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Temperature dependences of magnetic susceptibility for rapidly quenched FINEMET
type Fe;3 sCuMesSiy; By (Me = Zr, Nb, Mo) amorphous alloys have been studied by Fara-
day technique within 300 to 900 K temperature range. The values of Curie temperature,
magnetic moment per iron atom and crystallization temperature have been determined.
These parameters were found to be dependent on difference of the number of d-electrons
in Fe and Me atoms. The revealed peculiarities in paramagnetic susceptibility behavior are
connected directly with the structure evolution processes in the rapidly quenched ribbons.
This evolution consists in the size increasing of crystal-like inclusions of silicon solid
solution in a-Fe. Magnetically, these inclusions behave as super-paramagnetic particles.

Meromom Papames mcciremoBaHBI TEMIIEPATYDPHBIE 3aBUCHUMOCTH MAarHUTHOU BOCIPHUMMYM-
BocTu OhIcTpOsaKaNeHHBIX ciaBoB tuna FINEMET Fe,; ;Cu;Me;Sii; 5By (Me = Zr, Nb, Mo)
B umHTepBaje Temimepatyp 300-900 K, ompegmenmenbl mx Temnepatypa Kioopu, MarHuUTHBII
MOMEHT Ha aTOM jKejie3a U TeMIlepaTypa KPUCTAJJIU3AIUN. YCTAHOBJIEHO, UTO OTU IapaMer-
PBl KOPPEeJIUupPYIOT ¢ pasHocThbio d-sjeKkTpoHoB Fe um Me. O6GuapysxeHHBIe OCOOGEHHOCTH B
MOBEJeHUY [apaMarHUTHOW BOCIPUUMYUBOCTU HEIOCPEACTBEHHO CBA3AHBI C MPOIlECCaMU
CTPYKTYPHOUM SBOJIONNK OBICTPO3AKAJEHHBIX JIEHT, KOTOpasg 3aKJIOUYaeTcsi B yBeJIUUYeHUU
pasMepoB KPUCTAJJIONOLOOHBIX BKJIOUEHUI TBepAOro pacTBopa Kpemuusa B o-Fe. OTu BKiro-
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YeHUdA B MarHUTHOM OTHOIII€eHUU BenyT cebs Kak cylneplriapaMarHUTHbI€ YaCTUIbI.

Recently, the rapidly quenched FINE-
MET type alloys are of a special interest
keeping in mind the prospects of their in-
dustrial application. Nanocrystalline state
is formed easily in these alloys after certain
heat treatment. This process is accompanied
by corresponding modification of the impor-
tant service properties. In [1], presented is
the way to nanocrystalline state by control-
led annealing of Fe735CU1Nb3S|13589 amor-
phous alloy. The report is of a great inter-
est because such alloys were found to be
similar in the level of their magnetic char-
acteristics (high magnetic permeability and
saturation induction, nearly zero magne-
tostriction and low magnetization losses)
to the precision cobalt-based magnetic al-
loys (in particular, to amorphous ones).
75—80 % of nanocrystalline o-Fe(Si) phase
is formed in Fe735CU1Me3S|135Bg I‘apldly
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quenched alloys of FINEMET type (where
Me is transition metal). These nanocrystal-
lites of 10 to 100 nm size (depending on Me
type) are embedded in the residual amor-
phous matrix [1-3]. The nanocrystallization
of such alloys occurs at 480-550°C within
the frame of so-called main transformation
[4]. Numerous works deal with the studies
of FINEMET alloys. To date, the influence
of Me type on the nanocrystalline state for-
mation processes has been studied quite
comprehensively [5]. The composition and
structure of nanocrystals [6] have been
studied, too. The role of the residual amor-
phous phase in the attaining of optimum
service characteristics has been explained
[7]. The silicon content in nanocrystalline
phase was found to be essentially dependent
on the temperature-temporal parameters of
heat treatment and to vary within 2 to
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21 % range [8]. The presence of dopants
influences significantly the atomic struc-
ture and structure-sensitive characteristics
of the FINEMET alloys and parameters of
their stability against external actions.

However, some aspects remain still far
from understanding in spite of the intense
investigations of this class of materials. In
particular, only fragmentary and even in-
consistent data on thermomagnetic studies
of Fe735CU1Me3S|135Bg FINEMET alloys de-
pending on Me type are available in litera-
ture (the main attention has been paid to
the alloys of routine composition with Me =
Nb). Besides, the initial stages of nanocrys-
tallization have been studied in detail in
[9]. It was shown that the pre-crystal-
lization structure reconfigurations in the al-
loys occur even at the annealing tempera-
tures of about 350°C. This is confirmed by
the increased X-ray small angle scattering,
though till now, the nanocrystallization in
those alloys was believed to occur at essen-
tially higher temperatures.

