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The nanocrystallization kinetics of FeqyZr;Bj is investigated by in situ nuclear forward scattering of synchrotron
radiation upon isothermal annealing. The nucleation and growth processes are accessed separately for the
nanograins, their interfaces, and the residual amorphous matrix by monitoring the time evolution of the
corresponding hyperfine parameters. This approach discloses the structural transformations taking place in

this class of technologically important materials.
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A central problem in nanotechnology is the understanding
of the structure-to-properties relationship of the nanocrys-
talline interfaces that is essential for tailoring the functionali-
ties, efficiency, and performance of near-future nanodevices
consisting of subnanometer sized layers of material. The
investigation of such buried layers, however, is a demanding
experimental task. Direct methods used for imaging the
interfaces, such as cross-sectional transmission electron mi-
croscopy, are destructive and do not allow for the observation
of the structural changes that are taking place during nanograin
growth and the formation of the interfaces. On the other
hand, the information obtained by in situ techniques used
for the investigation of the nanocrystallization kinetics is
either averaged over the entire sample (differential scanning
calorimetry) or over the distribution of electron densities (x-ray
diffraction) and does not provide site-specific information.

The use of local probe techniques such as Mossbauer
spectroscopy has offered unique opportunities to access
the magnetic properties of the interfaces and nanograins
separately.'> Exploiting the fact that the hyperfine interactions
instantly reflect the structural arrangement of the probe
>TFe atom, it became possible to investigate the structural
modifications of the sample by examining the hyperfine
parameters that correspond to the Fe atoms located inside
the nanograins, at their surfaces, or forming the interfaces.?
Changes in microstructure, crystallization behavior, and the
magnetic states of nanocrystalline alloys suggested that the
interface regions play a significant role in the propagation of
ferromagnetic exchange interactions between the nanograins
through the amorphous matrix.>*-® The relatively long acquisi-
tion times of a conventional Mossbauer spectrum (up to several
hours), however, limited the application of this technique only
to samples in equilibrium conditions having a well-defined
crystallization state and prohibited the monitoring of the
crystallization process itself.

Nanocrystalline alloys prepared by a controlled heat treat-
ment of metallic glasses exhibit unique magnetic properties’
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that are caused by the size, amount, and chemical composition
of the nanocrystallites embedded in a residual amorphous
matrix.® Structural changes, related to crystallization, that
occur in these materials, once exposed to elevated temperatures
for prolonged operational times (sensors, transformer cores,
recording devices, magnetic shielding, etc.”), deteriorate their
performance. Therefore, a comprehensive understanding of
the evolution of nanograins, interfaces, and the amorphous
matrix during nanocrystallization is essential in order to
understand, optimize, and conserve the unique magnetic
properties exhibited by the nanocrystalline alloys. Among
this class of materials the pioneering FeqyZr;B3 Nanoperm‘O
still attracts considerable attention and was established as a
model system for studying the structural,'’ dynamic,'>'3 and
magnetic'* properties of ternary nanocrystalline alloys.

In this Rapid Communication we report on the investigation
of the nanocrystallization kinetics in FegyZr;B3; separately
for the nanograins, interface layers, and residual amorphous
matrix by nuclear forward scattering of synchrotron radiation.
The outstanding brilliance of the x-ray beams produced
by third generation synchrotrons ensures rapid recording
of time spectra, allowing for a direct in situ observation
of dynamical processes that are taking place during heat
treatment. Employing the fact that hyperfine interactions
instantly reflect the state of the structural arrangement by
examination of the corresponding hyperfine parameters during
nanocrystallization, it is now possible to follow separately
the structural evolution of different sites of the >’Fe probe
atoms. The obtained results are used to thoroughly assess the
available models for nucleation and nanograin growth upon an
isothermal annealing of this class of technologically important
materials.

