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A. Makino
Central Research Laboratory, Alps Electric Co. Ltd., Nagaoka 940-8572, Japan

Amorphous alloys with a wide supercooled liquid regiadxil() before crystallization were formed

in the FegCo;Ni;,HfsM,B,q (M=Nb, Ta alloys by melt spinning. ThAT, which is a critical factor

of glass-forming ability, increases to large values exceeding 90 from 82 K by the addition of 2 at. %
M, and the largesA T, value is larger by about 10 K than the largest value for recently reported
(Fe,Co,N)-Zr—M-B alloys. By the addition of the M metals, magnetic properties also changed.
Good soft magnetic properties were obtained for the alloys annealed for 300 s at 800 K. The
saturation magnetizatiorl ) , coercive force ;) , and effective permeabilityy(,) at 1 kHz are,
respectively, 0.71 T, 1.0 A/m, and 16 700 for the=Mb alloy and 0.76 T, 1.0 A/m, and 15 600 for

the M=Ta alloy. The finding of the Fe-based amorphous alloys exhibiting simultaneously the wide
supercooled liquid region before crystallization and the good soft magnetic properties seem to
enable the future development of a new ferromagnetic bulk amorphous alloyL.99® American
Institute of Physics.S0021-89709)15308-9

INTRODUCTION EXPERIMENTAL PROCEDURE

It is well known that Fe-based amorphous alloys exhibit, Master ingots of Fe—Co—Ni-HM-B (M=Nb,T3 al-

) _ oys were prepared by arc melting the mixture of pure Fe,
good soft magnetic propernéd_ﬂowever, these_alloys _have Co, Ni, Zr and M metals and pure B crystal in an argon
usually been prepared in a thin sheet form with a thicknesgymqsphere. The alloy compositions represent the nominal
below about 50um (Ref. 1) and in a wire form with a di-  atomic percentage of the mixtures. Rapidly solidified ribbons
ameter below about 120m.* The small maximum thickness with a cross section of 0.021.0 mn? were prepared by melt
resulting from the low glass-forming ability for conventional spinning. The crystallized structure was examined by x-ray
Fe-based amorphous alloys has prevented the further extedifractometry (XRD). Thermal stability associated with
sion of application fields as magnetic materials. Recently, thg@lass transition, supercooled liquid region, and crystalliza-
Fe—Zr—B-based bulk amorphous alloys with thickness up tdion was examined at a heating rate of 0.67 K/s by differen-
5 mm have been formed in conventional casting processediial scanning calorimetryDSC). Magnetization at room tem-
These alloys consist of multicomponent systems and exhibff€ratureé was measured in a maximum applied field of 1260

a glass transition, followed by a wide supercooled liquid re-"" m with a vibrating samp_le magnetomet&/SM). Coer- .
. a7 cive force was measured with a I-H curve tracer. Permeabil-
gion before crystallizatiofi-’ Furthermore, these have al-

ways satisfied the following three empirical rifiésfor Ity was evaluated at 1 kHz with an impedance analyzer.

hi hiah al . bility. | " Saturated magnetostriction) was measured under a field
achievement of high glass-forming ability, i.€1) multicom- ¢ 540 A/m by a three-terminal capacitance method.
ponent alloy systems consisting of more than three elements,

(2) significantly different atomic size ratios above about 12%
among the main constituent elements, &Bdnegative heats
of mixing among their elements. Based on the three empiri- An amorphous phase without crystallinity was formed in
cal rules, it has been found that a wide supercooled liquidhe composition range of more than 0% Hf and 8% B in the
region exceeding 80 K before crystallization is also obtainedapidly solidified Fgs-x-yCo;Ni;HfxBy. Based on DSC
for amorphous alloys in the Fe—Co—Ni—Hf-B systdin. curves, thely, T, andAT for the Fe—Co—Ni—Hf-B amor-
This article aims to present the compositional dependence @hous alloys were plotted as a function(af Hf and (b) B

Hf or B and the influence of partial replacement of Hf by thecontents__ln Fig. 1. The glass transition is observed in the
transition metal(M) on the glass transition temperature composition range above 4% Hf and 8% B, followed by a

o .~ supercooled liquid region in the temperature range below
E;}rgi)o,ncgs{_taﬂl_zratlo_lrj )tergazra%g:gt{c S:Egggggdf;'rqlﬁg Tx. TheTy andT, increase by the replacement of Hf and B
x— 'x7 lg/> -

) and then onlyT slightly decreases in the B concentration
Co-Ni-Hf-M-B amorphous alloys. range above 20 at. %. ThET, changes by the difference in
the compositional dependence ©f and T, and reaches a
3Electronic mail: koshiba@imr.tohoku.ac.jp maximum value of 82 K at the composition of

RESULTS AND DISCUSSION
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FIG. 1. Changes in the glass transition temperatiligg { onset temperature
of crystallization {T,) , and the temperature interval of supercooled liquid
region AT,=T,—T,) as a function of(a) Hf and (b) B contents for the
amorphous Fg_x_yCo;Ni;HfyBy alloys.

Hf content, X / at % B content, Y/ at %

FIG. 2. Changes in saturation magnetizatidg) ( coercive force ),
effective permeability £.) at 1 kHz and saturated magnetostriction)(as
a function of (@ Hf and (b) B contents for the amorphous
Fess_x_vCoNi;Hf«By alloys in annealed states.

