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Soft ferromagnetic bulk glassy alloys in Co–Fe–Si–B base system were formed in the diameter range up to 1 mm at the composition
of (Co0.705Fe0.045Si0.1B0.15)96Nb4 by copper mold casting. Since no bulk glass formation has been obtained in the Co–Fe–Si–B system,
the addition of 4%Nb is very effective for the increase in the glass-forming ability. The effectiveness was interpreted by satisfaction of the
three component rules for formation of bulk glassy alloys. The bulk glassy alloys exhibit the glass transition before crystallization. The
glass transition temperature (Tg), the supercooled liquid region defined by the difference betweenTg and crystallization temperature (Tx), ∆Tx
(= Tx − Tg) and the reduced glass transition temperature (Tg/Tl ) are 823 K, 37 K and 0.61, respectively. The bulk glassy alloys also exhibit
soft magnetic properties with saturation magnetization (Is) of about 0.60 T and low coercive force (Hc) below 3 A/m. The synthesis of the
Co-based bulk glassy alloy rods with glass transition and good soft magnetic properties is important for future development as a new type of
soft magnetic bulk material.
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1. Introduction

In addition to nonferrous metal-based bulk glassy alloys
such as lanthanide (Ln)-,1) Mg-,2) Zr-,3,4) Ti-,5) Pd-,6) Ni-7)

and Cu-8) based systems, ferrous group alloys such as Fe-
9) and Co-10) based systems have been found formed into
bulk glassy alloys with diameters ranging from 1 to 6 mm
by the copper mold casting method. When we pay attention
to the alloy components of Fe- and Co-based bulk glassy al-
loys, Fe-based systems consist of Fe–(Al, Ga)–(P, C, B),9) Fe–
(Al, Ga)–(P, C, B)–(Nb, Cr, Mo),11) Fe–Ga–(P, C, B),12) Fe–
Ga-(P, C, B)–(Cr, Nb, Mo),13,14)Fe–(Zr, Hf, Nb, Ta)–B,15) Fe–
(Zr, Hf, Nb, Ta)–(Mo, W)–B,16) Fe–Co–Ln–B,17) Fe–
(Nb, Cr, Mo)–(P, B),18) Fe–(Cr, Mo)–(–B, C),19) Fe–Ni–P–B20)

and Fe–Si–B–Nb.21) On the other hand, Co-based bulk glassy
alloys are composed of Co–Fe–Ta–B10) and Co–Fe–Nb–B22)

systems. Here, it is important to point out that all the Fe- and
Co-based bulk glassy alloys as well as the nonferrous bulk
glassy alloys satisfy the three component rules,23–25) i.e., (1)
multi-component alloy system consisting of more than three
elements, (2) significant atomic size mismatches above 12%
among the main three constituent elements, and (3) suitable
negative heats of mixing among their constituent elements. It
has further been clarified that the bulk glassy alloys with the
three component rules possess a unique glassy structure with
the following features of a higher degree of dense random
packed atomic configuration, new local atomic configuration,
and long-range homogeneity with attractive interaction.23–25)

The formation of the new glassy structure leads to the retar-
dation of atomic diffusivity as well as the necessity of long-
range atomic rearrangements for progress of crystallization,
resulting in the formation of bulk glassy alloys through an
increase in stability of supercooled liquid against crystalliza-
tion. Based on the effectiveness of the three component rules,
we have searched for a new Co-based bulk glassy alloy with
good soft magnetic properties in Co–Fe–Si–B–M (M=Nb or

Ta) system which is important as an engineering material. As
a result, we have found that bulk glassy alloys are formed
in Co–Fe–Si–B–Nb and Co–Fe–Si–B–Ta systems by copper
mold casting. This paper presents the compositions at which
bulk glassy alloys are formed in Co–Fe–Si–B–Nb system and
the thermal stability and magnetic properties of the Co-based
bulk glassy alloys and investigates the effect of Nb addition
on the increase in the glass-forming ability.

