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Influence of Si and Co substitution for Fe in rapidly quenched FeggBi4-type alloy (metallic ribbons form) on
the crystallization temperature, crystal structure and magnetic properties are reported for three different metallic
glasses: FeggB14, FegsSiaBi4, and FegoCo4SiaBi14. At first, the onset temperatures of crystallization process were
determined for both bce-Fe (primary crystallization) and bcet-FesB phase types (secondary crystallization) by
calorimetric measurements with use of 10°C/min heating rate. On the basis of obtained results, the conventional
heat treatment process (with heating rate 10 °C/min and subsequent isothermal annealing) for wound toroidal cores
has been optimized in order to obtain best soft magnetic properties (minimum value of coercivity H. and magnetic
core loss Ps) at frequency f = 50 Hz. For the optimal annealed samples the complex magnetic permeability (', p'")
was measured, in the frequency range 10°-10® Hz. Finally, the stage of the crystallization process was identified
by the use of X-ray diffraction (XRD) method and the transmission electron microscopy (TEM) observations.
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1. Introduction

In the last few years, new generation of high saturation
induction (Bs > 1.75 T) nanocrystalline alloy systems
including FeBCu [1], FeSiBCu [2], FeSiBPCu [3], and
FeSiBPCCu [4] were successfully developed. The maxi-
mum values of B, were obtained for Cu containing alloys,
in which nanocrystallization process was governed by
conventional heating with rate 10-40°C/min, and sub-
sequent isothermal annealing. In 2018, Suzuki et al. [5]
showed that for Cu-free binary FeggB14 alloy the ultra-
rapid annealing process (heating rate > 100°C/s) is suf-
ficient to obtain By ~ 1.9-1.92 T, as well as relatively
low H,~4.6-6.7 A/m. According to T. Liu et al. [4],
for the conventional annealing the appropriate addi-
tion of Cu allows to synchronize the crystallization,
which is essential for excellent magnetic properties. Au-
thors have demonstrated that during annealing process
the microstructure goes through three stages: stress re-
lief, nanocrystallization, and second phase precipitation.
It has been also shown, that for the Cu-free alloy the dif-
ficult nucleation process leads to insufficient nucleation
sites resulting in excessive grain growth [6]. The optimal
magnetic properties were obtained by the annealing in
the pre-nanocrystallization — stress relief stage during
the relaxation process [7].

*corresponding author; e-mail:
lukasz.hawelek@imn.gliwice.pl

The effect of substitution of +2 at.% of Si for Fe, and
further of +4 at.% of Co for Fe, in the initially Cu-free
FeggB14 binary alloy has been shown in the present work,
based on magnetic properties: B(H) relationship, Ps,
and (¢, ). The conventional heat treatment process
of F€86B14, Ft'5584812]3147 and F680CO4SiQB14 alloys was
successfully optimized. Then, the crystal structure of
the annealed samples was verified by X-ray diffraction
method and transmission electron microscopy observa-
tions. The results will be used to optimize newly devel-
oped ultra-rapid annealing process.

2. Experimental

The amorphous alloys with nominal compositions
F686B14, F684SigB14, and FeggCo4Si2B14, in the form of
ribbons with a 33-35 pm thickness and 6.5 mm width
were obtained by melt spinning technique (at 30 m/s
Cu wheel speed). To achieve the optimal magnetic pa-
rameters (min. value of H, and Py at 50 Hz, and Bj),
the toroidal cores were isothermally annealed for 20 min
in vacuum furnace (5 x 107* mbar) at different tem-
peratures from 300°C to 420°C. Amorphousness of
the as-spun and annealed ribbons were studied by X-ray
diffraction (XRD) at room temperature using a Rigaku
MiniFlex 600 diffractometer (CuK,, radiation). The crys-
tallization processes have been monitored by the differ-
ential scanning calorimetry (DSC) with a heating rate
of 10°C/min using thermal analyzer Netzsch STA 449F3.
Transmission electron microscopy (TEM) images in
the bright-field (BF) mode, and selected area diffrac-
tion patterns (SADPs) were recorded using Tecnai
G2 F20 (200 kV) electron microscope. The Remacomp
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C-1200 (MAGNET-PHYSIK Dr. Steingroever GmbH)
magnetic measurement system was used to deter-
mine B(H) and Ps. The complex magnetic permeability
in the frequency range 10*-10%® Hz at room tempera-

ture of the toroidal cores was measured using impedance
analyzer Agilent 4294A.

3. Results and discussion

The fully amorphous state was verified by XRD, and
no evidence of surface crystallization has been found.
The DSC curves are shown in Fig. 1. Two exother-
mal crystallization peaks are visible in the presented
thermograms. The first peak (at 731) corresponds to
the a-Fe crystallization process (bce-Fe type structure),
while the second (at Ty2) to the bet-FesB type phase crys-
tallization process. The calculated difference between
the onset temperatures of two peaks AT = T,o — Ty
is equal to ~ 103 °C for FeggB14, ~ 83°C for Feg,SisB14,
and ~ 99°C for FegyCo4SisB14 alloy. The shift of both
T,1 and T, to the higher values for alloys with higher sil-
icon content indicates the increase of the thermal stabili-
ties of the amorphous alloys against crystallization, and is
consistent with the previous observations [8]. The cobalt
substitution for iron decreases value of T, from 414°C
to 402°C, in turn slightly increases value of T, onset
temperature from 497°C to 501°C. This effect of Co
substitution is well known in the literature [7].

