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This paper presents the results of numerical analysis of the primary magnetization curves, which were
obtained under the assumptions of the theory of approach to ferromagnetic saturation described in by H.
Kronmdiller. Test samples of the Fe,Si, B, alloy were tape-shaped materials, which were subjected to
isothermal annealing, not causing their crystallization. The investigated ribbons (tapes) were characterized
by a very high saturation magnetization value of approximately 2T, which the thermal treatment has increased
by about 10%. It was found that reason for the change of saturation magnetization of the investigated
samples was the local rearrangement of atoms due to diffusion processes leading to the release of free
volumes to the surface and combining of them into larger unstable defects called pseudodislocational

dipoles.
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Since the beginning of the first metallic glass produced
amorphous materials, these have become the object of
interest of scientists from many fields of science but in
particular specialists in physics and materials science. The
group of precursors of amorphous materials include thin
films produced by electrochemical method [1-3], which
the application was not exactly satisfactory. The big
breakthrough in the production of amorphous alloys came
when Pond and Maddini [4] and Chen and Miller [5]
presented to the world the first work in which the
amorphous sample was a tape with a thickness of several
tens of micrometers Since then, a number of methods
enabling the production of amorphous tapes to the critical
thickness can now reach over several tens of micrometers
[6, 7]. A particularly interesting group of amorphous alloys
due to the unique ability of application have become FeCoB
amorphous matrix materials exhibiting magnetically soft
ferromagnetic properties [8, 9]. Initially, when GubaLow
[10] and others obtained amorphous ferromagnetic, this
fact was for them unacceptable. The reason for this was
conviction existing at the time, that the ferromagnetic state
was associated exclusively with crystalline materials, for
which a well-described and known domain structure was
present. As it turned out later, for the existence of
ferromagnetism crystalline structure is not necessary. The
amorphous tapes are typically made on a single rapidly
rotating cylinder which is cooling the melt, giving access
to cooling speeds within 10° - 10%K/s [11, 12]. So huge
cooling rates are the reason for the so-called freezing of
the structure and limiting the diffusion of atoms over long
distances, which blocks the nucleation. Generally in
ferromagnetic amorphous materials there is constant
search for new material that may be replacement for
commercially produced and used FeSi based materials.
Absence of crystalline structure and to some extent random
distribution of atoms in a volume of these materials are a
good reasons for their good properties and for describing
the properties of the magnetically soft ferromagnetic alloys.
For those ferromagnetics, we observe a low value of
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coercive field, and what is directly related the small losses
for remagnetization and magnetostriction. [13-15]. Some
of the Fe-based alloys can exhibit the so-called.
magnetocaloric effect [16, 17]. They are characterized by
the relatively high saturation magnetization and magnetic
permeability [18]. The combination of these positive
attributes of amorphous ferromagnetic materials may be
the reason for a significant reduction of losses in electricity
transmission, taking into account the positive impact on
the environment. Reduction of transmission losses of
energy in terms of even one of the city is a huge financial
saving. Therefore, research on the properties of
ferromagnetic amorphous magnetically soft materials is
so important. Currently, we distinguished a large group of
such alloys [19-21]. In addition, the aforementioned
properties can be improved by thermal treatment. The heat
treatment process must be designed and may involve
heating the material to a suitable temperature in a
predetermined time or at the annealing at a constant
temperature and a specified time [22, 23]. Mostly the
process of thermal interference to the amorphous sample
leads to its nanocrystallization and then, if any,
improvement of the magnetic properties is explained based
on the random anisotropy model, which was proposed by
Herzer [24, 25]. It also happens that the same heat
treatment process without nanocrystallization of
amorphous precursor leads to a homogeneous structure
and a local increase in the number of magnetic moments
in a given volume. It is known that in amorphous alloys
there exists chemical and topological disorder, which is
reflected by fluctuations in composition and density. It is
relatively easy to explain the improvement of soft magnetic
properties of nanocrystalline alloys in comparison to
amorphous alloys where it is difficult to demonstrate the
reasons for improving the properties within the amorphous
state. Using the theory of approach to ferromagnetic
saturation developed by H. Kronmdller and based on the
theory of W. H. Brown'’s for model of micro-magnetism
one can perform numerical analysis of the original
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magnetization curves [26] and investigate in an indirect
way the real structure of such alloys. In the amorphous
alloys there are two types of structure defects that can be
related to the defects described in crystal structure. The
structure of amorphous and nanocrystalline materials may
be subjected to computer simulation using Finite Element
Method. The research presented in this paper may give
rise to thermodynamic numerical analysis [27-30].

