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A Co-based amorphous phase with glass transition and supercooled liquid region before
crystallization was formed in Co702xFexZr10B20 and Co722xFexZr8B20 alloys containing more than
14 at % Fe. The crystallization temperature (Tx) is 899 K for the Co–Zr–B alloys and remains
unchanged in the Fe concentration range up to 20%. The glass transition temperature (Tg) decreases
with increasing Fe content, and theDTx(5Tx2Tg) 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 Co3ZrB2 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 1 – 103 kHz and low magnetostriction between21.5
31026 and11031026 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. ©1998 American Institute of Physics.
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The search for Fe- and Co-based amorphous alloys
a wide supercooled liquid range is important because of
possibility of forming bulk amorphous alloys with good so
magnetic properties. Recently, Fe-based amorphous a
with a wide supercooled liquid region above 50 K have be
found in Fe–~Al, Ga!–~P, C, B, Si!,1–4 Fe–~Co, Ni!–Zr–B,5

Fe–~Co, Ni!–~Zr, Nb!–B,6 and Fe–~Co, Ni!–~Zr, Nb!–~Mo,
W!–B7 systems. The maximum value of the supercooled
uid region defined by the difference betweenTg and Tx

reaches 67 K8 for the Fe-based alloys containing Al and G
elements and 88 K6,7 for the Fe-based alloys containing Z
and B elements. These Fe-based amorphous alloys are
pared in a bulk form with diameters up to 6 mm7 and also
exhibit good soft magnetic properties, i.e., saturation mag
tization (I s) of 1.1 T, coercivity (Hc) of 3–6 A/m, and per-
meability (m8) of 7000 at 1 kHz for the Fe–~Al, Ga!–~P, C,
B, Si! bulk amorphous alloys3,4,9andI s of 0.96 T,Hc of 2–6
A/m, and m8 of 18 000 for the Fe–~Co, Ni!–Zr–B amor-
phous alloys.5,10 However, little is known about a Co-base
amorphous alloy with a supercooled liquid region befo
crystallization. More recently, we have found that Co-bas
amorphous alloys with glass transition and supercooled
uid region are formed in Co–Fe–M–B (M5Zr, Nb! systems
and exhibit good soft magnetic properties with highm8 in
the high frequency range up to 1 MHz. This letter is intend
to present the composition ranges in which an amorph
phase with glass transition and supercooled liquid regio
formed in Co702xFexZr10B20 and Co722xFexZr8B20 systems

a!Electronic mail: koshiba@imr.tohoku.ac.jp
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by melt spinning and the thermal stability and magne
properties of the Co-based amorphous alloys.

Multicomponent Co-based alloys with compositio
Co702xFexZr10B20 and Co722xFexZr8B20 (x50 – 21 at %)
were examined because a wide supercooled liquid regio
(Fe, Co, Ni)1002x2yZrxBy system was obtained fo
Fe56Co7Ni7Zr10B20. Their alloy ingots were prepared by ar
melting the mixtures of pure metals and pure B crystal in
argon atmosphere. Rapidly solidified ribbons with a cro
section of 0.0231 mm2 were prepared from the ingots b
melt spinning. The amorphous nature was examined by x
diffractometry and transmission electron microscopy. Th
mal stability was examined by differential scanning calo
metry ~DSC! at a heating rate of 0.67 K/s. Magnetic prope
ties of I s , Hc , andm8 were measured at room temperatu
with a vibrating sample magnetometer, a B–H loop tra
and an impedance analyzer, respectively. The saturated m
netostriction was also measured by a capacitance met
Electrical resistivity measurement was made by the fo
probe technique.

