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Crystallization of rapidly quenched ribbons
on the base of Feg,Si,B,g under isothermal
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The crystallization kinetics of the amorphous alloys on the base of Feg,Si,B,g has been
studied under isothermal annealing using magnetometric method. The apparent crystal-
lization activation energy of E, and Avrami exponent n have been determined. The
admixtures of Ni and Mo have been shown to influence weakly on the values of E, and n.
The apparent activation energy of crystallization for the ribbons produced using industrial
raw materials coincides within the experiment accuracy with that for the alloys of identi-
cal composition produced from chemically pure components. It has been also ascertained
that the n value is determined mainly by the chemical composition of alloy rather than by
the thickness of the rapidly quenched ribbon.

MarsuroMeTpuuecCKUM METOJOM HCCJIeJOoBaHA KUHETHKA KPUCTAJIU3AIUU aMOP(QHBIX
cniaBoB Ha ocHoOBe Feg,Si B, B mpomecce ux msoTepMuuecKuX OTKHUroB. OIpeneseHs DHEP-
rusd aKkTuBanuu Kpucrannusanuu E, u noxasarens Aspamu n. Ilokasano, 4To no0aBKHU Ni n
Mo cnab6o BausiIOT Ha 3HAYEHUS E, n n. OHeprus aKTUBAUWHU KPUCTAIIM3ALUHU AN JIEHT,
M3TOTOBJEHHBIX C MCIIOJb30BAHMEM IIPOMBIILJIEHHBIX JUTATYP, B IIpPegeaax IIOIPEeIIHOCTH
COBIIZIA€T C COOTBETCTBYIOIIMM 3HAUEHMEM /[Js CILJIABOB TOI'O K€ COCTABA, M3IOTOBJIEHHBIX
M3 XMMHUYECKH UYMCTBHIX KOMIIOHEHTOB. ¥ CTAHOBJIEHO TAKJKE, YTO BEJUYMHA N 3aBUCHUT, IJIAB-
HBIM 00pas3oM, OT cocTaBa aMOP(HOI'O CILIaBa, a4 HE OT TOJIIMHBI ObICTPO3AKAJEHHOM JIEHTHI.
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Amorphous metallic alloys (AMAs) on
the base of Fe-Si-B system are suitable as
core materials in distribution transformers
because of their low core losses and rela-
tively high saturation magnetization. These
properties are improved or at least remain
unchanged when doping the alloys of the
above basic composition with Ni and Mo. It
has been established that complex doping of
the basic AMA composition with Ni and Mo
increases the resistivity thereof from 90—
120 to 130-160uQ-cm, thus favoring to re-
duce the eddy currents energy losses [1] and
essentially influences crystallization tem-
perature T, and the majority of magnetic
parameters [2]. Optimum proportions of
these dopants enable to provide desirable
combination of service characteristics.

Functional materials, 12, 2, 2005

On the other hand, the doping elements
may strongly affect the thermal stability
under real operational conditions. There-
fore, the crystallization of the alloys has
been extensively studied. Although a num-
ber of works have reported the crystal-
lization process of Fe-Si-B AMAs [3-5],
there are very few studies on its relation to
the amorphous structure and the presence
of 3d admixtures. The crystallization behav-
ior of some AMAs including Fe-Si-B alloys
has been examined by transmission electron
microscopy, X-ray diffraction and differen-
tial thermal analysis, and a general trans-
formation sequence on crystallization of the
AMAs has been proposed. The crystal-
lization kinetics in hypoeutectic, eutectic
and hypereutectic Fe-Si-B AMAs has been
studied in [4] and the compositional depend-
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Table. Apparent activation energy of crystallization (E,) and Avrami exponent (n) for AMAs on

the base of Feg,Si,Byg

# Content Type of AMA |Thickness D, pm| E,, kJ/mole n

1 Feg,SixByg ¢ 30 340 2.7
2 Fey5 551,B1gNiz sMog ¢ 28 280 2.4
3 Fe7s 5Si,B1gNiz sMog t 40 220 2.8
4 Fe7s 5Si,B1gNiz sMog t 28 280 2.8
5 Fey5 551,B1gNiz sMog t 30 250 2.8
6 Fe7s 5Si;B1gNig sMog t 30 290 2.7
7 Fe,gSi,BgNi;Mog c 28 240 2.9
8 Fe;7 551,B1gNiz sMo, ¢ 32 300 2.9

ence of the effective crystallization activa-
tion energy and the Avrami exponent have
been reported. Although the compositional
dependence of the Fe-Si-B AMAs crystal-
lization process has been extensively exam-
ined from the various points of view as
mentioned above, very few studies have
been reported on the relation of the crystal-
lization behavior to amorphous structure.
Recently, a structural model that explains
well the compositional dependence of struc-
ture-sensitive properties and crystallization
kinetics of Fe-Si-B AMAs has been pro-
posed [5]. The purpose of this work is to
investigate the influence of Ni and Mo
dopants on Feg,SisByg crystallization kinet-
ics and to examine the possibilities to use
the industrial raw materials for AMAs proc-
essing.

