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In the present paper the influence of 1-h annealing (temperature range from 300 to 800 K) on magnetic,
plastic and electrical properties of the Fe7s75Ag0.25Nb,Si13Bg, Fe7s75Ag0.25Nb2 B2, Fe74.75A8025CosNb,Byg
amorphous alloys were carefully examined. For all the tested alloys the enhancement of magnetic per-
meability effect was observed—i.e. initial magnetic permeability measured at room temperature for
annealed samples shows a sharp maximum. A possible mechanism explaining this effect is discussed
in detail. Moreover it was found that at room temperature plastic deformation of the annealed sam-
ples depends on the progress of structural relaxation (free volume content). Activation energies and
preexponential factors of the first stage of crystallization process were determined from the isochronal
resistivity curves measured with different heating rates (Kissinger method). The Curie temperatures from
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the magnetization curves versus temperature were also determined.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Amorphous alloys based on iron obtained by melt spinning tech-
nique belong to modern soft magnetic materials. Because of some
unique properties (very high magnetic permeability and also resis-
tivity) these alloys have found nowadays industrial applications
in the field of electrical engineering as magnet cores or different
kind of sensors [1-5]. Moreover magnetic properties of amorphous
alloys based on iron can be significantly improved by applying
a specific thermal annealing [6-9]. The conditions of the so-
called optimization annealing (i.e. temperature and time) strongly
depend on alloying additions and free volume content frozen into
material during fabrication. For many alloys the optimization effect
is explained by formation of a nanocrystalline phase, i.e. forma-
tion of iron nanograins embedded into amorphous surroundings.
Such a microstructure averages out magnetic anisotropy and gives
the enhancement of magnetic permeability effect [10-13]. Some
alloying additions (like 1at% of Cu and 2-3 at% high-melting ele-
ments) make easer formation of the nanocrystalline phase and from
this point of view the efficiency of the optimization annealing is
still under examinations. Nowadays, in literature three different
groups of amorphous and nanocrystalline alloys are considered:
FINEMET (Fe—Cu-Nb-Si-B [14]), NANOPERM (Fe-Cu-Nb-Zr-Hf-B
[15]) and HITPERM (FeCoCuZr-Nb-Hf-B[16-18]).Itis proper to add
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that the main disadvantage of the nanocrystalline magnets con-
sists in material brittleness. In fact, formation of a large number
of iron nanograins into amorphous matrix causes a considerable
increase of brittleness in relation to the as quenched state. There-
fore examination of embrittlement for example via measuring the
deformation corresponding to formation of bending cracks seems
to be especially important [19,20].

Material brittleness of the annealed amorphous alloys can
be reduced by applying special alloying additions causing the
enhancement of magnetic permeability without formation of a
nanocrystalline phase. Indeed as it was shown in [21-27] a sig-
nificant increase of permeability observed in samples free of iron
nanograins was attributed to annealing out of free volume and a
reduction of internal stresses, i.e. to the so-called relaxed amor-
phous phase.

The aim of the present paper is to examine the influ-
ence of small addition of silver atoms (0.25at%=0.50wt%
in the Fe7s575A8025ND,Si13Bg,  Fezs75Ago2sNbaBay,  and
Fe;475A8025Co5NbyB1g  amorphous alloys) on crystallization
processes and plastic properties of the examined material in the
context of the optimization of soft magnetic properties effect.

2. Material and experimental procedure

Experiments were carried out for the Fess 75Ag0.25Nb,Si13Bg, Fe7s5.75A8025Nb, B2
and Fe74.75Ag0.25CosNb,B1g amorphous alloys obtained by melt spinning technique
in the form of strips with thickness and width of about 20 um and 10 mm, respec-
tively. The samples were annealed in the vacuum for 1 h at temperatures T, ranging
from 300 to 800K (step 25K) and at room temperature the following properties
were measured: (i) magnetization curves B= B(H) and permeability versus magnetic


dx.doi.org/10.1016/j.jallcom.2010.07.205
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:stoklosa@us.edu.pl
dx.doi.org/10.1016/j.jallcom.2010.07.205

466 Z. Stoktosa et al. / Journal of Alloys and Compounds 507 (2010) 465-469

field curves u; = ;u(H) (Lake Shore fluxmeter), (ii) parallel magnetostriction coeffi-
cientat saturation magnetic field A (dilatometer with infrared detector), (iii) initial
magnetic permeability and magnetic relaxation A/ =fTa) (A= u(t;) — u(ty) for
t; =0.5min, t; =30 min after demagnetization, field 0.5 A/m, RLC meter of type HP
4284A), (iv) saturation magnetic polarization at temperature 10K and 300 K (mag-
netic induction 7T, PPMS Quantum Design), (v) electrical resistivity (four point
probe), (vi) deformation corresponding to formation of bending cracks calculated
as: e=d[2r (where d is the sample thickness and r is the bending radius) [19,20].

