. Annealed
samples at different temperatures during 30 min for TEM
observation were also prepared in the DSC7 apparatus.

III. EXPERIMENTAL RESULTS

The XRD spectrum of the as-prepared sample presents the
characteristic halo of an amorphous material without any
crystalline peak but with a broad peak situated at 2�=43.7°.
Correspondingly no trace of crystallinity can be observed in
both TEM images and SAED patterns �Fig. 1�a��.

Figure 2 shows the DSC heating curve at 10 K /min up to
1200 K; it shows a glass transition at Tg=862 K followed by
three exothermic peaks. The first peak, with onset at Tx
=913 K and maximum transformation rate at Tp1=920 K,
has an asymmetric shape with a very sharp beginning and a
slowdown of the transformation rate in the last stage of trans-
formation. The supercooled liquid interval �Tx=Tx−Tg, has
a value of 51 K. The large supercooled region preceding de-
vitrification has been previously observed in these types of
alloys7,12 and the first peak was assigned to the primary crys-
tallization of nanocrystals in an amorphous matrix. It is also

FIG. 1. TEM micrographs and corresponding SAED patterns of
the sample �a� as-quenched and �b� after primary crystallization.

FIG. 2. DSC scan at 10 K /min up to 1200 K. P1, P2, and P3:
first, second, and third crystallization peaks. Tg, glass transition
temperature; Tx temperature onset of the first crystallization peak;
�Tx, supercooled liquid interval.
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interesting to note that values of �Tx in the range 25–65 K
have been reported for different bulk amorphous alloy sys-
tems with four, five and six nonmagnetic components added
to ferromagnetic Fe.2 The second peak has a maximum at
Tp2=1085 K and the last peak shows a maximum at Tp3
=1124 K. At higher temperatures an endothermic peak, at
TE=1414 K, attributed to the eutectic transformation is ob-
served.

Figure 3 shows the XRD patterns of room temperature
samples previously heated up to temperatures beyond the
three exothermic DSC peaks at 10 K /min. XRD analysis
shows that the first crystallization peak �see spectrum a in
Fig. 3� is associated with the formation of a Fe23B6-like cu-
bic structure, as main crystallization product, and bcc-Fe
with a remaining amorphous matrix. This metastable boride
has been previously found in Fe-Nb-B alloys and its forma-
tion is induced by the addition of Nb in the Fe-B system.5,7,28

The TEM investigations show a primary crystallization con-
sisting in the formation of nanocrystals. Suzuki et al.11 ob-
served for FeNbB alloys with a Nb content higher than
6 at. % a grain size not larger than 15 nm. This limitation
arises from the piled Nb atoms in the grain boundary stop-
ping the grain growth. The SAED pattern �Fig. 1�b�� shows
the diffraction circles corresponding to the randomly ori-
ented nanocrystalline phase. The bcc Fe precipitates appear
at the latest stages of the primary crystallization, as observed
in isothermal experiments by XRD �see Fig. 4�, but its pres-
ence is not confirmed by the results of SAED and transmis-
sion Mössbauer spectroscopy.29 This phase was also previ-
ously observed by Shapaan et al.7 but not by Imafuku et al.5

for similar compositions. In the second crystallization peak
the precipitation of the metastable Fe3B-orthorhombic boride
is observed �Fig. 3�b�� while Fe23B6 is still present �has not
yet decomposed�. Finally, the third peak is attributed to the

decomposition of the metastable phases into bcc Fe, Fe2B,
and FeNbB �Fig. 3�c��, which correspond to the equilibrium
phases in the ternary phase diagram.30 That is, in this alloy
the metastable borides Fe23B6 and Fe3B precipitate succes-
sively in two stages and decompose before the melting tem-
perature is reached. The formation of Fe2B in the last trans-
formation was also reported in Refs. 5 and 7.

To study the primary crystallization kinetics, calorimetric
scans from 2.5 to 80 K /min and isothermal DSC measure-
ments at 898, 903, and 908 K have been performed and are
shown in Figs. 5 and 6, respectively. The nanocrystallization
enthalpy and heat capacity change at the glass transition
were evaluated from the DSC curves �H=−�100±5� J /g,
�Cp= �0.32±0.05� J / �K g�. �Note that both �H and
d�H /dT—or d�H /dt—are negative for crystallization; i.e.,
heat is released�. As can be seen in Figs. 5 and 6, part of the
uncertainty of the �H value is due to the random base line
drift observed over a large temperature interval �see, in Fig.
5, the differences in the two recorded signals, dashed and
solid lines, plotted for every scan rate�. This uncertainty is
more pronounced when the signal extends over a very long
time range in isothermal measurements �see, in Fig. 6, the
last part of the signal, almost outside the time range where
crystallization occurs�. In the isothermal annealing experi-

FIG. 3. X-ray diffraction pattern after continuous heating at
10 K /min up to �a� 990 K, �b� 1103 K, and �c� 1273 K.