2. Experimental Procedure

Multi-component Co-based alloys with composition of
(Co0.705Fe0.045Si0.1B0.15)100−xNbx (x = 0 to 8 at%) were pre-
pared by arc melting the mixtures of pure metals and pure
metalloids in an argon atmosphere. The alloy components
represent the nominal atomic percentages. Bulk glassy al-
loy rods with diameters ranging from 0.5 to 2 mm were pro-
duced by the copper mold casting method. Melt-spun glassy
alloy ribbons with a cross section of 0.02 × 1.1 mm2 were
also produced by the melt spinning technique. The glassy
phase was identified by X-ray diffraction and the absence of
micrometer scale crystalline phase was examined by optical
microscopy (OM). The OM sample was etched for 10 s at
room temperature in a solution of 0.5% hydrofluoric acid and
99.5% distilled water. Thermal stability was examined by dif-
ferential scanning calorimetry (DSC) at heating rates of 0.67
and 1.33 K/s. The melting (Tm) and liquidus (Tl ) tempera-
tures were measured by differential thermal analysis (DTA) at
heating and cooling rates of 0.33 and 0.033 K/s, respectively.
Magnetic properties of saturation magnetization (Is) and ap-
proximate coercive force (Hc) were measured with a vibrating
scanning magnetometer (VSM) under an applied field up to
300 kA/m. The accurate coercive force of the melt-spun rib-
bon alloy was measured by I–H loop tracer under a maximum
applied field of 800 A/m.
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3. Results

We confirmed the formation of an amorphous single phase
without crystallinity in the melt-spun (Co0.705Fe0.045Si0.1-
B0.15)100−x Nbx (x = 0 to 8 at%) alloy ribbons by X-ray
diffraction. The result of the Co-based alloy without Nb is
consistent with a number of previous data on Co-based amor-
phous alloys. Figure 1 shows the DSC curves of the amor-
phous 2%Nb, 4%Nb, 6%Nb and 8%Nb alloy ribbons. It is
seen that all the alloys crystallize through two-stage exother-
mic reactions, though the exothermic peak behavior changes
significantly at the Nb compositions between 6 and 8 at%.
It is noticed that the glass transition can be observed in the
temperature range before crystallization for the 4%Nb, 6%Nb
and 8%Nb alloys. The absence of the glass transition for the
2%Nb alloy agrees with the previous result. The glass transi-
tion temperature (Tg) and the onset temperature of crystalliza-
tion (Tx) increase from 823 to 875 K and 860 to 915 K, respec-
tively, with increasing Nb content from 4 to 8 at%. The super-
cooled liquid region defined by the difference betweenTg and
Tx also tends to increase from 37 K for the 4%Nb alloy to 40 K
for the 8%Nb alloy. With the aim of determining the reduced
glass transition temperature (Tg/Tl ) which has been thought
as one of evaluation parameters for glass-forming ability, we
measured the cooling curves of the Nb-containing alloys by
DTA at the slow cooling rate of 0.033 K/s. As shown for the
DTA curves in Fig. 2, the liquidus temperature (Tl ) increases
gradually from 1316 to 1370 K in the Nb content between 2
and 4 at% and then significantly to 1358 K for the 6%Nb al-
loy and 1367 K for the 8%Nb alloy. The resultingTg/Tl value

Fig. 1 DSC curves of melt-spun (Co0.705Fe0.045Si0.1B0.15)100−x Nbx

(x = 2, 4, 6 and 8 at%) amorphous alloy ribbons.

was evaluated as 0.61 for the 4%Nb alloy, 0.63 for the 6%Nb
alloy and 0.64 for the 8%Nb alloy. Figure 3 shows the satura-
tion magnetization (Is) and coercive force (Hc) as a function
of Nb content for the (Co0.705Fe0.045Si0.1B0.15)100−xNbx amor-
phous alloy ribbons. As the Nb content increases from 0 to
8 at%, theIs decreases monotonously from 0.75 T to 0.35 T
and theHc is 1.6 A/m for the 0%Nb alloy, followed by a min-
imum of 1.5 A/m at 2%Nb and then a monotonous increase to
1.70 A/m. Considering that the 4%Nb alloy exhibits the high-
est Is and the lowestHc for the Co-based amorphous alloys
with glass transition, the subsequent search for the formation
of a Co-based bulk glassy alloy was made by using the alloy
composition of (Co0.705Fe0.045Si0.1B0.15)96Nb4.

