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Structure and magnetic properties of „Fe0.5Co0.5…88Zr7B4Cu1
nanocrystalline alloys
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The development of Fe73.5Si13.5B9Nb3Cu1 ~FINEMET! by Yoshizawaet al. and Fe88Zr7B4Cu1

~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 nanocrystallinea-Fe3Si 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 composition of~Fe,Co!–M–B–Cu~where M5Zr and Hf!
are based on thea- and a8-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 evidence ofa8-FeCo 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 D03 structure, and NANOPERM alloys, with the A2 structure.
Thermomagnetic data shows high magnetization to persist to thea→g 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/g atBS510 kG and f
51 kHz. © 1998 American Institute of Physics.@S0021-8979~98!03024-2#
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I. INTRODUCTION

The demands on bulk soft magnetic materials for h
temperature power applications include the developmen
magnets~1! capable of operating at higher temperatures a
~2! possessing higher combined inductions and permea
ties. Issues important in achieving such goals include a
chemistry, crystal structure, and the ability to tailor micr
structural features. It is clear that magnets used in such
magnetic applications must be optimized in terms of th
intrinsic and extrinsic magnetic properties as well as th
morphology. A key intrinsic magnetic property is the satu
tion induction, BS, of the material that is determined b
alloy composition. Exceptional high induction materials i
clude Fe, Co, and Fe–Co alloys. The extrinsic property
interest is the magnetic permeability,m(H), which is the
magnetic response function in applied field. The magn
permeability is determined by a combination of chemist
structure, and morphology~sample shape or grain shape
granular materials!. In particular, alloys with small magneto
crystalline anisotropies and magnetostrictive coefficie
give rise to particularly soft magnetic materials.

Choice of a soft magnetic material for high temperatu
magnetic applications~such as rotors in electric aircraft! will

a!Electronic mail: mw4t1@andrew.cmu.edu
6770021-8979/98/84(12)/6773/5/$15.00
h
of
d
li-
y

oft
ir
ir
-

f

ic
,

s

e

be guided by developments in the field of soft magnetic m
terials. Conventional methods of developing these mater
has relied on the reduction of coercivity by increasing t
grain size of the magnetic phase, thus reducing the pinn
of domain walls at grain boundaries. Another philosophy
to use nanocrystalline materials, where the grains are m
smaller than the domain wall width parameter, so that
magnetic anisotropy is averaged over many grains
orientations.1 As a result, in nanocrystalline alloys, the coe
civity can be significantly reduced and alternating curre
~ac! permeability increased as compared with conventio
alloys having much larger grains.

Amorphous and nanocrystalline magnetic materials,
terms of combined induction and permeabilities, are n
competitive with Si–Fe bulk alloys, and the above me
tioned Fe–Co alloys. Conventional Fe–Co alloys are parti
larly attractive because of their large inductions, while th
permeabilities are smaller than those of amorphous
nanocrystalline alloys and Si steels. In Fig. 1, Co-bas
amorphous alloys, Fe-based amorphous alloys, nanocry
line Fe–Si–B–Nb–Cu ~Ref. 2! alloys and Fe–M–B–Cu
~Refs. 3,4! ~M5Zr, Nb, Hf,•••! nanocrystalline alloys have
all been optimized to achieve small magnetostrictive coe
cients and concomitant large permeabilities.
3 © 1998 American Institute of Physics



se

0

s-
on

-
m
a

a

.
u
s

ed
. A

t
3

o

ce

uc-

-
. A
be-

ex-
if-

yn-
ns

of
ts.
ma-

ea-
e as
e to
of
the
al
ility

ol-
iza-

to
om

era-
ue
he
e

aly-

ys
oy

n
he

6774 J. Appl. Phys., Vol. 84, No. 12, 15 December 1998 Willard et al.
Premiere nanocrystalline soft magnetic materials ba
on Fe73.5Si13.5B9Nb3Cu1 and Fe88M7B4Cu1 have been
patented under the tradenames FINEMETS2 and
NANOPERM,3,4 respectively. In FINEMET alloys,a-Fe3Si
nanocrystalline grains often with partial ordering in a D3

crystal structure are observed, in NANOPERM,a-Fe nano-
crystals with a body centered cubic~BCC! ~A2! structure are
formed. We have investigated~Fe,Co!–Zr–B–Cuproduced
by rapid solidification processing followed by primary cry
tallization. In these and similar alloys with the compositi
~Fe,Co!–M–B–Cu, where M5Zr, Nb, Hf, etc., which we
call HITPERM. Nanocrystallinea8-FeCo grains~B2 struc-
ture! are formed exhibiting significantly improved high tem
perature magnetic induction than in the former two syste
In this work we describe the synthesis, structure, and m
netic properties of~Fe,Co!88Zr7B4Cu alloys which we pro-
pose as excellent candidates for high temperature soft m
netic materials.