Crystallization kinetics was examined by applying “in situ” measurements of
electrical resistivity versus temperature with different heating rates (0.5-10 K/min).
Based on this kind of measurement activation energies and preexponential factors
of the first stage of crystallization were calculated using the Kissinger method [28].
The Curie temperature of amorphous phase and also the crystallization tempera-
tures of the alloys examined were also determined by applying measurements of
magnetization in saturation versus temperature (magnetic balance, temperature
range 300-1100 K, magnetic induction 0.5 T, heating rate 5 K/min).

Structural changes in annealed samples were examined by applying X-ray
diffractometer X'Pert PW 304060 and high resolution transmission electron micro-
scope (HREM) Jeol 3010 B.

3. Results

All the alloys examined in the as quenched state were amor-
phous which is documented in Fig. 1 where an example of
HREM image and the corresponding electron diffraction pattern
for Fe;7575Ag0.25Nb, B> alloy are shown.

Fig. 2 shows three curves of the normalized magnetiza-
tion in saturation M(T)/M(300K) versus absolute temperature T
obtained for the Fe;s575Ag025Nb,Si13Bg, Fe7575A8025NbyByy and
Fe7475A8025C05Nb,B1g alloys in the as quenched state (heating
rate 5K/min, magnetic induction 0.5T). In this figure one can
distinguish four different temperature ranges of magnetization
change. In the first region, let say “a”, the magnetization mono-
tonically decreases with temperature up to the Curie point of
the amorphous phase T.. The determined values of T. (inflec-
tion point of magnetization curve in the region “a”) are the
fOllOWil‘ng 626K, 636K and 638K for the Fe75.75Ag0,25Nb25i13Bg,
Fe7575A8025NbBya and Fez475Ag025CosNbyByg alloys, respec-
tively. At T>T., let say in the region “b”, the examined alloys
are in paramagnetic state and at higher temperatures (region
“c”) an increase of the magnetization due to formation of aFe
nanocrystallities (nanocrystalline phase) is observed. The deter-
mined temperatures of nanocrystallization (inflection point of
magnetization curve in the region “c”; heating rate 5 K/min) are the
following: 820K, 790K and 725K for the Fe7s575Ag025Nb,Si13Bg,
Fe7575A8025NbyBy2 and Fez475Ag025C0osNbyByg alloys, respec-
tively. It is obvious that in the region “d” magnetization changes
correspond to the crystalline phase.

Fig. 3 shows isochronal resistivity curves p(T) measured with
heating rate 0.5K/min for all alloys examined. Initially, the
resistivity slightly increases with temperature due to scatter-
ing of conduction electrons by phonons of amorphous lattice.
The temperature coefficients of resistivity o« determined from
these curves at 300K are 7.2x10°K-!, 70x10>K-!, and
7.4 %107 K-1 for the Fe75,75Ag0.25Nb25i13B9, F675_75Ag0.25Nb2B22
and Fe;475Ag025Co5NbyByg alloys, respectively. The crystalliza-
tion (nanocrystallization) of amorphous structure is observed at
higher temperatures as a sharp drop of resistivity. The crys-
tallization temperatures determine from the condition dp/dT=0
are the following 780K, 742K and 670K for the same sequence
of the examined alloys. Activation energies Ex; and preexpo-
nential factors Ky; of the first stage of crystallization process
(formation of «aFe nanograins) were determined based on
the resistivity curves measured with different heating rates
(0.5-10K/min) and the Kissinger approach [25]. The obtained
values are Ey;=3.3eV and Kp; =8.2x 101651 E,;=3.1eV and
Koq =2.73 x 1016 571, Ex1=2.8eV and Ko = 1.42 x 1016 Sfl.

Fig. 4 shows initial magnetic permeability measured at room
temperature (field 0.5A/m, frequency about 1kHz) versus tem-

Fig. 1. HREM image (a) and the corresponding electron diffraction pattern (b) for
Fe575A8025Nb,B2; alloy in the as quenched state.
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Fig. 2. Normalized magnetization versus absolute temperature for all alloys exam-
ined (heating rate v = 5 K/min; different temperature ranges are denoted as “a”, “b”,
“c”, and “d” (see the text)).
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Fig. 3. Electrical resistivity versus absolute temperature for all alloys examined
(heating rate v = 0.5 K/min).
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Fig. 4. Initial relative magnetic permeability (field 0.5A/m) u, measured at room
temperature versus the 1-h annealing temperature T, for all alloys examined.

