Materials Transactions, Vol. 43, No. 4 (2002) pp. 766 to 769
(©2002 The Japan Institute of Metals
RAPID PUBLICATION

Soft Magnetic Bulk Glassy Fe-B—-Si—Nb Alloys
with High Saturation Magnetization above 1.5T

Akihisa Inoue and Baolong Shen

Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan

New Fe-based bulk glassy alloys were synthesized in the (Fep 75B0.15Si0.10)100-x Nbx System by copper mould casting. The maximum
diameter of the bulk glassy aloy rod was 0.5mm at 1at%Nb, 1.0mm at 2at%Nb and 1.5mm at 4at%Nb. No glass transition is observed
at 0at%Nb, but the addition of Nb causes the appearance of glass transition before crystallization. The glass transition temperature (Tq) and
crystallization temperature (Ty) of the bulk glassy rods were 815K and 858K, respectively, for the 1at%Nb alloy, and 835K and 885K,
respectively, for the 4 at%Nb alloy. The reduced glass transition temperature (Ty/T;) defined by the ratio of Tg to the liquidus temperature (T;)
was measured as 0.56 at 1at%Nb, 0.57 at 2at%Nb and 0.61 at 4 at%Nb. Thereis atendency for Ty, ATy (= Tx — Tg) and Tg/T; to increase
with increasing Nb content. The effect of Nb addition can be interpreted in the framework of the three component rules for the formation of
bulk glassy alloys and the stabilization of supercooled liquid. The Fe-B-Si alloy satisfies the three component rules by the addition of Nb. The
bulk glassy alloy rods exhibited good soft magnetic properties, i.e., high saturation magnetization (Is) of 1.47 to 1.51 T, low coercive force (Hc)
of 2.9to 3.7 A/m and Curie temperature of 593 to 684 K. The high Is and low Hc, as well as the formation of bulk glassy aloysin the simple

dloy system are promising as a new type of soft magnetic bulk alloy.
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1. Introduction

A new series of bulk glassy aloysin Mg-, Ln-2 and Zr-2
based systems, which have a large supercooled liquid region
before crystallization and a high glass-forming ability were
discovered between 1988 and 1990. Since then research on
amorphous alloys has been dramatically changed. This is
attributed to the fact that these new glassy alloys have crit-
ical cooling rates several orders lower than those for other
simple metal-based and transition metal-based amorphous al-
loys.*" Subsequently, a number of bulk glassy alloys have
been synthesized in various aloy systems, including Fe-,®
Co-,2 Ni-19 and Cu-1V based alloys. The lowest critical cool-
ing rate for glass formation is as little as 0.06 K/s'? and the
largest thickness for glass formation is as great as 80 mm.%®
In these bulk glassy alloy systems, the development of Fe-
based alloys exhibiting good soft magnetic properties has
been of primary importance. Typica Fe-based aloy sys
temsinclude Fe-(Al, Ga)-P-B—C,? Fe-(Nb, Cr, Mo)-(Al, Ga)-
P-B-C,*¥ Fe-(Cr, M0)-Ga—P-B-C,'® Fe-Co-Ga—P-B-C,19
Fe-Ga-P-B—C,*" Fe-(Zr, Hf, Nb)-B,*® Fe-(Zr, Hf, Nb)-Mo—
B and Fe-(Cr,M0)-B-C.2% The three component rules
leading to the formation of bulk glassy alloys through sta-
bilization of supercooled liquid were proposed in 19944 and
they have enabled usto discover anumber of bulk glassy alloy
systems. It isimportant to point out that the above-mentioned
Fe-based alloys were developed on the basis of the compo-
nent rules, i.e., (1) a multi-component system consisting of
morethan three elements, (2) significant differencesin atomic
size (>12%) between the main three elements, and (3) suit-
able negative heats of mixing between the main elements.>®
It is well known that Fe-based amorphous alloys are formed
in the Fe-B—Si system?® and the greatest thickness (230 um)
is attained by using the instantaneous stop method of rapidly
rotating copper wheel within 1 to 2 seconds.?? However, no
glass transition is observed in the Fe-B—Si amorphous alloys