II. EXPERIMENTAL PROCEDURES

Samples of the composition Fe44Co44Zr7B4Cu1 were
prepared by arc melting of electrolytic Fe~99.9% pure with
low C!, Co ~99.9% pure!, Zr ~99.9% pure!, Fe3B ~90.75%
metals basis!, and Cu~99.99% pure! in an argon atmosphere
Amorphous ribbons were then produced from the ingots
ing a single wheel melt spinning technique. The process u
for melt spinning began with remelting of the arc-melt
ingot in a boron nitride crucible with an argon atmosphere
small positive pressure of argon was then used to quench
molten alloy onto a Cu–Be wheel. The wheel speed was
m/s and the ribbons obtained by this process were appr
mately 1 mm in width and 20–50mm in thickness. After
obtaining the as spun ribbons from the melt spinning pro
dure, they were isothermally annealed (510 °C,Tann

FIG. 1. Relationship of the permeability to magnetic induction in nanocr
talline, amorphous and conventional crystalline soft magnetic all
~adapted from Inoue! ~see Ref. 6!.
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,700 ° C) in an inert~Ar! atmosphere for 1 h followed by
water quenching resulting in the nanocrystalline microstr
ture.

Differential thermal analysis~DTA! was used to exam
ine the crystallization temperatures of an as-cast ribbon
scanning rate of 0.167 °C/s was used at temperatures
tween 400 and 1200 °C. The structure of the ribbon was
amined by x-ray diffraction using a Scintag XDS 2000 d
fractometer, and CuKa radiation. Synchrotron x-ray
diffraction experiments were performed at the National S
chrotron Light Source to identify the superlattice reflectio
which are signatures of the ordereda8-FeCo phase. X-rays
with an energy of 7112 eV or equivalently a wavelength
1.748 Å were used for the synchrotron x-ray experimen
This wavelength was chosen to take advantage of the ano
lous scattering just above the FeK edge.

The vibrating sample magnetometer was used to m
sure the magnetization as a function of temperature of th
quenched and annealed materials from room temperatur
1000 °C, in a field of 500 Oe, and with a heating rate
2 °C/min. A Walker ac permeameter was used to measure
room temperature permeability and coercivity of toroid
samples. The as-spun ribbons were prepared for permeab
measurement by winding them into laminated toroids f
lowed by the standard isothermal anneal for nanocrystall
tion prior to measurement of ac properties.

III. RESULTS AND DISCUSSION

The material described in this study has been found
have large magnetizations to high temperatures, large ro
temperature ac permeability, and core loss at room temp
ture competitive with that of conventional alloys. This is d
in part to the formation of the nanocrystalline grains with t
ordereda8-FeCo structure. In the following we discuss th
results of structural determination and thermodynamic an
sis, intrinsic magnetic properties, and extrinsic~technical!
magnetic properties.

-
s

FIG. 2. Differential thermal analysis showing two distinct crystallizatio
peaks, atTx15510 °C andTx25700 °C. These peaks correspond to t
crystallization ofa8-FeCo and~Fe,Co!3Zr, respectively.
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A. Structural determination and thermodynamic
analysis

DTA has been used to determine the temperatures
crystallization for this alloy. Figure 2 shows two distin
crystallization events. These are labeledTx1 at 510 °C and
Tx2 at 700 °C. These peaks correspond to the primary c
tallization of a8-FeCo and secondary crystallization
~Fe,Co!3Zr, respectively. At temperatures higher thanTx2 ,
additional crystallization events associated with the int
granular amorphous phase are also possible leading to
formation of refractory boride precipitates, for example.
this time we do not have firm structural evidence for t
boride crystallization, but evidence for additional crystalliz
tion events is presented inM (T) data below. In order to take
advantage of the soft magnetic properties of the magn
a8-FeCo nanocrystallites it is important to have as grea
difference as possible betweenTx1 andTx2 . This allows for
the crystallization of thea8-FeCo phase without the crysta
lization of nonferromagnetic phases which magnetica
harden the materials. The addition of small amounts of Cu
the alloy is commonly thought to depressTx1 ,5,6 and to pro-
vide Cu clusters in incipient crystallization which act
nucleation sites for the primary nanocrystals. The addition
the elements Zr and B allow for better glass formation dur
melt spinning, which is the essential precursor for the form
tion of the nanocrystals.