The paper presents study results for samples in the form
of tapes subjected to the process of isothermal annealing,
which has not led to their nanocrystallization and was the
reason for the increase in saturation magnetization.

Computational details

The test specimens were prepared from the ingredients
are of high purity: Fe - 99.98% at., Si - 99.999% at. Boron
was added to the preparation in the form of an alloy with
the composition Fe, B, .. Components weighed in a
suitable ratio have been melted in an arc furnace under an
atmosphere of argon. During the melting process
additionally an oxygen absorbing titanium was used to
prevent oxidation due to remainings of oxygen in the
chamber. Melting alloy components performed with
operating current of 380 A and an Ar 0.3 atmosphere. The
prepared ingot weighing about 10 g were crumbled into
smaller portions. They were then placed in a quartz capillary
and using the method of melt spinning they were cast to
tapes. Tapes were also cast under a protective atmosphere
of argon at the linear speed of the copper roll 30 m/s. The
product has thickness of about 35 microns and the width
of 3mm. Thus formed, the tapes were divided and a series
of thermal treatments were done: 650 K/15min. After the
heat treatment samples were examined using X-ray
diffraction. Used to studies X-ray diffractometer (BRUKER
D8 Advance) was equipped with a CuKa X-ray tube. The
examination was performed in a 20 angle from 30° to
120° at a resolution of 0.02° and a measurement time of 5
s per step. Among the annealed tapes these in which
crystalline phases were not detected were used.
Measurement of magnetization as a function of magnetic
field strength was carried out using a vibrating
magnetometer Lakeshore 7300 working to the value of
magnetic field 2 T. Measurement error according to data
from the manufacturer is 0.001 A/m. The initial
magnetization curves and static magnetic hysteresis loops
were measured.

Using the initial magnetization curves their analysis has
been made in accordance with the assumptions of the
theory of H. Kronmuller [1, 2].

Theoretical introduction
According to H. Kronmuller [31] magnetization in strong

magnetic field above anisotropy field |# > R,}' | can be

written as:
AM =AM, +AM_  +AM,. o
where: (AM ) - results from damping of thermally

excitated sprn waves by the external field, (AM _ ) - rises
from internal fluctuations (like anisotropy and density
change), (AM ) -is related to the structural defects.

The first factGr occurring in the equation (1) is so smalll
(of order: AM  ~107%), that in comparison with the other
can be omitted {1, 31]. Therefore, the magnetization in the
vicinity of the so-called. Knees[33] describes the equation
[34, 35]:
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where: M_- spontaneous magnetization, y~ magnetic
permeabrfty of vacuum, H - the intensity of the magnetic
field, a(i=%,1,2) - coefficients of the linear fit, which
correspond to the free volume, and linear defects, b -the
slope of the linear fit corresponds to the thermally induced
damping of spin waves by a magnetic field of high intensity.

The terms appearing in equation (2) are described by 3,
4 and 5.
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where: AV - means a change in volume caused by the
presence of point defects which are characterized by a
bulk density N, A, -exchange constant, G - shear modulus,
r— Poisson’s ratio, A~ magnetization constant.

Equation 3 describes the relationship for i =%z and relates
to the interaction of point defects in the process of
magnetization of the ferromagnetic known as approach
to saturation area. While the the equation 4fori=1(D, <I
where | - Exchange distance) and eq. 5fori=2 (D, >I3
describes the effect of linear defects (pseudo- -dislocationl
dipoles) on the course of the further process of
magnetization in terms of the described area. The distance
of exchange (l,)) is then defined as the distance within
which at least two dipole dislocations.

