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a b s t r a c t

Co-based bulk glassy alloys with diameters up to 4 mm were formed in Co41+xFe28Mo4Y5−xB22 (x = 0–1.5)
system. The effect of Y content on the glass-forming ability and soft-magnetic properties of the Co-based
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bulk glassy alloys was investigated. With an increase of Y content from 3.5 to 5 at%, in addition to slight
increases of glass transition temperature from 843 to 847 K and supercooled liquid region increases from
73 to 94 K, the addition of Y was found to be effective in approaching alloy to a eutectic point. Except for
high glass-forming ability, the Co-based bulk glassy alloys exhibit good soft-magnetic properties, i.e., high
saturation magnetization of 0.80–0.87 T, low coercive force of 2.87–3.34 A/m, high effective permeability

4 und
lass-forming ability
oft-magnetic properties

at 1 kHz of 1.26–1.74 × 10

. Introduction

Since the first syntheses of an Fe-based bulk glassy alloy (BGA)
n FeAlGaPCB system in 1995 [1], Fe-based BGAs have been inten-
ively studied due to the abundant natural resources, low material
ost, and unique properties such as good soft-magnetic properties,
uperhigh fracture strength and high corrosion resistance, which
re potential for using as functional and structural materials [2–11].
or the Co-based amorphous alloys, it was found in 1992 that the
morphous wires exhibit giant magneto-impedance (GMI) effect,
hich has been subsequently developed as high-sensitivity sen-

or materials [12–14]. However, it is known that Co70.5Fe4.5B15Si10
morphous alloy with low Fe content cannot be prepared into a BGA
orm [15]. As its low glass-forming ability (GFA), Co-based amor-
hous wires only can be prepared by in-rotating-water spinning or
lass-coated melt-spinning method [16,17], which has restricted
o produce a large amount of high-quality Co-based amorphous
ires. Therefore, it is demanded to develop new Co-based BGAs
ith both higher GFA and good soft-magnetic properties. In 2005,

new ternary Fe72Y6B22 BGA in diameter up to 2 mm with excel-

ent soft-magnetic properties was synthesized [6]. From then on,
any Fe-based BGAs with high GFA were reported by adjusting

he initial composition of Fe72Y6B22 [18–21]. In this study, with
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E-mail address: blshen@nimte.ac.cn (B. Shen).
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er a field of 1 A/m.
© 2010 Elsevier B.V. All rights reserved.

the aim of increasing the GFA of the Co-based glassy alloys, Mo
was added and Fe was partial substituted for Co, and optimized
the alloy compositions by modifying the Y content. As a result,
Co-based BGAs Co41+xFe28Mo4Y5−xB22 (x = 0–1.5) with diameters
up to 4 mm were synthesized. In addition, this glassy alloy system
exhibits rather high saturation magnetization (Is) of 0.80–0.87 T,
low coercive force (Hc) of 2.87–3.34 A/m, high effective permeabil-
ity (�e) of 1.26–1.74 × 104 at 1 kHz under a field of 1 A/m.

2. Experimental

Alloy ingots with nominal compositions were made by alloying high-purity ele-
ments in an arc furnace under an argon atmosphere. The cylindrical alloy rods with
diameters up to 4.5 mm were produced by the copper mold casting method. Glassy
structure was examined by X-ray diffraction with Cu K� radiation. Thermal stability
associated with glass transition temperature (Tg), crystallization temperature (Tx),
and supercooled liquid region (�T = Tx − Tg) was examined by differential scanning
calorimetry (DSC) at a heating rate of 0.67 K/s. The liquidus temperature (Tl) was
measured by cooling the molten alloy samples with DSC. To reduce the influence of
undercooling, measurements were performed at a very low cooling rate of 0.067 K/s.
Magnetic properties of Is, Hc, and �e at 1 kHz were measured with a vibrating sample
magnetometer (VSM) under an applied field of 400 kA/m, a B–H loop tracer under
a field of 400 A/m, and an impedance analyzer under a field of 1 A/m, respectively.
All the samples for magnetic property measurements were annealed for 300 s at the
temperature of Tg − 50 K for improving soft-magnetic properties through structural
relaxation.
3. Results and discussion

Fig. 1 shows DSC curves of melt-spun Co41+xFe28Mo4Y5−xB22
(x = 0–1.5) glassy alloy ribbons. Upon heating, all these amorphous

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:blshen@nimte.ac.cn
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ig. 1. DSC curves of melt-spun Co41+xFe28Mo4Y5−xB22 (x = 0, 0.5, 1 and 1.5) glassy
lloy ribbons.

lloys exhibit distinct endothermic events characteristic of the
lass transition, and three-stage exothermic event characteristic
f crystallization for x = 0, one-stage exothermic event for x = 0.5
nd 1, two-stage exothermic event for x = 1.5. It is seen that Tg

ncreases slightly from 843 to 847 K as x decreases from 1.5 to
, combined with an obvious increase of �Tx from 73 to 94 K.
hus, it is considered that thermal stability of the supercoooled
iquid against crystallization decreases with the decreasing of Y
ontent. The previous data indicate that the largest �Tx for Co-
ased glassy alloys is 98 K for Co40Fe22Nb6Zr2B30 alloy, while
he critical diameter of the alloy is 1.5 mm [22]. The present
esults of the Co41+xFe28Mo4Y5−xB22 (x = 0–1.5) glassy alloy sys-
em could form a single glassy phase in the 4 mm cylindrical
ample, in combination with the large �Tx of over 90 K. In the
upercooled liquid region, the second inflection event is observed

or all samples except for x = 1.5, which could be caused by the
trong affinity between B and other constituent elements Co, Fe,

and Mo as well as the repulsion between Mo and Y in amor-
hous alloys [23]. Fig. 2 shows DSC curves of Co41+xFe28Mo4Y5−xB22
x = 0–1.5) glassy alloys showing the cooling behaviors of this Co-

ig. 2. DSC curves of Co41+xFe28Mo4Y5−xB22 (x = 0, 0.5, 1 and 1.5) alloys showing the
ooling behaviors of this Co-based alloy system.
Fig. 3. XRD patterns of the cast Co41+xFe28Mo4Y5−xB22 (x = 0, 0.5, 1 and 1.5) glassy
alloy rods with critical diameters of 3.5 mm, 4 mm, 3.5 mm and 3 mm, respectively.