To confirm the formation of the phases at each of
crystallization temperatures, x-ray diffraction~XRD! experi-
ments were conducted. From the conventional XRD res
seen in Fig. 3, the as-spun ribbon is amorphous, and
formation of either thea-FeCo ora8-FeCo phases occurs a
annealing temperatures aboveTx1 . Closer inspection of the
sample annealed at 750 °C, just aboveTx2 , shows the for-
mation of a small amount of~Fe,Co!3Zr phase.

Ambiguity in distinguishing between thea-FeCo and
a8-FeCo phases aboveTx1 in conventional x-ray analysis, i
due to the similarity of the atomic scattering factors of
and Co. This makes the observation of the superlattice
flections in conventional XRD quite difficult, since the inte
sity of the superlattice reflections is proportional to t
square of the differences of the two atomic scattering fact

FIG. 3. Conventional XRD experiments on the as-cast alloy and the a
annealed at three different temperatures for 1 h, with a water quench.
as-spun ribbon is seen to be amorphous, and the annealed samples
BCC-derivative phase~eithera- or a8-FeCo! ~a52.858 Å!.
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However, by using the intense beam of the synchrotron x-
source and choosing the radiation wavelength to take ad
tage of anomalous scattering we have increased the di
ence in atomic scattering factors allowing for observation
superlattice reflections. In Fig. 4, the synchrotron XRD p
tern shows that the atomically ordereda8-FeCo phase has
indeed been formed by the presence of the~100! superlattice
reflection. This sample was annealed at 550 °C which is
low the temperature of the bulk order–disorder phase tra
formation, so that in equilibrium we should expect the o
dered phase.

B. Intrinsic magnetic properties

Figure 5 shows the magnetization as a function of te
perature for two alloys, one of the NANOPERM compos
tion and the other of the HITPERM composition. Initially
both of the samples are amorphous and as the sample
heated, the crystallization of the amorphous phase beco
apparent in each alloy by an increase in magnetization.
lower curve, for the NANOPERM material, shows the Cu
temperature of the amorphous alloy to be just above ro
temperature. The magnetic phase transition is followed
primary crystallization atTx1 ; 500 °C. This is followed by

y
he
re a
FIG. 4. Synchrotron XRD (E57112 eV andl51.748 Å) experiment which
shows a ~100! superlattice reflection, thus distinguishing the order
a8-FeCo phase from the disordereda-FeCo phase.

FIG. 5. Thermomagnetic data showing the alloys of the HITPERM~large
circles! and NANOPERM alloy compositions~small circles!. The
HITPERM maintains a high magnetization to very high temperatures, wh
makes it an excellent candidate for high temperature applications.
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secondary crystallization and then finally the Curie tempe
ture for thea-Fe phase at;770 °C. The upper curve fo
HITPERM, shows that the magnetization decreases mo
tonically until ;400 °C as the amorphous phase approac
its Curie temperature. Near 500 °C structural relaxation
crystallization of thea8-FeCo phase occurs resulting
larger magnetization due to the higher Curie temperatur
the a8-FeCo phase. The crystallization temperature is the
fore well below the Curie temperature of the amorpho
phase, so that the magnetization of the amorphous pha
only partially suppressed prior to crystallization. At a tem
perature corresponding to thea→g phase transition
~980 °C!, the material abruptly loses its magnetization co
sistent with the paramagnetic response of theg phase.

At approximately 700 °C in the NANOPERM alloy an
at ;900 °C in the HITPERM alloy, anomalous peaks in t
magnetization are seen. We do not have structural dat
confirm our expectation, however, it seems reasonable th
a high enough temperature, a reaction where the remai
amorphous phase~which is rich in Zr and B! could be con-
verted in part to ZrB2 . This would further increase the vo
ume fraction ofa-FeCo and thus the magnetization.

