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Influence of thermal and thermomagnetic treatments conditions on the magnetic prop-
erties and time-temperature stability of amorphous and nanocrystalline alloys based on Fe
and Co with additions of Mo, Hf, Zr was studied. It was established that the nanocrystalli-
zation in an alternating magnetic field of modified amorphous alloys based on Fe and Co
improved significantly their static and dynamic properties and maintained the high ther-

mal stability of the properties.

HccnemoBano BiMSIHME YCJAOBUN TEPMUYECKHX U TEPMOMATHMTHBIX 00pabOTOK HA MAarHuT-
HbIe CBOMCTBA M TEMIIEPATYPHO-BPEMEHHYI0 CTAOMJIBHOCTL aMOP(MHBIX M HAHOKPHUCTAJINYE-
cKmx ciiaBoB Ha ocHoBe Fe u Co ¢ gobasxamu Mo, Hf, Zr. YceraHoBI€eHO, 4TO HAHOKPHUCTAJI-
JU3anUsA B I€PEMEHHOM MArHHTHOM I10Jie MOIAU(DUIIMPOBAHHLIX aMOPMHBIX CIJIABOB HA OCHO-
Be Fe u CoO cymiecTBeHHO yayulllaeT WX CTATHYECKHE W AUHAMUUYECKNE CBOMCTBA, COXPAaHSA
BBICOKYIO TEMIEPATYPHYIO CTAOMJILHOCTL CBOMCTB.

1. Introduction

The great progress in developing and ob-
taining of soft magnetic amorphous-
nanocrystalline alloys with high magnetic
characteristics was achieved recently [1-5].
At the present time an active search is car-
ried for nanocrystalline soft magnetic alloys
with optimal magnetic properties, operating
at elevated temperatures. In some of studies
for improvement of thermal stability of the
magnetic material characteristics the fol-
lowing measures are proposed: 1) alloying
with refractory metals, 2) increasing the
temperature of nanocrystallization anneal-
ing of modified alloys [6, 7]. At the same
time it is expressed the significant interest
to investigation of correlation between ther-
mal stability of the nanocrystalline struc-
ture of magnetic alloys based on Fe and
temperature stability of magnetic properties
[8, 9]. Group of authors has been developed
(Feg 6C0q 4)ggHf7BgCU4 nanocrystalline alloy
which had high thermal stability of mag-

Functional materials, 19, 1, 2012

netic properties. The operation temperature
of the alloy was 400°C < T < 550°C. How-
ever, the coercive force H, of
(F606C004)86Hf7BSCU1 nanocrystalline alloy
is high and equals to 40 A/m [9-11]. The
high and differentiate requirements depend-
ing on the operation conditions and tasks
are imposed to equipment intended for op-
eration at elevated temperatures. Under cer-
tain operating conditions it is demanded a
higher thermal stability of magnetic proper-
ties and low coercive force, for example, the
magnetometers for ultra-deep wells. The
aim of this work was improving the mag-
netic parameters of soft magnetic amor-
phous and nanocrystalline alloys based on
Fe and Co while keeping high thermal sta-
bility properties. For this purpose the ef-
fects of condition of thermal and ther-
momagnetic treatments (TMT), such as:
temperature and annealing time, cooling
rate after annealing, magnetic field
strength at TMT, on the magnetic proper-
ties and thermal stability were investigated.
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2. Experimental

Amorphous alloy ribbons:
FesC070Si15B 1o, COgq sMog 571y,
Fez3 5CUNb3Siy; 5Bo,
Fe73 5CU1Nb; sMoy 5Siq3 5BgFeggCu Nby sMoy 5
Si13.5B9C04 5, (Feg sC0g.4)g6Hf7BsCUY,
(Feg 7C0q 3)ggHfsM0,ZrB,Cuy were obtained
by the melt quenching on a rotating disk in
an argon atmosphere. The ribbons had
thickness of 20-25 um and width of 5-—
10 mm. The samples had the form of strips
and toroids with an outer diameter of
22 mm and an inner diameter of 16 mm. To
remove quenching stresses samples were
subjected to pre-annealing in vacuum in the
temperature range of 350-400°C for
30 min, and then the samples were cooled to
room temperature at 200°C/h. The samples
were annealed in vacuum in the tempera-
ture range of 500—-600°C to obtain the
nanocrystalline structure depending on the
chemical composition of the alloy. Anneal-
ing time was varied from 30 min to 1 h.
The cooling rate after annealing was differ-
ent: 200°C/h, 1000°C/h, 5000°C/min. Some
samples were nanocrystallized in DC or AC
(f = 50 Hz, f = 80 kHz) magnetic fields of
various intensity (0-12000 A/m). Initial
permeability pg, static and dynamic hyster-
esis loops were measured on the toroidal
samples. The initial permeability was deter-
mined at 80 Hz in a field of 0.05 A/m. The
static hysteresis loops values were measured
using microfluxmeter F-190. The dynamic
hysteresis loops were defined by the auto-
matic magnetometric installation developed
in the Institute of Metal Physics, UD RAS.
The values of Curie temperature T, and
crystallization temperature T, were deter-
mined by standard methods. T, was deter-
mined from the temperature dependence of
the saturation magnetization, T, was ob-
tained from the temperature dependence of

