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The compositional dependence of the soft magnetic properties of the nanocrystalline Fe—Zr—Nb—B
alloys has been investigated. The magnetostrictiory) (and the grain size of the
(FeypZr7Bs) 1 - x(FessNb;Bg) alloys, which are two typical ternary alloys mixed with the best soft
magnetic properties, show intermediate values between those of d{z&Bg with negative\ ; and

the Fg,Nb;Bg with positive ;. However, the soft magnetic properties of the Ea+Nb);,—B

alloys are inferior to those of the {Zr,B; and the FgNb,Bg alloys. The best soft magnetic
properties have been obtained at-Ath=6 at. %. The Fg Zr,Nb,Bg 5 alloy shows a highu, of

60 000 at 1 kHz, a higiBg of 1.64 T, and zero. s, simultaneously. The alloy also exhibits a very
low core loss of 0.09 W/kg at 1.4 T and 50 Hz, which is extremely lower than that of Fe—Si—B
amorphous alloys. The nanocrystalline Fe—Zr—Nb—B alloys with improved soft magnetic properties
are therefore suitable for pole transformers. 2000 American Institute of Physics.
[S0021-897€00)25108-9

I. INTRODUCTION Annealing treatment of the samples was carried out by treat-

. . . . ing the samples for 300 s at various temperatures in a
Recently, nanocrystalline soft magnetic alloys consisting, 5 .,um: the heating rate was 3 K/s

of a-Fe n_ano_scale crystallites embedde_d in a residual amor- - rpa saturation magnetic flux densit4) under an ap-
phous minority matrix have been obtained by crystaII|Z|ngp”ed field of 800 kA/m and the coercivityH,) under a

— H 1-3
melt-spun amorphouse~M-B (M=Zr, Hf, Nb) ribbons. maximum applied field of 800 A/m were measured with a

Qwing t(_) the strong magnetic coupling betwegn the CryStali/ibrating sample magnetomet&rSM) and a low frequency
line grains through the residual ferromagnetic amorphou%_l_| loop tracer, respectively. The permeability ) at 1

matrix, the apparent anisotropy is cancelled and the aIonﬁHZ under an applied field of 0.4 A/m and the core 084

exhibit good soft magnetic propertiéIhe Fe—M-Balloys ;i1 4 T and 50 Hz were measured with a vector impedance
exhibits a high saturation magnetic flux densi§sX from 5 v 6r and an aB—H analyzer operated under sinusoidal
15t .1'7 T as well as good soft magne_tlc properfues. input voltage, respectively. The saturation magnetostriction

It is expected that Fhe soft magnetic prope_rtle_zs of the()\s) under an applied field of 80 kA/m was measured by a
Fe—M-Balloys can be improved further by achieving zero g ain gauge technique. The crystallization process of the
magnetostriction Xs) becagse th? ternarye~M-B alloys amorphous alloys was determined by differential thermal
show sn_’n_all but nonzera, .~ In this article, we _present the analysis(DTA) at a heating rate of 0.17 K/s. The crystalli-
compositional dependence of the soft magnetic properties of i temperaturesT() were determined by onset points of
the Fe—Zr—Nb-B alloys in the mixed arrangement of theexothermic peaks in DAT curves. The mean grain $2g

Fe-Zr-B alloy with negative\s and the Fe-Nb-B alloy a5 evaluated from the half width of-Fe (110 x-ray dif-
with positive\s. fraction peak.