θ

FIG. 4. X-ray diffraction patterns after isothermal annealing at
893 K during �a� 5 min, �b� 7.5 min, �c� 20 min, and �d� 60 min.

FIG. 5. DSC continuous heating scans as measured �dashed and
solid lines, two different scans� and fitted values using the constant
activation energy KJMA kinetic model �symbols�.
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ments, other sources of error come from the uncertainty as-
sociated with the determination of the exact positions of the
onset of the exotherm and to any transient signal resulting
from the changing from continuous heating to isothermal
regime �see Fig. 6�. These factors limit the temperature in-
terval where significant DSC isothermal measurements can
be performed and, probably, are the main reasons why scarce
data on DSC isothermal nanocrystallization are reported in
the literature for Fe-Nb-B metallic glasses.

The development of crystalline grains on samples an-
nealed at 873 K and 883 K for 30 min has been analyzed by
TEM. Although an analysis of TEM images is not straight-
forward, it gives an interesting qualitative overview of the
developed microstructure and morphological results have
been very valuable for characterizing the beginning of the
transformation. In particular, the nucleation frequency I and
crystal growth rate u were estimated from multiple TEM
micrographs, such as those presented in Figs. 7�a� and 7�b�.
The morphology of the precipitates shown in Fig. 7 is repre-
sentative of the whole sample. Neither preferential orienta-
tion nor anisotropic shape is observed in the precipitates.
Comparison between the two samples shows that in the
sample annealed at 873 K the precipitates are clearly isolated
and small, while in the sample annealed at 883 K the number
of precipitates has increased and some of them have larger
size and sometimes overlap. The overall picture shows that
particles seem to nucleate randomly and to grow isotropi-
cally. Neglecting particle overlapping and assuming a
50-nm-thick observed zone, the maximum grain size and sur-
face grain density are evaluated and given in Table I, as well
as the values estimated for the nucleation frequency and
crystal growth rate. The experimental uncertainty includes

the consideration that the sample thickness is not constant,
the possible overlapping of particles, and the limitations of
the projection of a three-dimensional body on a two-
dimensional image.31 Like for continuous heated samples,
the XRD patterns on these isothermally annealed samples
show mainly the precipitation of a Fe23B6-type structure. In
agreement with findings by other authors,11 the results pre-
sented in Table I indicate a high homogeneous nucleation
rate in the supercooled liquid region as well as a retarded
growth rate, most likely induced by a large redistribution of
Nb among the primary crystallites and the disordered matrix.

IV. DISCUSSION

In the present study our attention is focused on the kinet-
ics of primary crystallization of Fe23B6-type crystals from
the disordered matrix. Aside from examining the apparent
activation energy of the overall process and the behavior of
the local Avrami exponent as a function of the crystalline
volume fraction, a detailed analysis of the kinetic quantities
that drive the process is also carried out. The glass forming
ability and thermal stability of this alloy are tentatively quan-
tified.

The DSC continuous heating curve �Fig. 5� shows a pri-
mary crystallization peak superposed with a significant heat
capacity change �−�Cp� during the transformation: the heat
capacity of the sample shifts gradually from the heat capacity
of the undercooled melt to the heat capacity of the nanostruc-
tured material. That is, assuming an ideal mixing enthalpy of
the undercooled melt,32 the overall exothermic DSC signal
dQ /dt is shared between the instantaneous crystallization en-
thalpy change d�H /dt, which is proportional to the transfor-
mation rate d� /dt or dx /dt �where �= f1x with f1 the final
primary volume fraction and x the scaled transformed frac-
tion�, and the heat capacity contribution dQ�Cp /dt, which is
proportional to the transformed volume fraction � �consider-
ing that the overall specific heat of the specimen is given by
the linear interpolation of the specific heats of the under-
cooled melt and the crystalline compound�. Using the scaled

FIG. 7. TEM micrographs of the sample annealed �a� at 873 K
during 30 min and �b� at 883 K during 30 min.

FIG. 6. DSC isotherms at temperatures of 898, 903, and 908 K.
Solid lines: as measured Dashed-cross lines: base line drift at long
time range. Symbols: as fitted using the constant activation energy
KJMA kinetic model.

TABLE I. Estimated values of the surface grain density ns, nucleation frequency I, maximum grain size
Dmax, and growth rate u at two different annealing temperatures.

