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A Co-based amorphous phase with glass transition and supercooled liquid region before
crystallization was formed in Gg_,FeZr,oB>g and Ca,_,FeZrgB,q alloys containing more than

14 at % Fe. The crystallization temperaturg, X is 899 K for the Co—-Zr—B alloys and remains
unchanged in the Fe concentration range up to 20%. The glass transition tempégtutecfeases

with increasing Fe content, and thdl,(=T,—T,) increases from 25 K at 14% Fe to 34 K at 21%
Fe. The amorphous alloys with glass transition crystallize with a single stage precipitation of bcc
Fe(Co) and CqZrB, phases. The Co-rich amorphous alloys exhibit good soft magnetic properties,
i.e., saturation magnetization of 0.58—-0.83 T, low coercivity of 4.7—8.3 A/m, and high permeability
of 5500—18 300 in the frequency range of 12kBiz and low magnetostriction betweenl.5

X 10 % and +10x 10" including zero. The success in synthesizing the soft magnetic amorphous
alloys with high stability of supercooled liquid is promising for the future development of
ferromagnetic Co-based bulk amorphous alloys. 1898 American Institute of Physics.
[S0003-695(198)00532-4

The search for Fe- and Co-based amorphous alloys witby melt spinning and the thermal stability and magnetic
a wide supercooled liquid range is important because of thproperties of the Co-based amorphous alloys.
possibility of forming bulk amorphous alloys with good soft Multicomponent Co-based alloys with composition
magnetic properties. Recently, Fe-based amorphous alloys070-xF&ZrigB,o and Cg,_(FgZrgB,, (x=0-21at %)
with a wide supercooled liquid region above 50 K have beerwere examined because a wide supercooled liquid region in
found in Fe4Al, Ga)—(P, C, B, S},"*Fe~(Co, Ni)-zr-B?  (Fe, Co, Nijgo x-yZrBy system was obtained for
Fe—(Co, Ni)—(Zr, Nb)—B 2 and Fe<£Co, Ni)—(Zr, Nb)—-(Mo,  FessCoNizZr;oB,o. Their alloy ingots were prepared by arc
W)—B’ systems. The maximum value of the supercooled ligMelting the mixtures of pure metals and pure B crystal in an
uid region defined by the difference betwe@g and T, ~ &rgon atmosphere. Rapidly solidified ribbons w_ith a cross
reaches 67 Kfor the Fe-based alloys containing Al and Ga Section of 0.0X 1 mn? were prepared from the ingots by

elements and 88 % for the Fe-based alloys containing zr Melt spinning. The amorphous nature was examined by x-ray

and B elements. These Fe-based amorphous alloys are ptngffractometry and transmission electron microscopy. Ther-

pared in a bulk form with diameters up to 6 fmnd also mal stability was examined by differential scanning calori-

exhibit good soft magnetic properties, i.e., saturation magnemetry(DSC) ata zea,ting rate of 0'67dK/S' Magnetic proper-
tization (1) of 1.1 T, coercivity H.) of 3—6 A/m, and per- ties of I, H., andu’ were measured at room temperature

meability (') of 7000 at 1 kHz for the FeAl, Ga)—(P, C with a vibrating sample magnetometer, a B—H loop tracer
B, Si) bulk amorphous alloy&®and| , of 0 96’T H. of 2—6 and an impedance analyzer, respectively. The saturated mag-
1 S . tiC

Alm, and 12 of 18 000 for the Fe(Co, Ni)—Zr—B amor- netostriction was also measured by a capacitance method.
phOL,JS alloy$° However, little is know,n about a Co-based Electrical resistivity measurement was made by the four-

: T ) probe technique.
amorphous alloy with a supercooled liquid region before . . .
o An amorphous phase without crystallinity was formed in
crystallization. More recently, we have found that Co-based

rapidly solidified Cgg_,FeZrioB,y and Cg,_,FeZrgB
amorphous alloys with glass transition and supercooled quzxg 0{21 ;t IOL) alloe)?s.XF?g(]uréo 120shows DQSZCXCL?T('VGBS é‘; the
uid region are formed in Co-e=M-B (M=Zr, Nb) systems

