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NANOCRYSTALLIZATION PROCESSES IN THE “FINEMET” TYPE
MICROWIRES UNDER STRESS ANNEALING

Effect of thermal treatments such as conventional annealing and annealing under
tensile stress on nanocrystallization behaviour of Fe;)gCu;Nb; ;Sij4sB19¢s glass-coated
microwire was investigated. Initial microwire obtained by the Taylor-Ulitovski technique
had an amorphous structure. It was found that conventional annealing within the
temperature interval of 500 — 550 °C during 5 min led to the formation of primary a-
Fe(Si) crystals in residual amorphous matrix. The mean grain size of the formed crystals
was about of 16 nm and the crystallized volume fraction was 42%. The annealing under
tensile stress resulted in changing mechanisms of crystallization, from primary to
eutectic crystallization. The structure of microwire annealed within the mentioned
temperature interval under stress was the mixture of a-Fe(Si) and Fe;B crystalline
phases. The mean grain size and crystallized volume fraction of the a-Fe(Si) crystals
decreased up to 11 nm and 31 %, respectively. The optimal soft magnetic properties of
microwires (coercivity was ~ 65 A/m) were achieved by annealing at 520 °C. It was
connected with the formation of nanocrystalline structure of microwire.
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B pabore mcciie10Baoch BJIUSIHME Pa3JHYHBIX BHIOB TepMOOOPa0OTKH Ha Npolecchl
KPHCTAJNJIN3aUUH B MUKponpoBojae coctaBa Fe;ygCu;Nb; ;Sij sB1g¢ B cTeKITHHON H30AAUH.
Hcxoanplii MHKPONPOBOJ, MOJYYeHHBbIH MeTOoAOM YauToBckoro-Teiijopa, umen amop¢pHuyio
cTpykTypy. Ilpy TpagMUHOHHOM OTKMIe B MHTepBajge Temmepartyp 500 — 550 °C (5 mun.)
NMPOUCXO0AHJ0 (pOopMHPOBAHHE NEePBUYHBIX KpHucTaLioB o-Fe(Si) B ocraBumeiica amopdHoii
matpuue. CpeaHuii pa3Mmep KpUCTAJLJI0B COCTABJINAT ~16 HM M 10J151 KPUCTAJIHYECKOH (a3bl —
42 %. OTXHMr NpU HAJIWYHH OJHOOCHOIO pACTSKEHHs NPHUBOAUJI K CMeHe MeXaHH3Ma
KPHCTANJIH3ANNH OT NePBUYHON K 3BTeKTHYecKkoi. CTPyKTypa MUKpPONPOBO/Ja, OTOKKEHHOT 0
B 3TOM Ke TeMIepaTypHOM HHTepBaje NPHM HAJIHYHH HATPY3KH, MpeAcTaBjasdIa coboii cmech
¢a3: o-Fe(Si) um Fe;B. Cpennuii pa3mMep M 105 3aKpHcTa/JiIM30BaBuIerocs oObema
kpucranios o-Fe(Si) ymenpmanauce g0 11 am u 31 %, coorBercTBeHHo. OnrumajbHbIe
MAarHHTHBIE CBOHCTBA MHUKPONPOBOJAAa (KOIPUHUTHUBHAA CHJIA ~ 65 A/M) mosy4ajanch OT:KHIOM
npu Temmepartype 520 °C, 4To CBA3HIBAJOCH C 00PAa30BaAHMEM B HEM HAHOKPHCTAIIHYECKONH
CTPYKTYPHI.

KioueBble cioBa: MUKPONPOBOJ, aMOP(QHOE COCTOAHHE, HAHOKPUCTAJUIHYECKast CTPYKTypa,
TepmMooOpaboTka.