Amorphous metallic alloys on the base of
FegsSioByg shaped as 10 mm wide and 20—
40 pm thick ribbons have been prepared by
single-roll quenching technique. The sam-
ples were prepared both from chemically
pure components (c-glasses) and from indus-
trial raw materials (¢-glasses). The t-glasses
have been produced using the industrial FB-
17 Fe-B alloy (containing up to 20 mass % B,
1.4 mass % Al, 0.4 mass % Si, 0.1 mass % C),
raw silicon (99.4 mass % purity), Mo and Ni
(99.8 mass % purity). The c-glasses have
been produced using Fe (99.96 mass %), Ni
(99.92 mass %), Mo (99.9 mass %), semi-
conducting Si (99.999 mass %) and amor-
phous B (99.9 mass %). The melt tempera-
ture before ejecting through rectangular
nozzle was 1300-1350°C, the speed of a
disk made of chromic bronze 600 mm in
diameter was 820-850 min~!l. The melt
ejecting pressure of the changed within lim-
its of 15—25 kPa. The gap between nozzle
and disk was increased from 0.15-0.2 mm
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up to 0.25-0.3 mm. The AMA contents
have been controlled by the X-ray fluores-
cence and are presented in the Table.
Magnetometric measurements have been
used to analyze the crystallization kinetics,
because the crystallization of Fe-Si-B
AMAs is accompanied by a sharp rise of
magnetization due to formation of crystal-
line phases with elevated Curie points. Mag-
netometric investigations were carried out
using a Faraday type magnetometer with
microbalance in the temperature range 300—
850 K in the purified argon atmosphere.
The accuracy of the susceptibility measure-
ments Ay/y was better than 1.5 % and that

of temperature AT <0.5 K. Prior to per-
forming magnetometric measurements, all
samples were analyzed by X-ray diffraction.
The results provide an evidence for the
amorphous structure of all as-quenched rib-
bons. No crystalline inclusions were de-
tected.

Temperature dependences of magnetic
susceptibility y(T) have been studied in de-
tails in [2]. The crystallization of all stud-
ied AMAs was found to occur through a
single stage that is typical of eutectic and
hypereurectic alloys [6] and to be accompa-
nied by an essential rise of y. This is seen
clearly in Fig. 1 which presents y(T) curve
for Feg,Si,B4g glass as an example, and evi-
dences the simultaneous formation of Fe;B
and o-Fe based solid solution. A substantial
increase of y upon crystallization of the in-
vestigated AMAs promoted the application
of magnetometric method to the analysis of
its kinetics. Crystallization of amorphous
alloys is well described by the pheno-
menological Avrami equation:

x =(1 - ath), (1)
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Fig. 1. Temperature dependence of magnetic
susceptibility for as-prepared Feg,Si,B,g
AMA.

where x is the crystalline fraction at the
time ¢, a and n are known as the rate pa-
rameter and Avrami exponent, respectively
[7]. Since we analyze the crystallization ki-
netics proceeding from the data on magnetic
susceptibility, it is advisable to present
Eq.(1) as

=D Cam, (2)

Xk - Xa
or in an equivalent form:

Xk_Xa

3)
1gl
& gxk - x@®

=lga + nlgt

through a sequence of routine transforma-
tions. Here, %, and y; are the susceptibili-
ties of the as-prepared and totally crystal-
lized material, y(¢) is the susceptibility at
the time ¢. So, in order to analyze the crys-
tallization kinetics using magnetometric
method, it is necessary to obtain the de-
pendences of y vs. time ¢ of isothermal an-
nealing at different temperatures close to
the crystallization temperature T,. The an-
nealing temperature values for each studied
AMA were selected basing on the appropri-
ate data on T, listed in [2]. The procedure
of such analysis is presented in detail in [8].
Fig. 2 presents typical sets of y(f) curves
fitted according to Eq.(3). Evidently, each
x(t) curve exhibits a linear region that con-
firms the validity of the Avrami equation.
This allows to determine n and the transfor-
mation time. The n values obtained are
found to decrease slightly at higher anneal-
ing temperatures. As it is clearly seen from
Fig. 38, the transformation time is governed
by the Arrhenius law:
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for Feg,Si,B,g (c-glass) (a), Fe,gSi,BgNi;Mo,

(c-glass) (b) and Fe,55Si,B gNis Mo, (£-glass)

(c) obtained at T = 660 (5), 670 (4), 680 (3),

690 (2), 700 (1) and 710 K (6).

lgt

t =tyexplE,/kT], 4)

where T 1is the temperature; £k, the
Boltzmann constant; E,, the apparent acti-
vation energy of crystallization and ¢y, a
time constant. The values of E, and n de-
rived from the experimental data are sum-
marized in the Table (the estimated errors
are +20 kJ/mole in E, and +0.2 in n).

