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In t he present st udy, Fe41 C o41 B 1 0 Zr 7 C u1 alloy has been in vesti gated in
order to evaluate its ther mal stabili ty and stru cture after heat treatment, as

w ell as the impact of heat treatment on magnetic prop erties . X -ray di ˜rac-
tometry , di˜erential scanning calorimetry , chemical comp ositi on microanal-
ysis, transmission electron microscopy , and magnetic hysteresis loop mea-

surement techni ques w ere employed. T he crystalli sati on temp erature of the
as-quenched alloy is 4 90

£ C (continuous heating at 5
£ C /min ). T he melt- spun

ribb on having 27 ñ m in thic kness w as annealed for 1 hour at temp eratures
from 400 to 700 £ C . The alloy after treatment at about 550 £ C underw ent

primary crystallisati on , w ith the average size of crystals under 20 nm. T his
specimen show s the coercive Ùeld of 38 A /m, as compared to about 160 A /m
rep orted for a similar alloy (F e44 Co44 B4 Zr 7 C u1 ) with a similar structure, an-

nealed at 600
£ C .

PAC S numb ers: 61.43.Dq, 75.50.Bb, 75.50.K j , 75.60.Ej , 81.05.K f, 81.10.J t,
81.70.Ex, 81.70.Pg

1. I n t rod uct io n

One of the demands of m odern technology, includi ng ai rcra ft and space in-
dustry , are e£ cient and capable electri cal appl iances, such as generato rs, m otors,
m agneti c bearings, etc. worki ng at elevated tem peratures. T o achi eve good perfor-
m ance of these, soft m agneti c materi als wi th high satura ti on m agneti c Ûux density ,
hi gh perm eabi l i t y, low coercivi ty , and low core losses, reta ined at wo rki ng tem per-
atures, m ust be appl ied. An exampl e of such materi als are nanocrysta l l ine iron
al loys pro duced by contro l led crysta l l isati on of m etal l ic glasses.

A route of impro vement of these soft m agneti c m ateri als is the modiÙcati on
of chemical com positi on of nanocrysta l l ine al loys, e.g. Fe88Zr 3 : 5Nb 3 :5 B5 (cal led
NANOPE RM) [1] and param eters of heat trea tm ent tha t woul d lead to a higher
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Curi e tem perature and a better therm al stabi li ty of structure and pro perti es of
these materi als. In the course of investigati ons, a new class of soft m agnets has
been devel oped, nam ed HITPER M [2, 3]. These nanocrysta ll ine al loys, wi th a
generic com positi on of (F e,Co) 88M 7 B4Cu 1 (M =Zr, Nb, Hf ), consi st o f bcc-FeCo
nanocrysta ls and an amorpho us matri x. Apa rt from contro l l ing the structure of the
al loys by adjusti ng heat trea tm ent parameters and addi ti on of al loying elements, i t
is necessary to m ainta in as high Fe and Co content as possible, in order to obta in
possibly high satura ti on magneti c Ûux density .

2 . E x per i m en t a l

The Fe41Co41B10 Zr 7Cu 1 al loy was prepared from pure elements by arc m elt-
ing in argon atm osphere. Am orpho us ri bbons were pro duced by the single-ro l ler
m elt- spi nni ng m etho d. The ri bbons were 1.7 mm wi de and 2 7 ñ m thi ck. The am or-
phous state was checked by the X- ray di ˜ra cti on techni que (XR D ). The ribb on in
the as-quenched state had l i ttl e signs of crysta ls on the free side. Af ter rem oval of
outer part of the ri bbon by delicate gri ndi ng of the free side, the ri bbon was ful ly
am orpho us. D i ˜erenti al scanni ng calori m etry (D SC) was used to determ ine the
Ùrst and the second crysta l l isati on stages, using the Perki n El m er DSC7 calori me-
ter. Conti nuous heati ng from 50 to 7 3 0 £ C wi th the heati ng rate of 5 £ C/ min was
appl ied. Isotherm al anneal ing of the amorpho us al loy was carri ed out in vacuum at
tem peratures T a ranging from 400 to 7 0 0 £ C for 1 hour. The structure of the al loy
after heat trea tm ent was observed using the Phi l ips EM3 00 tra nsmission electron
m icroscope (TEM). The m agneti c pro perti es were m easured at room tem perature,
usi ng a magneti c hysteresi s loop tra cer.