Tiso �K� nS �cm−2� I �cm−3 s−1� Dmax �cm� u �cm s−1�

873 �4.5±1.9��1010 �4.9±3.5��1012 �12.6±1.0��10−7 �3.5±0.6��10−10

883 �1.0±0.1��1011 �1.1±0.7��1013 �23.6±1.0��10−7 �6.6±0.6��10−10
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quantities dx /dt and x, the relationship between these quan-
tities is given by

dQ

dt
=

d�H

dt
+

�CpdT

dt
x = �H

dx

dt
− ��Cpx , �1�

where � is the heating rate. These two contributions to the
signal were separated using an iterative procedure,33,34 and
the resulting transformation rate is plotted against tempera-
ture for different heating rates in Fig. 8.

Once the transformation rate is known, the modeling of
the primary crystallization kinetics is grounded on the KJMA
formalism. Since the transforming phase �Fe23B6� has a dif-
ferent composition from the matrix, the kinetics of the trans-
formation depends on the diffusion and redistribution of sol-
ute atoms �soft impingement�. Following the classical
treatment the contribution of �geometrical� impingement of
growing grains is considered through the KJMA formalism,
while the influence of diffusion on the growth rate is mod-
eled by an initial interface-controlled growth that becomes
progressively diffusion controlled growth.25 To explore the
evolution of the soft impingement in primary crystallization,
in a first stage, simple thermally activated forms of the nucle-
ation frequency, the interface-controlled crystal growth, and
the diffusion coefficient of the solute are assumed in the
computation. This is realistic considering that the primary
crystallization data are explored in a range of 100 K �be-
tween about 885 and 960 K� whereas the supercooled molten
alloy is metastable in a much wider range �between about
800 and 1400 K�. In order to understand the mechanisms
that drive the process, in a second stage, the restriction of
constant activation energy is released and both nucleation
frequency and interface-controlled crystal growth are linked
to thermodynamic �free energy and interfacial energy� and
kinetic �mainly viscosity� quantities. Then tentative TTT dia-
grams in the range 800–1000 K are constructed and the
critical cooling rate required for this alloy to form glass upon
quenching is estimated.

A. Constant KJMA activation energy model

1. Determination of the apparent activation energy

In the conventional KJMA framework, under isothermal
annealing at temperature Tiso, imposing an Arrhenian tem-

perature dependence for both nucleation and growth rate, the
transformation rate �dx /dt� may be expressed in terms of the
Avrami exponent n as

dx

dt
=

exp� − Ea

kTiso
�

Piso�x�
, �2�

with

Piso�x� =
P0,iso�− ln�1 − x���1−n�/n

n�1 − x�
, �3�

where x is the scaled transformed volume fraction of the
primary phase, k is Boltzmann’s constant, and Piso�x� a ki-
netic function dependent on the transformation mechanisms.
Ea is the apparent activation energy that, in terms of the
activation energies for nucleation, EI, and growth, Eu, is
given by

Ea =
EI + �n − 1�Eu

n
�4�

for a �n−1� dimensional growth.
It has been recently shown35,36 that under continuous heat-

ing at a constant rate �, the equivalent form of Eq. �2� gives
the transformation rate �dx /dT� as

dx

dT
=

exp�− Ea

kT
�

�P�x�
, �5�

with

Piso�x� = C�n,EI,Eu�P�x� , �6�

C being a scaling factor dependent on the Avrami exponent n
and both activation energies for nucleation, EI, and growth,
Eu.

Interestingly, apart from the factor C, a unique functional
dependence on x �P�x� or Piso�x�� describes both continuous
heating and isothermal transformation rate in the form given
by Eqs. �2� and �5�.

To minimize the inherent experimental inaccuracies in ki-
netics studies, the apparent activation energy was determined
through the application of the MCM23,24 to the DSC continu-
ous heating data. The set of transformation rate curves ob-
tained at different heating rates has been translated into a
unique equivalent heating rate following the procedure de-
scribed in Ref. 24. The master curve has been obtained as the
average of the set of translated continuous heating transfor-
mation rate curves. Consequently, most of the systematic er-
rors of the individual dx /dT curves disappear in the averag-
ing procedure. This methodology not only provides a value
of Ea that fits the overall transformation process but it also
conducts straightforward to the function P�x�. Figure 9
shows the master curve at 10 K min−1 obtained from DSC
data at 5, 10, 20, 40, and 80 K min−1. The apparent activa-
tion energy was determined with the best overlapping of the
experimental data in the master curve and its value is Ea
=5.27 eV. This value for the apparent activation energy is
typical for Fe-Nb-B alloys7,37 but higher than those found for

