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Magnetic properties of HITPERM (Fe, Co)ggZr,B,Cu; magnets
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A new class of nanocrystalline alloys with composition f&®,,2r,B,Cu; has been developed. This

and similar alloys of general compositighe, C—M—-B—-Cu (where M=Zr, Hf, Nb, etc) have

been named HITPERM. They offer large magnetic inductions and excellent soft magnetic properties
at elevated temperatures. Thermomagnetic properties, permeability, and frequency dependent losses
are described in this report. These alloys exhibit high magnetization that persistsatesthghase
transformation at 980 °C. Alternating current permeability experiments reveal a high permeability at

2 kHz with a loss value of 1 W/g éB;=10kG andf=10kHz. © 1999 American Institute of
Physics[S0021-89789)52908-3

I. INTRODUCTION tions to high temperatures. In this work, synthesis, crystal
structure, and magnetic properties (6%, CQggZr,B,Cu al-
The development of magnets for high temperature poweloys are used to support these alloys as excellent candidates
applications requires new bulk soft magnetic materials thafor high temperature soft magnetic materials.
(1) are capable of operating at higher temperatures(and
possess higher combined inductions and permeabilities. Con-
tinued development of soft magnetic materials for high tem4l. EXPERIMENTAL PROCEDURES

perature magnetic applicatiofsuch as rotors in electric air- .
. . . ) Samples of the composition K€0,,2r,B,Cu; were pre-
craft) will be greatly influenced by changes in the field of ared by arc melting of high purity electrolytic Fe, Co, Zr,

soft magnenc materials. In nanocrystalline materials, wher&%u, and FeB (90.75% metals basién an argon atmosphere.
the grains are much smaller than the exchange coheren(&a

. . . . Amorphous ribbons were produced from the ingots using a
length, the magnetic anisotropy is averaged over many grains - . 4
: . : single wheel melt spinning technique. The amorphous rib-
and orientationd. Thus these nanocrystalline alloys may ; . . )
. I bons obtained from this process were 204 in thick-
have coercivity that can be significantly reduced and alter-

nating currenfac permeability increased as compared with ness. The ribbons were isothermally annealed (550°C
g ¢l P y P <T,<750°C) in an argon atmosphere fb h followed by
conventional alloys.

. . water quenching. Differential thermal analyslBTA) was
Rece?tll?( nagoayséalléne(,\l; E;SB—I\II\éb—HCqu atII(;ys"and used to examine the crystallization temperatures of an as-cast
nanocrystafiineé e-M=b-LUM=2r, N, Hl, €1C) al0yS — nhon A scanning rate of 0.167 °C/s was used for tempera-

ha_ve been optlmlzed_ to achieve small m"’_‘gf‘ems”'c“"e Coe{'ures between 400 and 1200 °C. The ribbons were examined
ficients and concomitant large permeabilities. Of these al

. . ) by x-ray diffraction(XRD) using a Scintag XDS 2000 dif-
loys, nanocrystalline soft magnetic materials based on I:e’r’ractometer and CK « radiation. Synchrotron x-ray diffrac-
Si—-B—Nb-Cu and Fe—-M—-B—-Chave been patented under

h q FINEMERSand NANOPERM tion experiments were performed at the National Synchro-
t_ € tradenames AN X v TeSPEC-  yqp Light Source to identify the superlattice reflections
tively. In FINEMETS, a-F&;Si nanocrystalline grains, with a

which are signatures of the ordered-FeCo phase. The en-
D05 crystal structure, are observed. In NANOPERMFe ergy of the x rays was 7112 e\ & 1.748 A) and chosen to
nanocrystals with body-centered-culfleco (A2) structure

take advantage of the anomalous scattering of Fe near the Fe
are formed.

. . K edge.
We have investigate@Fe, C9—Zr—B—Cuproduced by

. e . " , A Lakeshore vibrating sample magnetomet&®SM)
rapid solidification processing followed by primary crystalli- \, o< sed to measure the magnetization of the as-cast mate-
zation. These and similar alloys with the compositiére,

rial from room temperature to 1000 °C, in a field of 500 Oe,
CO)_M_B;C“’ where M=Zr, Nb, Hf, etc., we call nq yith a heating rate of 2°C/min. A Walker Scientific
HITPERM?> In the HITPERM alloys, nanocrystalline

. ) al it ralil = alternating currenac) permeameter was used to measure the
a'-FeCo graindB2 structurg are formed exhibiting signifi- o4 temperature permeability and coercivity with a field

cantly improved high temperature magnetic properties than it de of 2.5 Oe. The as-spun ribbons were prepared for
in the former two systems. HITPERM maintains large '”d”C'permeabiIity measurement by winding them into laminated

toroids followed by the standard isothermal anneal for
dElectronic mail: dupre@elmape.rug.ac.be nanocrystallization prior to measurement of ac properties.
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FIG. 2. Synchrotron x-ray diffraction experiment showin¢l@0 superlat-

FIG. 1. Differential thermal analysis showing two distinct crystallization tice reflection, identifying the orderes!-FeCo phase.

