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The development of FgsSij3 BgNbsCu; (FINEMET) by Yoshizawaet al. and FggZr,B,Cuy;
(NANOPERM) by Inoue et al. have shown that nanocrystalline microstructures can play an
important role in the production of materials with outstanding soft magnetic properties. The
FINEMET and NANOPERM materials rely on nanocrystallime=e;Si anda-Fe, respectively, for

their soft magnetic properties. The magnetic properties of a new class of nanocrystalline magnets
are described herein. These alloys with a compositioffrefCo—M—B—Cu(where M=Zr and Hf

are based on the- and o'-FeCo phases, have been named HITPERM magnets, and offer large
magnetic inductions to elevated temperatures. This report focuses on thermomagnetic properties,
alternating current(ac magnetic response, and unambiguous evidencea’sFeCo as the
nanocrystalline ferromagnetic phase, as supported by synchrotron x-ray diffraction. Synchrotron
data have distinguished between the HITPERM alloy, with nanocrystallites having a B2 structure
from the FINEMET alloys, with the DQstructure, and NANOPERM alloys, with the A2 structure.
Thermomagnetic data shows high magnetization to persist taxrthe phase transformation at

980 °C. The room temperature ac permeability has been found to maintain a high value of 1800 up
to a frequency of~2 kHz. The room temperature core loss has also been shown to be competitive
with that of commercial high temperature alloys with a value of 1 W/Bgt10kG andf
=1kHz. © 1998 American Institute of Physid$§0021-897@8)03024-2

I. INTRODUCTION be guided by developments in the field of soft magnetic ma-
The demands on bulk soft magnetic materials for highterials. Conventional methods of developing these materials
temperature power applications include the development dfas relied on the reduction of coercivity by increasing the
magnets(1) capable of operating at higher temperatures andrain size of the magnetic phase, thus reducing the pinning
(2) possessing higher combined inductions and permeabilief domain walls at grain boundaries. Another philosophy is
ties. Issues important in achieving such goals include alloyo use nanocrystalline materials, where the grains are much
chemistry, crystal structure, and the ability to tailor micro- smaller than the domain wall width parameter, so that the
structural features. It is clear that magnets used in such sofhagnetic anisotropy is averaged over many grains and
magnetic applications must be optimized in terms of theiryrientationst As a result, in nanocrystalline alloys, the coer-
intrinsic and extrinsic magnetic properties as well as the'rcivity can be significantly reduced and alternating current

morph°|OQY' A keyintrinsic magqeﬂc property IS thg satura—(ac) permeability increased as compared with conventional
tion induction, Bg, of the material that is determined by . .
alloys having much larger grains.

alloy composition. Exceptional high induction materials in- A h q talli i terials. i
clude Fe, Co, and Fe—Co alloys. The extrinsic property of morphous and nhanocrystaliine magnetic materiais, in

interest is the magnetic permeabilit,(H), which is the terms Qf. coml-ained- induction and permeabilities, are now
magnetic response function in applied field. The magneti€ompetitive with Si-Fe bulk alloys, and the above men-
permeability is determined by a combination of chemistry,tioned Fe—Co alloys. Conventional Fe—Co alloys are particu-
structure, and morphologfsample shape or grain shape in larly attractive because of their large inductions, while their
granular materiajs In particular, alloys with small magneto- permeabilities are smaller than those of amorphous and
crystalline anisotropies and magnetostrictive coefficientsianocrystalline alloys and Si steels. In Fig. 1, Co-based