Table 1. Values T, and T, of some amor-
phous and nanocrystalline alloys

Alloy T,, °C | T,, °C
Fe5Co70Siy5B4q 380 480
Cogq sMog 5Zrg 460 540
Fe,3 5Cu;Nb3Si 5 5By 570 540
Fe;3 5CuyNb; sMo, 5Si;3 5Bg 570 540
FeggCuyNb, sMo, 5Si;53 sBgCo, 5 | 470 520
(Feg 6C0g.4)gsHT,BsCuU, 570 600

the electrical resistivity, heating rate of
samples was 5°C/min.

3. Results and discussion

The values of Curie temperature and
crystallization temperature for amorphous
and nanocrystalline alloys are shown in
Table 1.

The magnetic properties of amorphous
F65C0708i15810, C081_5M09_52r9 alloys with
different Curie temperatures and crystal-
lization temperatures, after annealing with-
out field, TMT in AC field (f = 80 kHz) and
quenching in water from T, are presented in
the Table 2. The cooling rate after the
treatments indicated in the Table too.

The Table 2 shows that for amorphous
alloys with A, ~ 0 as the TMT in a high-fre-
quency field as quenching in water, leading
to destabilization of the domain structure,
significantly reduce magnetic losses, coer-
cive force and increase permeability. How-
ever, after the quenching of FegCo;Sii5B4g
amorphous alloy the temperature-time in-
stability of the magnetic properties was ob-
served. The relative change of the initial
permeability of the specimens after quench-
ing and subsequent isothermal aging at
120°C for 60 h is Aug/Hg ~ 7 % . The metal-
loid free Cogq gMog 5Zrg alloy has a higher
temperature-time stability of magnetic
properties. For this alloy the relative
change of the initial permeability after

Table 2. The magnetic properties of the amorphous alloys after various treatments

Alloy Treatment Ho H., A/m Py 5900000 W/kg
Fe;Co,4Sii5B1, Annealing 4500 1.8 30
Quenching in water 45000 0.4
TMT, H_ (80 kHz) 46000 0.4
Cogq sMog 5Zrg Annealing 1200 1.5 35
Quenching in water 50000 0.3
TMT, H_ (80 kHz) 50000 0.3
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Table 3. The magnetic properties of the nanocrystalline alloys after various treatments

Alloy Treatment Ho H,, A/m P0V2v/20000’
/kg
Fe;3 5CuyNb;Siy 5 5Bg Annealing, 520°C, 30 min 40000 0.56 8.0
TMT, H_ (80 kHz) 53000 0.48 5.5
Quenching in water 10000 1.6 -
Fe,3 5CuyNb, sMo, 5Si;5 5Bg Annealing, 520°C, 30 min 42000 0.48 8.0
TMT, H_ (80 kHz) 60000 0.32 4.5
Quenching in water 12 000 1.1 -
FeggCu Nb, sMo, 5Si;5 5BgC0, 5 Annealing, 520°C, 30 min 45 000 0.4 7.5
TMT, H_ (80 kHz) 60 000 0.24 4.0
Quenching in water 14 000 0.8 -

aging at 120°C for 60 h after quenching is
about 8 % . This is probably due to the high
values of T, and T, of this alloy.

It should be noted that the TMT in high
frequency magnetic field reduces the ther-
mal hysteresis of the initial magnetic per-
meability of these alloys. This effect can be
explained by follows. After heat treatment
in high frequency magnetic field the local
magnetic anisotropy of the sample is close
to zero. The initial magnetic permeability
has a maximum value. During thermal cy-
cling from room temperature to 120°C the
change of the initial permeability is mini-
mal, since in this temperature range the
formation of local magnetic anisotropy is
difficult because of the low activity of dif-
fusion processes at these temperatures and
the pinning of the domain walls is just
started (Aug/Hg <8 %).

