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Thermal stability of the nanocrystalline Fe—Co—H  f—-B—Cu alloy
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Nanocrystalline (Fg ,Co/)gsHf;B4Cu, alloys have been investigated as candidates for soft
magnetic materials for high temperature applications. Four samples were obtained in annealed or
as-spun ribbons witlx=0,0.10,0.30,0.44. Magnetic properties and thermal stability were studied
focusing on thex=0.30 alloy by means of different thermal analysis, hysteresisgrapher, impedance
analyzer, transmission electron microscope, etc199 American Institute of Physics.
[S0021-897€09)17608-4

I. INTRODUCTION ter. ac magnetic property measurements were performed at
. room temperature using a hysteresisgraph tracer and imped-
Nanocrystalline (Fe ,Co,)ggHf;B,Cu; alloys have oom temperature using a ysteresisgraph tracer a d ped

. : . ) ance analyzer. The size of the sample for ac magnetic prop-
been studied as candidates of soft magnetic materials for
. . o erty measurements was 1.6 il mmx27 um. Demagne-
internal generators in the so-called more electric aircraft. Th - .

ization field corrections were neglected.

materials are to be used at elevated temperat{(ffé3—873 The as-spun ribbons were studied with a DSC using a

Ei) ﬁgrd ii;i;?(gfc;ec:htg \t;v?)\rﬁ; a t2e I’;‘Ir (i?;ié%u%@ ((l;)r constant heating rate of 0.167 K/s. The heat flow was moni-
9 9 b ' tored and heating was suspended just after the crystallization

thermal stability at 873 K for 5000 hic) core losses less .
: . so as to perform XRD, SQUID, and transmission electron
than 480 W/kg at 5 kHz and 773 Kdr2 T induction. These . P . Q ) :
" L . .. __microscope TEM) experiments on the as crystallized speci-
are very severe conditions for existing materials. Besides . ;
. . . mens. For thermal stability tests, as-spun ribbons were en-
high temperature mechanical properties of the soft magnetic , :
: ) Closed in evacuated glass capsules and annealed in a tube
material should also be concerned. In searching new mate

r]1- ) ; .
urnace at 873 K for various times. The microstructures were
als, the CMU MURI program has concentrated on the fOI'observed with an EM420 TEM and JEM4000 high resolution

Igwmg matenal;sil) Fe—(_:o base alloys for h'.g.h magne_:tlza- TEM (HRTEM). TEM samples were prepared by mechani-
tion, (2) crystalline materials for thermal stability and higher L . o
cal polishing and subsequent ion milling.

magnetization, and3) nanocrystalline materials for better
soft magnetic properties.

In this work, amorphous materials are used as precursor'g- RESULTS AND DISCUSSION
for the nanocrystallization process. Hf and B were selected Tpe phase in as-spun ribbons »f0,0.10,0.30 alloy
as the glass formers. A small amount of Cu was added t@pun on the Cu wheel was confirmed to be amorphous by the
provide nucleation sites for the nanocrystals so as to optinrgad XRD peak, the absence of any crystalline peaks, as
mize the grain size. Additional alloying elements are mini-ye|| as the crystallization peaks in the DTA. The as-spun
mized so as to keep the magnetization large. In this articleijpphon of x=0.44 alloy spun on the steel wheel was con-
we present results of studies of (EgCa,)ggHf;B,Cuy al-  firmed fully crystallized by XRD results. The XRD results
loys and assess their potential as high temperature soft magyr the crystallized samples of four different compositions
nets. showed distinct peaks of bcc structufeith significant
Scherrer broadeningwithout detectable peaks from any
other phases. It was found by TEM that all four samples are
nanocrystalline phases with the grain size of about 10 nm.

Fe (99.97% purg Co (99.999, Hf (99.6% including The magnetization of as-spun and crystalline ribbons with
2-3.5% of Z), FeB (99% pure, and Cu(99.999% were different Co content was measured at 5 and 300 K, respec-
mixed and melted in the arc melting furnace to maketively. The results are shown in Fig. 1. Tke-0.30 Co alloy
(Fe,_xCa ) ggHf;B4Cu; alloy ingots withx=0, 0.10, 0.30, has the highest magnetization, 178t 300 K or 1411
and 0.44. Ribbon samples were obtained from the ingots bgmu/cni, assuming the density of the alloy is about 8.3
the single-roll melt-spinning technique. A copper wheel wasg/cnt. Therefore, it was chosen for the study of thermal
used, except for th&=0.44 alloy ribbons which was spun stability.
on a low C steel wheel. The linear velocity of the wheel was  Figure 2 shows the frequency dependence of permeabil-
about 35 m/s x-ray diffractiofXRD), differential thermal ity for field amplitudes of 0.68-0.82 A/m fox=0.30 Co
analysis(DTA), and differential scanning calorimet(SC) samples annealed for various times at 873 K. ac magnetic
were used to study the phases in the ribbons. Magnetizatioresponse was measured using an impedance analyzer. Figure
was measured using a Quantum Design SQUID magnetom@&- shows coercive forces determined by measurement on a
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FIG. 1. Magnetization data of as-spun and crystalline FiG. 3. Magnetization dependence of the coercivity forxke0.30 sample

(Fer-xCa,)ggHf7B,Cuy ribbons with different Co contents measured at 5 with different annealing times at 873 K.
and 300 K, respectively.

