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Previous works have shown that Nb protects Finemet (Fe73.5Si13.5B9Nb3Cu1) against oxidation. Still, the
material must be annealed in a controlled atmosphere to induce nanocrystallization, otherwise, the oxide
layer that is formed, deteriorates the soft magnetic properties of the material. Since Nb may be replaced
by Mo in Finemet without a significant change in its structure and performance, we studied the effect of
the exchange on the oxidation resistance of the alloy. We found that replacing Nb by Mo enhanced
oxidation resistance. While Nb-alloy’s permeability was 41.3% smaller when nanocrystallized in air than
in vacuum, Mo-alloy’s permeability only decreased by 8.5%. Air annealing would simplify the manufac-
turing process of Finemet products.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

In 1988, Yoshizawa et al. developed a nanocrystalline soft
magnetic alloy called Finemet (Fe73.5Si13.5B9Nb3Cu1), which was a
new system with excellent properties: low iron losses at high
frequencies, tunable magnetic permeability, and good induction
saturation [1]. Demands for smaller and more efficient devices,
make ferromagnetic nanocrystalline materials suitable for applica-
tions in power electronics, telecommunication equipment, and
surveillance systems [2,3].

Finemet-type alloys are first casted as amorphous ribbons
through the melt-spinning technique. Then, they are heat-treated
(between 500 and 600 �C) to induce the precipitation of Fe–Si
nanocrystals. The resulting composite nanostructure consists of
ferromagnetic nanograins embedded in a ferromagnetic amor-
phous matrix. Field annealing (magnetic and/or strength) may be
used to obtain nanocrystalline ribbons with tuned anisotropies.
The heat treatment of the ribbons must be performed in the final
shape of the product (e.g. toroid), because it becomes extremely
brittle in the nanocrystalline state. Annealing in air would be sim-
ple and low-cost, but either vacuum or inert gas (usually Ar or N2)
is necessary to avoid oxidation, which deteriorates the soft mag-
netic properties of the material [4,5].

Some researchers have studied the effect of air-annealing on the
stability of soft magnetic amorphous and nanocrystalline alloys.
Gloriant et al. [6] observed that air affected the nucleation
mechanism and the phases that crystallized during the devitrifica-
tion process of Fe–Co–Nb–B. Blázquez et al. [7] investigated the
effects of high temperature and long-time treatments in air and
argon atmospheres of nanocrystalline Fe–Co–Nb–Zr–B–Cu ribbons.
In this study, both the coercivity and microstructure were
independent of the atmosphere. Mariano et al. [8] reported the
mass gain variation of nanocrystalline Fe73Si13.5B10.5�xNbxCu1

(x = 0, 3, 5) over several hours under O2 atmosphere at 400 �C. They
found that Nb helped to improve oxidation resistance. Sitek et al.
[9] argued that Nb atoms, which are at the periphery of crystalline
grains, block grain boundaries and, thus, protect the material
against oxidation.

In previous studies we reported that Nb may be exchanged by
Mo in Finemet with no detriment of the desired soft magnetic
properties [10–14]. In this work, our aim was to compare the
effects of Nb and Mo on Finemet oxidation when the material
was nanocrystallized in air.
2. Material and methods

Fe73.5Si13.5B9M3Cu1 (M = Nb, Mo) ingots were prepared in an induction furnace.
Planar flow casting in air was used to obtain ribbons 10 mm wide and 20 lm thick.
The amorphous state on both sides of the ribbons was verified by X-ray diffraction,
while the chemical composition was checked by inductively coupled plasma
spectroscopy.

The relative longitudinal permeability of 10 cm long ribbons was measured in a
home-made set-up at room temperature [15]. A coil applied an ac field (ampli-
tude = 0.4 A/m, 0.25 < switching frequency < 1000 kHz), while a secondary air-com-
pensated pick-up coil collected the induced signal. No bias dc field was applied. The
ribbon’s long axis was used as excitation and measurement axis. The ballistic
demagnetizing factors were calculated following the analytic expression proposed
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by Aharoni et al. [16]. Data were acquired and processed through an application
developed in LabView. As-quenched, vacuum-annealed and air-annealed (540 �C,
1 h) samples were measured.