A FegyZr;B3 amorphous alloy enriched to 63% in >TFe was
prepared by a melt-spinning technique in a form of 2 mm wide
and 20 pum thick ribbons. The as-quenched alloy contained bcc
Fe nanocrystals that were identified in the surface regions of the
ribbon by conversion electron Mossbauer spectrometry.’> As
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FIG. 1. Transmission electron micrograph (dark field) of the as-
quenched FeyyZr;Bj; alloy. Electron and x-ray diffraction patterns are
also included.

demonstrated in Fig. 1, they were found also in the bulk of the
ribbon, amounting to approximately 2.5% with sizes of about
2 nm determined by x-ray diffraction, electron diffraction,
and transmission electron microscopy. The narrow [002]
reflection at 65° indicates a strong preferential orientation
of the quenched-in nanocrystals, which is confirmed also
by an intensity variation of some electron diffraction rings.
In addition, a Zr content of about 0.2% was identified
inside the bcc Fe nanograins.'* Nuclear forward scattering
experiments were carried out at the Nuclear Resonance end
station ID22N of the European Synchrotron Radiation Facility.
We used photons with an energy of 14.413 keV and an
energy resolution of about 3 meV. The sample was placed
inside a vacuum furnace and heated up to a temperature of
743 K with a ramp of 40 K/min. An isothermal experiment
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at this temperature was performed for up to 130 min. The
temperature of the experiment was chosen close to the onset of
crystallization at 783 K determined from differential scanning
calorimetry.'? The time spectra of nuclear forward scattering
were continuously recorded with an acquisition time of 1 min.

A contour plot obtained from a three-dimensional (3D)
image of all 130 spectra is illustrated in Fig. 2(a). The elapsed
decay time of the nuclear resonant level and the time of
annealing are displayed on the x and y axes, respectively.
The measured intensities are color coded in a logarithmic
scale. Selected time spectra obtained after annealing for 15,
40, and 120 min are shown in Fig. 2(b). All spectra were
consistently analyzed with the CONUSS code.!> The amor-
phous matrix was reconstructed by a distribution of electric
quadrupole interactions (quadrupole splitting) corresponding
to its paramagnetic state above the Curie point at a given
temperature. The nanocrystalline phase of bcc Fe formed
upon annealing was associated with a spectral component
featuring magnetic dipole interactions with a unique value
of the hyperfine magnetic field [open circles in Fig. 3(a)]. The
third component is ascribed to iron atoms that are localized
at the surfaces of nanocrystalline grains buried inside the
amorphous phase. These atoms exhibit symmetry different
from those in the nanograins. They belong to the interface
regions and were refined from the spectra using a distribution
of magnetic hyperfine fields with average values plotted as
open triangles in Fig. 3(a). The presence of this spectral
component was revealed by conventional Mossbauer effect
experiments'%!%!7 performed under static conditions.

The relative contents of amorphous, nanograin, and inter-
face components, isomer shifts of the amorphous and interface
fractions determined relative to that of the nanocrystalline
phase, quadrupole splitting of the amorphous and interface
fractions, hyperfine magnetic fields of the nanograins and
interfaces, as well as the Debye temperature, an intensity
scaling factor, and shift along the time scale were free
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FIG. 2. (Color online) Contour plot of 3D nuclear forward scattering spectra of FegyZr;B; annealed at 743 K (a) and selected records (open

symbols) with fits (solid lines) for 15, 40, and 120 min of annealing (b).
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FIG. 3. (Color online) Time evolution of the hyperfine magnetic
fields (a) and relative content of spectral components (b) derived
from the analysis of nuclear forward scattering spectra recorded
at 743 K (open symbols). Solid lines in (b) represent fits between
theoretically calculated (according to the model described in the text)
and experimentally obtained data.

parameters during analysis. The quadrupole splitting and
isomer shift of the nanograin component were set to zero and
fixed.