FIG. 8. Transformation rate under continuous heating as mea-
sured �dashed and solid lines, two different scans� and fitted values
using the nucleation/growth KJMA formalism �symbols�.
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nanocrystallization in other systems where only grain growth
from embryos is observed,2,23 indicating that homogeneous
nucleation plays an important role in the primary crystalliza-
tion of the studied alloy. Figure 10 shows the plot of P−1�x�
against x obtained from the master curve when the above
value of the apparent activation energy is introduced in Eq.
�5�. Note that the plot is restricted to values of 0.02	x
	0.92 to avoid the uncertainty associated with the determi-
nation of the reaction rate at the onset and the end of the
transformation.

2. Coupling of isothermal and continuous heating data

According to Eq. �6�, the coupling of experimental data in
both regimes allows the relationship between n, EI, and Eu to
be determined. Furthermore, integration of Eq. �3� gives

Giso�x� = �
0

x

Piso�x�dx = P0,iso�− ln�1 − x��1/n. �7�

That is, P0,iso may be interpreted as a characteristic time
depending on the detailed mechanisms driving the transfor-
mation �see, for instance, Ref. 24�.

From Eqs. �3� and �6� it follows that we can compare the
experimental P�x� function to the KJMA model. The tenta-
tive fit of the asymptotic behavior at the beginning of the
transformation with a fixed value of the Avrami exponent is
plotted in Fig. 10. Equivalently, we obtained by integration
the experimental G�x� function, defined by

G�x� = �
0

x

P�x�dx , �8�

extrapolating the asymptotic behavior observed experimen-
tally at the onset of the transformation. The result is shown in
Fig. 11 where ln�−ln�1−x�	 is plotted against ln�G�x�	. This
plot is equivalent to the widely used Avrami plot �plot of
ln�−ln�1−x�	 versus the logarithm of isothermal time�, but
obtained from continuous heating data: in both plots—as ob-
tained from Eqs. �6�–�8�—the slope of the curve is the
Avrami exponent.

Close inspection of the results plotted in Figs. 10 and 11
indicates that the local Avrami exponent is equal to 4 at the
beginning of the transformation and decreases continuously
as the reaction proceeds. It becomes even less than 1 for x
�0.5.

Let us explore more carefully the application of the mas-
ter curve method to coupled continuous heating and isother-
mal DSC data. For n=4 �constant nucleation and interface-
controlled three-dimensional growth� considering the
temperature dependence of the nucleation frequency I and
crystal growth u of the form

I�T� = Io exp�−
EI

kT
� , �9�

u�T� = uo exp�−
Eu

kT
� , �10�

one obtains that

P0,iso = 
 3f1


Iouo
3�1/4

�11�

and the factor C depends only on the ratio y=EI /Eu—i.e.,

FIG. 9. Master curve �black line� and experimental curves �gray
thin lines� at an equivalent heating rate of 10 K /min.

FIG. 10. Plot of P−1�x� versus x obtained from the experimental
continuous heating DSC data using the master curve �solid line� and
Avrami fit between 2% �x�8% with n=4 �dashed line�.

FIG. 11. G�x� function obtained by integration of P�x�
�squares�. The solid line corresponds to the asymptotic fit of the
P�x� function at the onset of the transformation.
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C�n = 4,EI,Eu� = ��EI/Eu� , �12�

with35

�4�y� = 3�3 + y�3
1 −
2y

�1 + y�
+

y

�2 + y�� 1

43y
. �13�

It follows that the predicted KJMA Piso�x� kinetic function
may be compared to that derived from continuous heating
kinetic experimental data. The onset of the transformation
�0.02�x�0.08� agrees with the KJMA model with a
constant Avrami exponent n=4 and the value P0
= P0,iso /��EI /Eu�=1.488�10−27 s for the characteristic
time. Therefore, nanocrystallization of this metallic glass
proceeds via nucleation and growth of the Fe23B6-type pri-
mary phase under nonequilibrium conditions. In the early
stages of the transformation the emerging nuclei are sur-
rounded by a supersaturated matrix and growth is interface
controlled. At intermediate stages the system may be visual-
ized as a polydisperse mixture of precipitates of various sizes
in a matrix progressively enriched from atoms insoluble in
these grains. At these stages, the nucleation frequency and
growth rate will no longer be a simple function of tempera-
ture due to the matrix compositional changes.25 Since the
nuclei form because of localized compositional fluctuations,
the nucleation rate progressively decreases with the degree of
supersaturation. The interplay between interface and
diffusion-limited growth acts in such a way as to increase the
importance of the last mechanism until it becomes prepon-
derant. In the final stages of nanocrystallization �x�0.7� the
experimental kinetic function P�x� might be approached by
an Avrami function with n�0.45. A decrease in the local
Avrami exponent reaching values smaller than unity at high x
in the crystallization process has often been observed and
may be related to soft impingement processes,19,23,38–41