give rise to particularly soft magnetic materials. amorphous alloys, Fe-based amorphous alloys, nanocrystal-
Choice of a soft magnetic material for high temperaturéline Fe—$-B—Nb—Cu (Ref. 2 alloys and E—M-B—Cu
magnetic applicationésuch as rotors in electric aircrafwill (Refs. 3,4 (M=2Zr, Nb, Hf,---) nanocrystalline alloys have
all been optimized to achieve small magnetostrictive coeffi-
dElectronic mail: mw4+ @andrew.cmu.edu cients and concomitant large permeabilities.
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FIG. 1. Relationship of the permeability to magnetic induction in nanocrys-<700 °C)in _an inert(Ar) a_tmosphere fol h f_OHOW?d by
talline, amorphous and conventional crystalline soft magnetic alloyswater quenching resulting in the nanocrystalline microstruc-
(adapted from Inoue(see Ref. & ture.
Differential thermal analysi$DTA) was used to exam-
ine the crystallization temperatures of an as-cast ribbon. A
Premiere nanocrystalline soft magnetic materials basedcanning rate of 0.167 °C/s was used at temperatures be-
on Fe;sSii3 PgNbsCy; and FggM,B,Cu; have been tween 400 and 1200 °C. The structure of the ribbon was ex-
patented under the tradenames FINEMETSand amined by x-ray diffraction using a Scintag XDS 2000 dif-
NANOPERM?3* respectively. In FINEMET alloyse-Fe;Si fractometer, and C&a radiation. Synchrotron x-ray
nanocrystalline grains often with partial ordering in a;D0 diffraction experiments were performed at the National Syn-
crystal structure are observed, in NANOPERMFe nano-  chrotron Light Source to identify the superlattice reflections
crystals with a body centered culiBCC) (A2) structure are  which are signatures of the orderet-FeCo phase. X-rays
formed. We have investigateéte,CQ—Zr—B—Cuproduced with an energy of 7112 eV or equivalently a wavelength of
by rapid solidification processing followed by primary crys- 1.748 A were used for the synchrotron x-ray experiments.
tallization. In these and similar alloys with the composition This wavelength was chosen to take advantage of the anoma-
(Fe,Co—M—-B—-Cu, where M=Zr, Nb, Hf, etc., which we lous scattering just above the Keedge.
call HITPERM. Nanocrystallinex’-FeCo graingB2 struc- The vibrating sample magnetometer was used to mea-
ture) are formed exhibiting significantly improved high tem- sure the magnetization as a function of temperature of the as
perature magnetic induction than in the former two systemsquenched and annealed materials from room temperature to
In this work we describe the synthesis, structure, and magt000 °C, in a field of 500 Oe, and with a heating rate of
netic properties ofFe,C0ggZr;B,4Cu alloys which we pro- 2 °C/min. A Walker ac permeameter was used to measure the
pose as excellent candidates for high temperature soft mageom temperature permeability and coercivity of toroidal
netic materials. samples. The as-spun ribbons were prepared for permeability
measurement by winding them into laminated toroids fol-
lowed by the standard isothermal anneal for nanocrystalliza-

Il. EXPERIMENTAL PROCEDURES tion prior to measurement of ac properties.

Samples of the composition R€0o,2r;B,Cu; were
prepared by arc melting of electrolytic F89.9% pure with
low C), Co (99.9% pure, Zr (99.9% purg, FeB (90.75%
metals basis and Cu(99.99% purgin an argon atmosphere. |||. RESULTS AND DISCUSSION
Amorphous ribbons were then produced from the ingots us-
ing a single wheel melt spinning technique. The process used The material described in this study has been found to
for melt spinning began with remelting of the arc-meltedhave large magnetizations to high temperatures, large room
ingot in a boron nitride crucible with an argon atmosphere. Atemperature ac permeability, and core loss at room tempera-
small positive pressure of argon was then used to quench thare competitive with that of conventional alloys. This is due
molten alloy onto a Cu—Be wheel. The wheel speed was 3t part to the formation of the nanocrystalline grains with the
m/s and the ribbons obtained by this process were approxbrdereda’-FeCo structure. In the following we discuss the
mately 1 mm in width and 20-5@m in thickness. After results of structural determination and thermodynamic analy-
obtaining the as spun ribbons from the melt spinning procesis, intrinsic magnetic properties, and extringiechnical
dure, they were isothermally annealed (516<°C,,, magnetic properties.
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FIG. 3. Conventional XRD experiments on the as-cast alloy and the alloy

annealed at three different temperatures for 1 h, with a water quench. The|g 4. Synchrotron XRDE=7112 eV and\ = 1.748 A) experiment which

as-spun ribbon is seen to be amcl)rphous, and the annealed samples argiRws a (100 superlattice reflection, thus distinguishing the ordered
BCC-derivative phaséeither a- or ’-FeCg (a=2.858 A). «'-FeCo phase from the disordereeFeCo phase.