3. R esul t s

The X- ray pattern of the mel t- spun ribb on showed tha t the ri bbon was ful ly
am orpho us after gri ndi ng. Its coerci ve Ùeld wa s about 15 A/ m . Up on conti nuous
heati ng, the al loy crysta l l ises in two stages (see Fi g. 1a). In the Ùrst stage, bcc-FeCo
phase is form ed. The onset tem perature of pri mary crysta ll isati on, T x 1 , is 4 9 0 £ C,
and the peak tem perature, T1 , is 5 0 8 £ C (heati ng at the rate of 5 £ C/ min). In
the second stage of crysta l l isati on, the remaini ng amorpho us m atri x crysta l l ises.
The onset and peak tem peratures of thi s stage of crysta l l isati on are 6 9 0 £ C and
7 0 1 £ C, respect ively. It is noteworthy tha t crysta l l isati on tem peratures obta ined
at conti nuous heati ng are higher by several degrees tha n these obta ined in an
isotherm al process. The relati vely high crysta l l isati on tem perature and wi de gap
between the Ùrst and the second stage of crysta l l isati on are the features indi cati ng
tha t the investigated al loy wi ll have a relati vely good therm al stabi l i ty , and i ts
techno logy wi l l not requi re a sophi sti cated heat trea tm ent equipm ent.

The investi gated al loy, after pri m ary crysta l l isati on, consists of bcc-FeCo
crysta ls (Fe conta ining som e Co di ssolved), and the rem aining am orpho us m atri x.
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Fig. 1. (a) DSC curve of the amorphous Fe41 Co41 B10 Zr 7 C u1 alloy , continuous heating ;

(b) dep endence of coercive Ùeld ( H c ) of the alloy af ter isothermal annealin g on the

anneali ng temp erature T a .

Fig. 2. X -ray di˜raction pattern of the Fe41 C o41 B10 Zr 7 C u1 alloy after annealin g at

various temp eratures for 1 hour.

The X- ray di ˜ra cti on patterns are shown in Fi g. 2. The latti ce param eter, a , of the
crysta l l ine phase depends on the anneal ing tem perature, and is equal to: 2.869,
2.862, 2.857, and 2.856 ¡A, for the specim ens annealed at 550, 600, 650, and 7 0 0 £ C,
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respect ively. A compari son of these values to the latti ce parameter of pure i ron,
being of 2.866 ¡A, suggests tha t a depends on the abi l ity of Zr atom s to di ˜use
out from crysta l l ising areas: the lower T a i s, the larger a i s observed, due to some
Zr ato m s expandi ng the bcc-FeCo latti ce. At higher anneal ing tem peratures a i s
lower tha n tha t of pure i ron, suggesting no expa nsion caused by Zr ato m s.For small
boron ato m s, tem peratures of anneal ing are high enough to al low easy di ˜usi on,
so it is unl ikel y tha t the expansion of the latti ce is caused by excessive content of
B in the crysta ll ine pha se.

Fig. 3. T EM images of the Fe41 C o41 B 10 Zr 7 C u1 alloy af ter continuous heating up to

550
£ C, at the rate of 5

£ C /min, and subsequent cooling : (a) bright Ùeld image; (b) dark

Ùeld image (obtained using a (110) reÛex).