The obtained E, and n values for the
basic Feg,Si,Byg AMA is in a fairly good
agreement with the data of [4]. However, it
should be noted that the presence of both
Mo and Ni results in a decrease of E,, the
influence of Mo being considered to be of
more significance. The presence of Ni in
Fe-Si-B AMAs for high-frequency applica-
tions is necessary from the standpoint of
their magnetic properties [9]. Another im-
portant result is the fact that the crystal-
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Fig. 8. Dependences of lgt vs. T7! for

Feg,Si,Byg (c-glass) (a), Fe,gSi,BgNi Mo,
(c-glass) (b) and Fe,5 Si,BgNiz sMo, (£-glass) (c).

lization activation apparent energy occurred
to be almost the same for c- and ¢-glasses of
identical composition (within the experi-
ment accuracy) that provides the possibility
to use industrial raw materials in AMASs’
processing. However, the values of E, ex-
hibit a trend to decrease with increasing
ribbon thickness. This may reflect the influ-

ence of atomic inhomogeneities being
formed in Fe-Si-B AMAs doped by Ni and
Mo [2].

The Avrami exponent n, according to [7],
could be factorized as follows:

Here n; is determined by the nucleation
rate and varies from 0 (for quenched-in nu-
clei) to 1 (for constant nucleation rate), n,
takes a value of 1, 2 or 3 depending on the
dimensionality of the ecrystal growth. The
parameter p is determined by the mecha-
nism that controls crystal growth and is
equal either to 0.5 for diffusion controlled
(parabolic) growth or to 1 for interfacial
(linear in time) growth. Since the crystal-
lization process in Fe—B AMAs is known to
be diffusion-controlled [10], one can expect
n being equal to 2.5 in the case of linear
nucleation rate. However, n > 2.5 for all
investigated alloys (except for AMA #2).

Reasoning from the findings presented
in [4], according to which the nucleation
rate in this type of AMA is suppressed by
the presence of Si, we consider this fact as
the evidence that due to addition of Si, the
crystal growth becomes not purely diffu-
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sion-controlled (i.e. 0.5 < p < 1). Another
important observation is that the t¢-glasses
are characterized by somewhat higher n val-
ues than c-glasses of similar composition.
We believe that the only reason of such
behavior is that p in a former case is
higher, closer to 1. This is confirmed by the
data of direct determination of p by trans-
mission electron microscopy [11]. In con-
trast to E,, no effect of ribbon thickness on
the n values is found, thus allowing to con-
clude that the processes of nucleation and
growth are determined mainly by the chemi-
cal composition of AMA rather than by so-
lidification parameters. The slight increase
of n with increasing annealing temperature,
as mentioned above, has been also observed
for other amorphous systems [12]. Accord-
ing to [4], this may be attributed to some
increase of n;, though the physical nature
of this phenomenon remains obscured.

Thus, the apparent activation energy of
crystallization E, is weakly influenced by Ni
and Mo additions to Feg,Si,Big and is al-
most the same for c- and t-glasses of identi-
cal composition (though the E, values ex-
hibit a trend to decrease with increasing
ribbon thickness). This supports the state-
ment that the industrial raw materials are
of good prospects to use for Fe-Si-B AMAs
manufacturing due to lower process costs.
Values of the Avrami exponent n suggest
that the crystallization of the studied
AMAs is not purely diffusion-controlled (it
is intermediate between parabolic and linear
growth) and is determined mainly by the
chemical composition of AMA rather than
by solidification parameters.
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Kpucragizamig mBuaKo3arapToBaHMX CTPiYOK HA OCHOBI
Feg,Si,Bg mpu izorepmiunux Bigmamax

O.11.Bpyodvko, B.K.Hocenrxo, M.I.3axapenko, IO.I1.Cknapoé

MarniToMmeTpYHUM METOLOM JAOCJIiI:KeHO KiHeTHMKY KpucTajisallii aMopdHUX cHJIaBiB Ha
ocHoBi Feg,Si,B g B mpomeci ix isorepmiunmx Bigmanis. BusHaueni emepria axTumsamii xpuc-
ramisanii E, i nokasamk Aspawmi n. Ilokasaro, mo mob6asku Ni i Mo ciabko BmiuBamoTh Ha
snaueHHa E, i n. Enepria akrupanii kpucramisamii gua CTPidoK, BUTOTOBJIEHUX 3 BUKOPHUC-
TAHHAM IIPOMHCJIOBUX JIiraTyp, B MeKaX MHNOXMOKM eKCIepPHMEHTY CIIiBIajgac 3 BiAmoBimHum
3HAUEHHSAM /[JIs CILJIaBiB TOr0 K CKJIAAy, BUIOTOBJEHHX 3 XIMIUHO YHMCTHX KOMIIOHEHTIiB.
BceranoBieHo TakoK, IO BeJMUMHA 71 3aJ€KUTH, 'OJJOBHMM YMHOM, BiJg CKJIagy amMop(HOIo
CIIJIaBy, a He BiJ TOBIMWHM IIBUIKO3AarapTOBAHOI CTPiuKuU.
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