Il. EXPERIMENTAL PROCEDURE Ill. RESULTS AND DISCUSSION

) ) ) ) First, Zr, Nb, and B concentrations were investigated by
. Alloy ingots were prgpared by arc or mdupﬂon meltlng choosing the FgZr,Bs and FgNb;B, alloys as basic con-
in an Ar atmosphere. A single-roller melt spinning method ingsis,ents and mixing them in various ratios. In the nanocrys-
an Ar atmosphere was used to produce the rapidly solidifieg,ine Fe—7r—B and Fe—Nb—B alloys, the compositional
ribbons with 15 mm in width and 20—-2am in thickness.  ange whergu, shows a maximum does not strictly coincide
with the zero\, line.® The best soft magnetic properties are
dElectronic mail: terugbitoh@akita-pu.ac.jp obtained around the compositions off&,B; with negative
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1100 |-(€) mg » ] flux density Bs) and magnetostriction ) for nanocrystalline
Lo Tx(comp.)"“f Fe—(Zr, Nb)¢B alloys after annealing at the optimum conditions. The data of
« 1000 | ‘/—1—\.\_ P the phase field in an as-quenched state are also shown.
-~ B T, 7
L 900 | "
- T(a-Fe) T
800 {~----= a-oee » noted that the best soft magnetic properties have been ob-
o) QL TN T N T T S L R tained around Zr:Nb 2:4 when Zr-Nb=6 at. %. As shown
. g . 02 04 06 08 A in Fig. 1, ue Shows the minimum around Zr:Nb2:4 when
€, T. . .
o Content, x s Zr+Nb=7 at. %, whereas zemo, has been obtained. Figure

3 shows the pseudoternary diagramWf{solid lineg andH
(Flf) 1(5)(3?522?)‘;?abdipﬁgdggzi@r;?gjgg? ’(‘:j"’)‘gr:?'zé't‘ézt‘:izosgy (broken lineg for Fe—Zr, Nb)s—B alloys crystallized under
()\:): ang (e crys){alli;a{tion tempgratures T()’ for nagnocrystalline optlmum conditions. The gray region indicates W,here the
(FeyZr;By)1_x(FesNb;Bg), alloys after annealing at the optimum condi- Nigh e values more than 50000 have been obtained. The
tions. extremely lowW less than 0.09 W/kg, which is 1/2—2/3 that

of the Fe—M—Bternary alloys and is extremely lower than

that of amorphous Fe—Si—B alloys, have been obtained in a
\s and Fg,Nb;Bg with positive\g. Figure 1 shows the com- compositional range of 1.5-2.2 at. % Zr and 8-9 at. % B.
positional dependence &) B, (b) ue, (¢) D, (d) A, and
(e) T, of the (FguZr;B3);_4(FesNb;Bg), alloys as a func-
tion of x. The T,(a-Fe) andT,(comp) are the temperature 3 2 1 0
where the alloys change the structure from amorphous to
a-Fet+amorphous phases, and 46 Fe+compound phases,
respectively. Thél, will be discussed hereafter. The satura-
tion magnetic flux densityD, A, and T,(a-Fe) of the
(FeyoZrsBs) 1 x(FessNb;Bg), alloys show intermediate val-

ues between those of the &ér,B; and the FgNb,Bg al- 6 {1 kHz, 0.4 A/m)
loys. However,u, of the (FgyZr;Bs), x(FesNb;Bg), al- 86\ —— W/ 10°Wkg™
loys are inferior to those of the F&r,B; and the FgNb,Bg (1.47T, 50 Hz)
alloys. It is noted thatu, shows the minimum around 87\~ H, / Am™ 7

=0.8 where the alloy exhibits zeno;.
Next, we have studied the effect of ZNb amount on
the soft magnetic properties. The best soft magnetic proper-

ties have been obtained at-ZNb=6 at. %. Figure 2 shows A"}g;ﬁ'g‘;"s

the pseudoternary diagram @f, (solid lineg, B (broken ]

lines), and \ (dotted lines for Fe—<Zr, Nb)—B alloys crys- 90 91 92 oa*
tallized under optimum conditions, where the +AYb Fe+ Nb (Zr + Nb = 6 at.%) (at.%)

amount was constant at 6 at. %. The small grain size from 10
to 11 nm have been obtained in a compositional range fronfi!G. 3. Pseudoternary diagram of core lda&%) and coercivity f.) for

0to 3 at. % Zr and from 6 to 9 at. % B. The permeability nanocrystalline Fe(Zr, Nb)¢B alloys after annealing at the optimum condi-

' . ’ ’ tions. The gray area indicates the compositional range obtaining high per-
reaches the maximum value of 60000 for the meability more than 50 000. The data of the phase field in an as-quenched
Fess Zr,Nb,Bg 5 alloy, which shows zera. It should be  state are also shown.
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TABLE |. Mean grain sizeD), saturation magnetic flux densit(), per-
meability (ue), coercivity (H.), magnetostrictionX), and core los§W) of
nanocrystalline E-M—-B alloys and Fe—Si—B amorphous alloy.

