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a b s t r a c t

Co-based bulk ferromagnetic glassy alloys with diameters up to 5 mm were formed in Co45.6Fe30.4Px-
Si11.4�xB6.6C4Mo2 system by the copper mold casting method. The effect of P addition on the glass-
forming ability (GFA) and soft magnetic properties in the alloys system was investigated. In addition to
the increase of glass-forming ability, increasing P content was found to be effective for the improvement
of soft-magnetic properties. The bulk glassy alloys exhibit excellent soft-magnetic properties, i.e., high
saturation magnetization of 1.08 T, low coercive force within 2.0–3.4 A/m, high permeability of 15795 at
1 KHz, and Curie temperature of 665–694 K. The successful synthesis of the Co45.6Fe30.4Px-
Si11.4�xB6.6C4Mo2 bulk glassy alloys system exhibiting high GFA and good soft-magnetic properties is
encouraging for the future applications of structural and functional materials.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

The developments of Fe- and Co-based bulk glassy alloys
(BGAs), especially for Fe-based BGAs, have been drawing increas-
ing attention due to their good soft-magnetic properties and
superhigh fracture strength in this one decade, which are potential
for using as functional and structural materials [1–14]. Among
them, although the Co-based BGAs exhibit excellent soft-magnetic
properties and high fracture strength (σf), they have not been
noticed so widely as compared with the Fe-based BGAs because
of their low glass-forming ability (GFA) and low saturation
magnetization (Is). Recently, Fe–(P, C)-based BGAs with a small
amount of metalloid have been developed by varying the compo-
sition [15–20]. These alloys have attracted specific attention due to
not only their unique combination of excellent GFA, high Is, high
fracture and good corrosion resistance, but also the low cost
resulting from plentiful natural resources of Fe element on the
earth. Meanwhile, Minor alloying effects of Nb and Mo on the
thermal stability and magnetic properties of these alloys have
been investigated extensively [19–23], while there are few reports
about the effects of P addition on glassy alloys up to now.

In recent years, with the aim of synthesizing CoFeBSi glassy alloys
with high GFA and excellent soft-magnetic properties, we modified
the B, Si and Nb contents, synthesized (Co0.89Fe0.057Nb0.053)72
(B0.8Si0.2)28 and (Co0.942Fe0.058)67Nb5B22.4Si5.6 BGAs. They exhibit low
Hc of 0.4 and 0.2 A/m, respectively, and higher GFA, but remained an
unresolved problem of low Is of 0.51 and 0.43 T, respectively [13,14].
Therefore, just modifying the contents of the B, Si and Nb additions
cannot meet the needs to simultaneously increase the GFA and soft-
magnetic properties. In this study, Co-based BGAs Co45.6Fe30.4Px-
Si11.4�xB6.6C4Mo2 with diameters in the range up to 5 mm were
synthesized. This glassy alloy system exhibited high saturation mag-
netization (Is) of 1.08 T, low coercive force (Hc) of 2.0–3.4 A/m, high
effective permeability (μe) of 15,795 at 1 kHz under a field of 1 A/m
and Curie temperature of 665–694 K.