It was confirmed that the X-ray diffraction patterns of the
cast (Co0.705Fe0.045Si0.1B0.15)96Nb4 alloy rods consisted only
of halo peaks in the diameter range up to 1 mm and the further
increase in the rod diameter to 2 mm caused the formation of
mixed glassy plus crystalline phases. Figure 4 shows an op-
tical micrograph of the transverse cross section of the cast
Co-based alloy rod with a diameter of 1 mm. Although some
cavities are observed as small dark spots, no distinct contrast
revealing the precipitation of crystalline phase is seen over
the whole cross section, indicating the formation of a glassy
single phase. Figure 5 shows the DSC curves of the cast Co-
based alloy rods with diameters of 0.5 and 1 mm, together
with the data of the corresponding melt-spun glassy alloy rib-
bon. The rod samples exhibit the sequent transition of glass
transition, followed by a supercooled liquid region and then
two-stage crystallization. We cannot see any appreciable dif-

Fig. 2 DTA curves of (Co0.705Fe0.045Si0.1B0.15)100−x Nbx (x = 2, 4, 6 and
8 at%) alloys.
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Fig. 3 Saturation magnetic flux density (Is) and coercive force (Hc) as a
function of Nb content for melt-spun (Co0.705Fe0.045Si0.1B0.15)100−x Nbx

amorphous alloy ribbons.

Fig. 4 Optical micrograph of the transverse cross section of the cast
(Co0.705Fe0.045Si0.1B0.15)96Nb4 glassy alloy rod with a diameters of 1 mm.

ference in the endothermic reaction due to the glass transition
and the exothermic reaction due to crystallization between the
ribbon and the cast rod samples. From the metallographic
data shown in Fig. 4 and the thermal stability data shown in
Fig. 5, it is concluded that the cast Co-based alloy rods have
a glassy phase without appreciable crystalline phase in the di-
ameter range up to 1 mm. Figure 6 shows the hysteresis I–H
loops of the cast Co-based alloy rods with diameters of 0.5
and 1 mm, together with the data of the melt-spun glassy al-
loy ribbon. The hysteresis B–H loops of bulk samples were
measured only by VSM because the conventional B–H loop
tracer could not be used for the cylindrical form of the bulk
glassy alloys. The cast alloy rods haveIs of 0.59 T and very

Fig. 5 DSC curves of the cast (Co0.705Fe0.045Si0.1B0.15)96Nb4 glassy al-
loy rods with diameters of 0.5 and 1 mm. The data of the corresponding
melt-spun glassy alloy ribbon are also shown for comparison.

Fig. 6 Hysteresis I–H loops of the cast (Co0.705Fe0.045Si0.1B0.15)96Nb4
glassy alloy rods with diameters of 0.5 and 1 mm. The data of the cor-
responding melt-spun glassy alloy ribbon are also shown for comparison.

low Hc below 3 A/m. TheIs and Hc are nearly the same as
those for the corresponding melt-spun glassy alloy ribbon.
The lower initial permeability resulting from the slight tilt
in the I–H loop is seen only for the rod samples, in agree-
ment with the previous data for the cast ferromagnetic alloy
rods in Fe–(Al, Ga)–(P, C, B),11) Fe–(Zr, Hf, Nb)–B15) and
Co–Fe–Ta–B10) systems. The lower initial permeability for
the rod samples has been thought to be an apparent phe-
nomenon including the influence of a demagnetizing field
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Table 1 Thermal stability and magnetic properties of the cast
(Co0.705Fe0.045Si0.1B0.15)96Nb4 glassy rods with diameters of 0.5 and
1 mm. The data of the melt-spun glassy ribbon are also shown for compar-
ison.

Is/T Hc/Am−1 Tg/K ∆Tx/K Tg/Tl

Ribbon 0.60 1.55 823 38 0.61

φ0.5 mm 0.60 <3 823 38 0.61

φ1.0 mm 0.59 <3 823 38 0.61

caused by the rod shape.10,11,15)Table 1 summarizes the ther-
mal stability and magnetic properties of the cast Co-based al-
loy rods with diameters of 0.5 and 1 mm. The data of the melt-
spun glassy alloy ribbon are also shown for comparison. The
Hc of the melt-spun glassy alloy ribbon was measured with
an I–H loop tracer. All the thermal stability and soft magnetic
properties are independent of the sample thickness. It is thus
concluded that Co-based bulk glassy alloys with good soft
magnetic properties can be formed in the diameter range up
to 1 mm at the composition of (Co0.705Fe0.045Si0.1B0.15)96Nb4

by copper mold casting.