The magnetic properties of nanocrys-
talline alloys after annealing, the TMO in
the high-frequency magnetic field and water
quenching from T, are compared in the
Table 8. The Table shows that the samples
after quenching have higher values of coer-
civity and lower permeability. It should be
noted a substantial difference in the effect
of water quenching on the magnetic proper-
ties of amorphous and nanocrystalline al-
loys. Apparently this is due to the fact that
as a result of quenching from Curie point
the internal stresses arise in the investi-
gated nanocrystalline samples. It occurs due
to the presence in the structure of alloys of
nanoscale precipitates of the phase a—Fe-Si
with magnetostriction A, ~ —5.1076. The re-
alized structural studies [12] showed that in
the picture of microdiffraction fine reflec-
tions from nanophases o—Fe-Si and Fe;Si
were revealed.
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Under thermomagnetic treatment of the
samples in the field with a frequency of
80 kHz the destabilization of the domain
structure of nanocrystalline alloys leads to
a round hysteresis loops with low coercivity
and low magnetic losses and high permeabil-
ity values. In this case the microdiffraction
picture is characterized by an absence of
internal stresses in the alloy [12].

Investigation of temperature-time stabil-
ity of magnetic properties of nanocrys-
talline alloys after TMT in the high-fre-
quency magnetic field, such as py and H,
showed that the magnetic properties after
the holding at 120°C for 60 h do not change
practically.

The phase composition of the investi-
gated nanocrystalline alloys influences not
only on their magnetic properties, but also
on their thermal stability. Nanoecrystalline
Fe,3 sCuyNby Mo, 5Sis3 sBg alloy has unique
magnetic properties (H, < 0.3 A/m) and the
increased time-temperature stability. The
temperature interval of stability of the
magnetic characteristics of this alloy is 20—
300°C. Magnetic properties, such as, initial
permeability and coercivity do not change
significantly for the nanocrystalline
Fe735CU1Nb15MO15S|135Bg alloy after the
isothermal holding at 300°C for 60 h in dif-
ferent atmosphere (both in vacuum and in
air): Aug/pg <3 %, AH,/H, <38 %. It was
found that the increased temperature-time
stability of magnetic properties is condi-
tioned by the precipitates on borders of the
nanophase o—Fe-Si with nanophase
Fe(Nb,Mo)B, which has the high thermal
stability and hampers further growth of
nanophases a—Fe-Si (Fig. 1) [13].

Nanocrystalline  (Feg gC0q 4)g5Hf7BgCU;4
alloy (annealing at 600°C for 1 h) has the
highest temperature-time stability of mag-

29



B.N.Filippov et al. /| Magnetic properties of modified ...

Fig. 1. Electron micrograph of structure (a) and electron diffraction pattern (b) of
Fe;3 5CuyNb, sMo, 5Si 5 5Bg nanocrystalline alloy after annealing at T' = 400°C — 80 min and sub-
sequent annealing at T = 540°C — 30 min. In the micrograph of the structure it can be seen the
electronic contrast in the form of rings and on diffraction pattern — reflexes within the position

50 nm

Fig. 2. Electron microscopic image of structure (a) and selected-area electron diffraction pattern (b)
of (FepgCoq 4)ggCu Hf;Bg nanocrystalline alloy after annealing at 600°C for 1 h in an alternative

magnetic field [14].

netic properties, due to the precipitation of
Fe,B, Co,B nanophases, which are ther-
mally stable, and the presence of Hf in the
phase (Fe,Co)B (Fig. 2) [14]. The stability
temperature interval of the magnetic char-
acteristics of this alloy is 20-500°C. Change
of coercive force H, did not exceed 8 %
after annealing at 500°C for 30 h. However,
the coercive force value of
(F606C004)86Hf7BGCU1 nanocrystalline alloy
is 40 A/m, that is higher then H, of
Fe735CU1Nb15M0158|135Bg nanocrystalline
alloy.

The effect of thermomagnetic treatments
in alternating and direct fields on the static
coercive force of the mnanocrystalline
(F606C004)86Hf7BGCU1 alloy are studied
(Table 3). The data show that with increas-
ing magnetic field strength the effect of
thermomagnetic treatment increases.