The time dependencies of hyperfine fields and relative
fractions of the components derived from the consistent
analysis of the time spectra from Fig. 2 are shown in Figs. 3(a)
and 3(b), respectively. After reaching the temperature of
isothermal annealing at the 15th minute, the relative contents
are almost constant for about 5 min up to the 20th minute
of annealing. The values of the hyperfine magnetic fields at
743 K are reduced due to superparamagnetic behavior at this
elevated temperature. Within the following 15 min (up to the
35th min) new grains with subnanometer sizes are formed
around the existing nucleation centers. This is revealed by an
increase of interfacial regions (when nearly all atoms constitute
predominantly the nanograin surface) while the amount of
Fe atoms located inside the nanograins remains unaffected
[Fig. 3(b)]. The enhanced contribution of the interfaces is
also indirectly confirmed by a significant increase of the
corresponding values of the hyperfine field, as depicted in
Fig. 3(a). Simultaneously the amount of iron located inside
the amorphous residual matrix gradually diminishes.

The nanograin content steadily rises after about 40 min of
heat treatment, together with the interface component, while
the depletion of Fe in the residual material continues. At this
moment the growing nanograins reach their size and density
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that correspond to the final values of the hyperfine fields for
the nanograins and interfaces [Fig. 3(a)]. After about 60 min
of annealing the relative fraction of interfaces seemingly
saturates and only the nanograin fraction continues to rise
on account of the residual amorphous matrix. This behavior
clearly indicates a nanograin growth process. The amount of
Fe in the bulk of nanocrystals increases more rapidly compared
to that at their surfaces. The increased number and density of
nanograins eventually leads to the formation of agglomerates
which effectively suppresses the contribution of the interface
fraction while the number of Fe atoms positioned within the
nanograins rises. At this stage, the average grain size reached
a final value of 12 4 3 nm, as derived from x-ray diffraction
pattelrns.12

The hyperfine field corresponding to the nanograins
coincides with the value reported from Mossbauer effect
experiments for bcc Fe at a particular temperature of the
experiment.'® The interfaces are characterized with system-
atically lower (by 1-2 T) values of the hyperfine fields when
their relative content is stabilized. This is in agreement with the
results from high-temperature Mossbauer effect experiments
performed upon the same nanocrystalline alloy.® The relative
atomic fraction of the interface component increases only up
to a certain value determined by the size and the amount
of the nanograins. The hyperfine fields of the interfaces
are low at the onset of crystallization due to a significant
influence of the surrounding paramagnetic amorphous matrix,
and they reach their final values when the first and second
coordinations of iron atoms are completed and stabilized.
The values of the hyperfine fields are also governed by the
broken translational symmetry experienced by the °’Fe atoms
positioned at the surface of the nanograins. From one side
they are surrounded by the perfect long-range ordered atoms
of the nanograin interior. The amorphous matrix, which is
positioned from the other side of the interface atoms, implies
lower values of the hyperfine fields because it contains an
effectively higher concentration of nonmagnetic elements.
They are accumulated namely in close proximity to the newly
developed Fe nanograins, as demonstrated by atom probe
field ion microscopy,'” which might further contribute to
the observed decrease of the magnetic fields. This effect is
more pronounced than a possible contribution of nonmagnetic
atoms positioned in the nanocrystalline lattice itself, which
was estimated to be about 0.2% Zr.'*

The unique possibility to investigate the time evolution of
the nanograins, interfaces, and the residual amorphous matrix
separately upon isothermal annealing allowed for assessing
the crystallization kinetics in this nanocrystalline alloy. We
have considered crystallization according to the Johnson-
Mehl-Avrami nucleation (site saturation nucleation), grain
growth, and impingement®® extended by a simplified model
that assumes two types of spherelike grains: quenched-in
grains (Q) and newly formed grains (F'). We have assumed that
the grains consist of a surface layer and a core. The thickness
of the former was kept constant with annealing time during
simulation. The experimentally obtained time dependencies
of the spectral components [symbols in Fig. 3(b)] were
reproduced by taking into account the contributions from
the surface layers and the bulk of the grains.’ The time
evolution of the relative weights of the amorphous residual
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FIG. 4. (Color online) Ratio of the relative contents of crystalline
and interface components as a function of annealing time at 743 K:
Open symbols, experimental data; solid line, ratio of fits from
theoretical calculations.