A STD Q600 dual differential scanning calorimetry/thermal gravimetric analysis
(DSC/TGA) instrument from TA Instruments was used to study the oxidation resis-
tance of the alloys during annealing. As-quenched ribbons cut into small pieces
were tested in alumina pans without lids. The samples were heat-treated as follows
in both dynamic argon (20 ml/min), and static air: (i) isotherm at 150 �C, 30 min (to
evaporate any possible water); (ii) continuous heating from 150 �C to 540 �C
at +10 �C/min; (iii) isotherm at 540 �C, 60 min (to induce nanocrystallization).

We performed at least two independent experiments for each of the alloys and
observed reproducible results.
3. Results

We investigated the magnetic softness of Fe73.5Si13.5B9M3Cu1

(M = Nb, Mo) by measuring the magnetic permeability. Fig. 1
shows the frequency dependence of the relative permeability (lr)
of amorphous (as-quenched) and nanocrystalline (annealed at
540 �C, 1 h) ribbons. The samples were annealed in vacuum (to
avoid oxidation) and in air. Both alloys exhibited similar values
in the amorphous state (lr|1 kHz � 900). All annealed ribbons were
magnetically softer than the as-quenched ones due the lower
magnetocrystalline and magnetoelastic anisotropies of the nano-
crystalline structure [17]. Fig. 1 shows close permeability values
for vacuum-annealed ribbons: 10,900 and 11,700 for Fe73.5Si13.5B9

Nb3Cu1 and Fe73.5Si13.5B9Mo3Cu1, respectively. During air anneal-
ing, oxidation hardened the ribbons but affected the alloys differ-
ently. While lr|1 kHz was 10,700 for Fe73.5Si13.5B9Mo3Cu1-similar
to the vacuum-annealed ribbons-, lr|1 kHz was only 6400 for
Fe73.5Si13.5B9Nb3Cu1.

We performed simultaneous DSC (Fig. 2) and TGA (Fig. 3) exper-
iments to study the different effects of Nb and Mo on the oxidation
of Finemet.

Fig. 2 shows DSC runs of the as-quenched samples in both
atmospheres (Ar and air). Temperature is indicated in green
(Y-right axis). The observed transformations are consistent with
previous results (see amorphous ferro-paramagnetic transition,
precrystallization step, and Fe–Si nanocrystallization in Ref. [12]).
We found identical amorphous Curie temperature, onset of pre-
crystallization, and onset of Fe–Si crystallization in air and Ar
annealing (Fig. 2(b)). In contrast, the enthalpy of Fe–Si crystalliza-
tion decreased by 15% in both alloys when annealed in air, while
the crystallization peak occurred slightly earlier (Fig. 2(c)).
Additionally, Fe73.5Si13.5B9Nb3Cu1 exhibited a small exothermic
transformation at 100–120 min during air annealing (Fig. 2(d)).

Fig. 3 shows the mass gain per unit area of the alloys heat-
treated in air. For the baselines, we used the curves corresponding
to the alloys annealed in Ar (not oxidized). The green curve (Y-right
Fig. 1. Frequency dependence of relative permeability of Fe73.5Si13.5B9M3Cu1 (M = Nb, Mo
(540 �C, 1 h). Lines between data points are guides for the eyes.
axis) indicates the temperature during continuous heating and iso-
thermal steps. The mass of the air-annealed samples starts to
increase due to oxidation at the same time when Fe–Si grains start
to crystallize (Fig. 3(b)). The samples experienced a continuous
mass gain throughout the isothermal annealing. First, the oxida-
tion rate was similar for both compositions, but at �100 min the
slope of Fe73.5Si13.5B9Nb3Cu1 curve increased. This phenomenon
took place at the same time the DSC curve revealed the small exo-
thermal transformation (Fig. 2(d)).
4. Discussion

By comparing the final mass gain per unit area of both alloys
after annealing, we found that the replacement of Nb by Mo
improved Finemet’s oxidation resistance. Although both composi-
tions oxidized when nanocrystallized in air, lr|1 kHz of Nb and Mo
alloy decreased by 8.5% and 41.3%, respectively.