D B, He Ns we

(m (M)l (A/m) (10°°) (Wikg)
FeyoZr-Bs 13 1.70 30000 5.8 -1.1 0.21
FesNb;Bg 9 152 51000 48 0.6 0.14
Feys Zr,Nb,Bg 5 11 1.64 60000 3.0 —-0.1 0.09
(FeyZrsBs)o 14FeNb;Bg)oss 11 159 12000 10.0 0 -
Fe,gB15Siy (amor) -+ 156 10000 3.5 27 028

3 kHz, 0.4 A/m.
550 Hz, 1.4 T.

The compositional range wheWe exhibits the minimum ex-
tends to lower B content from the region where the hest

Makino et al.

thermic peaks around 800 and 1100 K, which correspond to
the structural changes from amorphousxtd-e+amorphous
phases, and tax-Fet+compound phases, respectively. It
should be noted that the small hump around 1000 K, indi-
cated by the arrow, is observed in the DTA curve for the
(FeypZr7B3)g 14AFe3aNb/Bg)g g3 alloy. Similar humps are ob-
served in the DTA curves for the other F&+, Nb),—B al-
loys as shown in Fig. 1(indicated by T,) and
Fe—(Zr, Nb)g—B alloys containing more than 10 at. % B or 3
at. % Zr. It should be noted that the soft magnetic properties
of these alloys are inferior. It seems to us that the hump
originates from structural or chemical change of the residual
amorphous phase. These results imply that the high thermal
stability of the residual amorphous phase is necessary to ob-
tain the good soft magnetic properties.

As shown in Table |, it is to be noted that the soft mag-

andH_ values have been obtained. This is due to the increasgqy. properties of the FeeZr,Nb,Bg 5 alloy are superior to

of B with decreasing B content. Sin&# increases rapidly
near magnetic saturation, the high#y is favorable to ob-
taining low W.

The magnetic properties of the nanocrystalliree-M—-B
alloys are summarized in Table I. ThegkeZr,Nb,Bg 5 and
(FeypZr,Bs)o 14AFe34Nb;Bg)g g3 alloys have the samb value
of 11 nm and zera 4 after the crystallization. However, the
soft magnetic properties are very differept; of the former

alloy is five times as large as that of the latter alloy. Figure 4

shows the DTA curves of the amorphousgh&r,Nb,Bg 5
and(FeygZr;Bs)g 1AFe34Nb;Bg)g g3 alloys. The two clear exo-
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FIG. 4. DTA curves for and

(FeyoZr7B3)o.14FesNb;Bg)g g5 alloys.

amorphous  faZr,Nb,Bg 5

those of the amorphous f8igB15 alloy. Furthermore, it has
been confirmed that the Eg/Zr,Nb,Bgs alloy also has a
good thermal stability of the magnetic propertids.can be
concluded that the nanocrystalline gEgZro,Nb,Bg 5 alloy
with high By is suitable for a core material for pole trans-
formers.

IV. CONCLUSION AND FUTURE WORK

The present work reveals the soft magnetic properties of
the Fe—Zr—Nb-B alloys are strongly affected by the-Kib
amount and the Zr/Nb ratio. This result implies that the
chemical interaction between Zr and Nb atoms is important.
Further investigations such as a detailed analysis of the crys-
tallization process of the alloys are required to clarify the
effect of the mixing of Zr and Nb on the microstructure and
the magnetic properties.
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