A. Structural determination and thermodynamic However, by using the intense beam of the synchrotron x-ray
analysis source and choosing the radiation wavelength to take advan-
, tage of anomalous scattering we have increased the differ-
DTA has been used to determine the temperatures Qfcq in atomic scattering factors allowing for observation of
crystall!zat!on for this alloy. Figure 2 shows two distinct superlattice reflections. In Fig. 4, the synchrotron XRD pat-
crystalllzan:)n events. These are labelgd at 510_°C and  tem shows that the atomically ordered-FeCo phase has
Ty at 700°C. These peaks correspond to the primary CrySpqeed been formed by the presence of (@0 superlattice
tallization of o’-FeCo and secondary crystallization of refiection. This sample was annealed at 550 °C which is be-

(Fe,CasZr, respectively. At temperatures higher thay, |4 the temperature of the bulk order—disorder phase trans-
additional crystallization events associated with the inter, . 4iion so that in equilibrium we should expect the or-

granular amorphous phase are also possible leading to the, phase.
formation of refractory boride precipitates, for example. At
this time we do not have firm structural evidence for the
boride crystallization, but evidence for additional crystalliza-
tion events is presented M (T) data below. In order to take Figure 5 shows the magnetization as a function of tem-
advantage of the soft magnetic properties of the magnetiperature for two alloys, one of the NANOPERM composi-
a’-FeCo nanocrystallites it is important to have as great aion and the other of the HITPERM composition. Initially,
difference as possible betwe@p, andT,,. This allows for  both of the samples are amorphous and as the samples are
the crystallization of ther'-FeCo phase without the crystal- heated, the crystallization of the amorphous phase becomes
lization of nonferromagnetic phases which magneticallyapparent in each alloy by an increase in magnetization. The
harden the materials. The addition of small amounts of Cu tdower curve, for the NANOPERM material, shows the Curie
the alloy is commonly thought to depreBs; ,>° and to pro- temperature of the amorphous alloy to be just above room
vide Cu clusters in incipient crystallization which act astemperature. The magnetic phase transition is followed by

nucleation sites for the primary nanocrystals. The addition oprimary crystallization af,; ~ 500 °C. This is followed by
the elements Zr and B allow for better glass formation during

melt spinning, which is the essential precursor for the forma-

B. Intrinsic magnetic properties

tion of the nanocrystals. T e S S B L A

To confirm the formation of the phases at each of the & | Fe,,Co,,Zr;B,Cu;
crystallization temperatures, x-ray diffractiORD) experi- S 4 \f\/\}
ments were conducted. From the conventional XRD results 'c% i /"\ o]
seen in Fig. 3, the as-spun ribbon is amorphous, and the & 3 ] ]
formation of either thex-FeCo ora’-FeCo phases occurs at 2 2 E 3 o]
annealing temperatures abovVeg, . Closer inspection of the _§ C ! o]
sample annealed at 750 °C, just abdyg, shows the for- Q 1 3 i °]
mation of a small amount dfFe,Cd,Zr phase. 20 E\Fe882r7B4C“1 ! \‘ 8]

Ambiguity in distinguishing between the-FeCo and p= 0 Lo e S W
«'-FeCo phases abovi, in conventional x-ray analysis, is 0 200 400 600 800 1000
due to the similarity of the atomic scattering factors of Fe Temperature (°C)

and Co. This makes the observation of the superlattice re-

: ; ; ; e ; ; _ FIG. 5. Thermomagnetic data showing the alloys of the HITPE®Vye
flections in conventional XRD quite difficult, since the inten circles and NANOPERM alloy compositions(small circles. The

sity of the superlattice reflections is p.roportion'al to theyTpERM maintains a high magnetization to very high temperatures, which
square of the differences of the two atomic scattering factorsnakes it an excellent candidate for high temperature applications.
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C. Extrinsic magnetic properties

2000
For permeability measurements, the sample was pre-
pared as a laminate in a toroidal geometry, and then annealed
1500 at 600 °C to promote primary crystallization. AC permeabil-
_ ity measurements were performed with a field amplitude of
= 1000 2.5 Oe. Figure 6 illustrates the frequency dependence of the
= real and imaginary components of the complex permeability,
u' and u”, respectivelyu” reflects to the power loss due to
500 eddy currents and hysteretic response. The maximum perme-
ability for this material was determined to be about 1800.
0 1 (f) peaks at the frequency20 kHz. The ac permeability
001 0.1 1 10 100 1000 at room temperature of the HITPERM alloy has been com-

