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Nanocrystallization kinetics is analyzed in the frame of instantaneous growth approximation, which implies that the time re-
quired for a crystallite to reach its final size is negligible with respect to the time required for the nanocrystallization process.
This approach strongly simplifies the kinetic analysis and allows us to obtain the nucleation rate from both isothermal and non-
isothermal nanocrystallization processes. Moreover, as no constraining mechanism is considered but the absence of growth, the
results could be discussed in the frame of Johnson-Mehl-Avrami-Kolmogorov theory with a growth index equal to zero. Cellu-
lar automata simulations are in agreement with the observed kinetics and microstructure.

1 Introduction

Thermally activated nanocrystallization processes in metallic alloys consist of the formation of a partially crystalline
material with 40-70 % in volume of nanocrystals embedded in a residual amorphous matrix [1]. This implies the for-
mation of an atypically huge number of crystalline nuclei. The observed constraining in the crystal growth has been ex-
plained by the so called soft impingement [2] due to the slow diffusing atoms, which pile up at the edge of the growing
crystals.

Although Jhonson-Mehl-Avrami-Kolmogorov [3-5] (JMAK) theory is widely used to describe the nanocrystallization
kinetics, the values of the Avrami exponent n~1 are out of the values predicted by the theory: n =n,+ D ng, with n; =1
corresponding to a constant nucleation rate, n, >1 to an increasing nucleation rate, and n, <1 to a decreasing nucleation
rate, D is the dimensionality of the crystal growth and ng =1 for interface controlled growth and ng = % for diffusion
controlled growth [6]. In fact, IMAK theory only considers the geometrical impingement between crystallites when they
touch each other. It can be defined an extended crystalline fraction, X*, which is the crystallized fraction in the absence
of such restriction (without considering that crystal cannot growth where a crystal is already formed). This extended crys-
talline fraction is linked to the actual crystalline fraction as:

dX
dxX *

It is worth mentioning that the transformed fraction, X, at the end of the process becomes 1, but the crystalline vol-
ume fraction is lower as some amorphous matrix remains at the end of the process.
Equation 1 can be modified to consider a stronger impingement than that only due to the geometrical effect:

dX
dxX *

where yis the impingement factor [7]. Other authors describe the same equation in terms of the impingement parameter
n=1/(1-y) [8]. In any case, the values of yare between 0 and 1. In the case of y=1, Eq. 1 is recovered and JMAK theory
is applied. In the case of y=0, Austin-Rickett equation is achieved [9].

A very simplistic idea could describe an initial fast growth of the crystallites till the surface of the crystal is covered
by the rejected atoms non soluble in the crystal. Afterwards, the growth is very slow. If this very slow growth is neglect-
ed, the time required by the growing crystal to achieve an almost constant size becomes very small in comparison with
the time required by the nanocrystallization process to be completed. Under these premises, it is possible to establish an
instantaneous growth approximation [10,11], in which the crystallization kinetics is reduced to the nucleation of crystal-
lites with a constant size.
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In this work, isothermal and non-isothermal kinetics of an alloy series of composition Fe;s.,Co,NbgB16.,Cuy, (z=18, 39
and 60; y=0, 1) will be analyzed in the frame of instantaneous growth processes. Experimental results agree with results
from cellular automata simulation.

2 Nanocrystalline microstructure
Figure 1 shows transmission electron images of the studied nanocrystalline alloys. 3D atom probe results show that
the composition of nanocrystals is Feq0.,C0,, being z the Co content of the nominal composition of the alloy [12].

w1 at% Cu

)

Figure 1 Bright field TEM images and selected area diffraction patterns of the studied nanocrystalline alloys.

The developed microstructures exhibit the formation of bcc nanocrystals of ~5 nm in diameter, forming agglomerates
in Cu free alloys, which size decreases as Co increases in the alloy. These dependencies can be understood as the result
of the competition of two different nucleation phenomena: either in isolated regions, or in contact with an already formed
crystallite. The former has the advantage of nucleating in a region rich in Fe, but the interface energy between the nucleus
and the surrounding amorphous is high. In the latter nucleation phenomenon, which could be also understood as epitaxial
growth, the interface energy of the new nucleus is smaller but the region might have a lower Fe concentration. The ab-
sence of agglomerates of crystallites in Cu containing alloys is due to the formation of Cu clusters [12], which reduces
the interface energy of an isolated nucleus eliminating the advantage of the “in contact” nucleation. As Co content in-
creases, the depletion in Fe in the surrounding of a crystal is enhanced and therefore, the size of the agglomerates is re-
duced and in the limit they are not formed at all as there is not enough Fe to form a new crystal in the neighborhood of a
previous one (e.g. 60 % of Co alloy). Microstructure and orientation relationship of an agglomerate can be observed in
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Figure 2 High resolution TEM image showing an agglomerate in the [100] orientation for the alloy with 18 at % of Co and without
Cu.