Nanocr ystal lisat ion of Soft Magnet ic Fe{C o{Zr {C u{B Al loys 327

In the case of specim ens annealed at 650 and 7 0 0 £ C, the di ˜ra cti on pat-
terns shown in Fi g. 2 indi cate tha t the second stage of crysta ll isati on started. The
phases form ed in these condi ti ons, are non-equi l ibri um ones, hence i t is di £ cul t
to determ ine thei r form ulae. The bro adened peaks of bcc-FeCo, l ike in the cases
of specimens annealed at T a = 550 and 6 0 0 £ C, suggest a very Ùne structure of
crysta ls. Indeed, the specim en tha t underwent pri mary crysta ll isati on (co nti nu-
ous heati ng up to 5 5 0 £ C, 5 £ C/ m in, subsequent cool ing | indi cated by the dot in
Fi g. 1a) has a nanocrysta l l ine structure . Fi gure 3a is an exam ple of a bri ght im age
of thi s specim en, observed wi th the TEM techni que. Fi gure 3b, being the dark
Ùeld im age (usi ng a (110) reÛex), shows more preci sely the size and morpho logy of
nanocrysta ls. The gra ins' diam eter is between 5 and 40 nm wi th the mean value of
about 20 nm . Thi s very Ùne structure is homogeneous thro ughout the specim en.
In the case of the specim en annealed at 6 5 0 £ C, peaks of the bcc-FeCo phase in
Fi g. 2 are more narro w, indi cati ng a more coarse structure.

The values of coercive Ùeld, H c , for the specim ens annealed at T a from 400
to 6 0 0 £ C, can be considered as relati vel y constant (see Fi g. 1b). As a contra st
to them , H c of the specim ens annealed at Ta = 650 and 7 0 0 £ C is larger by an
order of m agni tude, whi ch m eans the loss of soft m agneti c properti es. Thi s e˜ect
m ay be attri buted to two phenom ena: (i ) the form ati on of an excessivel y coarse
bcc-FeCo gra ins at high tem perature (see the narrower peaks for the specim en
annealed at 650 and 7 0 0 £ C in Fi g. 2), and (i i ) the beginni ng of the second stage
of crysta l l isati on, i .e. crysta l l isati on of the rem aining am orpho us m atri x. For the
specim ens annealed at 400À 6 0 0 £ C, a slight increase in the coercive Ùeld, H c , is
observed, probabl y thi s e˜ect is caused by a slight di ˜erence in size of nanocrysta ls
| the higher anneal ing tem perature, the larger gra ins are form ed. Ho wever, the
gra ins are smal l enough to provi de for soft m agneti c pro perti es of the al loy. The
non-monoto nic dependence of H c on T a , as seen in Fi g. 1b, may be caused by small
im perfections of the ri bbons.

It is noteworthy tha t the coercive Ùeld of the studi ed al loy after anneal ing
at T a up to 6 0 0 £ C is consi derabl y lower tha n H c of the Fe44Co44B4 Zr 7Cu 1 al loy
annealed at 6 0 0 £ C, the latter being equal to 160 A/ m [2]. These specim ens crys-
ta l l ised in a com parabl e extent, but the al loy inv estigated herein is magneti cal ly
softer.

The results presented herein are a good base for further investigati ons tha t
wi l l lead to elaborati on of opti mum chemical com positi on and technology of heat
resistant, sof t m agneti c nanocrysta l line alloys.

5. Co n cl usion s

1. Isotherm al anneal ing of the am orpho us Fe41Co41 B10Zr 7 Cu1 al loy at tem per-
atures not exceeding 6 0 0 £ C causes parti al crysta l l isati on, and the average
size of crysta ls is of about 20 nm .
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2. Parti al ly crysta l l ised Fe41Co41B10 Zr 7Cu 1 alloy has good soft m agneti c prop-
erti es (H c up to 55 A/ m ) unl ess excessive grain growth and second stage of
crysta l l isati on ta ke pl ace duri ng heat trea tm ent. The coercive Ùeld of par-
ti al ly crysta l l ized al loy is nota bly lower tha n tha t of the Fe44Co44 B4Zr 7 Cu1

trea ted in sim i lar condi ti ons and havi ng a sim i lar structure (H c = 160 A/ m).

3. Hi gh crysta l l isati on tem perature and hi gh Curi e tem perature indi cate tha t
the studi ed al loy m ay reta in its structure and pro perti es at elevated tem per-
atures and hence m ay be sui tabl e for high tem perature appl icati ons.

4. Thi s prel im inary inv estigati on proves tha t the Fe41Co41 B10Zr 7 Cu1 al loy is
a good base for elaborati on of heat resistant soft magneti c nanocrysta l l ine
al loys.
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