The lower magnetic permeability of the air-annealed samples,
compared to the vacuum-annealed ones, indicates that oxidation
increased the magnetic hardness of the material. Butvinova et al.
[18–20] suggested why Fe–Si–B–Nb–Cu ribbons become magneti-
cally harder with surface oxidation. On the one hand, Fe oxides are
magnetically harder than Finemet. On the other hand –and more
importantly–, the surface exerts compressive stress on the interior
of the ribbon: different thermal contractions on cooling from the
annealing temperature between the oxide layer and the nanocrys-
talline alloy strains the ribbon [21]. Since the alloys have positive
magnetostriction (2.2 and 2.7 for Nb and Mo vacuum-annealed
alloys, respectively [10]), the easy axis of the ribbons tilts off the
long axis. This same effect of air heat treatment on the magnetic
properties of iron-based alloys with positive saturation magneto-
striction was also observed by Skulkina et al.[22].

Jen and Lee found that oxygen enhanced crystallization of
Fe78Si9B13 in isothermal treatments [23]. Moreover, Butvinova
et al. [20] reported that air promotes surface crystallization in
Fe–Si–B–Nb–Cu alloys. Our samples exhibited a smaller enthalpy
of Fe–Si crystallization in air than in Ar annealing (Fig. 2(c))
(enthalpy is a traditional measure of the content of the crystallized
product [24,25]). Further studies are needed to clarify whether the
surface and/or volume crystalline fraction of Fe73.5Si13.5B9M3Cu1

(M = Nb, Mo) ribbons differs between air and Ar annealing.
We believe that Fe–Si crystallization triggered oxidation in air

annealing (Fig. 3(b)). Ion diffusion controls the rate of oxide
growth. Grain boundaries, created during crystallization, are faster
paths for oxygen transport. A similar phenomenon was reported by
Wei and Cantor [26], where the oxidation rate of amorphous
Fe78Si9B13 increased at the onset of crystallization in air annealing.
) ribbons: (a) as-quenched, (b) vacuum-annealed (540 �C, 1 h), and (c) air-annealed



Fig. 2. DSC runs of Fe73.5Si13.5B9M3Cu1 (M = Nb, Mo) as-quenched samples. The green curve (Y-right axis) indicates temperature. Zoom-in of different regions of the curves are
also shown ((b), (c), and (d)), together with the enthalpy (DH) of the Fe–Si crystallization peak (c). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 3. (a) Time dependence of mass gain per unit area of Fe73.5Si13.5B9M3Cu1 (M = Nb, Mo) ribbons during air annealing (Ar annealing runs were used as baselines).
Dmass = mass(time)�mass(time = 0). The green curve (Y-right axis) indicates temperature. (b) Zoom of TGA (above) and DSC (below) curves. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Nb atoms (van der Waals radius: 0.143 nm) delayed the crystalli-
zation onset –and thus the oxidation onset– more than Mo atoms,
which are smaller (0.139 nm). Moreover, the second exothermal
transformation, which only appeared in the Nb alloy heat-treated
in air (Fig. 2(d)), might be responsible for the additional increase
of the rate of mass gain at >100 min (Fig. 3(b)) and the lower
permeability of the alloy (Fig. 1).
5. Conclusions

This study proves that Mo favors the formation of a more pro-
tective layer against oxidation than Nb on Finemet ribbons. The
nature of oxide layer in both materials still needs to be confirmed.
We believe that the lower oxidation of the Mo alloy was responsi-
ble for the high permeability of the sample nanocrystallized in air.
These results might be important for simplifying the manufactur-
ing process of Finemet products. Further studies evaluating other
geometries with different area/volume ratio (e.g. thin films and
toroids) are needed.
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