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Enhancement of soft magnetic properties in the selected group of amorphous alloys was examined by different
experimental methods. It was shown that permeability for annealed samples (at T for 1 h; 300 K < T, < 900 K)

plotted vs.

Ta shows a maximum at which is 700, 725, 725, and 750 K for Fessz2B14Y2, FQSQNb2B14Gd27

FegaNbaB14Tbhs and FegaNbaB14Dys alloy, respectively. For samples after the optimization annealing permeability
is at least 10 times higher than in the as-quenched state. The optimized microstructure is free of iron nanograins

and corresponds to so-called relaxed amorphous phase.
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1. Introduction

It is well known that soft magnetic properties of iron
based amorphous alloys can be enhanced by applying a
specific annealing at temperatures close to crystalliza-
tion temperature. After such annealing a low field mag-
netic permeability can increase even 20 times and a co-
ercive field can go down below 1 A/m [1-8]. The ob-
served effects are explained by formation of an optimized
microstructure which in general can be of two types:
(i) iron nanograins embedded into a residual amorphous
phase [1-5] or (ii) the so-called relaxed amorphous phase
free of iron nanograins for which free volume and internal
stresses are significantly reduced [2, 6-8]. The type of the
optimized microstructure strongly depends on alloying
additions and parameters of the applied annealing. In-
fluence of RE (rare earth) additions with a high localized
magnetic moment on magnetic properties and crystal-
lization of the same group of amorphous alloys in the as-
quenched state have been already reported in [9] and [10],
respectively. It was shown for example that 2 at.% of RE
addition leads to an increase of the Curie temperature by
no more than 34 K (for FegaNbyB14Gds) in relation to
the reference FegaNboB14Y5 alloy (Tc = 416 K) [9]. A
strong spin—orbit coupling of Tb and Dy atoms leads to
an additional magnetic anisotropy of the examined al-
loys and to a magnetic hardening (permeability drops
down about 5 times and a finger-print domain struc-
ture appears) [10]. Moreover, a localized magnetic mo-
ment of RE atoms cause an increase of the activation
enthalpy of crystallization by about 0.8 eV (4.4 eV for
the FegaNboB14Ys and 5.2 eV for the FegaNbyB14Tho
alloy) [10].

*corresponding author; e-mail: artur.chrobak@us.edu.pl

The aim of the present paper is to study the optimiza-
tion of soft magnetic properties in the family of amor-
phous alloys of type FegaNboB14REs (RE =Y, Gd, Th
and Dy). The key point is to examine an influence of
different thermal annealing on magnetic properties and
formation of the so-called relaxed amorphous phase. The
FegaNboB14Y 5 alloy with non-magnetic yttrium is taken
as a reference alloy because Y has similar to RE atomic
radius.

2. Experimental procedure and results

The examined amorphous alloys were prepared by ap-
plying a melt spinning technique in a helium atmosphere.
The melt was prepared from pure binary REFe; (RE=Y,
Gd, Th, and Dy) and NbFe; compounds. The purity of
the initial metals were : Fe (99.99 wt%), Y (99.96 wt%),
Gd (99.96 wt%), Tb (99.96 wt%), and Dy (99.96 wt%).
Rare earth metals in a form of binary compounds REFe,
and NbFe; were primarily obtained by the arc-melting
technique from metals of the same purity. The obtained
alloys were in the form of strips with thickness and width
of 2025 pm and 3 mm, respectively. The melt spun
ribbons in the as-quenched state were annealed at tem-
peratures T, (300 K < T, < 900 K) for 1 h, and for
annealed samples the following measurements were car-
ried out: (i) low field magnetic permeability (Agilent
meter E4980a, field 0.5 A/m), (ii) magnetization ver-
sus temperature (Faraday type magnetic balance, field
0.5 T, 300 K < T' < 1100 K, heating rate 5 K/min) and
(iii) Mossbauer spectra (standard transmission geometry
with constant acceleration drive). Moreover, for selected
samples, magnetic domain structure was examined us-
ing Zeiss optical microscope adopted for magneto-optical
Kerr microscopy.

Figure 1 shows the low field magnetic permeability
1 measured at room temperature for annealed samples
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Fig. 1. Low field magnetic permeability measured at

room temperature versus 1 h annealing temperature 7y,.
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Fig. 2. Normalized magnetization versus temperature

for sample preliminary annealed at different temper-
atures for (a) Fegsz2B14Y2, (b) FGSQNb2B14Tb2,
(C) FegngQBmGdQ, and (d) FegngQBMDyz.

plotted versus Ty, (for the as-quenched state T,, = 300 K).
One can see that in all examined cases p(7,) curve shows
a distinct maximum indicating that 1 h annealing at a
well-defined temperature (denoted as Tp,,) causes a signif-
icant enhancement of the magnetic permeability. In fact,
according to Fig. 1, annealing at T, results in more than
a tenfold increase of u.