By investigating the effect of annealing temperature
on magnetic properties it was possible to determine op-
timum annealing temperature. The desirable minimal
values of H. and P, were obtained for the following an-
nealing temperatures Ty: 320°C for FeggB14, 330°C for
Feg4SisB14, and 330 °C for FeggCo4SisB14. The measured
hysteresis loops are presented in Fig. 2. The magnetic
parameters such as: B, H., remanence B,, calculated
P, values, and squareness factor Sy = B,/B, x 100%
have been gathered in Table I. The optimized T, values
are much smaller than 7,,;. The difference between T,
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Fig. 2. Hysteresis loops for annealed samples.
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Fig. 3. 3: Magnetic permeability ' and magnetic per-
meability loss u” dependence in the function of fre-
quency 10*-10® Hz for annealed samples.

TABLE I

Magnetic parameters: magnetic saturation Bs, coerciv-
ity H., remanence B,, core losses Ps, and squareness
factor Sy = (B,/Bs) - 100%.

Sample B, B: He Ps S

[T] | [T | [A/m] | [W/ke] | [%]

FegsB14 1.52 | 0.724 | 12.6 0.68 47.6
FegsSiaB1a 1.62 | 0.878 | 10.8 0.53 54.2
FeggCo4Si2Bi14 | 1.69 | 0.61 23.6 1.8 36.1
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Fig. 1. DSC measurement curves of samples annealed

with heating rate 10 °C/min.

and T,, defined as Ty = T,1 — T,, equals 45°C, 84°C,
and 72 OC, for F€86B14, Ft'5584812]3147 and F€80004Si2B14,
respectively. As it was shown in [4] for Cu-free alloys
there is only one optimal annealing temperature that
should be found at the early stage of nanocrystallization
process, just after so called “stress relief” stage.

In case of FeggB14 the H. value of reaches 12.6 A/m,
and P, = 0.68 W/kg. The value of B; at 3000 A/m
is 1.52 T, while B, = 0.724. Thus, the calculated
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Fig. 4.
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TEM images of annealed samples: (a) BF of FeggBia, (b) BF of FegsSiaBi4, (¢) BF of FeggCo4Siz2B14, (d)

SADP of F636B14, (e) SADP of F684SiQBl47 (f) SADP of FGSUCO4SiQB14.

Sy is 47.6%. In case of FegsSisB14 alloy H. decreases to
10.8 A/m, Py decreases to 0.53 W /kg, while B, increases
up to 1.62 T, as well as Sy to 54.2%. Similar effect of
soft magnetic enhancement by limited addition of Si was
observed by Ohta et al. [9]. For Co containing sample,
the By value increases up to 1.69 T at 3000 A/m, while
unfortunately H,. and P also increase to 23.6 A/m and
1.8 W/kg, respectively. Together with deterioration of
soft magnetic properties Sy decreases to 36.1%.

The frequency dependent p’ and p” permeabilities are
gathered in Fig. 3. For binary Fe-B alloy i’ reaches 1200
for f = 10*-10° Hz, and the maximum value of losses
1 is observed at 106 Hz. The soft magnetic properties
of Si substituted alloy are slightly enhanced. The value
of 1/ has been increased to 1270 with maximum value
of u" shifted to 5 x 10° Hz, which may suggest that
the size of nanocrystals has been slightly increased com-
pared to Fe-B alloy. For Co containing alloy, deteriora-
tion of soft properties is visible through the decrease of 1/
to the value p/ = 700. The maximum of u” is observed
at f =9 x 10° Hz.

The first crystal structure verification of the annealed
samples have been done by XRD method, and there were
only very weak peaks emerging in the position of the a-Fe
phase. In fact, TEM observations in BF mode (Fig. 4a—c)
and SADPs (Fig. 4d-f) for all samples proved the pres-
ence of a-Fe nanocrystals of ~ 25 nm in all samples.
However the number of nanocrystals was very limited,
and decreasing for single nanocrystals for Feg,SioB14 al-
loy, while increasing number of nanocrystals for Co con-
taining alloy. Basing on TEM observations the stress
relief /pre-nanocrystalization stage for all samples is vis-
ible. Low and high density amorphous states coexist

with few number of nanocrystals, and such local atomic
arrangement might be responsible for good magnetic
properties.

4. Conclusion

The structural and magnetic properties of convention-
ally annealed F686B14, F684Si2B14 and F680004Si2B14 al-
loys prepared by melt spinning have been investigated.
The main conclusions are as follows:

The optimum 7T, values are much smaller than T,;.
The difference T,1 — Ty, is equal to: 45°C for FeggB14,
84°C for F684SiQB14, and 72°C for FegocO4Si2B14.
TEM BF images for annealed samples prove the ex-
istence of early stage of nanocrystallization process
with limited numbers of a-Fe nanocrystals ~ 25 nm.
For Feg,SisB14 alloy the amorphous state is the most
stable, and only single nanocrystals occur.

Annealed FegySiaBi4 alloy with the smallest nanocrys-
tals content exhibits the best soft magnetic properties
with B, = 1.62 T, H. = 10.8 A/m, P; = 0.53 W/kg,
and highest p/ = 1200 in the range of 10*-10° Hz with
maximum value of " at f = 10° Hz.

The Co addition increases Bs up to 1.69 T, while de-
teriorates the soft magnetic properties: H. = 23.6 A/m,
P, =1.8 W/kg, and p’ of ~ 700.
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