Y poGori nociainKyBaBcsi BIJIMB Pi3HUX BUIAIB TepMOOOPOOKM Ha mpouecH Kpucragizanii
y Mmikpoaporti ckaany Fe;ogCuiNb;SijqsB19¢ B ckasniii izoasuii. Buxiguuii mikpoapir,
oTpuMaHuii merogom VYiitoBchbkoro-Teistopa, maB amop¢guy crTpykrypy. Ilpu Bigmaai B
inTepBaai remneparyp 500 — 550 °C nporsirom 5 XB. CHOCTEPirajioch yTBOPEHHs MEPBUHHUX
kpucraiais a-Fe(Si) B amopduiii marpuni. Cepeaniii posmip kpucraiip ckiaagas 16 HM Ta
yacTKka KpucTajdiyHoi ¢asu — 42 %. Binnaa npu npukiajeHHi po3TArHeHHs NPHBOAMB 10
3MiHNM MeXxaHi3My KpucrTagizauii Bix nmepBuHHOI 10 eBTeKTHYHOI. CTPYKTypa MHKPOIPOTY,
Bi/lllaJIeHOr0 M HABAHTAKEHHAM B IbOMY TeMIlepaTyYPpHOMY iHTepBaJi, sABJsJa c00010 cymil
¢a3: o-Fe(Si) u Fe;B. Cepeaniii posmip Ta yacTka xpucraidiynoi ¢a3u kpucraiais a-Fe(Si)
3MeHmyBajgucs a0 11 Hm Tt1a 31 % BigmoBigno. OnrtumaabHi Mar”iTHi BJaacTHBOCTI
MiKpoaApoTy (KOEpUMTHBHA cHaa ~ 65 A/M) Oyam JOCATHYTI Biamajaom 3a temnepatypu 520 °C,
1o 0yJio NOB’fA3aHO i3 JOPMYBAHHAM B HbOMY HAHOKPHCTAJIYHOI CTPYKTYpH.

Karw4oBi cioBa: MikpoapiT, aMOpOHHUI CTaH, HAHOKPUCTATIYHA CTPYKTYypa, TEPMOOOpOOKa.
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Introduction

The soft ferromagnetic nanocrystalline alloys with trade mark “Finemet” are very
promising for technological applications. The enhanced softness of these materials
(coercivity less than 5 A/m, high initial permeability values) is usually achieved by the
formation of nanocrystalline structure, which consists of an ultrafine a-Fe(Si) grains with
typical size 10-15 nm embedded in a residual amorphous matrix. The most reported
results are carried out on melt-spun nanocrystalline ribbons. On the other hand, the
Taylor-Ulitovsky method allows to fabricate tiny metallic wires (the metallic nucleus
diameter 1+50 um) covered by an insulating glass coating (the glass coating thickness
1+20 pm). Nanocrystalline glass-coated microwires (MW) having the excellent
combination of soft magnetic properties, stability of nanocrystalline state with small
dimensions and their resistance to corrosion are very perspective as sensor elements in a
large variety of electronic devices and sensors [1]. During the manufacturing process the
large internal stresses (~1GPa) arise as a result of difference between the thermal
expansion coefficients of glass and alloy. The presence of such a residual stresses forms a
complex domain structure of initial MW [2, 3]. It leads to increasing the coercivity and
decreasing the initial permeability. The magnetoelastic anisotropy related to the internal
stresses induced during the fabrication as well as the value and sign of the
magnetostriction constant play a decisive role in the hysteretic magnetic properties of
these thin wires. As well known, thermal treatments allow tailoring the magnetic
properties of glass-coated MW [4, 5].

The aim of this work is to investigate the effect of thermal treatments such as
conventional annealing and annealing under tensile stress on the structure and physical
properties of MW.

Experimental details

Initial FesogCuiNb;1Sij4sBios MW with metallic nucleus diameter 16 um and total
diameter 26 pum have been obtained by the Taylor-Ulitovski technique. The
microstructure of initial and heat-treated microwires has been characterized by X-ray
diffraction (Mo K,, Co K, radiation). The annealing has been performed in conventional
furnace at the temperature below crystallization temperature without applied stress (CA)
and under applied tensile stress 10 g and 15 g on one microwire (SA). The temperature
dependence of the electrical resistivity was used for studying crystallization processes
occurring in MW. Thermal analysis for microwires was carried out using a Netzch 404
differential scanning calorimeter (DSC). Studied sample of a few mg weights placed in
the alumina crucible and reference sample (empty crucible) were heated with identical
thermal program (a heating rate was 20 K/min) while heat flow difference between
sample and reference was recorded. Absorbed and released heat values were plotted as a
function of temperature. Magnetic properties of microwires were measured by means of a
conventional induction method at 50 Hz.

Results and discussion

The X-ray diffraction patterns showed that the initial microwires have amorphous
structure (Fig.1). As can be seen, there are some broad diffusive halos, which are an
inherent feature of disordered structures. Size of the coherently diffracting domains was
approx. 2nm.