So, the aim of this work was to study com-
prehensively the thermomagnetic characte-
ristics of FINEMET type Fe735CU1Me3S|13SBg
metal alloys containing different dopants
(Me). A special attention was paid to the
behavior of their magnetic properties within
the temperature range where, according to
[9], certain structural transformations al-
ready take place.

The 2 mm wide and 30—40 pm thick rib-
bon-shaped samples of FINEMET type
Fe735CU1Me3S|13589 (Me = Zr, Nb, MO)
metal alloys have been prepared by single-
roll quenching technique using high purity
(better than 99 %) initial materials. The ro-
tation speed of the quenching disk of
600 mm in diameter made of chromic
bronze was 820-850 minl. The ejecting
pressure was varied from 15 to 20 kPa. All
the as-prepared ribbons were amorphous
that has been confirmed by the X-ray dif-
fraction. The composition of the rapidly
quenched ribbons was controlled by the X-ray
fluorescence analysis. The magnetometric
investigations were carried out in the tem-
perature range 300-900 K in the field of
550 kA/m under purified argon medium
using Faraday-type magnetometer with mi-
crobalance. The accuracy of the susceptibil-
ity measurements Ay/y was better than 1 %
and of the temperature ones, AT <0.5 K.
The heating rate was 8 K/min. The samples
for magnetic measurements were about
0.5 x 0.5 mm? in size.
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Fig. 1. Thermomagnetic curves for
Fe;3 5CuyMo;5Si 5 sBg amorphous alloys: Me =
Zr (squares), Nb (triangles) and Mo (circles)

(solid symbols correspond to heating, open
symbols, to cooling).

Fig. 1 presents the temperature depend-
encees of the normalized magnetic suscepti-
bility x/x300 for three rapidly quenched
Fe735CU1Me3S|135Bg alloys (Me = Zr, Nb,
Mo). These dependences were obtained for
the full heating-cooling cycle within the
range of 300-900 K. The general character
of thermomagnetic curves is seen to be simi-
lar for all studied alloys and proves them to
be ferromagnetic at moderate temperatures.
The magnetization of the samples reduces
rapidly upon heating and, starting from a
certain temperature, which is the Curie
point of the amorphous state (T,), a wide
paramagnetic region is observed (>150 K).
Upon further heating, an essential increase
of magnetization is observed due to forma-
tion of only one (judging from the cooling
branch shape of the experimental curves)
ferromagnetic phase with a significantly
higher Curie temperature. According to the
data from [6, 9] as well as to the results of
our X-ray diffraction experiments, this
phase is a solid solution of silicon in «a-Fe.
The Curie temperature values for the as-
prepared samples and after heating to
900 K have been determined from yx(T)
curves using a routine procedure [10]. The
values obtained are presented in Table 1. In
the case of Me = Nb, those are seen to be in
a good agreement with the data reported in
[11]. The silicon content in the formed
nanocrystalline a-Fe(Si) phase is 19-20 %,
as it follows from the found Curie tempera-
tures and data from [12]. This is in a fairly
good coincidence with the data from [9] ob-
tained under similar heat treatment condi-
tions. Table 1 contains also the crystal-
lization onset temperatures T, for the stud-
ied alloys. As is seen from Table 1, the
parameters indicated exhibit a distinct
trend to reduction in the Zr > Nb — Mo se-
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Table 1. Curie temperatures and crystal-
lization start temperatures of rapidly
quenched Fe,; ;Cu;Me;Si,; 5By ribbons

Me T., K T, K
Amorphous Crystallized
ribbon ribbon
Zr 637 915 760
Nb 614 900 760
Mo 608 890 742

quence, i.e. at the reducing difference be-
tween the numbers of Fe and Me d-elec-
trons. This could indicate an important role
of the electron factor in defining the ther-
mal stability parameters of the studied al-
loys.