Fe;sCo;Ni;HfoBog. From these results, it is clear that the
replacement of Fe by Hf and B is effective for the improve-
ment of glass-forming ability. Similarly, Fig. 2 shows the
saturation magnetizationd) , coercive force.) , effective
permeability ) at 1 kHz, and saturated magnetostriction
(Ng) as a function of(a) Hf or (b) B content for the Fe Co Ni HfTaB,
Fess_ x— yCoNi;Hf«By amorphous alloys in annealed states.
Here, the annealing was made at the temperature 40 K lower
thanT,. As is the case for thermal stability, the magnetic
properties also change by the replacement of Hf and B. It is
seen that the replacement by Hf and B causes a gradual de-
crease inlg and A; and a sgnificant decrease i, in the
range up to 4% Hf and 8% B. The_. keeps a low value of
about 2 A/m in the higher Hf and B concentration range. On
the other hand, thg, significantly increases in the range up
to 4% Hf and 8% B and then keeps a high value of about
17000. The resultingH. and u. values are significantly
improved and exhibit the best values of 2.5 A/m and 17 800,
respectively, for the RgCo;Ni;Hf B,y alloy. It is seems
that I falls by the decrease of Fe armt, and u. are im-
proved with stabilization of the alloys. Therefore, it is said
that this alloy exhibits simultaneously high glass-forming
ability and good soft magnetic properties.

Secondly, based on the results of Fe-based amorphous
alloys reported to dat¥;*>we have made the partial replace-
ment of Hf by 2 at. % Nb or Ta to improve the glass-forming

ability of the above-mentioned Eg£o;Ni;Hf By alloy. Itis  Fig. 3. DSC curves of the amorphous  fo,Ni;Hf1gBso,
clear that the RgCo;Ni;HfgM,B,o (M=Nb or Tg alloys are  Fe;sCo;Ni;HfgNb,B,,, and FggCo,Ni;Hf;Ta,B,, alloys.

Exothermic(arb. unit)

700 800 900 1000 1100
Temperature, T/K
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TABLE |. Saturation magnetizatioh;, coercive forceH,, effective per-  satisfied at a high level, the topological and chemical short-

meability at 1 kHz fue) and saturated magnetostriction, for the  ange orderings are enhanced, leading to the formation of a
Zﬁigcr:(g'ljg Eﬁgfl‘; ani%giﬁ'}'é;HéggbéliﬁOéooaw FeeCOoNizHfaTa;Bz0 highly dense random packed structure with low atomic dif-
fusivity. Therefore, the diffusivity of the constituent ele-

I(T)  HJAM)  ue(lkHz) N (1079) ments is suppressed and the liquid/solid interfacial energy is

increased. Even in the supercooled liquid structure, long-

FeseCo,Ni;Hf; 0B 0.82 25 17 800 14 X , S
FaCoNiHfsTaByy  0.76 1.0 15 600 12 range atomic rearrangements are required for precipitation of
Fe,Co/NisHfgNb,B,,  0.71 1.0 16 700 10 the crystalline phases. However, the atomic rearrangements

are difficult in the specialized liquid with low diffusivity.
The difficulty seems to be the reason for the appearance of
the glass transition and supercooled liquid region before

composed of an amorphous phase without crystallinity fromcrystalhzatlon.

XRD results. Figure 3 shows DSC curves of the
FeseCo;Ni;HfgM B, (M=Hf, Nb, or Tg amorphous alloys. CONCLUSIONS
One can see a distinct glass transition, followed by a wide The glass transition and subsequent supercooled liquid
supercooled liquid region in the temperature range beforeegion were observed in the temperature range before crys-
crystallization for these alloys. Th&T, increases to large tallization for all the FgsCo,Ni;HfgM,B,, alloys. TheAT,
values exceeding 90 K by the addition of 2 at. % M, beingincreases by the addition of 2% M and reaches a maximum
larger by about 10 K than the largest value for recently re-AT, of 98 K for the 2% Nb or Ta alloys. ThAT, is the
ported Fe—Co-Ni-ZM-B (M=Nb or Ta alloys’™! |argest among Fe-based amorphous alloys reported here.
Table | summarizeds, H., u. at 1 kHz and\g for the  Furthermore, these alloys annealed for 300 s at 800 K exhibit
Fe;sCo;Ni;HfgM,B,o amorphous alloys subjected to anneal-good soft magnetic properties, i.€l, of 1.0 A/m andu, of
ing for 300 s at 800 K just below . It is seen that the 15000-17 000 at 1 kHz. The finding of the new amorphous
replacement of Hf by M elements causes a decreadg.of alloys with the two characteristics is important for the future
The | decreases by 0.06 to 0.11 T only by the addition ofdevelopment of bulk amorphous alloys in the application of
2% M. Theu, values also slightly decrease, but neverthelessoft magnetic materials.
keep high values of 15500-16 500. Additionally, thgalso
exhibits a low value of 1.0 A/m. From the compositional paterials Science of Amorphous Metaéslited by T. MasumotéOhmu,
dependence of the thermal stability of the supercooled liquid Tokyo, 1982.
and the magnetic properties, it is concluded that theZM- Hagiwara, A. Inoue, and T. Masumoto, Metall. Trans.18A, 373
FesgCoyNi;HfgM B, (M=Nb or Ta amorphous alloys have  s,700,e 1 zhang, and A. Takeuchi, Appl. Phys. Létt, 464 (1997,
the useful characteristics of high glass-forming ability and 4a. inoue, A. Takeuchi, T. Zhang, A. Murakami, and A. Makino, IEEE
good soft magnetic properties. 5Trans. Magn32, 4866(1996.
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which satisfies the three empirical rules. The addition of Nb (Al'g'g;“e' T.Zhang, and T. Masumoto, J. Non-Cryst. Solifi§-158 473
or Ta is effective for the increase in the degree of satisfactiore "|noue, Mater. Trans., JINg6, 866 (1995.
of the empirical rules. That is, the addition of these element°H. Koshiba, A. Inoue, and A. Makino, The Third Pacific Rim International
causes the more sequential change in the atomic size on théonference on Advanced Materials and Processirit)23(1998.
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