©)
where A_ is the exchange distance, defined as:
M D,
A = ,}" 2l )
E

where D_ Itis a parameter of spin wave stiffness described
by equatron

k"’ﬁl;.,us,u:
W ar\ Mg, ) ®

<

where: M, -means the magnetic polarrzatrons in5K,C,,

staLa determined by fitting the temperature dependence
of the magnetization of law as a function of magnetic field
strength (WH=1T).

Term b(p H)Y2 is related to the Holsteian-Primakoff
paraprocess [36], describing the increase in the
magnetization determined by the above relationship (5).
The slow growth of the magnetization occurs as a result of
thermal attenuation of spin waves [37]. The b expression
can be determined using the relationship.

1 M\I'E :k_'z-( )l 2
D, J glip ©)

b=3=54g,te#,gr i

where: k - Boltzman constant, 1, - Bohrs magneton, g-
gyromagnetic factor.
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If a strong magnetic field magnetization process is
dominated by the presence of point defects one can then
determine their bulk density using the relationship:

31

Ny =
™ 43 (10)

H

Where the process of magnetization of ferromagnetic
in approach to saturation area occurs under rotation of the
magnetization vector in the vicinity of line defects
(pseudodislocational dipoles) is satisfied, and the right 4 is
fulfilled one can estimate the density of the surface
according to:

L 1
eI 1
I (11)
The use of this theory gives the opportunity to know the
real structure of the alloy and its impact on the process of
magnetization in the field known as approach to
ferromagnetic saturation area.

Results and discussions

Figure 1 shows the X-ray diffraction images of the
samples in the form of a tape in a state after solidification
and heat-treated at a 650 K temperature and for a soaking
time 15min.
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Fig. 1. X-ray patterns obtained for examined samples in the state

after solidification (a) and after the isothermal heating process
650 K/15min (b)

The X-ray diffraction patterns for both the sample in a
state after solidification and after heat treatment are similar
and consist only of a broad peak, which is typical of
amorphous materials. This effect is related to the
dispersion of the reflected X-rays from a samples surface
for which it is impossible to determine the appropriate
pattern. In figure 2 static magnetic hysteresis loops are
given measured for the examined samples in the state
after solidification and after the isothermal heating process.
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Fig. 2. Static magnetic hysteresis loops obtained for the examined
samples in the state after solidification (a) and after the isothermal
heating process 650 K/15min (b)
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Shapes of static magnetic hysteresis loops for both
examined samples are similar. In the central part of the M-
H, value of the coercive force is small, indicating that the
samples can be classified as soft magnetic materials. For
the sample after solidification the value of the coercive
force was 274 A/m and it was higher than for a sample
after isothermal heating process (H, = 237 A/m). The
reason things are taking place lies in the heating process
where relaxation processes are occurring. The energy
delivered to the samples volume is sufficient for atoms
jumping while maintaining the amorphous state. This
means that this energy only allows migration of groups of
atoms through certain barriers appointing another
metastable states.

Studied alloys demonstrate quite a high value of
saturation magnetization, which equals 1.58 Tand 1.82 T
for alloy in the as-quenched state and after annealing,
respectively. The observed changes in the magnetic
properties are the result of the annealing process. During
the heat treatment of investigated alloy there occurs a
structural relaxation, which leads to a higher atomic
packing density within the structure. This results in situation,
where more atoms are taking locally ordered positions.

In figures 3 and 4 the curves of relative magnetization
MIM, versus induction of magnetizing field for the
amorphous Fe,;Si,,B,, alloy, in the as-quenched state and

1171
afteranneallng are shown.
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Fig. 3. Relative magnetization M/M, versus induction of magnetizing
field (u H)™ for the amorphous FemSlnB11 alloy, in the as-quenched
state

In the magnetizing field induction rangep, H)*?) for the
alloy in the as-quenched state is observed (fig. 3). We
may state that in this magnetic field range the
magnetization process in this alloy is dominated by rotation
of magnetic moments near point-like defects [33, 35, 38-
40].