The broad paramagnetic region made it
possible to study the temperature depend-
ences of specific paramagnetic susceptibility
¥(T) for the samples. Fig. 2 presents the
obtained y(T) dependences. Magnetic suscep-
tibility for all the studied alloys drops rap-
idly with temperature. Judging from the
experimental data, these dependences in
T, <T < T, temperature range could be fit-
ted by the equation:

__Nu? (1)

L=%0 " 3pr — 0y

Here, yo is a temperature-independent
term in susceptibility; p, the effective
paramagnetic moment per atom of alloy; 0,
the paramagnetic Curie temperature; 2 and
N, the Boltzmann constant and the
Avogadro number, respectively. The first
term in Eq.(1) includes paramagnetic contri-
bution due to conduction electrons and ion
core diamagnetism. The second (Curie-Weiss
like) term in Eq.(1) which is due to magnet-
ism of the magnetic moments localized on
atoms has been found to be dominant for all
the studied alloys. This is evidenced also by
the character of y(7T) curves.

At the same time, it is seen in Fig. 3
that the character of susceptibility wvari-
ation is in fact more complex than in the
case of an ensemble of weakly interacting
magnetic moments, since the temperature
dependence of reciprocal magnetic suscepti-
bility is somewhat nonlinear. y 1(T) curves
could be fitted well by two lines with differ-
ent slopes (such behavior is the most pro-
nounced in a case of ribbons containing Zr
and Nb). It should be noted that the tem-
perature corresponding to the knee in y~
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Fig. 2. Temperature dependences of paramag-
netic susceptibility for Fe,;;;CusMesSiy;5Bg
amorphous alloys (Me = Zr(1), Nb(2) and Mo(3)).

1(T) dependences, almost coincides with the
temperature at which, according to [9], the
structural reconsruction processes start in
the studied ribbons. These processes are
characterized both by a noticeable size in-
crease of crystal-like nuclei (up to 2.8 nm)
and increasing volume fraction thereof.

The magnetic characteristics of the sam-
ples obtained from Eq.(1) (localized mag-
netic moment per Fe atom pp, and paramag-
netic Curie temperature 6) are listed in
Table 2. The up, values were calculated
using the following equation:

HFe = clu/z’

where ¢ = 0.735 is the atomic fraction of
iron in the studied alloys. It is known that
for pure iron, the localized magnetic mo-
ment can be calculated from the formula:

HEe = V4SS + 1), (2)

where S = 3/2 is the spin of Fe atom [13].
The calculated value of ug, = 3.87up (Eq.(2)
is essentially lower as compared to the ex-
perimental data for the studied as-prepared
alloys (and all the more for nanocrystalline
samples). This points to the presence of
structure inhomogeneities even in the in-
itial amorphous material. These inhomo-

Table 2. Magnetic characteristics of amor-
phous and nanocrystalline
Fe;; 5Cu;Me;Siy; 5By alloys

Me Hre> Up 0, K
Amorphous | Nanocryst. | Amorphous| Nanocryst.

Zr 6.56 8.30 618 568

Nb 4.81 - 602 -

Mo 5.56 7.52 609 513
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Fig. 8. Temperature dependences of reciprocal magnetic susceptibility for Fe,; ;Cu;Me;Si 5 5Bg

(Me = Zr (a) and Nb (b)) amorphous alloys.

geneities (or so-called "quenched centers”)
are iron-enriched clusters with parallel ori-
entation of the atomic magnetic moments.
The estimated size of such clusters agrees
well with the results of the X-ray small
angle scattering [9].

Numerous experimental studies of amor-
phous materials (see, for example, [9, 14])
allow to state that the atomic structure
characteristics of the rapidly quenched al-
loys and, consequently, the level of struc-
ture-sensitive parameters (in particular, the
values of magnetic moment) depend essen-
tially both on quenching conditions and on
the alloy composition. It is just these cir-
cumstances that, in our opinion, could de-
fine the revealed dependence of the Fe atom
magnetic moment on the Me type. In fact, it
is well known that the iron possesses a
number of allotropic modifications (u-, y-
and 5-Fe) with different types of the atomic
nearest neighboring. During quenching, the
melt passes step by step the temperature
intervals of stability for those modifica-
tions. Hence, the local atomic symmetry
within various areas of the ribbon could in-
herit the character of any Fe modification,
depending on the alloy composition as well
as on quenching conditions (cooling rate,
the melt overheating temperature, ete.),
which are somewhat different for the alloys
containing different Me types.