matrix (Way ), interface regions (Wyg), and nanocrystals (Wnc)
are expressed as

Wam = (1 — Cp) + (Cp — Cro)
. |:1 — exp (—é—ln ' NE)- [t —1)- v]"’dr)],
3 Jo
(1)

where 7 is the time for formation of N(t)dt new grains which
grow with speed v, w describes the grain growth process, Cy
and C, represent the amount of phase before and after the
transformation, respectively,

ROwr+ (1 — R)Fr

= (- 2

Wir = (1 — Wam) O+ F , 2)
R 1= R)F,

Wm=a—wm>Q“Z:F)N9 3)

with O and F being integral volumes of all quenched-in and
newly formed grains at time ¢, respectively, subscripts IF
and NC denote contributions from interfaces (surface layer)
and interiors of the grains (core), and R stands for the ratio of
the number of quenched-in and newly formed grains.

This model assumes that all nucleation centers are formed
at the beginning of the crystallization and that the rate
of grain growth is governed by the Avrami exponent n =
2.0 £0.2. Using Egs. (1)-(3), the time dependencies of
the relative contents of all three components were fitted
to the experimentally obtained data. The solid curves in
Fig. 3(b) represent the resulting fits. This figure reveals a
very good agreement between the experimentally obtained and
theoretically calculated data for all three components along the
duration of the entire experiment.

In Fig. 4, the evolution of the experimentally obtained
ratio of the relative contents of the crystalline and interface
components (symbols) is plotted as a function of annealing
time. It is superimposed with a solid line obtained from the fits
from Fig. 3(b). It should be noted that in this representation all
possible deviations between the experimental and theoretical

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 86, 020202(R) (2012)

time dependencies for crystalline and interface components
that are hardly seen in Fig. 3(b) now become visible. This
comparison reveals that the experimental results are fully
consistent with the calculated time dependencies even for tiny
details seen at an early stage of the annealing process.

The quenched-in nanocrystallites manifest themselves at
the very beginning with a certain bulk-to-surface (i.e., crys-
talline/interface) ratio. After the 20th minute of annealing,
new nanograins are formed. Their small dimensions favor a
higher contribution of the interface component because the
majority of atoms form the grain surfaces. This is indicated
by a decrease of the crystalline/interface ratio. Finally, from
about the 35th minute, the grain grow process starts and the
ratio steadily increases due to a higher contribution of the bulk
of the grains.

The deviations between the experimentally measured and
theoretically calculated data which are seen between the 45th
and the 65th minute of annealing arise most likely from the
fact that in our model we have calculated the evolution of
an individual grain without taking into account the presence
of the neighboring grains. In reality, however, the growth of
grains is constrained due to impingement. This means that the
grain growth is limited when the grains approach each other
or when they are in very close proximity to the neighboring
grains and surrounded by an increased concentration of Zr and
B atoms.'>?! Consequently, the contribution of the surface
layers shows a tendency to saturate whereas the bulk of the
grains still rises. The interface layer thickness towards the
end of annealing is about 0.7 nm, which is in agreement with
0.6 nm reported in Ref. 1.

In conclusion, by applying nuclear forward scattering of
synchrotron radiation in situ in the course of isothermal heating
of FegpZr;B3; Nanoperm, we were able to follow the time evo-
Iution of hyperfine interactions for the nanograins, interfaces,
and the residual amorphous matrix separately. The obtained
results were employed to thoroughly assess the available
models for nucleation and grain growth upon an isothermal
annealing of the amorphous precursor to fine details.

Even though the overall formation of nanocrystals can be
deduced also from other analytical techniques, the approach
proposed here provides the possibility to study separately the
contributions of Fe atoms positioned at different locations
within the interior or at the surface of the nanograins com-
prising also their hyperfine interactions. Furthermore, applied
at different annealing temperatures and to alloys with various
compositions, this method can provide information about
the crystallization kinetics of the technologically important
family of nanocrystalline materials prepared by controlled
crystallization of an amorphous precursor.
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