4. Discussion

It was found that the addition of 4 at%Nb to Co70.5Fe4.5Si10-
B15 alloy enabled us to form bulk glassy alloy rods with a
diameter up to 1 mm by copper mold casting. The previous
data on the maximum thickness for formation of an amor-
phous phase in Co–Fe–Si–B alloys indicate that its maximum
value is dependent on preparation method,i.e., 20µm by us-
ing the ordinary melt spinning method and 160µm by use
of the instantaneous stop method of rapidly rotating copper
wheel within 1 to 2 seconds.26) In any event, it is clearly
concluded that the glass-forming ability of the Co–Fe–Si–B
alloys is significantly enhanced by the addition of 4 at%Nb
through the appearance of the glass transition phenomenon
and the increase in the reduced glass transition temperature
to 0.61. We discuss the reason for the effectiveness of Nb
addition on the increase in thermal stability of supercooled
liquid as well as the enhancement of glass-forming ability.
We have previously proposed that bulk glassy alloys with di-
ameters above several millimeters are formed in the alloys
which satisfy the following three criteria,23–25) i.e., (1) multi-
component consisting of more than three elements, (2) sig-
nificantly different atomic size mismatches above about 12%
among the main three constituent elements, and (3) suitable
negative heats of mixing among the main three elements. Al-
though the Co–Fe–Si–B alloys are composed of the four ele-
ments, the previous concept on the bulk glassy alloy compo-
nents consisting of three different type of elements, as exem-
plified for Fe–(Al, G)–(P, C, B),9) Fe–(Zr, Hf, Nb)–B,15) Fe–
Co–Ln–B,17) Fe–(Cr, Mo)–(P, B, C)19) and (Co, Fe)–Ta–B,10)

indicates that the Co–Si–B alloys consist only of two differ-
ent types of elements as presented by (Co, Fe)–(Si, B). This
result indicates the necessity of the third additional element
for the formation of a bulk glassy alloy in (Co, Fe)–(Si, B)
system. The addition of Nb to (Co, Fe)–(Si, B) alloys leads to
the atomic size mismatches of 14% for Nb/Co, 22% Nb/Si,
59% for Nb/B, in addition to the significant atomic size mis-

matches of 7% for Co/Si and 39% for Co/B.27) Furthermore,
all the heats of mixing for Nb–Co, Nb–Si and Nb–B pairs as
well as Co–Si and Co–B pairs are negative and the absolute
values are in the range of 33 to 79 kJ/mol.28) The satisfac-
tion of the three component rules for the formation of bulk
glassy alloys and the stabilization of supercooled liquid by
the addition of Nb to Co–Fe–Si–B alloys is the reason for the
formation of bulk glassy Co–Fe–Si–B–Nb alloy rods, though
the maximum sample thickness is limited to up to 1 mm. The
success of forming the Co–Fe–Si–B base bulk glassy alloys
which are important as engineering magnetic materials is ex-
pected to affect great effect on the future development of soft
magnetic materials.

5. Summary

We examined the possibility of forming a bulk glassy Co-
based alloy in Co–Fe–Si–B system by the addition of Nb
which leads to the satisfaction of the three component rules
for formation of bulk glassy alloys. The results obtained are
summarized as follows.

(1) Although no glass transition was observed for the
(Co0.705Fe0.045Si0.1B0.15)100−xNbx (x = 0 and 2 at%), the ad-
dition of more than 4 at%Nb caused the appearance of glass
transition and supercooled liquid region before crystalliza-
tion. TheTg, Tx, ∆Tx andTl increase with increasing Nb con-
tent and the∆Tx andTg/Tl values are 38 K and 0.61, respec-
tively, for the 4%Nb alloy and 40 K and 0.64, respectively, for
the 8%Nb alloy.

(2) The bulk glassy alloy rods with diameters up to 1 mm
were produced for the 4%Nb alloy by copper mold casting.
The bulk glassy alloy rods with diameters of 0.5 and 1 mm
exhibit theTg of 823 K,∆Tx of 38 K andTg/Tl of 0.61 which
agree with those for the corresponding melt-spun glassy alloy
ribbon.

(3) The bulk glassy alloy rods also exhibit good soft mag-
netic properties of about 0.6 T forIs and lowHc below 3 A/m
which is nearly the same as those for the glassy alloy ribbon.

(4) The reason for the significant improvement of glass-
forming ability of the Co–Fe–Si–B base alloys was inter-
preted to be attributed to the satisfaction of the three com-
ponent rules caused by the Nb addition. The synthesis of
the Co–Fe–Si–B base bulk glassy alloy rods is promising for
bright future of soft magnetic bulk materials.
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