where grain growth is kinetically slowed down, and eventu-
ally inhibited, by the low degree of supersaturation in the
untransformed region. Nevertheless, there is not a general
agreement to attribute the delay of the transformation kinet-
ics and the corresponding low Avrami exponent experimen-
tally observed in primary crystallization to the soft impinge-
ment effect.41 Also, it has been shown that anisotropic
growth can lead to a change of n.42

3. Transformed fraction in the constant KJMA activation energy
model with soft impingement

In the KJMA formalism, the extended crystalline fraction
is calculated as43

xext�t� =
4


3f1
�

0

t

I���
r* + �
�

t

u�t��dt��3

d� �14�

�r* being the critical nucleus size� and the transformation
rate as

dx

dt
= �1 − x�

dxext

dt
. �15�

In an attempt to develop with a minimum of computational
effort solutions that can handle soft nucleation and growth, in

the present investigation the forms used to describe nucle-
ation frequency, interface- and diffusion-controlled crystal
growth, and diffusion of solute through the interface are

I�t� = Ihomog�T���x�t�	�2, �16�

u�t� = uinterface�T��x�t�	 if rdif � rint,

Ds�T��x�t�	
r�t�

if rdif � rint, � �17�

and

Ds�T� = Do exp�−
ED

kT
� , �18�

where Ihomog�T� is given by Eq. �9� and uinterface�T� by Eq.
�10�. �x�t�� is a soft factor used to account for the time
dependence of both nucleation and growth because of the
compositional changes of the matrix;25 rint and rdif are the
extended grain radius evaluated assuming interface- and
diffusion-controlled growth, respectively; Do and ED are, re-
spectively, the preexponential factor and the activation en-
ergy for the diffusion coefficient of solute in the matrix, and
f1 is the primary volume fraction at the end of the transfor-
mation.

Equation �16� takes into account the fact that the nucle-
ation rate of the primary phase decreases with time due to the
enrichment of the residual disordered matrix by the faster
diffusing atoms, to which we refer as soft nucleation. The
growth of the particles does not stop because of direct im-
pingement but gradually decreases due to the overlapping of
the concentration profiles. The concentration gradients sur-
rounding the particles become progressively flatter, thus re-
ducing the diffusion-controlled growth rate. Equation �17�
takes into account the fact that the effective growth mecha-
nism is between two limiting situations: interface-controlled
growth rate just after nucleation and quasi-steady-state
diffusion-controlled growth for long times. In the last situa-
tion the growth rate may be considered as19

dr

dt
=

D�T�
r

c* − c�t�
c* − cxt

. �19�

Here c* is the matrix concentration at the particle interface,
cxt is the solute concentration in the crystal, and c�t� is the
matrix average concentration as a function of time and r the
time-dependent crystal radius. Considering the conservation
of solute law one obtains

c* − c�t�
c* − cxt

= f1�x� , �20�

with

�x� =
1 − x

1 − f1x
, �21�

which is the soft impingement factor since it decreases lin-
early with the degree of supersaturation. By taking Ds�T�
= f1D�T� as the effective solute diffusion coefficient, Eq. �19�
is identical to Eq. �17� for rdif �rint, whereas the presence of
the soft impingement factor in Eq. �17� for rdif �rint accounts
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for the decrease in the growth rate due to the depletion or
enrichment in solute of the region around the precipitates.

If the correction for soft impingement is performed via
Eqs. �16� and �17�, Eqs. �14� and �15� become nonseparable
first-order differential equations. However, at the onset of the
transformation, since the soft effect is negligible, the cou-
pling of isothermal and continuous heating DSC data is still
very fruitful to obtain the value of the ratio EI /Eu.

To do the calculation, it is assumed that the critical
nucleus size r* is negligible. There are seven quantities to be
fixed: Io, uo, Do, EI, Eu, ED, and f1. From the calorimetric
data of the overall crystallization process one estimates f1
�0.4. From the master curve treatment of the DSC isother-
mal and continuous heating experiments we know the values
of EI and Eu �or Ea and EI /Eu� and Iouo

3 at the beginning of
the primary transformation as well as the form of P�x� all
along the transformation. As shown in Table I, from the TEM
observations we have an estimate of both the nucleation fre-
quency and growth rate at two temperatures �873 and
883 K�. These data are used to fix the values of the seven
quantities mentioned above, and these are listed in Table II.