perature of 1-h preliminary annealing T,. As it can be seen in all
cases the curves u;=u(T,) shows a distinct maximum at tem-
perature Top being per definition the 1-h optimization annealing
temperature. Careful examinations of microstructure of the opti-
mized samples (annealed at Top) carried out by applying X-ray
diffraction and high resolution electron microscopy do not show
any traces of nanostructure. This is documented in Fig. 5, where
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Fig. 5. X-ray spectra obtained for Fe;575Ag025Nb2By; alloy annealed at
Ta=Top=623K/1h and at T, =823 K/1h.
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Fig. 6. Parallel magnetostriction (Ag), intensity of magnetic relaxation (Au/p),
electrical resistivity (p) and deformation corresponding to formation of bending
cracks (¢) measured at room temperature versus the 1-h annealing temperature T,
for the Fe;475Ag025CosNb,Byg alloy.

X-ray spectra obtained for Fe;s75Ag025NbyB,; alloy annealed at
Ta=Top=623K/1h and at T, =823 K/1 h are presented.

In order to find a proper mechanism describing the optimization
effect (presented in Fig. 4) additional examination were per-
formed, i.e. for annealed samples magnetic relaxation Au/u =f(Ta),
parallel magnetostriction coefficient As = f{T,), deformation corre-
sponding to formation of bending cracks &£=¢(T,) and resistivity
p=p(T;) were measured. For example the obtained results for the
Fe;475A80.25C0o5Nb,B1g alloy are presented in Fig. 6. Regardless of
some detail, one can see that Au/u, p and € decrease with increas-
ing annealing temperature at least for 600 K< T, < Top K. In contrast
to this Ay significantly decreases starting from T, =350K.

4. Discussion

It is known that silver atoms do not posses magnetic moment
[29] and from this reason one can expect that in the examined
alloys the Curie temperature should be lower in relation to silver
free alloys. Indeed, such a conclusion is confirmed by our results.
Comparing the Curie temperature for the Fe;575Ag25Nb;Sii3Bg,
Fe75.75A80.25Nby By amorphous alloys with T of the Fe;6Nb, Si13Bg
and Fe;gNb,B,; amorphous alloys studied in [23,30] one can con-
clude that the presence of silver causes a decrease of T, by about 10
and 14K, respectively. Taking into account the alloys FeggNb;B1g
studied in [30] and the Fe;475Ag025C0o5Nb,B1g alloy one can con-
clude that Co atoms causes an increase of the Curie temperature.
It is proper to add that boron atoms play similar role on value of
Tc as it was discussed in [30], i.e. increase of T, with increase of B
concentration.

Boron atoms with relatively small atomic radius (81 pm) in rela-
tion to the radius of Fe atoms (124 pm) cause an increase of Fe-Fe
distances [31]. According to the Bethe-Slater graph the exchange
energy can increase with increasing interatomic distances [32] and
it leads to an increase of the Curie temperature.
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Table 1

The Curie temperatures T, the temperatures of the first stage of crystallization Tx; (v = 5 K/min), activation energies and preexponential factors of the first stage of crystal-
lization process (Ex1, Ko1 ), the temperature of the 1-h optimization annealing T, electrical resistivity at 300 K (p300), temperature coefficients of resistivity o determined at
300K (a300), saturation magnetic polarization in the as quenched state at 300K and 10K (J300 and J1o), initial magnetic permeability in the as quenched state p*! and after

optimization annealing at Top, 42", the parallel magnetostriction coefficients A% (

gl
corresponding to formation of bending cracks €9 (and g°P).

and A%"), the intensity of magnetic relaxation (Az/p)®9 (and (Ap/w)°P), deformation

sl

Physical quantity Material

Fe75.75Ag0.25Nb,Si13Bg Fe7s75Ag025Nb2 B2 Fe7475A80.25CosNb,Byg
T [K] 626 636 638
Ty [K] 820 790 725
Top [K] 698 623 598
Ex [eV] 33 3.1 2.8
Ko1 [x10'6571] 8.2 2.7 1.4
P300k [x10-8 Qm] 172 162 186
300k [x105K-1] 72 7.0 7.4
A8 % 108 17.7 124 204
A2t 105 2.0 2.8 5.2
J300 [T] 1.22 1.28 1.10
Jio [T] 1.40 1.47 1.13
(Apfp)sa [%] 8.1 16.7 13.0
(Apfp)rt [%] 49 1.4 2.3
84 0.0583 1 1
ot 0.0181 0.0153 0.0927
o 510 420 500
ut 4550 7400 4430

The influence of silver atoms on the temperature of the first
stage of crystallization is similar which also was discussed in[33,34]
for FeAgSiB alloys. For example Ty; for the Fe;s75Agg 25Nb,Sij3Bg
alloy in relation to the Fe;gNb,Si3Bg alloy [23] is lower by about
40K.