Frequency (kHz) pared to a commercial alloy with nominal composition

o _ (FeCoggV,, called HIPERCO-50 alloy. Table | shows a
FIG. 6. AC per_meablllty_ is shown as a function of frequency. The silmple%ummary of the results of these experiments.
was prepared in a laminated toroidal geometry, annealed at 600 °C an . . .
measured with a field amplitude of 2.5 Oe. Notice the loss peaks at about 20 The. importance of the twp-phase mlcrostr.ucture In nano-
kHz and a maximum permeability of 1800. crystalline alloys has been discussed in detail for FINEMET
alloys’™* The nature of the nanocrystal-amorphous—
nanocrystal coupling is of paramount importance to the prop-
erties of these materials. This coupling depends both on the
d llizati d then finally the Curi size of the nanocrystallites and more importantly on the
secorf1 ar% cryls:ta |zhat|on an 7; eon m‘l?hyt e turie temfperaémount, chemistry, thickness and in particular the Curie tem-
ture for the a-Fe phase at-770°C. The upper curve for o oy e of the intervening amorphous phase. It is imperative

HITPERM, shows t?at the magnetization decreases MonGy; the ferromagnetic grains to be strongly exchange coupled
tonically until ~400°C as the amorphous phase approacheg, maintain good soft magnetic properties. If the exchange

its Curie temperature. Near 500 °C structural relaxation a”@oupling is disrupted then the coercivity will increase, the
crystallization of thea’-FeCo phase occurs resulting in permeability will decrease, and the Herzer model is no
larger magnetization due to the higher Curie temperature %nger applicablé?
the o’-FeCo phase. The crystallization temperature is there- g|gwska-Waniewskat al’ have observed-dependent
fore well below the Curie temperature of the amorphousmagnetic response in nanocrystallized FINEMET materials.
phase, so that the magnetization of the amorphous phase fhey concluded that for sufficiently small nanocrystals with
only partially suppressed prior to crystallization. At a tem-enough intergranular material between them to diminish or
perature corresponding to ther—y phase transition destroy the coupling between particles that superparamag-
(980°0, the material abruptly loses its magnetization con-netic response is observed. Skorvanek and O’Hafidiaye
sistent with the paramagnetic response of fhghase. studied magnetic interactions between nanoparticles in
At approximately 700 °C in the NANOPERM alloy and FINEMET above the Curie temperature of the intergranular
at ~900 °C in the HITPERM alloy, anomalous peaks in theamorphous phase. They show that the magnetic interactions
magnetization are seen. We do not have structural data t@crease with increasing nanocrystalline volume fraction.
confirm our expectation, however, it seems reasonable that Fhese interactions tend to suppress superparamagnetic fluc-
a high enough temperature, a reaction where the remainingiations. They observe a pe#ak(T) near the Curie tem-
amorphous phas@vhich is rich in Zr and B could be con- perature of the amorphous phase.
verted in part to ZrB. This would further increase the vol- An elegant phenomenological model has been developed
ume fraction ofa-FeCo and thus the magnetization. by Hernandogt al.®° which also describes the differences

TABLE |. Comparison of ac permeability characteristics of NANOPERM, HITPERM, and HIPERCO-50 at
room temperature.

FegeZr7B,Cly FeC0uZr7B,Cly

Sample Constant HIPERCO-50 annealed at 600 °C annealed at 600 °C
PeB f=0.4 kHz 0.01 W/g 0.003 W/g 0.02 W/g

10 kG 10 kG
PenB f=10kHz 1.8 W/g 0.8 W/g 1 Wig

15 kG 15 kG 10 kG
f(u" peak H=1 Oe 1 kHz 20 kHz 2 kHz
f(u" peak H=2.50e 60 kHz 20 kHz
H. H.,,=10 Oe 4 Oe 0.7 O€10 kH2) 2 Oe(4 kH2)

(10 kH2 2 Oe (50 kH2 2.2 Oe(10 kH2)
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