An amorphous phase without crystallinity was formed
rapidly solidified Co702xFexZr10B20 and Co722xFexZr8B20

(x50 – 21 at %) alloys. Figure 1 shows DSC curves of t
amorphous Co722xFexZr8B20 (x50, 7, 14, and 21 at %! al-
loys, respectively. No glass transition is observed in the
concentration range below 7 at %, but the increase in
content to 14 at % causes the appearance of glass trans
followed by a narrow supercooled liquid region in the tem
perature range belowTx . The amorphous alloys containin
more than about 14 at % Fe exhibit the sequential transiti
of amorphous solid, glass transition, supercooled liquid
© 1998 American Institute of Physics
e or copyright; see http://apl.aip.org/about/rights_and_permissions
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gion and then crystallization. It is to be noticed that a sup
cooled liquid state without transition stage is obtained in
temperature range of about 10 K for the Co52Fe20Zr8B20

amorphous alloy, as is evidenced for the magnified D
curve in Fig. 2. The supercooled liquid region defined by
difference betweenTg andTx , DTx(5Tx2Tg) is 25 K for
Co56Fe14Zr10B20, 34 K for Co49Fe21Zr10B20, 39 K for
Co56Fe16Zr8B20 and 43 K for Co52Fe20Zr8B20. Furthermore,
the amorphous alloys with glass transition and supercoo
liquid region have a single-stage crystallization process c
responding to the simultaneous precipitation of crystall
phases. The crystalline structure of the Co52Fe20Zr8B20 alloy
consisted of bcc Fe~Co! and Co3ZrB2 phases. The single
stage crystallization agrees with that11–14 for other amor-
phous alloys with a wide supercooled liquid region in Mg

FIG. 1. DSC curves of amorphous Co72Zr8B20, Co63Fe9Zr8B20,
Co56Fe16Zr8B20, and Co52Fe20Zr8B20 alloys.

FIG. 2. Magnified DSC curve in the vicinity of supercooled liquid range
an amorphous Co52Fe20Zr8B20 alloy.
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r-
e

C
e

d
r-
e

,

lanthanide-, Zr-, and Pd-based systems, though only the
base system containing Be has been reported15 to show a
spinodal decomposition. The single-stage mode seem
contribute to the appearance of the glass transition and
percooled liquid region.

Figure 3 plotsI s , Hc, andls as a function of Fe conten
for the Co702xFexZr10B20 and Co722xFexZr8B20 (x
50 – 21 at %) amorphous alloys. TheI s increases almos
linearly in the range of 0.45–0.83 T with increasing Fe co
tent and with decreasing Zr content, while theHc shows low
values of 7 A/m in the range below 10% Fe and increa
with a further increase in Fe content. Thels shows a nega-
tive value of21.531026 at 0% Fe and changes to positiv
values passing through zero around 2 at % Fe. The fur
increase in Fe content causes an increase in the positivels ,
but thels is less than 1031026 even at 20% Fe. It is there
fore concluded that the Co-based amorphous alloys cont
ing more than 14 at % Fe exhibit smallls as well as the
glass transition and supercooled liquid region. It is char
terized that the Co722xFexZr8B20 (x516– 20 at %) amor-
phous alloys exhibit good soft magnetic properties of 0.7
0.83 T for I s , 6.3–8.3 A/m forHc , and 7.6–10 forls , in
addition to the glass transition phenomenon. Figure 4 sh
the real and imaginary parts of permeability (m8 and m9),
respectively, as a function of frequency (f ) for the
Co56Fe16Zr8B20 amorphous ribbons of 1.0 mm in width. Th
m8 keeps high values of 17 100 to 5500 in the high fr
quency range up to 1 MHz and decreases with a furt
increase in frequency to 10 MHz. Similar frequency depe
dence was recognized for a wide ribbon of 15 mm in wid
It is to be noticed that the frequency at which the maximu
m9 is obtained for the wide ribbon is as high as about 1 MH
The m9( f ) data indicate that the Co–Fe–Zr–B alloy ca
keep highm8 values up to 1 MHz of the maximumm9 point.

FIG. 3. Saturation magnetization (I s), coercivity (Hc), and saturated mag
netostriction (ls) as a function of Fe content for amorphou
Co702xFexZr10B20 and Co722xFexZr8B20 alloys subjected to annealing fo
600 s at 800 K.
e or copyright; see http://apl.aip.org/about/rights_and_permissions



d

a
los
d
an
n
u

e–

e

er

id
fo

n
n

f
s
-
Z
8

le
h
e
v-
ui
le
r

ne

lt in

tran-
.
the
14
ition
sity
the
e is
e
ent

ith
he-

-

er-

es
yn-
the
g-

E

IM

t.