. i i ) Sl amorphous Cg_,FeZrgB,yy (x=0, 7, 14, and 21 at Yal-

and ?Xh'b't good soft magnetic propertle_s with h'g_h n loys, respectively. No glass transition is observed in the Fe
the high frequency rang.e.up tol MH_Z' Th'? letter is IrT[endedconcentration range below 7 at %, but the increase in Fe
to present the composition ranges in which an amorphougynient to 14 at % causes the appearance of glass transition,
phase Wlth glass transition and supercooled liquid region i$,)1owed by a narrow supercooled liquid region in the tem-
formed in Cao xF&ZrioBzo and Ca, xFEZrgBao Systems  perature range below,. The amorphous alloys containing
more than about 14 at % Fe exhibit the sequential transitions
3Electronic mail: koshiba@imr.tohoku.ac.jp of amorphous solid, glass transition, supercooled liquid re-

0003-6951/98/73(6)/744/3/$15.00 744 © 1998 American Institute of Physics
Downloaded 30 Aug 2011 to 130.34.134.250. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



Appl. Phys. Lett., Vol. 73, No. 6, 10 August 1998 Inoue et al. 745

I i 1 1 | ! I I I | 1 I I 1 | I I 12 T T T T T T T T T T T T
- © CoriFexZrioBr
C072—xFexZIBBZO 1 ® Corp,.Fe,ZrsByg

0.67K/s S sl i 3

- 07

/\/ 06 i~

x=0 . [ ]
x=9 J \ 10

5

700 800 900 1000 TR DU WS R NS TOUE TS R A |

0 10 20
Temperature,7/K Fe Content, x/at%

He/Am’™
%
EERANEENEEER!

Exothermic (arb.unity ——

=

-
1y
v 4+

b bl

FIG. 1. DSC curves of amorphous £8rgB,, CosFeZrsBag FIG. 3. Saturation magnetizatiomg), coercivity (H.), and saturated mag-
CosgFereZrgBzo, and CaaFeoZrsBy alloys. netostriction §,) as a function of Fe content for amorphous
Coy_yFeZrioB,y and Ca,_FeZrgB,g alloys subjected to annealing for

gion and then crystallization. It is to be noticed that a super-600 S at 800 K.

cooled liquid state without transition stage is obtained in the

temperature range of about 10 K for the (gF8,0ZrgB20  |anthanide-, Zr-, and Pd-based systems, though only the Zr-
amorphous alloy, as is evidenced for the magnified DSGya5e system containing Be has been repdttem show a
curve in Fig. 2. The supercooled liquid region defined by thespinodal decomposition. The single-stage mode seems to
difference betweeffy and Ty, AT, (=Ty—T,) is 25 Kfor  ¢ontribute to the appearance of the glass transition and su-
CosgFesZriBog, 34 K for CaogFenZrigBy,,, 39 K for percooled liquid region.
CosgFeeZrgBog and 43 K for CgFeZrgByg Furthermore, Figure 3 plotd ¢, H., and\ as a function of Fe content
the amorphous alloys with glass transition and supercooleg), the Cao_FeZrByy and Ca, [FeZrgBy,y (X
liquid region have a single-stage crystallization process cor—g_»21 gt %) amorphous alloys. THe increases almost
responding to the simultaneous precipitation of crystallingjnearly in the range of 0.45-0.83 T with increasing Fe con-
phases. The crystalline structure of thes@E®@,ZrgBzo alloy et and with decreasing zr content, while g shows low
consisted of bcc R€o) and CaZrB, phases. The single- \jues of 7 A/m in the range below 10% Fe and increases
stage crystallization agrees with that'* for other amor-  \yith a further increase in Fe content. The shows a nega-
phous alloys with a wide supercooled liquid region in Mg-, tjve value of—1.5x 10~ at 0% Fe and changes to positive
values passing through zero around 2 at % Fe. The further
UL increase in Fe content causes an increase in the pokifive
but the is less than 18 107 ° even at 20% Fe. It is there-