hysteresisgraph tracer. The coercive force worsened fdng that both the magnetization dipole moment and the Curie
samples annealed between 20 and 100 h, but was relativetgmperature were diminished by the precipitatisacondary
stable for short and long times. In this period, grain growthcrystallization.

was observed with TEM, as shown in Fig. 4. Grains grew  This alloy system showed excellent nanocrystalline
from ~10 nm at 20 h to~30 nm at 100 h, but no apparent forming ability for wide range of Co contents. The impor-
grain growth between 1 and 20 h was observed. Further artance of the grain size to soft magnetic properties is clearly
nealing pass 100 h did not lead to further increasing of theshown by Herzéras the grain size dependence of coercivity.
coercive force, but the magnetization was observed to defo obtain excellent magnetic materials, the grain size should
crease at room temperature. Both samples annealed for 5@@ small compared with the so-called ferromagnetic ex-
and 1000 h have a larger temperature dependence of magrehange lengthL .= VA/K, whereA is the exchange stiff-
tization than those for shorter times. ness, ank is the magnetic anisotropy.

TEM observations were performed which revealed pre-  The ferromagnetic exchange length of an equiatomic or-
cipitates in long-time annealed samples. Figure 5 show TEMiered Fe—Co alloy is estimated to be 46 nm by assuming
images of 500 and 1000 h annealed samples. There are smal=1.7x 10”11 J/m andK =8 kJ/n?.2 If a larger anisotropy
precipitates everywhere among large grains in the 500 h aris assumed for the=0.30 Co alloy, i.e.K~ 25 kJ/n? but all
nealed sample. In the 1000 h annealed sample, precipitatether parameters are equivalent to the equiatomic alloy has,
are large in size and quantity and the original grain boundthe exchange length will be about 26 nm. The two numbers
aries became unclear. From electron diffraction rings, théracket Herzer's estimate of 35 nm for Fe—Si aftofor
precipitates were identified to be &4f in the 500 h an- grains smaller than the exchange length, a random anisotropy
nealed sample and gifg in the 1000 h annealed one. Also model should be considered. Here the anisotropy is replaced
a weaker but similar diffraction pattern to that of the 500 hwith the effective anisotropy that is a statistid@ghndom
annealed sample was observed in the 100 h annealed samplalk) average over grains coupled within an exchange
although precipitates were not observed in images. length. The Herzer plot predicts that a material with-80

Figure 6 shows the magnetization change with annealingm grain size should be expected to have a coercivity of 100
time. Magnetization started varying after 100 h, which coin-A/m, which is comparable with our data. Coercivities on the
cides with that of commencement of precipitation. The
change is larger at room temperature than th&t l& imply-
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FIG. 2. Frequency dependence of the real)( and the imaginary ")

components of the permeability for the=0.30 sample with different an-

nealing times at 873 K.

FIG. 4. TEM micrographs of th&=0.30 sample annealed at 873 K for
different times:(a) as-spun(b) 1 h, (c) 20 h, (d) 100 h.
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FIG. 7. High resolution TEM micrograph of the=0.30 sample annealed at
873 K for (a) 1 h and(b) 20 h.

FIG. 5. TEM micrographs of th&=0.30 samples annealed at 873 K for Precipitation occurred after longer anneals. In the grains
different times:(@) and (b) 500 h(c) and(d) 1000 h. of the 500 h annealed sample, the precipitates were revealed

to be CgHf, while in the sample annealed for 1000 h, the
order of 102 A/m are predicted for 10 nm particles Suggest_precipitates are GgHfg. Itis naFura_I to consider thgt second
ing that further refinement of our grain size could result inphases may gffect the magnetization of the material. Because

of the formation of these compounds consume Co, the Co
content of the matrix decreases, contributing to the stronger
reduction of magnetization at room temperature.

even softer magnets.

Figure 2 shows a relatively invariant permeability as a
function of frequency out to several kHz. The permeability at . L
5 kHz is not very different from those at lower frequencies. Also, '_f Copatifs has a §mal|_nonzero magnetlzatlon an_d
If the frequency does not influence the coercive force eitheft low Curie temper_ature, its existence will cause larger dif-
at higher fields, the high coercive forces observed should bgerence of magnetization between low and high tempera-

attributed to the higher anisotropy or shorter exchange lengtf€S-
than expected ¢ by g ¢ In this study, the amorphous phase at the grain boundary

The theory of grain growth driven by the grain bound- seems to play an important role in both stability and mag-

ary energy predicts the highest growth rate at the beginnin etic pro.pertles. To improve the properties, we may need to
Our results shown in Fig. 4 do not fit this as it seems to hav ake th's .phase more therm'ally stable apd probably the
an incubation time. This suggests the grain growth in thign_agnetlzatlon Of_ the phase h'gh?r t(.) obtain stronger cou-

material would be controlled by two or more processes. Figpllng among grains. The magnetization de_crease at h_|gher
ure 7 shows HRTEM images. It can be seen that the nandEMmperatures of long annealt_ad_ sgmples IS ano_the_r ISSue.
crystalline grains are separated by an amorphous phase. T gere must be e_ffects of prempnauo_n on magnetization al-

thickness of the amorphous phase between the grains r rough the relation between thgm is not clear y_et.. If. the.

mains almost same after 20 h annealing compared with 1 rger tempe_rature dependence is due to the precipitation, it
annealed sample. This amorphous phase at boundaries mWSt be avoided.

hinder grain growth by inhibiting diffusion.
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