FIG. 6. AC permeability is shown as a function of frequency. The sam
was prepared in a laminated toroidal geometry, annealed at 600 °C
measured with a field amplitude of 2.5 Oe. Notice the loss peaks at abo
kHz and a maximum permeability of 1800.
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C. Extrinsic magnetic properties

For permeability measurements, the sample was p
pared as a laminate in a toroidal geometry, and then anne
at 600 °C to promote primary crystallization. AC permeab
ity measurements were performed with a field amplitude
2.5 Oe. Figure 6 illustrates the frequency dependence of
real and imaginary components of the complex permeabi
m8 andm9, respectively.m9 reflects to the power loss due t
eddy currents and hysteretic response. The maximum pe
ability for this material was determined to be about 180
m9~f! peaks at the frequency;20 kHz. The ac permeability
at room temperature of the HITPERM alloy has been co
pared to a commercial alloy with nominal compositio
~FeCo!98V2, called HIPERCO-50 alloy. Table I shows
summary of the results of these experiments.

The importance of the two-phase microstructure in na
crystalline alloys has been discussed in detail for FINEM
alloys.7–11 The nature of the nanocrystal–amorphou
nanocrystal coupling is of paramount importance to the pr
erties of these materials. This coupling depends both on
size of the nanocrystallites and more importantly on
amount, chemistry, thickness and in particular the Curie te
perature of the intervening amorphous phase. It is impera
for the ferromagnetic grains to be strongly exchange coup
to maintain good soft magnetic properties. If the exchan
coupling is disrupted then the coercivity will increase, t
permeability will decrease, and the Herzer model is
longer applicable.11

Slawska-Waniewskaet al.7 have observedT-dependent
magnetic response in nanocrystallized FINEMET materia
They concluded that for sufficiently small nanocrystals w
enough intergranular material between them to diminish
destroy the coupling between particles that superparam
netic response is observed. Skorvanek and O’Handley8 have
studied magnetic interactions between nanoparticles
FINEMET above the Curie temperature of the intergranu
amorphous phase. They show that the magnetic interact
increase with increasing nanocrystalline volume fractio
These interactions tend to suppress superparamagnetic
tuations. They observe a peakHC(T) near the Curie tem-
perature of the amorphous phase.

An elegant phenomenological model has been develo
by Hernando,et al.,9,10 which also describes the difference

e
nd
20
0 at

°C
TABLE I. Comparison of ac permeability characteristics of NANOPERM, HITPERM, and HIPERCO-5
room temperature.

Fe88Zr7B4Cu1 Fe44Co44Zr7B4Cu1

Sample Constant HIPERCO-50 annealed at 600 °C annealed at 600

Pcm-B f50.4 kHz 0.01 W/g 0.003 W/g 0.02 W/g
10 kG 10 kG ¯

Pcm-B f 510 kHz 1.8 W/g 0.8 W/g 1 W/g
15 kG 15 kG 10 kG

f (m9 peak! H51 Oe 1 kHz 20 kHz 2 kHz
f (m9 peak! H52.5 Oe 60 kHz 20 kHz
Hc Hm510 Oe 4 Oe 0.7 Oe~10 kHz! 2 Oe ~4 kHz!

~10 kHz! 2 Oe ~50 kHz! 2.2 Oe~10 kHz!
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in soft magnetic properties (Keff) from the Herzer one-phas
model near the Curie temperature of the amorphous ph
Tc

am where the nanoparticles decouple. For these reas
FINEMET alloys ~and probably NANOPERM alloys! are
not suitable for use at high temperatures~above theTc

am

transition at;350 °C!.
While it is difficult to get an accurate fit of theM (T) of

the HITPERM amorphous phase because the order param
has been suppressed by only;25% at the temperature o
primary crystallization,Tx1 , even the most conservative e
timate would place the Curie temperature of the amorph
phase well above 600 °C. With the amorphous phase rem
ing ferromagnetic, the strong exchange coupling should
be disrupted at much higher temperatures than for the
based nanocrystalline magnets. For this reason, we ex
that these alloys should maintain good soft magnetic pro
ties to high temperatures, where other Fe-based alloys
not. We will report on high temperature ac magnetic m
surements in the future.

We are currently modeling the ac losses using equat
of motion for a domain wall in a viscous medium. The hig
peak frequency is thought to be reflective of the higher
sistivity in the nanocrystalline materials than that of the co
ventional alloys. The resistivity is a significant term in ed
current related damping of domain wall motion.

IV. CONCLUSIONS

New nanocrystalline soft magnetic material with t
a8-FeCo phase~B2 structure! are reported. These have be
shown to have excellent magnetic properties to high frequ
cies and temperatures. Both the improved high tempera
properties of thea8-FeCo nanocrystalline phase and of t
intergranular matrix material (Tc

am) suggest that this mate
rial will be an important candidate for high temperature a
craft power applications.
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