3 Kinetic approximations
3.1 JIMAK extension to non-isothermal regimes
Considering the functional form of the extended crystalline fraction

X =[KT)-(t-t,)]" ©
the well known expression X(t) for IMAK theory is found:
X :1—exp[—{K(T)-(t—t0)}n] (4)

where K(T) is the frequency factor, n is the Avrami exponent and t, is the incubation induetien time. A local value of the
Avrami exponent, n(X), can also be obtained for the isothermal regimes from:

din[-In(1-X)]

)= din(t-t,)

()

For the non-isothermal regimes [13], taking into account the thermal dependence of K(T):

KT) =k, exp(—%j ©

the value of the local Avrami exponent can be obtained as:

n[-mE-x)]_ ] din() |
dldln(lT;T:a e dl:(lT;T"j ©)

=n(X){l+&(l—T—°j}
RTU T

where £ is the heating rate, Q is the effective activation energy, R is the gas constant and T, is the crystallization onset
temperature. This expression allows us to obtain the local Avrami exponent from a single non-isothermal scan and a raw
estimation of the activation energy independently of the heating rate.

3.2 Instantaneous growth approximation
Assuming an instantaneous growth, the extended transformed volume fraction will be developed only due to nuclea-
tion of crystallites with a constant size <d> and can be written as:

1 z<d>*|
X & :—le(r)dr+ X (0)
X
C 0 (8)
where xc is the crystalline volume fraction at the end of the nanocrystallization process and | is the nucleation rate. Com-
bining equation (1) and (8), it is possible to obtain this nucleation rate as a function of the transformed fraction and the
temperature:

6XC 1 dX (T)

(X, T)= —
( ) r<d>*1-X dt 9)
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Both dX/dt and X were obtained from isothermal and non-isothermal DSC scans on a Perkin-Elmer DSC7 calorimeter
after normalizing using the enthalpy of the complete nanocrystallization process.

4 Results and discussion

4.1 Experiments

Figure 3 shows the local Avrami exponents obtained from non-isothermal scans at different g for the alloy with 18
at. % of Fe and without Cu. The corresponding DSC scans are shown in the inset of the figure. The g independency of
the curves supports the isokinetic approach.

Figure 4 shows n(X) exponents obtained from isothermal scans performed at different temperatures below and above
the crystallization onset temperature and shown in the inset. Values corresponding to a non-isothermal regime are also
shown for comparison. Both regimes agree describing a very slow kinetics, which Avrami exponent increases at the very
early stages of nanocrystallization to values slightly above 1 to decrease down to n<0.5 as nanocrystallization progresses.
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Figure 3 n(X) from non-isothemal DSC scans (inset).
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Figure 4 n(X) from isothermal DSC scans (inset). Non-isothermal values are also shown for comparison.
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Figure 5 I(X) from isothermal and non-isothermal DSC scans.

The nucleation rate |1 shows an enhancement of nucleation at low X as g increases and is strongly affected by the
temperature in isothermal regimes, as expected for thermally activated processes. The different values are plotted in fig-
ure 5. For both regimes, the nucleation rate initially increases but, for isothermal one, I(X) decreases as nanocrystalliza-
tion progresses, whereas 1(X) remains almost constant for non-isothermal regimes. These dependencies can be explained
from the two different nucleation mechanisms pointed above. At the early stages of nanocrystallization, there are not
enough crystals for “in contact” nucleation mechanism to be significant. As the crystal population increases, this mecha-
nism of nucleation is enhanced and I(X) increases up to a maximum, after which I(X) continuously decreases due to the
progressive impoverishment of the amorphous matrix in Fe. This effect seems to be compensated in non-isothermal re-
gimes due to the continuous increase of the temperature.
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Figure 6 Flow diagram of the simulation program.

4.2 Cellular automata simulations

The cellular automata simulation program used is detailed in Ref. [11]. In this simulation a three dimensional space is
divided in cubic cells and the time is discretized in iteration steps. The stochastic character of nucleation is considered by
randomly selecting a cell as candidate to develop a new crystalline nucleus. This cell will yield a nanocrystal only after
fulfilling some deterministic and probabilistic requisites, which depend on the characteristic parameters of this cell and
its neighborhood: volume available for nucleation, surface energy developed between the eventual new nucleus and its
environment, and composition of the region where the nucleus would be formed. Figure 6 shows a flow diagram of the
simulation program and table 1 summarizes the main parameters involved in the simulation. Figures 7 to 9 show the ef-
fect of changing these parameters on the kinetics of the modelled system.

Table 1 Main parameters involved in the simulation.

Parameter Description

vol Volume of the surrounding amorphous, in cell
units, from which the forming nucleus can take Fe
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c ~ excess surface energy of “isolated” nucleation
with respect to “in contact” nucleation
Cre Fe content in volume vol
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Figure 7 X(t) and n(X) for two different values of the volume from which the new nucleus can take Fe: vol=6, complete 6 neighbor
cells and vol=1.72, the smallest sphere in which the cubic crystal is contained. =0.5, composition FegSol;gEXCy).
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Figure 8 X(t) and n(X) for vol=1.72, FegSolgExc,, and three values of o: 6=0 implies no surface energy advantage for “in contact”
nucleation with respect to isolated one, =1 would prevent isolated nucleation.

