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process. This approximation has been applied to analyze the kinetics of the nanocrystallization process of
Co60Fe18−xMnxNb6B16 (x = 0 and 4) alloys. Direct application of JMAK theory leads to divergences at very
high transformed fractions. Although this divergence could be due to some artifacts, it can also be solved
after a reinterpretation of the geometrical impingement effect on nanocrystalline systems. A modified
Arrhenius relationship can be used for a general description of the double dependency of nucleation rate

on (o

morphous and nanocrystalline materials
anocrystallization kinetics on the transformed fracti

. Introduction

Fe based nanocrystalline microstructures obtained after con-
rolled partial crystallization of suitable alloy compositions have
ttracted high interest from the scientific community especially
ince the discovery of FINEMET alloys by Yoshizawa et al. two
ecades ago [1]. Afterwards, other nanocrystalline alloy families
ppeared: the so-called NANOPERM [2] and HITPERM [3] alloys.
he general description of the composition of these alloys is
e(Co)–ET–M–(Cu), where Co is especially present in HITPERM
lloys in order to enhance the high temperature performances [3];
T is an early transition metal, such as Zr, Nb, Hf, etc., which, due
o its low solubility in �-Fe and its slow diffusivity in the residual
morphous matrix, constrains the growth of the �-Fe crystallites
y piling up at their boundaries; and M is a metalloid, mainly B
nd/or Si, which role is to reduce the cooling rate needed to obtain
he amorphous alloy. Unlike B, Si is soluble in the �-Fe phase and,
herefore, its addition reduces the Curie temperature and the satu-
ation magnetization of the crystalline phase with respect to Si free
lloys. These nanocrystalline microstructures consist of small �-Fe
ype crystallites (5–20 nm in size) with a high Curie temperature
mbedded in a residual amorphous matrix, also ferromagnetic but
ith a lower Curie temperature and enriched in those elements
xpelled out from the crystals (ET and B, for example). The two-
hase character of the microstructure is the responsible for the
utstanding soft magnetic properties exhibited by these alloys [4].
evertheless, nanocrystalline microstructures can be also observed
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in other alloys as those based on Al [5] or Zr [6] with excellent
mechanical behaviour.

In general, the nanocrystalline microstructure is developed
during a primary crystallization process from a precursor amor-
phous alloy. After further thermal treatments, this new metastable
microstructure will change to a fully crystalline system. The
extraordinarily strong impingement due to the piling up of the
early transition metal at the edges of the crystallites [7] leads to
a huge number of nuclei, several orders of magnitude higher than
that found in conventional microstructures (with a grain size of
the order of microns). In fact, for a nanocrystalline sample with
only 50% of crystalline volume fraction with a nanocrystal size of
5 nm, the density of nuclei is ∼1025 m−3. However for a 100% crys-
talline sample with micrometric crystals, the density of nuclei is
∼1018 m−3. On the other hand, the size evolution of the nanocrys-
tals is very limited: after a new nucleus is formed, it grows fast to
an almost saturation value and no appreciable growth is observed
unless high temperature transformation occurs (second stage of
crystallization). Under these two premises, instantaneous growth
approximation has been proposed to make a rough analysis of the
nanocrystallization kinetics [8]. This approximation is based on the
fact that the time required by a new nucleus to grow up to its satura-
tion size is negligible with respect to the time involved in the whole
nanocrystallization process. Therefore, kinetics related to growth
processes is hidden by the most relevant nucleation phenomenon.
2. Kinetic theory

Once the growth process is simplified in such a way that crys-
tals appear suddenly with their saturation size, kinetic results can
be analyzed in the frame of Johnson–Mehl–Avrami–Kolmogorov
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Fig. 1. XRD pattern of the alloy with 4 at.% of Mn at the end of the nanocrystallization
process showing the deconvolution used. Blue line corresponds to the amorphous
halo (fitted as a Gaussian); green line corresponds to the (1 1 0) diffraction maxi-
m
c
r

(
n
p
h
c

volume of a formed nanocrystal and 〈d〉 its average diameter. This
um of the bcc Co, Fe phase (fitted as a Lorentzian) and red line is the sum of both
ontributions. (For interpretation of the references to color in this figure legend, the
eader is referred to the web version of the article.)

JMAK) theory [9] reducing the Avrami exponent, n, to n = nI, where

I refers to nucleation process. The original JMAK theory considers
olymorphic transformations and the parent and product phases
ave the same composition. However, in nanocrystallization pro-
esses this fact is not fulfilled and a partial transformation occurs. In

Fig. 2. Bright field image and crystal size distribution of 0 and 4 at.% M
d Compounds 505 (2010) 91–95

order to overcome this fact, the transformed fraction is normalized
to be 1 at the end of the nanocrystallization process. Therefore, it
is worth distinguishing between two different magnitudes charac-
terizing the transformation: crystalline volume fraction, xC, which
is an actual crystalline fraction, with a maximum value below 1;
and transformed fraction, X, which is 1 at the end of the nanocrys-
tallization process. The relationship between both magnitudes is:

X = xC

xMAX
C

(1)