The predicted transformation rate and scaled transformed
volume fraction are determined from Eqs. �14� and �15� us-
ing stepwise numerical integration in temperature-time space
based on the Runge-Kutta method. The calculated DSC exo-
thermic signal at various scans rates and temperatures in both
the continuous heating and isothermal regimes are shown in
Figs. 5 and 6, respectively. The constant activation energy
model predicts that soft impingement becomes preponderant
above x�0.35. It may be seen that the calculated values for
different heating rates remain initially close to the experi-
mental ones but show deviations at the last stage of transfor-
mation. Nevertheless, they show reasonably good agreement
considering �a� the simplicity of modeling soft impingement,
�b� the likely inaccuracies in the DSC data, and �c� the ne-
glect of the precipitation of bcc Fe at the latest stage of the
primary transformation.

The growth rates and hence the maximum grain size were
determined at the temperatures of 873 and 883 K. The ex-
perimental and predicted maximum grain sizes are shown in
Fig. 12. The predicted values of the scaled transformed vol-
ume fraction after 30 min annealing at 873 K and 883 K are
x=0.090 and x=0.636, respectively. That is, the growth rate
remains almost constant up to 30 min annealing at 873 K
whereas for the same annealing duration, the interplay be-
tween interface- and diffusion-controlled growth is clear
when the temperature is 883 K.

B. Nucleation and growth KJMA formalism

The continuous heating evolution of the transformed frac-
tion is very sensitive to the temperature dependence of the
thermodynamic and kinetic quantities, whereas the time evo-
lution under isothermal treatment of the transformed fraction
is very sensitive to the mechanisms that control the process.
Nevertheless, since the temperature interval explored in DSC
experiments is rather limited, a simplified Arrhenius tem-
perature dependence for both nucleation frequency and crys-
tal growth rate such as the one used in the model discussed
in Sec. VI A may reproduce the experimental kinetic data. To
obtain more fundamental parameters such as the viscosity
and the interfacial energy from the measured DSC and mi-
crostructural kinetic data of the primary crystallization it is
necessary to introduce a temperature dependence based on
the classical nucleation and growth theory.43

1. Classical nucleation and growth theory

The precipitation of a primary phase from a supercooled
melt is generally related to either homogeneous or heteroge-
neous nucleation. The formation of bulk amorphous alloys
generally has to avoid possible heterogeneous nucleation to
achieve a high GFA. Therefore, the restriction to stability on
heating arises from homogeneous nucleation. Within the
framework of classical nucleation theory, the explicit tem-
perature dependence of the homogeneous nucleation rate un-
der steady-state conditions, Ihomog, can be expressed as43

TABLE II. Parameters used in the in the constant KJMA activation energy model.

f1 0.4 Overall primary volume fraction

Io 8.7�1051 cm−3 s−1 Nucleation rate preexponential constant of Fe23B6

uo 2.3�1018 cm s−1 Interface-controlled crystal growth

Do 8.0�109 cm2 s−1 Solute diffusion coefficient preexponential constant

EI 6.64 eV Activation energy of nucleation

Eu 4.81 eV Activation energy of interface-controlled crystal
growth

ED 4.37 eV Activation energy of diffusion coefficient

FIG. 12. Maximum diameter Dmax as measured �symbols� and
as fitted using the constant activation energy KJMA kinetic model
at 873 K �dashed line� and at 883 K �solid line�.
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I =
AT

�
exp
−

16
�3Vm
2

3kT��G�2� , �22�

where � is the crystal/glass interfacial energy per unit area
�surface tension�, Vm is the molar volume, �G is the differ-
ence of the molar Gibbs free energies between glassy and
crystalline phase, � is the viscosity of the melt, and A is a
constant given by A=Nvk / �3
a3� with Nv�NA /Vm the num-
ber of atoms per unit volume, NA Avogadro’s number, and a
the mean atomic radius �Vm=NA�4
a3 /3��. According to the
Vogel-Fulcher-Tammann expression,44 the temperature de-
pendence of the viscosity can be described by

� = �o exp
 B

T − T�
� , �23�

where B and T� are empirical fitting parameters. T� is found
to lie below the experimentally observed glass transition
temperature Tg. Equation �23� reveals that the viscosity of
the melt depends strongly on temperature: the lower the tem-
perature, the higher the viscosity of the melt.