As it was stated above, ¥ 1(T) depend-
ences for the studied alloys are of a non-
linear character and could be approximated
by two straight lines with different slopes.
The knee in 3y 1(T) curves presented in Fig. 3
is observed at 700 and 689 K, for Me = Zr
and Me = Mo, respectively. The stated pecu-
liarity, to our mind, is defined directly by
the atomic structure evolution in the rap-
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idly quenched alloys. It proceeds rather in-
tensely in this temperature range and con-
sists in a noticeable increasing of the
nanocrystalline phase grain size. This phase
is the grains of «a-Fe based solid solution of
silicon [9]. These inclusions are charac-
terized by the parallel orientation of spins
for Fe atoms. Judging from the character
of the component redistribution at
nanocrystallization of FINEMET type amor-
phous alloys [3, 6, 15], the residual amor-
phous matrix becomes enriched in nonmag-
netic components (Me, Cu) which are pre-
dominantly concentrated at the
nanocrystal/amorphous phase boundaries.
This results in an essential weakening of
the exchange interaction between nanocrys-
talline inclusions and amorphous matrix. As
a result, the paramagnetic Curie tempera-
ture has to decrease. It is just such a behav-
ior we have observed in experiment. This is
distinetly displayed by the data listed in
Table 2. Taking into account the above, the
o-Fe(Si) nanocrystals formed at initial
stages of the structural evolution could be
considered as super-paramagnetic particles.
The alloys become ferromagnetic only at ele-
vated temperatures (higher than T,), when
the mnanocrystals reach sizes exceeding
10 nm [9].

So, the magnetic characteristics of the
FINEMET type Fe;35CuiMesSij35Bg alloys
were found to be sensitive to changes in the
atomic structure of the ribbons even at in-
itial stages of the structure evolution at
temperatures essentially lower than the
crystallization temperature. Thus, the mag-
nitometric measurements could be considered
as an effective method to control the struc-
tural state of the rapidly quenched ribbons.

To conclude, the temperature depend-
ences of magnetic susceptibility for the
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Zr, Nb, Mo) amorphous alloys have been
studied by the Faraday technique. The Curie
and crystallization temperatures show a dis-
tinct trend to decrease at decreasing differ-
ence between the number of d-electrons in
Fe and Me atoms. This could point to an
important role of the electron factor in de-
fining the stability parameters of the stud-
ied amorphous alloys. The value of localized
magnetic moment per iron atom was found
to be essentially higher that calculated bas-
ing on the number of unpaired electrons
inherent in pure iron. This could be an evi-
dence to the presence of structural inhomo-
geneities (i.e., clusters of ferromagnetic
type) in the as-prepared amorphous mate-
rial. The nonlinear character of y~1(T)
curves is directly conditioned by the evolu-
tion of ribbon atomic structure at heating.
The revealed evolution consists in increas-
ing size of the crystal-like inclusions of a-Fe
based solid solution of silicon. These inclu-
sions could be considered as super-paramag-
netic particles because the exchange interac-
tion between them is essentially weakened
due to the element redistribution occurring
at nanocrystallization of the studied amor-
phous alloys.
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MarsiTHiI BJIACTHUBOCTI aMOpP(pHMX Ta HAHOKPHUCTAJIYHUX
cunaaBiB Tuny FINEMET na ocHoBi 3aJiza

M.I'.Ba6uy, M.I.3axapenxo, M.B.Opnenko

Metogom @apangess mOCIIIKEHO TeMIepaTypPHI 3aeXHOCTI MAr”HiTHOI CUPMHHSATINBOCTI
mBuAKO3araproBaHux amopduux cmiasis tumy FINEMET Fe,; ;Cu,Me;Sij; ;B (Me = Zr,
Nb, Mo) B iurepsani remneparyp 300—-900 K, Busunaueni ix Temmeparypa Kiopi, maruitamit
MOMEHT Ha aToM 3ajisa Ta TeMmMmeparypa Kpucrajnisaiii. BcranosieHo, o 1i napamerpu
KOpearoTh 3 pisauiem d-enrexkrponiB Fe ta Me. BusBieni ocobmuBocTti y mosexminmi mapa-
MAar"iTHOI CHpMHHATIAMBOCTI GeslocepesHbO IIOB’SA3aHI 3 IporecaMy CTPYKTYPHOI eBOJIIOIil
MIBUAKO3arapToOBaHMX CTPIiUOK, II0 IoJsArae y 30iabpiieHHI po3MipiB KpucTamomnomiOHuX
BKJIIOUEHb TBePAOoro po3umHy Kpemuio B o-Fe. Ili BKiatouenHsa y marmiTHomy BigHOmIeHHi
MOBOAATH cebe AK cymepHapaMarHiTHI YaCTUHKHU.
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