2. Experiment

Alloy ingots with nominal compositions of Co45.6Fe30.4Px-
Si11.4�xB6.6C4Mo2 (x¼5, 5.5, 6, 6.5, 7 and 7.5) (at%) were made by
alloying pure Co (99.9 mass%), Fe (99.9 mass%), Mo (99.9 mass%),
C (99.9 mass%), B (99.9 mass%) and Si (99.9 mass%), and pre-alloyed
Fe–P ingots under a high-purity argon atmosphere. Ribbons with
thickness of 20 μm and width of 1.2 mm were prepared by the
single copper roller melt-spinning method. Cylindrical alloy rods
with diameters of 1–6 mm were produced by copper mold casting.
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Those alloy rods were sectioned by a fine cutter, and the transverse
cross sections were examined by X-ray diffraction (XRD) with Cu Kα
radiation. Thermal stability associated with glass transition tem-
perature (Tg), crystallization temperature (Tx), and supercooled
liquid region (ΔTx¼Tx–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 a DSC at a cooling rate of 0.067 K/s. Is was measured with a
vibrating sample magnetometer (VSM) under an applied field of
800 kA/m. Hc was measured with a B–H loop tracer under a field of
800 A/m. μe from 1 to 100 kHz was measured with an impedance
analyzer under a field of 1 A/m. As the magnetic properties are
affected with the sample sizes, so that to clarify the intrinsic soft-
magnetic properties of this Co-based glassy alloy system, ribbon
samples with the same size as mentioned above were used for
measurement. All of the samples for magnetic property measure-
ments 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 (a) shows DSC curves of the melt-spun Co45.6Fe30.4Px-
Si11.4�xB6.6C4Mo2 glassy alloy ribbons. It is seen that all of the
alloys exhibit distinct glass transition, followed by a supercooled
liquid region, and then crystallization. It is also seen that these
glassy alloys have a ferromagnetic state and the transition from
ferromagnetic to paramagnetic states occurs at 665–694 K, as
marked with Tc. With the P content increase gradually from 5 to
7.5 at%, ΔTx increase from 35 to 50 K. The onset and end

temperatures of glass transition are marked as Tg
onset and Tg

end,
respectively. For these glassy alloys, it is clearly seen that the
difference of specific heat (ΔCp) between the onset and end of
glass transition increases with increasing the P content. The value
of ΔCp at the glass transition region (i.e., between temperature
range of Tg

onset and Tg
end) indicates how much different the

structure changes are at the glass transition. Indeed, the glass
transition becomes more distinguished with increasing the P
content as shown in the DSC curves. Thus, it is considered that
the thermal stability of the supercooled liquid increases with
increasing the P content.

We have also examined the composition dependence of the
reduced glass transition temperature (Tg/Tl). As shown in Fig. 1(b),

Fig. 1. (a) DSC curves of melt-spun Co45.6Fe30.4PxSi11.4�xB6.6C4Mo2 (x¼5, 5.5, 6, 6.5, 7 and 7.5) glassy alloy ribbons. (b) DSC curves of Co45.6Fe30.4PxSi11.4�xB6.6C4Mo2 (x¼5, 5.5,
6, 6.5, 7 and 7.5) alloys.

Fig. 2. (a) XRD patterns of the cast Co45.6Fe30.4PxSi11.4�xB6.6C4Mo2 (x¼5, 6, 6.5 and 7) alloy rods with diameters of 3, 4.5, 5, and 4.5 mm. (b) HRTEM image of the as-cast
Co45.6Fe30.4P6.5Si4.9B6.6C4Mo2 glassy alloy. The inset displays the corresponding selected area electron diffraction (SAED) pattern.

Fig. 3. DSC curves of the Co45.6Fe30.4P6.5Si4.9B6.6C4Mo2 glassy alloy rods with
diameters of 2, 4 and 5 mm, together with the data for the melt-spun glassy alloy
ribbon for comparison.
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the Tl decreases from 1256 to 1202 K with an increase of P content
from 5% to 6.5%, resulting in the increase of Tg/Tl from 0.607 to
0.637. This result indicates that higher glass-forming ability may
be obtained by increasing P content. However, when P contents
increase to 7.5%, as can be seen in Fig. 1(b), the Tl increases to 1243,
and the Tg/Tl decreases to 0.611 accordingly, glass-forming ability
also begins to decrease with it.