peaks, atT,;=510°C andT,,=700°C. These peaks correspond to the
crystallization ofa’-FeCo andFe, CoZr, respectively.

tallization events and to determine Curie temperatures. The

IIl. RESULTS AND DISCUSSION Curie temperature of the NANOPERM amorphous alloy was
) ) . just above room temperature, primary crystallizationT gt
Our alloy design was aimed at producing a stalle®r  _500°C, secondary crystallization &;,~ 700 °C and the

a'-FeCO phase a.fter nanocrysta"ization that W0u|d prOVidq:urie temperature for thm_Fe phase nanocrysta|s at
the high saturation induction and Curie temperature. The ad<770°C. HITPERM alloys exhibited a monotonically de-
dition of Zr and B were required for glass formation in the creasing magnetization as the amorphous phase approaches
precursor alloy. Cu additions have been found to depresgs Curie temperature. Above 500 °C crystallization of the
Ty, " and are thought to provide nucleation sites for pri-,'_FeCo phase occurs resulting in a larger magnetization
mary crystallization. DTA was used to determine the tem-gye to the higher Curie temperature of thé-FeCo phase.
peratures of crystallization for this alloy, as seen in Fig. 1.The crystallization temperature is apparently well below the
The reaction sequence: Curie temperature of the amorphous phase, so that the mag-
Amorphous—Amorphous+a’-FeCo netization of the amorphous phase is only partially sup-
pressed prior to crystallization. At the— y phase transition
Amorphous+ea’-FeCo-a’-FeCot(Fe, CosZr (1) temperaturg980 °Q), the material abruptly loses its magne-
seems to be the case for the crystallizatio at and Ty, tization consistent with the paramagnetic response ofjthe
respectively. The primary and secondary crystallization temPhase. _ . - _
peratures occur afl;=510°C and T,,=700°C, for 'Brhe ac.magnetlc .hysterf'e5|s curves exhibited Ray!e!gh
a’'-FeCo and(Fe, CosZr, respectively. The two distinct Ioop behawo_rfor_maxm_umflelds less than the ac coercmty
crystallization events allow the ferromagnetie’-FeCo @S illustrated in Fig. 3. Since the loops are shear_ed, they will
phase to form without the crystallization of nonferromag-not saturate at such a low field amplitude. With the low
netic phases which can degrade soft magnetic properties. coerc_lvny up to high frequenues, the;e materlals show great
Conventional XRD results show the as-spun ribbon igPromise if the process is properly optimized.
amorphous, and the formation of either theFeCo or Low field amplitude H,=2.5 Oe) hysteresis loops have
«'-FeCo phases occurs at annealing temperatures abo®§€n measured at ac frequencies of 0.06, 4, 10, and 40 kHz,
T,,. Inspection of the sample annealed at 750 °C, just abovkespectively. These are reasonably well fit by using a Raleigh

Ty, shows the formation of a small amount @&fe, CgsZr
phase. Due to the similarity of the atomic scattering factors

of Fe and Co, the observation of the superlattice reflections 5 YT
in conventional XRD is quite difficult. The ambiguity be- Y ""E«.;‘
tween thea- and a’-FeCo phases is removed by using the 25

intense beam of a synchrotron x-ray source and choosing an 6
x-ray energy to take advantage of anomalous scattering. The =
difference in atomic scattering factors were maximized by -
this choice of energy. In Fig. 2, the synchrotron XRD pattern
shows that the atomically ordered-FeCo phase has indeed
been formed by the presence of {#i®0) superlattice reflec-
tion. This sample was annealed at 550 °C where we should ’ -4
expect the ordered phase.

Thermomagnetic data for amorphous alloys with theFIG. 3. ac hysteresis loops for the HITPERM alloy at 0.06, 4, 10, and 40

compositions FeZrB,Cuy (NANOPERM) _ and  kHz. The sample was annealed at 600 °Clfd and the measurements were
FeCouZr;B,Cuy (HITPERM) were used to monitor crys- made at room temperature with a field amplituble,= 2.5 Oe.
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FIG. 4. Core loss for the HITPERM alloy annealed at 600 °C for 1 h. All FiG, 5. ac permeability is shown as a function of frequency. The sample
experiments were run with a maximum field amplitutlg,= 2.5 Oe atroom  was prepared as a laminated toroid, annealed at 600 °C and measured with a
temperature. field amplitude of 2.5 Oe at room temperature.

loop model, with the phenomenological hysteresis responsigh temperature ac applications. The larger resistivity
as: =50u) cm at 300 K extends the large permeability to

higher frequencies where eddy currents dominate the losses.

B+Bpn=pui(H=Hm) = v(HxHy)?, The resistivity of the nanocrystalline materials is intermedi-
whereH,, is the ac field amplitudeB,, is the induction at ate between the amorphous precursor and crystalline materi-
Hn, wq is the initial permeability, and =au;/dH. The als of similar composition.
hysteretic contribution to the core loss increasell g3 until
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