The parameter to be used in JMAK expressions is the normal-
ized X. On the other hand, JMAK theory considers the so-called
geometrical impingement [10], which takes into account that a
crystal cannot grow further on an already transformed region. In
order to evaluate this factor, a new magnitude is defined as the
extended volume fraction X*, which does not consider the geomet-
rical impingement but is easily calculated by adding up the number
of nuclei formed and growing at a characteristic rate. Under the
instantaneous growth approximation, the value of X* is reduced to:

X∗ =
∫ t

0

vc

xMAX
C

I(X, T) dt (2)

where I(X, T) is the nucleation rate, vC = �/6〈d〉3 is the average
equation can be expressed in a differential form as:

dX∗

dt
= �

6xMAX
C

〈d〉3I(X, T) (3)

n alloys heated up to the end of the nanocrystallization process.
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ig. 3. Crystal size evolution during isothermal annealing at 35 K below the onset
or the Mn free alloy.

On the other hand, JMAK theory links the extended transformed
raction with the transformed fraction through:

dX

dX∗ = (1 − X) (4)

This indicates that, although the extended transformed fraction
an increase continuously, the saturation value of the transformed
raction is 1.

Combining Eqs. (3) and (4) it can be derived a direct relationship
etween the rate of transformation, dX/dt, and the nucleation rate,

:

6xMAX
C 1 dX
(X, T) =
�〈d〉3 1 − X dt

(5)

Eq. (5) has been applied to the nanocrystallization process
f Co60Fe18−xMnxNb6B16 (x = 0 and 4) alloys, obtained by rapid
uenching. Small addition of Mn in these alloys has a strong effect

ig. 5. Nucleation rates obtained from DSC curves at different heating rates for the 0, (a) a
using Eq. (5)), (a) and (c), and correcting the transformed fraction to the crystalline volu
he heating rate.
Fig. 4. DSC scans at 10 K/min of amorphous samples of the two studied alloys.

in the composition of the nanocrystals with respect to other analo-
gous Fe and Co containing nanocrystalline alloys. In general, during
nanocrystallization, Co is homogeneously distributed throughout
the amorphous matrix and the �-Fe, Co(Si) nanocrystals without
any preferential partitioning [11–13]. This fact leads to an exhaus-
tion of Fe in the amorphous matrix for the alloys with high Co
content that stops the nanocrystallization process [14]. However,
after small substitution of Mn for Fe, the nanocrystals become
enriched in Co too, leading to larger crystalline volume fractions
at the end of the nanocrystallization than in the case of Mn free
alloy [15].

3. Experimental
In order to apply Eq. (5), xC was measured from X-ray diffraction (XRD) patterns
of samples at the end of the nanocrystallization process using Cu K� wavelength.
Deconvolution of the (1 1 0) peak of the �-Fe, Co(Mn) phase and the amorphous halo
leads to xC ∼ 55 and ∼43% for the alloys with Mn and without Mn, respectively, after
correcting the different scattering power of the crystalline and amorphous phases.

nd (b), and 4 at.% Mn alloy, (c) and (d). Without correcting the transformed fraction
me fraction (using Eq. (6)), (b) and (d). Results are shown after normalizing using
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during the transformation. Initially, expelling out of Nb from the
ig. 6. Logarithm of the nucleation rate versus the inverse of the temperature for
ifferent values of the transformed fraction.

n average value of the crystal size could be also obtained from Scherrer formula.
s an example, Fig. 1 shows the deconvoluted XRD maximum for the Mn containing
lloy.

A more detailed analysis on the nanocrystal size was performed from trans-
ission electron microscopy (TEM) using a Philips CM200 at 200 kV. Fig. 2 shows

imilar TEM bright field images as well as grain size distribution histograms for the
wo studied alloys. Fig. 3 shows the grain size evolution for the Mn free alloy as a
unction of isothermal annealing time at 35 K below the onset of crystallization. It is
orth mentioning the logarithmic scale of the time axis. Although a limited evolu-

ion is found, it is in the range of the error bar and only at very low annealing times.
oreover, there is an artifact in TEM measurements which could yield a fictitious

ncrease of the average size of the nanocrystals as the crystalline fraction increases:
n fact, as the number of crystallites per image area increases, overlapping between
rystals becomes more probable and two (or more) crystallites could be interpreted
s a single one with a larger size.

In the present study, non-isothermal annealing in a Perkin-Elmer DSC7 differ-
ntial scanning calorimeter (DSC) at different heating rates were used to obtain the
ransformation rate after normalizing the heat flow signal using the total enthalpy
nder the exothermic peak ascribed to the nanocrystallization process. As an exam-
le, Fig. 4 shows the DSC plots at 10 K/min for the two studied compositions.
onsidering the transformed fraction to be proportional to the enthalpy has been
riticized [16], especially at the end of the nanocrystallization. However, other tech-
iques to obtain the crystalline fraction as TEM, resistivity, etc. do not lack of similar
riticisms or even other specific ones (for example the non equal thickness in differ-
nt TEM images). The use of DSC data supplies a continuous kinetic plot very simple
o handle.