Figure 2 shows magnetization in saturation versus tem-
perature determined for samples of different alloys in
the as quenched states, after preliminary annealing at
T,p (the optimization annealing) and after preliminary

annealing at T, > T,,. One can see that for samples in
the as quenched states magnetization drops down with
temperature and at T > 450 K the examined alloys
are in paramagnetic state. In temperature range 800 <
T <900 K magnetization in saturation strongly increases
due to formation of iron nanograins which was confirmed
by X-ray examinations and high resolution transmission
electron microscopy observations [3]. At temperatures
T > 900 K magnetization goes down up to the Curie tem-
perature of the already formed crystalline phase. Similar
curves were obtained for samples preliminary annealed
for 1 h at T,, i.e. after the 1 h optimization annealing.
In contrast, magnetization versus temperature for sam-
ples preliminary annealed at temperature 7T, = 850 K
(i.e. at T, > T,p) do not show an intermediate para-
magnetic state. This is obviously due to formation of
iron grains (nanograins) during the preliminary anneal-
ing. In each examined case a residual amorphous phase
with the Curie point at about 416450 K and at higher
temperatures some residual crystallization are detected.
Figure 3a and b shows the Mdssbauer spectra obtained
for samples annealed for 1 h at temperature T,, and at
Ta > Top of the Fegng2B14Y2 and Fegng2B14Tb2 alloy,
respectively.
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Fig. 3. Mossbauer spectra for the FegaNbeB14Y2 (a)
and FegaNbaB14Thy (b) alloys, measured at room tem-
perature for the samples annealed at temperatures 1o,
(the optimization and at higher temperature).

Fig. 4. Magnetic domain patterns obtained the Kerr
microscopy observations for the FegzNbaB14Dys (a) and
FegaNb2B14Ths (b) alloys annealed at To, = 750 K and
Top = 725 K, respectively.
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One can see that the obtained spectra are typical for
the amorphous phase rich in iron. Similar results are
obtained for the Fegng2B14Gd2 and F€82Nb2B14DYQ
alloys. Figure 4a and b show magnetic domain pat-
terns obtained by the Kerr microscopy for samples an-
nealed at T,, for 1 h (the optimization annealing) for the
Fegng2B14Dy2 and Fegng2B14Tb2 alloy, respectively.
One can see that in both cases, the optimized microstruc-
ture corresponds to a well-developed large magnetic do-
mains characteristic for a magnetic state free of internal
stresses.

3. Discussion and conclusions

The results presented in Fig. 1 show that for all ex-
amined alloys magnetic permeability can be enhanced
by applying 1 h annealing at temperatures Ty,: 700,
725, 725, and 750 K for Fegng2B14Y2, Fegng2B14Gd2,
F682Nb2B14Tb2 and F€82Nb2B14DYQ alloy, respectively.
Figure 5 shows T, and the optimized magnetic perme-
ability (determined for samples after annealing at T,)
versus magnetic moment m of RE additions. One can see
that in relation to a non-magnetic Y addition the tem-
perature Ty, slightly increases with increasing m. Sim-
ilar effect was observed in [10] where it was shown that
activation enthalpy of crystallization as well as crystal-
lization heat depend on m in the same way. This means
that high localized magnetic moment of RE atoms cause
a slowing down of diffusion processes. Moreover, accord-
ing to Figs. 1 and 5 the optimized magnetic permeabil-
ity strongly decreases with increasing m which means
that RE additions cause a hardening of the examined
soft magnets — the highest effect is observed for alloys
with Tb and Dy. This is understandable because Tb and
Dy due to a strong spin—orbit coupling introduce to the
system an additional magnetic anisotropy.
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Fig. 5. Temperature Ty, (1 h optimization annealing)

and optimized magnetic permeability (determined for
samples after 1 h optimization annealing) vs. magnetic
moment of RE additions.

The results presented in Fig. 2a—d evidently show
that nanocrystallization of iron in the examined alloys
takes place at temperatures higher than 800 K. It is ev-
ident that for all alloys the preliminary 1 h annealing
at 850 K leads to formation of a composite consisting
of iron nanograins embedded into residual amorphous
phase. In each case, the thermomagnetic curves do not
show a paramagnetic region as it was observed for sam-
ples preliminary annealed at Ty, < T,, and furthermore,
at higher temperatures a residual crystallization is ob-
served. These two facts prove that the 1 h optimization
annealing at 75, does not lead to the formation of iron
nanograins. This conclusion is confirmed by the Mdss-
bauer spectroscopy measurements. In fact, the spectra
presented in Fig. 3a and b obtained for samples annealed
at Ty, and at temperature higher by 25 K are typical for
an amorphous phase rich in iron. The most important
is the fact that for all examined alloys spectra lines typ-
ical for iron nanograins (observed usually at velocity of
about +6 mm/s) are not detected at all. Finally, tak-
ing into account the above arguments one can conclude
that the optimized microstructure for the studied fam-
ily of amorphous alloys is free of iron nanograins and
corresponds to the relaxed amorphous phase. The mag-
netic domain structure, corresponding to the optimized
microstructure, as shown in Fig. 4a and b, consists of
regular large magnetic domains characteristic for a mag-
netic state free of internal stresses. The case of Th and
Dy due to a strong spin—orbit coupling is especially inter-
esting. For these alloys the magnetic domain structure,
corresponding to the as quenched state is of finger-print
type [9] which means that in this case internal stresses
play a dominant role. Comparing the results obtained
in [9] (see Fig. 6 in [9]) and in the present paper one
can conclude that the 1 h optimization annealing causes
a drastic drop down of the internal stresses which mani-
fests in a drastic change of the magnetic domain structure
and an enhancement of the magnetic permeability.

The main conclusions of the present paper can be sum-
marized as follows:

(i) The low field magnetic permeability of the ex-
amined alloys can be significantly enhanced (at least
about 10 times) by applying a 1h annealing at tem-
peratures T,, (700 K, 725 K, 725 K and 750 K for
Fegng2B14Y27 Fegng2B14Gd2, Fegng2B14Tb2 alloy
and FegaNboB14Dys alloy, respectively. (i) In all ex-
amined cases the optimized microstructure corresponds
to the so-called relaxed amorphous phase i.e. amorphous
phase with significantly reduced free volume content as
well as internal stresses. (iii) Magnetic domain structure
corresponding to the optimized microstructure consists
of relatively large regular domains indicating low level of
internal stresses.
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