Cos,Fe, ZreB,, ]
fore concluded that the Co-based amorphous alloys contain-
ing more than 14 at % Fe exhibit small as well as the

<= Supercooled liquid state glass transition and supercooled liquid region. It is charac-
without transition stage terized that the Cg_,FeZrgB,, (x=16—20 at %) amor-

phous alloys exhibit good soft magnetic properties of 0.77—
0.83 T forlg, 6.3—-8.3 A/m forH., and 7.6—10 foig, in
addition to the glass transition phenomenon. Figure 4 shows
the real and imaginary parts of permeability’(and u”),
respectively, as a function of frequencyf ( for the
CosgFe eZrgB,o amorphous ribbons of 1.0 mm in width. The
©' keeps high values of 17 100 to 5500 in the high fre-
quency range up to 1 MHz and decreases with a further
increase in frequency to 10 MHz. Similar frequency depen-
dence was recognized for a wide ribbon of 15 mm in width.
It is to be noticed that the frequency at which the maximum
" is obtained for the wide ribbon is as high as about 1 MHz.

FIG. 2. Magnified DSC curve in the vicinity of supercooled liquid range for 1he u”(f ) data indicate that the Co—Fe-Zr-B alloy can

an amorphous GgFe,ZrsB. alloy. keep highu' values up to 1 MHz of the maximum” point.
Downloaded 30 Aug 2011 to 130.34.134.250. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

Exothermic (arb. unit)

800 850 900 950
Temperature, 77K



746 Appl. Phys. Lett., Vol. 73, No. 6, 10 August 1998 Inoue et al.

100000 phases. However, the atomic rearrangements are difficult in
CoseFe;ZrgBy the specialized liquid with low diffusivity. The difficulty
STRIP sample (width:1mm) seems to be the reason for the appearance of the glass tran-

ﬂi sition and supercooled liquid region before crystallization.

It was shown that no glass transition was observed in the
Co—Zr-B system. Thus, the addition of more than about 14
at % Fe is necessary for the appearance of the glass transition
and supercooled liquid. Although the reason for the necessity
of Fe remains unknown, it may be due to the increase in the
degree of satisfaction of the empirical rules. The increase is
expected from the datathat the heats of mixing and the
atomic sizes among Co, Zr, and B elements are different
from those among Fe, Zr, and B elements.

In conclusion, new Co-based amorphous alloys with
glass transition and supercooled liquid region were synthe-
100 \ A \ sized in Coy_,FeZrioBsg and Ca,_,FeZrgB,, containing

1 10 100 1000 10000 more than 14 at% Fe. The maximutT, is 43 K for
Frequency, f/kHz Cos.FeZrgB,o. The crystallization occurs with a single-

o stage precipitation of bcc F8o) and CaZrB,. The Co-
FIG. 4. Frequency dependence of regl') and imaginary ") parts of b d h I hibi d soft .
permeability for amorphous Ggre ¢ZrgB,g alloy of 1 and 15 mm in width _ase amorphous alloys exhibit good soft magnetic proper-
subjected to annealing for 600 s at 800 K. ties. TheH; shows low values of 4.7—8.3 A/m. The, is
—1.5X107% at 0% Fe and increases #10x 10 ¢ at 20%

The electrical resistivity gr7) of the CggFe gZrgB,g amor- Fe. Thep IS. 17100 at 1 kHz and keeps the high values
phous alloys is 1.7QuQ m, which is higher as compared above 5500 in the frequency range up to 1 MHz. The syn-

with 1.34 uQm for Coy4e; BySis ' 1.37 uQm for thesis of the Co—Fe—Zr—B amorphous alloys indicates the
FegB1:Sic (METGLAS 26(')58-'2,17 and 1.42uQ m for the possibility that a bulk amorphous alloy with good soft mag-
Co—Fe—Ni—-Si—-B METGLAS 2714A allo¥. Consequently, netic properties is produced by a casting process.

the excellent high-frequency permeability for the present al-

loys is probably due to the decrease in eddy current loss

resulting from the highepgy. Thus the present Co-based

amorphous alloys have good soft magnetic properties and
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