Assuming fast interfacial initial growth of nuclei as far as
they are small and well separated, the classical expression for
the growth rate uinterface is43

uinterface =
CT

�

1 − exp�−

�G

RT
�� , �24�

where C is a constant given by C�k / �3
a2� and R the gas
constant. The relevant temperature dependences of Ihomog and
uinterface come mainly from the temperature-dependent vis-
cosity �it increases rapidly with decreasing temperature from
fusion to the glass transition temperature� whereas Ihomog is
very sensitive to the interfacial energy values.

2. Determination of the thermodynamic and kinetic quantities

Our purpose it to obtain estimates for the viscosity, Gibbs
free energy difference between the glass and the Fe23B6-type
crystal, and crystal and glass interfacial energy. Our starting
point is the set of experimental kinetic data and the analysis
previously performed by the KJMA constant energy model
and focused mainly at the beginning of the transformation
where the nucleation frequency and growth rate are given by
Eqs. �22� and �24�, respectively. The major difficulty comes
from the high homogeneous nucleation rate and high activa-
tion energies measured at temperatures �30 K above Tg.
Based on the melt fluidity observed at the ejection tempera-
ture in the melt spinning experiments and the viscosity value

�1014 Pa s� at the glass transition temperature �Tg=862 K�,
only one adjustable parameter has to be introduced to fit the
temperature dependence of the viscosity. Since the crystalli-
zation temperatures are above the Curie temperature of
Fe23B6 and metastable melting of this phase must be ap-
proximately below the eutectic temperature �TE=1414 K�, a
linear temperature dependence of �G is assumed �i.e., two
adjustable parameters�. Agreement between the model and
experimental results requires a �linear� temperature depen-
dence for the crystal-melt interfacial energy. The parameters
introduced in the model to obtain the best fit with the experi-
mental data are presented in Table III. The estimated tem-
perature dependences of both the viscosity and interfacial
energy are plotted in Figs. 13 and 14, respectively. The cal-
culated transformation rate under a continuous heating rate is
compared to the experimental one in Fig. 8.

As expected, the viscosity increases about 14 orders of
magnitude from the eutectic temperature to the glass transi-
tion temperature. To allow a direct comparison with other
glass forming liquids, the value of the fragility index m, de-
fined by m=E� /kTg, with E� the apparent activation energy
of the viscosity at Tg, has been evaluated as m=78. Large
values of m �60–150�, indicative of the high apparent activa-
tion energy of the viscosity just above Tg, are attributed to
fragile liquids by Böhmer and Angell.45

In the temperature interval explored experimentally �i.e.,
around 900 K� the interfacial energy has a value of
�80 mJ m−2 �see Fig. 14�. This value is compared in Table
IV to those estimated for other metallic glasses. All these

TABLE III. Parameters used in the nucleation and growth KJMA model.

Vm 6.3�10−6 m3 /mol Molar volume

�S �577.0–54.56T	 mJ m−2 Interfacial energya

�G �123746–12.2631T	 J /mol Gibbs free energy differencea

�o 1�10−16 Pa s Viscosity preexponential constant

B 46000 K Vogel-Fulcher parameter

T� 150 K Vogel-Fulcher temperature

aWith T in kelvin.

FIG. 13. Temperature dependence of the viscosity as fitted using
the Fulcher-Vogel-Tammann equation �solid line�. Estimated value
of the liquid �symbol�.
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relatively low values of the interfacial energy promote a high
nucleation frequency.27,44

C. Glass forming ability

GFA is one of the most important subjects in the study of
BMGs, because it determines, to a large degree, the potential
for this new category of materials to be utilized in various
applications. Upon continuous cooling from its molten state,
an alloy can eventually form a glass if, and only if, the cool-
ing rate exceeds a critical value. This critical cooling rate Rc
is a direct and universal measurement of the GFA of any
substance and it has been shown to be directly related to the
reduced glass transition temperature in metallic glasses.1,49

Therefore, a complete understanding of GFA in this alloy
should be supported by the evaluation of the value of its Rc.
Since glass formation is a competing process against crystal-
lization and its onset is controlled by nucleation and
interface-controlled growth, these quantities have been used
to obtain the transformation diagram.

The experimental values determined for the nucleation
frequency and the interface-controlled crystal growth are
shown in Fig. 15, as well as the calculated ones, as a function
of temperature. It is worth pointing out the high value of the
nucleation frequency in a large temperature interval with a
maximum of about 1017 cm−3 s−1 at temperatures �950 K,
while the crystal growth rate remains rather low
�10−7 cm s−1� at these temperatures. Such a situation clearly
favors the microstructure refinement, thus resulting in a
nanocrystalline structure.