Based on the results obtained from DSC measurements, it is
considered that this Co-based glassy alloy system may exhibit high
GFA. Then, we tried to form cylindrical glassy rods with different
diameters up to 6 mm. The glassy alloy rods were produced at all
alloy compositions in this system. The critical diameter for the
formation of a glassy single phase was 3 mm at x¼5, 3.5 mm at
x¼5.5, 4.5 mm at x¼6, 5 mm at x¼6.5, 4.5 mm at x¼7, and 4.5 mm
at x¼7.5. Fig. 2(a) shows XRD patterns of those cast alloy rods. Only
broad peaks without a crystalline peak can be seen for all of these
bulk samples, indicating the formation of a glassy phase in the
diameter range up to 5 mm. Tranmission electron microscopy (TEM)
images and the corresponding selected-area electron diffraction
patterns confirm the amorphous character of the as-cast alloy
(Fig. 2(b)). The DSC examination results also denote the formation
of a glassy phase. As one of the DSC examination results, Fig. 3
shows DSC curves of the Co45.6Fe30.4P6.5Si4.9B6.6C4Mo2 glassy alloy
rods with diameters of 2, 4, and 5 mm, respectively, together with
the data for the melt-spun glassy alloy ribbon. It is seen that the bulk
alloys exhibit a distinct glass transition at 766 K, followed by a
supercooled liquid region of 42 K. No appreciable difference in Tg, Tx,
ΔTx, or crystallization process was observed between the melt-spun
ribbon and rod samples. The XRD and DSC measurement results
indicate clearly the formation of the Co-based glassy alloy rods with
diameters in the range up to 5 mm.

Table 1 summarizes the maximum diameter, thermal stability,
and magnetic properties of the Co45.6Fe30.4PxSi11.4�xB6.6C4Mo2
(x¼5, 5.5, 6, 6.5, 7 and 7.5) (at%) glassy alloys. In addition to high
GFA, this BGA system also exhibits good soft-magnetic properties,
i.e., high saturation magnetization of 1.08 T, low coercive force
within 2.0–3.4 A/m, high permeability of 15,795 at 1 KHz, and
Curie temperature of 665–694 K.

As described above, the network-like structure of the Co45.6Fe30.4
PxSi11.4�xB6.6C4Mo2 glassy alloy becomes strong with increases of
the P content. As a result, the thermal stability of the supercooled
liquid against crystallization increased, as can be confirmed from
the increases of ΔCp and Tg as shown in Fig. 1(a). In this study, the
atomic radii of Co, Fe, Mo, B, P and Si are 0.125, 0.124, 0.136, 0.09,
0.109 and 0.117 nm, respectively [24]. It has been pointed out that
the large (L) and small (S) atoms may form a strong L–S percolating
network or reinforced ‘backbone’ in the amorphous structure [25].
Therefore, it is considered that the bonding nature of the network-
like structure increases with alternative Si with P, resulting in
enhancing the stability of the undercooled liquid, which further
suppresses crystallization. On the other hand, the enthalpy of
mixing is �31 kJ/mol for the P–Fe pair, �27 kJ/mol for the P–Co
pair, �45 kJ/mol for the P–Mo pair, �18 kJ/mol for the Si–Fe pair,

�21 kJ/mol for the Si–Co pair, �18 kJ/mol for the Si–Mo pair [26]. It
can be seen that there are larger mixing enthalpies with negative
values in the atomic pairs between P and Co, Fe and Mo, respec-
tively, and the mixing enthalpy with negative values of the P–Mo
atomic pair is as large as 45 kJ/mol. Lastly, the appropriate increase
of the P content effectively causes the approaching of alloy
composition to the eutectic point as shown in Fig.1(b). However,
when the P content was more than 6.5 at%, the composition will
deviate from the eutectic point again, and the Tg/Tl will decrease
with it, accordingly, the GFAwill also begin to decrease.The origin of
the high μe can be attributed to the low number density of the
domain-wall pinning sites [27], resulting from the high degree of
amorphicity and structural homogeneity proceeding from the high
GFA [28]. Consequently, the increase of the thermal stability of the
supercooled liquid and the approaching phenomenon to a eutectic
point by adjusting the P content lead to the high GFA and excellent
soft-magnetic properties.

4. Conclusions

In conclusion, a BGA system Co45.6Fe30.4PxSi11.4�xB6.6C4Mo2
with high GFA, high saturation magnetization and good soft-
magnetic properties was synthesized. This Co-based ferromagnetic
glassy alloy system is promising for the future applications as
functional materials.
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