For the sample after annealing, in magnetic field
induction range from 036 T to 0.11 T, the similar shapes
of dependence of the reduced magnetization on ((u,H)*?)
have been observed (fig. 4a). It is also connected to the
rotations of the magnetization vectors in the V|C|n|ty of the
point defects. Additionally, in the case of Fe Si, B, alloy
after annealing the linear dependence of A/7/M versus
((1,H)?) in magnetic field induction range from 011Tto
0.48 T is found (fig. 4b).Such behavior proves that in this
magnetlzing field range the magnetization process takes
place by microscopic rotations of magnetic moments near
quasi-dislocation dipoles for which the reciprocal of the
exchange length (k) and dipole width (de) fulfills the rule
éD <1 [32, 35, 38].

i stronger magnetic fields, of more than 0.74 T and
0.40 T for the samples in the as-quenched state and
annealed state, respectively, a linear dependence

M((u,H)"?) has been observed (fig. 5 a, b). It indicates

REV.CHIM.(Bucharest)¢ 68¢ No. 3 ¢ 2017



0.98

. LHOMT 1.5854
1.580.]
0.96 ]
. 1.575
=
= - 1.570 i -
0.94 ] uH=0.036T Fig. 5. The high- field
1.5654 magnetization curves
12
0924 4 : Fig. 4. Relative 1.560 u"gﬁ(éf&ﬁgus) ;(I)lrotyhe
tization MM,  E . . . — :
z b : 5 \?;E:SS: ilrzlgulzzon 0; = g 08 10 12 14 >amplg in the state after
(WH [T magnetizing field: Co solldlflcatl_on (@) and
0.9 - (1L H) 2 (2) and (11 H)-l 180} after the isothermal
(b)o for the amorpﬁous heating process 650 K/
15min (b
#H=0.40T Fe,Si,,B,, alloy, after 182, (®)
=098, annealing 181
= 1.80 wH=0.40T
0.97 | 1.79 b
06 08 10 12 14
" T T (1 H)“[T™)
3 6 9 12
(1H)'[T]
PARAMETEERS a1 [TH al [TH7] b [TH]] D [10%Vam]]
Table 1
As-cast state 00156 | ——— 0.039 58 DATA FROM HIGH-
FIELD
MAGNETIZATION
CURVES
After thermal freatment 0.0182 0.0018 0.037 &0

that in this field range the magnetization process is governed
by the Holstein — Primakoff process [36, 39].

The results obtained from analysis of the high-field
magnetization curves are presented in table 1.

Using the equation (9) the parameter D__was
determined. This parameter is connected with the csﬁanges
in the nearest neighborhood of the iron atoms. The value of
(D, ) for the annealing sample of the investigated alloy is
higﬁer, which means that distances between the closest
magnetic neighbors are smaller than in case of the alloy in
the as-quenched state [22]. The higher value of spin wave
stiffness parameter (D_) for the annealing alloy value
indicates a high concentration of magnetic atoms per unit
volume, and confirms the high value of the saturation
magnetization.

Conclusions

On the basis of the performed investigations, it can be
stated that the obtained alloy of Fe,Si B, in the as-
quenched state and after annealing, was amorphous.
Moreover, it was found that the heat treatment of alloy has
aninfluence on the magnetic properties of these materials.
During the heat treatment of the alloy occurs
rearrangement of atoms, that leads to a reduction in the
distance between magnetic atoms. This improves the
chemical short-range order. From measurements of
magnetization under the influence of strong magnetic
fields, it was found that the magnetization process of
investigated alloy was influenced by point and linear
defects (called quasi-dislocational dipoles). In the as-
quenched sample, the first law of the approach to
ferromagnetic saturation has been fulfilled. In the case of
annealing alloy, the magnetization process within strong
magnetic fields was found to be influenced by both point
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defects and quasi-dislocational dipoles. In higher magnetic
fields the magnetization process for both samples is
connected with the Holstein-Primakoff paraprocess. From
analysis of the magnetization curves, the spin wave
stiffness parameter for the investigated alloy was
determined. The higher value of this parameter for
annealing sample indicates a higher value of the atomic
packing density of this alloy.
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