. Results and discussions

The nucleation rates as a function of the transformed fraction
btained from Eq. (5) are plotted in Fig. 5(a) and (c) for Mn free
nd Mn containing alloys, respectively (in order to compare data
btained at different heating rates, nucleation rate has been divided
y the corresponding heating rate). Results are similar for both
lloys below X = 0.2, with an almost linear increase of the nucle-
tion rate, which reaches higher values for the Mn free alloy than in
he alloy with Mn, indicating a more difficult start of the nucleation
rocess in the alloy with less Fe content. After this initial increase,

hereas for Mn free alloy the nucleation rate is roughly constant

rom 0.2 < X < 0.7, for the Mn containing alloy, nucleation rate con-
inuously increases independently of the heating rate. At higher
ransformed fraction, X > 0.8, nucleation rate diverges, which has no
Fig. 7. Local activation energy (above) and logarithm of the prefactor of the Arrhe-
nius relationship (below) versus the transformed fraction.

physical meaning but can be due to several artifacts: errors in the
baseline determination or fails on the proportionality between the
DSC signal and the actual transformation rate, for example. How-
ever, there is another feature which could affect the nucleation rate
plots calculated and this is linked to the geometrical impingement
which led to the definition of the extended transformed fraction
in JMAK theory. Using Eq. (5) implicitly assumes that at X = 1, geo-
metrical impingement will occur for any further transformation.
However, nanocrystallization process does not stop due to geomet-
rical impingement as, at the end of the process, individual crystals
can be observed to be well separated from others by a thin layer of
amorphous matrix (see Fig. 2). If actual geometrical impingement
is assumed, Eq. (5) will change to:

I(X, T) = 6xMAX
C

�〈d〉3

1
1 − xC

dX

dt
= 6xMAX

C

�〈d〉3

1

1 − (xMAX
C · X)

dX

dt
(6)

where the transformed fraction X is substituted by the actual crys-
talline fraction xC = xMAX

C · X . If this is done, nucleation rates of
Fig. 5(a) and (c) change to those of Fig. 5(b) and (d) for the Mn free
and the Mn containing alloys, respectively. The corrected nucle-
ation rate solves the divergences at high transformed fractions,
being now down to zero as X goes to 1. The values of I(X, T) at
low transformed fractions do not change significantly and, for both
alloys, a linear increase is observed. The transformed fraction at
which the maximum nucleation rate is obtained remains indepen-
dent of the heating rate (at X = 0.31) for Mn free alloy, in agreement
with an isokinetic behaviour. However, for the Mn containing alloy
a continuous increase from X = 0.39 to 0.68 is found as ˇ increases
from 2.5 to 80 K/min.

An important effect that can be invoked to explain the non-
constant nucleation is the compositional changes that must occur
forming nuclei to the edges might yield diffusion of Fe and Co in the
amorphous phase. This could enhance compositional fluctuations
which would be responsible of an initial increase of the nucleation
rate. However, the amorphous matrix becomes poorer in the ele-
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ig. 8. Logarithm of the prefactor of the Arrhenius relationship versus the corre-
ponding activation energy.

ents needed to form new nuclei as the crystallization progresses
nd this fact could explain the decay in the nucleation rate observed
t high values of the transformed fraction.

A simple Arrhenius relationship could be proposed to describe
he nucleation rate as a thermally activated process.

(X, T) = A(X) exp
[
−Q (X)

RT

]
(7)

here Q is the local activation energy and A is a prefactor and both
agnitudes depend on the transformed fraction. R is the gas con-

tant and T, the temperature. Fig. 6 shows the linear fittings for
n[I(X, T)] versus 1/T for several values of X for both alloys. From
hese linear fittings, Q(X) and ln[A(X)] were obtained and are rep-
esented in Fig. 7. Both magnitudes are correlated as it is shown
n Fig. 8. In this figure, ln[A(X)] is plotted versus Q(X). All the data,
ncluding both alloys, fulfill a linear relationship:

n[A(X)] = ln[I0] + Q (X)
R�

(8)

here I0 has the units of the nucleation rate and the slope is 1/R�,
here � has temperature units. This relationship yields a modifica-

ion of expression (7) to:

(X, T) = I0 exp

[
Q (X)

R�

(
T − �

T

)]
(9)
here � = 760 ± 50 K should be a common value for both alloys. It
s worth mentioning that this behavior was previously reported
or the devitrification of some amorphous alloys [17,18] and
imilar values of � appear from isothermal kinetic analysis of
e60Co18Nb6B16 alloy [19].

[

[
[
[
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5. Conclusions

Instantaneous growth approximation has been applied to ana-
lyze the kinetics of the nanocrystallization process of two alloys:
Co60Fe18−xMnxNb6B16 (x = 0 and 4).

Application of JMAK theory without correction leads to diver-
gences at very high transformed fractions. Although this divergence
could be due to some artifacts, it can also be solved after a reinter-
pretation of the geometrical impingement effect on nanocrystalline
systems.

A modified Arrhenius relationship can be used for a general
description of the double dependency of nucleation rate on the
transformed fraction (only through the local activation energy) and
the temperature.

Further studies on systems which kinetics can be described only
by nucleation processes will help on clarifying this point on the
geometrical impingement.
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