K.
,

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

Down
The electrical resistivity (rRT) of the Co56Fe16Zr8B20 amor-
phous alloys is 1.70mV m, which is higher as compare
with 1.34 mV m for Co70.3Fe4.7B10Si15,

16 1.37 mV m for
Fe78B13Si9 ~METGLAS 2605S-2!,17 and 1.42mV m for the
Co–Fe–Ni–Si–B METGLAS 2714A alloy.17 Consequently,
the excellent high-frequency permeability for the present
loys is probably due to the decrease in eddy current
resulting from the higherrRT. Thus the present Co-base
amorphous alloys have good soft magnetic properties
high stability of supercooled liquid against crystallizatio
The high stability allows us to expect that a bulk amorpho
alloy with a diameter above 1 mm is formed in the Co–F
Zr–B alloys by various casting processes.

Finally, we discuss the reason why th
Co702xFexZr10B20 and Co722xFexZr8B20 amorphous alloys
containing 14%–20% Fe exhibit the high stability of sup
cooled liquid. It has recently been pointed out12,13,18that all
the alloys having the high stability of supercooled liqu
against crystallization satisfy the three empirical rules
achievement of large glass-forming ability, i.e.,~1! the mul-
ticomponent system consisting of more than three eleme
~2! the different atomic size ratios above about 12% amo
the main constituent elements, and~3! the negative heats o
mixing among their elements. The atomic radius change
the order of Zr@Co.Fe@B19 and the predicted heat of mix
ing has negative values of 60 kJ/mol for equiatomic Co–
pair, 34 kJ/mol for Co–B pair, 37 kJ/mol for Fe–Zr pair, 3
kJ/mol for Fe–B pair, and 102 kJ/mol for Zr–B pair.20 The
Co–Fe–Zr–B system also satisfies the three empirical ru
The satisfaction of the rules causes the formation of a hig
dense random packed structure, in the framework of g
metrical and chemical points of view, in which the diffusi
ity of the constituent elements is suppressed and the liq
solid interfacial energy is increased. Even in the supercoo
liquid structure, long-range atomic rearrangements are
quired for the single-stage precipitation of the crystalli

FIG. 4. Frequency dependence of real (m8) and imaginary (m9) parts of
permeability for amorphous Co56Fe16Zr8B20 alloy of 1 and 15 mm in width
subjected to annealing for 600 s at 800 K.
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phases. However, the atomic rearrangements are difficu
the specialized liquid with low diffusivity. The difficulty
seems to be the reason for the appearance of the glass
sition and supercooled liquid region before crystallization

It was shown that no glass transition was observed in
Co–Zr–B system. Thus, the addition of more than about
at % Fe is necessary for the appearance of the glass trans
and supercooled liquid. Although the reason for the neces
of Fe remains unknown, it may be due to the increase in
degree of satisfaction of the empirical rules. The increas
expected from the data17 that the heats of mixing and th
atomic sizes among Co, Zr, and B elements are differ
from those among Fe, Zr, and B elements.

In conclusion, new Co-based amorphous alloys w
glass transition and supercooled liquid region were synt
sized in Co702xFexZr10B20 and Co722xFexZr8B20 containing
more than 14 at % Fe. The maximumDTx is 43 K for
Co52Fe20Zr8B20. The crystallization occurs with a single
stage precipitation of bcc Fe~Co! and Co3ZrB2. The Co-
based amorphous alloys exhibit good soft magnetic prop
ties. TheHc shows low values of 4.7–8.3 A/m. Thels is
21.531026 at 0% Fe and increases to11031026 at 20%
Fe. Them8 is 17 100 at 1 kHz and keeps the high valu
above 5500 in the frequency range up to 1 MHz. The s
thesis of the Co–Fe–Zr–B amorphous alloys indicates
possibility that a bulk amorphous alloy with good soft ma
netic properties is produced by a casting process.
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