The material characteristic determined in the present paper, i.e.
the Curie temperatures T, the temperatures of the first stage of
crystallization Tyx; (v = 5 K/min), activation energies and preexpo-
nential factors of the first stage of crystallization process (Ex1, Ko1),
the temperature of the 1-h optimization annealing Top, electrical
resistivity at 300K (0390 ), temperature coefficients of resistivity o
determined at 300 K (a/3gg ), saturation magnetic polarization in the
as quenched state at 300K and 10K (J3g9 and J1¢), initial magnetic
permeability in the as quenched state 1{°? and after optimization

annealing at Top 12", the parallel magnetostriction coefficients Ag!

(and Agﬁt), the intensity of magnetic relaxation (Ap/p)®9 (and
(Ap/r)°Pt), and finally the deformation corresponding to forma-
tion of bending cracks £%9 (and £°Pt) are presented in Table 1.

The results presented in Fig. 3 show different behavior of the
examined alloys during heating. Indeed, the Fe;5 75Ag025Nb,Si13Bg
alloy crystallizes at higher temperature which can be explained by
the presence of Si atoms with higher atomic radius (118 pm) than
B atoms.

From this table and Fig. 4 one can conclude that initial magnetic
permeability for the examined alloys significantly increases after
the optimization annealing. Indeed, the ratio 2" /%7 is about 9,
15 and 9 for the Fe75.75Ag0.25Nb25i13Bg, FE75_75Ag0_25Nb2322 and
Fe;475A80.25Co5Nb,Bg alloy, respectively. It was already men-
tioned that this effect cannot be explained via formation of a
nanocrystalline phase because such a phase was not detected in the
optimized samples (X-ray diffraction and high resolution electron
microscopy techniques). For this reason the observed changes of
magnetic properties should be attributed to the relaxed amorphous
phase.

In literature in the context of the optimization effect, three dif-
ferent mechanisms are discussed. The firstis related to the decrease
of the magnetoelastic energy due to a decrease of the magnetostric-
tion coefficient and stress. In our case (see Table 1) A" > Agﬁ’[) for
all examined alloys. The second mechanism of the enhancement
of magnetic permeability effect is related to the so-called stabiliza-
tion energy describing the interaction of structural defects with the

magnetization vector within the magnetic domain. Such defects in
amorphous structure, according to Kronmiiller, consist of atomic
pairs in the vicinity of free volume [35].

The presence of high free volume (high concentration of
microvoids) in melt spinning metals can be explained based on the
melting model of metals, e.g. [36].

Annealing out of free volume leads to a reduction of stabiliza-
tion energy and to increase of permeability. From Table 1 one
can see that for all examined alloys (A /p)®9>(Aw /)Pt which
mean that annealing at temperatures T, < Top leads to a reduction
of free volume content [23,25]. The third mechanism causing the
enhancement of magnetic permeability lies in increase of magnetic
polarization due to annealing at the temperature Top [23,37].

Annealing out of free volume is also correlated with the defor-
mation corresponding to formation bending cracks. Indeed, from
Fig. 6 and Table 1 one can see that annealing at higher temperatures
(T, >650K) causes an increase of material brittleness. Comparing
isochronal curves related to a change of free volume content, i.e.
Au/=£(T;) and & =¢(T,) one can conclude that embrittlement of
amorphous alloys increases with decreasing free volume content.
From this point of view free volume in amorphous materials plays
similar role as dislocations in crystalline materials.

In the system Fe-Si-B-Nb, the addition of Agg,s causes
an increase of the temperature Top in relation to the sys-
tem Fe-Nb,-Si-B [38]. On the contrary, for the FeNb,B,, and
FeNb,CosBg alloys such increase is not observed.

Silver atoms show relatively weak solubility in iron and from
this reason some nucleation centers for precipitation of aFe(Si)
crystalline phase can be formed easily. However, Nb atoms with
high atomic radius (208 pm) cause a slowing down of diffusion
processes and what follows make the growth of aFe(Si) crystallites
more difficult.

5. Conclusions

The main conclusions from his paper can be summarized as
follows:

¢ In the examined alloys due to the enhancement of soft mag-
netic properties effect (1-h annealing at temperatures Top listed
in Table 1) permeability increases about 9, 15 and 9 times in
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relation to the as quenched state for the Fe;575Agg25Nb,Si13Bg,
Fe7s575Ag025Nb2B2y and Fezq75Ag025CosNbyByg alloys, respec-
tively.

e Silver atoms as an alloying additions cause a decrease of the Curie
temperature of amorphous phase.

e Silver atoms as an alloying additions cause a decrease of the tem-
perature of the first stage of crystallization.

e Embrittlement of the examined alloys measured as a deforma-
tion corresponding to formation of bending cracks increases with
decreasing of free volume content.
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