based alloy system. With increasing x from 0 to 1.5, Tl decreases
from 1373 to 1356 K. All alloys exhibit a main exothermic peak
of C1 about 1300 K, and another small exothermic peak of C2
can be detected in DSC curves of x = 0 and 1.5, indicating the
alloys of x = 0.5 and 1 lie in the vicinity of a eutectic point rather
than x = 0 and 1.5. These behaviors indicate that the Y content
is crucial in improving the thermal stability of the supercooled
liquid as well as the alloy composition approaching a eutectic
point. The reduced glass transition temperature (Tg/Tl) of the
Co41+xFe28Mo4Y5−xB22 (x = 0–1.5) glassy alloy lies in the range from
0.617 to 0.622.

Based on the results obtained from DSC measurements, it is
expected that this alloy system, especially for the alloy with the
compositions of x = 0.5 and 1, exhibits a high GFA. We tried to form
cylindrical glassy rods with different diameters up to 4.5 mm. The
critical diameter for formation of a single glassy phase was 3.5, 4,

3.5, and 3 mm at x = 0, 0.5, 1, and 1.5, respectively. Fig. 3 shows X-
ray diffraction patterns for these cast alloy rods. Only broad peak
without any crystalline peaks can be seen for every sample, indi-
cating the formation of a glassy phase with diameters in the range
up to 4 mm.

Fig. 4. M–H hysteresis loops of the cast Co41+xFe28Mo4Y5−xB22 (x = 0, 0.5, 1 and 1.5)
glassy alloy ribbons.
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Table 1
Maximum diameter, thermal stability and magnetic properties of cast Co41+xFe28Mo4Y5−xB22 (x = 0, 0.5, 1 and 1.5) glassy alloys.

Alloy Dmax (mm) Tg (K) �Tx (K) Tl (K) Tg/Tl Is (T) Hc (Am−1) �e (1 kHz)
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Co41Fe28Mo4Y5B22 3.5 847 94
Co41.5Fe28Mo4Y4.5B22 4 845 90
Co42Fe28Mo4Y4B22 3.5 843 77
Co42.5Fe28Mo4Y3.5B22 3 843 73

Typical M–H loops of the Co41+xFe28Mo4Y5−xB22 (x = 0–1.5)
lassy alloys measured at room temperature are shown in Fig. 4. The
aturation magnetization slightly decreases from 0.87 T to 0.80 T
ith the increasing of Y content from 3.5 to 5 at%. Table 1 sum-
arizes the maximum diameter, thermal stability and magnetic

roperties of the Co41+xFe28Mo4Y5−xB22 (x = 0–1.5) glassy alloys. As
hown in the table, this BGA system exhibits good soft-magnetic
roperties, i.e., high Is of 0.80–0.87 T, low Hc of 2.87–3.34 A/m, high
e of 1.26–1.74 × 104 at 1 kHz under a field of 1 A/m.

Here we discuss the reasons why the Co46Fe20B22+xSi6−xNb6
lassy alloy system exhibits a high GFA and good soft-magnetic
roperties. First, as shown in Fig. 2, the Co41+xFe28Mo4Y5−xB22
x = 0–1.5) alloy compositions are close to the eutectic composition
esulting in the increase of the thermal stability of the supercooled
iquid. On the other hand, in the Co–Fe–Mo–Y–B alloy system,
he atomic radii of Co, Fe, Mo, B and Y are 0.125, 0.124, 0.136,
.09 and 0.182 nm [24]. It has been pointed out that the large
L) and small (S) atoms may form a strong L–S percolating net-
ork or reinforced ‘backbone’ in the amorphous structure [25].

hus, the increase of Y content could reinforce the backbone struc-
ure of supercooled liquid of the alloys lead to the increases of
FA. Besides, it has been pointed out by Ponnambalam et al. that

he role of yttrium may be oxygen scavenging effect leading to
uppression of heterogeneous nucleation [19,25]. Y atom has a
tronger affinity for the oxygen atom compared with other ele-
ents in the system (Y2O3 = −1904 kJ/mol, Fe2O3 = −820.5 kJ/mol,

2O3 = −1273 kJ/mol) result in the formation of yttrium oxide dur-
ng melting and casting processes [26]. An oxygen scavenging effect
s believed to be another important factor for the enhancement of
he GFA by Y addition [27].

. Summary

In conclusion, a BGA system of Co41+xFe28Mo4Y5−xB22 with high
FA and good soft-magnetic properties was synthesized. The Co-

ased glassy alloy system could form a single glassy phase in the
mm cylindrical sample, in combination with the large �Tx of
ver 90 K. This Co-based ferromagnetic bulk glassy alloy system
s promising for future applications new structural and functional

aterials.
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[

[

[

1373 0.617 0.80 3.34 12 600
1372 0.616 0.81 3.27 14 300
1359 0.620 0.84 3.13 15 500
1356 0.622 0.87 2.87 17 400
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