In order to study the structure changes and crystallization behaviour in microwires
during isochronal heating a DSC test and measurements of electrical resistivity versus
temperature were carried out, as shown in Figs. 2, 3.
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Fig. 1. Mo K, X-ray diffraction pattern of

initial microwire.

The DSC curve shows exothermic effect
in the temperature range from 200 °C up to the
crystallisation temperature (Tx = 520 °C) and
crystallization peak at the temperature 560 °C.
The Curie temperature (T.) was evaluated
analysing the curve of magnetisation versus
temperature. Its value was 317 °C. It
corresponds to the change in the slope of DSC
curve. The onset glass transition temperature T,
is 450 °C and the difference (AT) between Ty
and T, so called the width of the supercooled
region that relates to the stability of
amorphous phase, is 70 °C.

The results of the DSC curve correlates
with the results of electrical resistance. As can

be seen from Fig. 3, the microwire resistivity increases slightly up to 300 °C and there is a
sharp decrease of the resistivity from 300 °C to 500°C. The under stress annealing (SA)
did not change the character of temperature dependency, but its values slightly increased.

Heat flow, arb. units
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Fig. 2. The differential scanning calorimeter
curve for microwires.

As X-ray results showed, with increasing
the annealing temperature (CA) in the range
from 500 °C to 550 °C it observed increase of
main peak height and its sharpening. It can be
explained the formation of the nanocrystalline
structure (Fig. 4). As can be seen only a BCC
a-Fe(Si) phase appears in residual amorphous
matrix. The full width of the peak at half
maximum and crystallized volume fraction (X,)
at the final stage of primary crystallization have
been evaluated by deconvoluting the total profile
of the amorphous halo and the (110) peak of
a-Fe(Si) phase [6].
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Fig. 3. The temperature dependence o f the
resistivity of microwires.
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Fig. 4. Co K, X-ray diffraction pattern of
microwires treated at 550 °C (5 min).

The mean grain size of the formed crystals is derived from the Scherrer equation. It
is ~ 16 nm and X, ~ 42%. Thus, the conventional annealing in range of 500-550 °C leads
to the formation nanocrystalline structure through primary crystallization. The other
crystallization behavior we have in the case of SA at 110 MPa (Fig. 5).
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One can see the width of the main peak 400 . . .

does not decrease; moreover, it appears

shoulders on the curve. After deconvoluting the £ 300+

total peak on the components it was found, that 2

the structure of stress treated microwires 8 5.

consists of the mixture of o-Fe(Si) and (body 2

tetragonal cubic) Fe;B crystalline phases [7]. é 100-

The mean grain size and crystallized volume  —

fraction of a-Fe(Si) phase is 11 nm and 31 %, o

respectively. The lattice parameter of o-Fe(Si) 22
phase is 0.284 nm and it differs from equili-
brium one, likely it connects with the Fig. 5. Co K, X-ray diffraction pattern of
influence of metalloid atoms according to data microwires treated at 550 °C (5 min)

: under stress 110 MPa.
of phase diagram.

As well known amorphous structure is very often inhomogeneous and consists of the
clusters with different short order. It is possible that stress annealing stimulates the processes of
amorphous phase separation into two phases with different compositions and following
formation of the mixture of a-Fe(Si) and Fe;B crystalline phases through eutectic crystallization.

Magnetic characterization of initial and heat treated microwires was performed by
conventional method. Coercivity of initial microwires was ~ 100 A/m. It was found that the
coercivity values decreased to 62 A/m with increasing annealing temperature up to 520 °C.
As X-ray analysis showed it was connected with formation of nanocrystalline structure.

Conclusions

Initial glass-coated Fe;osCu;Nbs 1Sij45B1g¢ microwires have an amorphous structure.
Size of the coherently diffracting domains is approx. 2nm. Conventional annealing in
temperature range 500 — 550 °C leads to the formation of nanocrystalline structure
consisting of a-Fe(Si) nanograins in residual matrix through primary crystallization.

Annealing under tensile stress in this temperature range leads to the formation of the
mixture of a-Fe(Si) and Fe;B crystalline phases through eutectic crystallization.

The optimal soft magnetic properties of microwires are achieved at the annealing at
520 °C (coercivity ~ 65 A/m).
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