The glass forming ability and thermal stability can be
evaluated from these experimental and evaluated
information.27 Using the KJMA model, one can evaluate the
TTT curve for the onset of nanocrystallization ���1�—i.e.,
neglecting soft impingement. Under isothermal conditions
the volume fraction crystallized after an annealing time t is
given by

� = f1x = f1
1 − exp�−

Iu3t4

3f1
�� . �25�

Figure 16 shows the TTT curves obtained from Eq. �25�
for a fixed value of �. The solid lines represent the results
obtained with the nucleation/growth formalism for �=1
�10−6 and 1�10−3. The dashed curve is calculated with
the constant activation energy model �derived in Sec. IV A�
for �=1�10−6. Symbols represent the experimental evalua-
tion of the time needed to transform the 0.1% volume

FIG. 14. Temperature dependence of the crystal-melt interfacial
energy.

TABLE IV. Interfacial energy estimated from crystallization ki-
netic data in some metallic glasses.

Metallic glass �S �mJ m−2� Reference

Fe40Ni40P14B6 163 46

Fe40Co40P14B6 223 46

Ni40Pd40P20 100 47

Pd40Cu30Ni10P20 61 48

Zr41.2Ti13.8Cu12.5Ni10Be22.5 40 48

Fe73.5Si17.5B5Nb3Cu1 131–136 26

FIG. 15. Calculated values for the nucleation frequency and the
interface-controlled crystal growth �solid lines� and the correspond-
ing asymptotic values obtained using the constant activation energy
kinetic model �dashed lines� versus temperature. Symbols corre-
spond to experimental data.

FIG. 16. The TTT diagram obtained using the constant activa-
tion energy kinetic model �dashed lines, �=10−6� and the nucleation
and growth KJMA formalism �solid lines, �=10−6, 10−3�. Symbols:
as fitted for �=10−3 using the constant activation energy KJMA
kinetic model. The dot-dashed line indicates the thermal path for a
cooling rate of 8�102 K s−1.
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fraction from the kinetic analysis performed at 898, 903, and
908 K.

Typically, the critical cooling rate Rc is defined either by
the cooling rate needed to obtain a crystalline fraction of
�=1�10−6 or by the nose of the corresponding TTT
curve. Since the studied alloy has a composition very close
to the one corresponding to the ternary eutectic of the
Fe-FeNbB-Fe2B system,28 Tm�TE=1414 K. Therefore, as
shown in Fig. 16, the estimated value for this metallic
alloy is Rc�800 K s−1. This value and the corresponding
value of the reduced glass transition temperature are com-
pared in Fig. 17 with the already published data on the gen-
eral relationship between Rc and Trg for metallic alloys.1 As
expected, the results confirm that this alloy is a bulk glass
former. Further, it should be mentioned that a ternary
Fe66Nb4B30 bulk metallic glass was recently obtained using
copper-mould casting, where the alloy is cooled at about
100–500 K s−1.12 It is worth remarking, however, that the
present estimate of the critical cooling rate is obtained con-
sidering that Fe23B6 is the only phase that precipitates during
cooling.

V. CONCLUSIONS

The following conclusions are drawn from the present
results.

�i� The Fe65Nb10B25 metallic glass exhibits a wide super-
cooled region �Tx=51 K, a high reduced glass transition
temperature Tgr�0.61, and a low critical cooling rate Rc
�800 K s−1, which imply that this alloy is an excellent
candidate as base composition for multicomponent BMGs.

�ii� The devitrification of the glassy ribbons by thermal
treatment proceeds through the initial nanocrystallization of
a Fe23B6-type phase, further precipitation of metastable
Fe3B, and finally of the stable bcc-Fe, Fe2B, and FeNbB
crystalline phases.

�iii� The coupling of isothermal and continuous heating
DSC measurements demonstrate, via the master curve
method, that nanocrystallization proceeds by nucleation and
three-dimensional growth, initially interface controlled, with
respective activation energies of EI=6.64 eV and Eu
=4.81 eV.

�iv� The progress of the transformation is explained by
extension of the KJMA theory to include soft impingement.
Assuming constant activation energy for the nucleation fre-
quency, interface-controlled growth rate, and solute diffusion
coefficient, values of the preexponential factors of these
quantities are obtained that agree with the DSC kinetic data
and values of nucleation frequency, growth rate, and maxi-
mum grain size determined experimentally from microstruc-
tural analysis at selected temperatures.

�v� Based on nucleation theory and initial interface-
controlled growth, the solid-liquid interfacial energy is esti-
mated to be �577.0–54.56T� mJ m−2 by the use of a Vogel-
Fulcher-Tamman temperature dependence of the supercooled
liquid viscosity of the Fe65Nb10B25 metallic alloy and a linear
temperature dependence of the difference of the free energies
in glassy and crystalline phase.
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