An increase in the parameter vol implies an increase in the volume from which the forming nucleus can take the ele-
ments required. Thus it is related with the diffusion length and indirectly with the temperature. Therefore, as vol increases,
kinetics becomes faster.
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Figure 9 X(t) and n(X) for two different values of the Fe concentration in Fe,Co-5,NbeB¢ simulated alloys. =0.5, vol=1.72.

If =0 there is no surface energy advantage for a nucleus to be formed in contact with an already formed crystal with
respect to isolated nucleation. Therefore, Avrami exponent never rises above 1 as there is no enhancement in nucleation
along the nanocrystallization process (which could resemble nanocrystallization of Cu containing alloys). As o increases,
the advantage of the “in contact” nucleation is enhanced with respect to the “isolated” one and the maximum of the Av-
rami exponent increases.

A general composition for Fe-based amorphous alloys able to nanocrystallize would be Fe,Sol,ExCy00.«.,; Where Sol
identifies the elements soluble in a-Fe (e.g. Co, Si, Ge), and Exc, those excluded from the crystalline phase and expelled
out to the residual amorphous matrix (e.g. Nb, Zr, B). In the case of the alloys studied in the previous section, the compo-
sition of the crystals would be Feig.,Coy, [12]. As Fe content of the alloy decreases, the amorphous surrounding crystal-
lites becomes exhausted in this element faster, reducing the size of the agglomerates or even preventing their formation.
Moreover, the final crystalline fraction decreases as there are fewer atoms able to form crystallites.

Figure 10 shows a plane of the simulated microstructure obtained after the same number of iterations for two differ-
ent compositions. This plane would resemble a TEM image of 1 cell thickness and simulated and experimental images
are compared in the figure. The absence of agglomeration, the smaller crystalline fraction and the exhaustion in Fe of the
residual amorphous matrix in the richest Co alloy are clear whereas agglomerates and a larger crystalline fraction are evi-
dent in the Co poorest alloy.

Crystalline cell

Amorphous cell
C> 50 at. % Fe
C>25at. % Fe
C>10at. %Fe

C<10at %Fe

Figure 10 Simulated (5 10° iterations) and experimental (5 h at 35 K below the corresponding onset of crystallization) images of two
Fess.,Co,NbgB1s alloys with z=60 (above) and 18 (below).
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Figure 11 I(X) and n(X) after simulation for a pure Fe alloy (left) and for a FegyExCy alloy (right)

The slowing down of the nanocrystallization Kinetics as the process progresses is generally ascribed to impingement
of growth process, which is not applicable in the instantaneous growth approximation. Under the proposed approach, the
slowing down of the kinetics is only due to two factors: progressive depletion of the amorphous matrix in the elements
required to form a new nucleus and decrease of the number of nucleation sites. The first factor can be avoided if a pure
Fe amorphous sample is simulated. Figure 11 (above) shows n(X) and I(X) for a pure Fe composition for different values
of . For 6=0, nucleation rate does not change along the process and Avrami exponent is 1, in agreement with a constant
nucleation rate. However, if 6>0, nucleation rate increases at the beginning as “in contact” mechanism can be relevant
only after some nuclei are formed to supply such heterogeneous nucleation sites, which are more energetically favorable.
Avrami exponent is in agreement with the behavior predicted by JIMAK theory: n=1 for constant nucleation rate and n>1
for an increasing nucleation rate. However, if a non polymorphic transformation (composition changes from amorphous
to crystalline phases) is considered with a strong advantage for “in contact” nucleation, the maximum in nucleation rate is
clearly shifted to n>1 values as it can be observed in figure 11 (below). This indicates that for non polymorphic trans-
formation, values of n>1 could correspond to a decreasing nucleation rate unlike predicted by JIMAK theory.

5 Conclusions

In this work two approximations are applied to the nanocrystallization process of a FeCo-based alloy series.

Isokinetic approach allows us to obtain the local Avrami exponent as a function of the transformed fraction from a
single non-isothermal scan and a raw estimation of the activation energy independently of the heating rate used.

Instantaneous growth approximation simplifies the nanocrystallization kinetics to nucleation phenomena. In order to
explain the compositional dependencies of the nanocrystalline microstructures, two different nucleation mechanisms are
described: in isolated regions and in contact with an already formed nanocrystal. The former mechanism occurs in a Fe
richer region but the latter presents a lower surface energy between the new nucleus and the environment.

Cellular automata simulations agree with the described kinetics and microstructure. A speed up of nanocrystallization
kinetics is observed when the mechanism of nucleation “in contact” is relevant (e.g. Cu free alloys with low Co content)
and Avrami exponent initially rises above 1. As nanocrystallization progresses, kinetics is slowed down due to nucleation
sites saturation and depletion of Fe in non-polymorphic transformation. In this transformation, which implies composi-
tional changes from the amorphous to the forming nucleus, the value of n=1 is not obtained for the maximum nucleation
rate achieved.
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