30

Nanocrystallization in an alternating
magnetic field (Hppp = 12000 A/m) of the
amorphous (F606C004)86Hf7BSCU1 alloy al-
lows significantly improve its magnetic
properties, while maintaining high tempera-
ture stability properties (Table 4). H_ de-
creases in 4.8 times and the magnetic losses
P1_5/400 in 4 times, by reason of the change
of behavior of the domain structure and
greater completeness of relaxation proc-
esses, seemingly.

It was shown that an increase in the rate
of cooling after annealing which leads to
nanocrystallization, resulted in lowering the
temperature stability of magnetic charac-
teristics of the alloys. For the nanocrys-
talline (FeOGCOO4)86Hf7BGCU1 alloy the in-
creasing of cooling rate in 5 times
(1000°C/h) changes the initial permeability
Ao/ = 18 % and the coercive force value
AH./H,=15 % at isothermal holding
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Table 4. The effect of magnetic field intensity on coercive force of (FeygCo, 4)g5Hf;BgCu, alloy

under nanocrystallization

Hyyrs A/m | H,, A/m TMT (f = 0) AH,/H,, ° H,, A/m TMT (f = 50 Hz) AH./H,, %
0 13.5 - 13.5 -
1200 9.5 29 8.8 35
2800 7.2 47 6.4 52
5600 5.6 58 4.8 65
11200 4.8 65 4.0 70

300°C for 12 h. When the cooling rate of
the nanocrystalline alloy is 200°C/h the
value of Apgy/pg not exceed 5 %, the value
of AH,./H, does not exceed 3 % at isother-
mal holding 300°C for 12 h. Apparently, as
a result of the rapid cooling in the investi-
gated nanocrystalline samples the internal
stresses appear due to the presence in the
alloy structure of nanoscale precipitates of
the phase o—Fe. Similar results were ob-
tained for the nanocrystalline
(Feo_7COO_3)86Hf4MOZZr1B4CU1 alloy.

4. Conclusion

It was shown that Fe735CU1Nb15MO15S|13ng
nanocrystalline alloy can be characterized
by unique magnetic properties
(H,.<0.3 A/m) and increased time-tempera-
ture stability. The temperature interval of
the stability of magnetic characteristics of
the alloy is 20—-300°C.

It was found that the nanocrystallization
in a magnetic field of amorphous
(Feg 6C0g 4)g6Hf7BeCu1,
(Feo_7COO_3)86Hf4MOZZr1B4CU1 alloys Slgnlfl-
cantly improves the static and dynamic
magnetic properties. The effect of ther-
momagnetic treatment of nanocrystalline al-
loys depends on the magnetic field intensity
at the TMT: with increasing magnetic field
intensity the effect of thermomagnetic
treatment increases. The temperature range
of the stability of the magnetic charac-
teristics of alloys is 20—500°C.

It was also revealed that an increase in
the rate of cooling after annealing, which
leads to nanocrystallization, resulted in low-
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ing the temperature stability of magnetic
characteristics of the alloys.

Alloys with high magnetic softness and
improved temperature-time stability, may
be promising in devices operating under ex-
treme conditions, such as at high tempera-
tures (magnetometers for ultra-deep wells
and for the inner generators of the More
electrical aircraft).

This research was supported by OFN of
RAS (Project No. 12-T-2-1007)
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MarnitHi BJIAaCTHBOCTI MOAU(IKOBAHUX aMOPGHUX
i HaHOKpHucTadiuHuX cmiaaBiB Ha ocHoBi Fe i Co

B.H.®Dininnos, O.11.I1omanoe, B.B.Illynixa

HocaigKeHo BILIUB YMOB TePMiYHMX i TepMOMArfHiTHuUX oOpPOOOK Ha MAarHiTHI BJIACTHUBOCTI
i TemeparypHo-yacoBy crTabiibHicTh aMOpPHMX i HAHOKpHCTAIIUHMX CIJIaBiB Ha ocHOBi Fe
i Co 3 gomimgamu Mo, Hf, Zr. Beranosieno, mo HaHOKpPHCTAJIZaAIlisd y 3MiHHOMY MarsiTHO-
my mojai mMopudixkoBaHux amopduux cmiaBiB Ha ocHoBi Fe i CoO icrormo mokpamiye ix
cratTuuHi i guHaMiuHi BiacTMBOCTi, 30epirarpuu BUCOKY TeMIEpaTypHY CTabiJIbHICTH BaCTHU-
BOCTEI.
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