over the whole compositional range. We tried to modify the
Fe-B—Si dloy system by applying the three component rules,
and succeeded in fabricating Fe-B—Si base glassy alloys with
a supercooled liquid region before crystallization and a high
glass-forming ability. This paper presents datafor the compo-
sitional range in which glassy aloys are formed in Fe-B-Si
base system, and the thermal stability and magnetic properties
of the resulting Fe-based bulk glassy alloys.

2. Experimental Procedure

Multi-component Fe-based alloys with compositions
of FesBisSi, (Fen7sBo15Sio10)100-xNbx and (Fep77s-
BO.12580.10)100—bex (X =1to 431%) were examined in the
present study because the largest ribbon thickness of amor-
phous alloys in the Fe-B-Si system was obtained for the
metalloid composition of 15a%B and 10at%Si.?? The al-
loy components represent nominal atomic percentages. Their
alloy ingots were produced from pure Fe, Nb, Si and B by arc
melting in an argon atmosphere. Bulk samplesin arod form,
with diameters of 1 to 3mm and alength of 50 mm, were pro-
duced by copper mould casting. Ribbon samples with a cross
section of 0.02 x 1 mm? were also prepared by melt spinning.
The glassy phase was identified by X-ray diffraction and the
absence of acrystalline phase on a micrometer scale was con-
firmed by optical microscopy. Even if a small volume frac-
tion of nanometer-scale crystalline phase (which cannot be
detected by X-ray diffraction and OM techniques) isincluded
in the present alloys, it is believed that it would not have
significant influence on soft magnetic properties. Thermal
stability associated with glass transition, supercooled liquid
and crystallization temperature was examined by differential
scanning calorimetry (DSC) at aheating rate of 1.33K/s. The
melting (T,) and liquidus (T,) temperatures were measured
by differential thermal analysis (DTA) at heating and cooling
rates of 0.33 and 0.033 K/s, respectively. Magnetic properties
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were measured with avibrating sample magnetometer (VSM)
and a B—H loop tracer under applied fields of 400kA/m and
800 A/m, respectively. The Curie temperature was also deter-
mined by DSC. Density was measured by the Archimedian
method using toluene solution.

3. Results

When we used the Fe;sB15Si10 ternary aloy, the amor-
phous alloy ribbon was produced but neither glass transition
nor supercooled liquid region were observed. In addition,
we could not produce any bulk amorphous alloy rods in the
Fe-B-Si alloy by copper mould casting. These results are
in agreement with previous data.?>?? However, the addition
of Nb, which has a much larger atomic size”® and negative
heats of mixing?) compared to Fe, B and Si enabled forma-
tion of bulk glassy aloy rods. Figure 1 shows the DSC curve
of the 1at%Nb-bearing aloy rod with a diameter of 0.5mm,
together with the data of the melt-spun glassy ribbon. The
DSC curve of the alloy rod indicates two endothermic peaks
due to Curie temperature (T;) and glass transition tempera-
ture (Tq) and three exothermic pesks due to crystallization, in
agreement with the feature of the alloy ribbon. The Ty was de-
termined by the intersection of the extrapolate from the base-
line of DSC curve and the endothermic reaction curve due to
glass transition. The T, Ty and crystallization temperature
(Tx) are 684 K, 815K and 858 K, respectively, and thereis no
appreciable differencein the thermal stability between therod
and ribbon samples. Considering the previous results that no
glass transition is observed in the Fe;sB15Siio aloy and no
bulk glassy alloy is formed,?? the addition of Nb is very ef-
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Fig. 1 DSC curve of abulk glassy (Fep 75B0.15S0.10)99Nb1 aloy rod with

adiameter of 0.5mm produced by copper mould casting. The data of the
melt-spun glassy alloy ribbon are also shown for comparison.

fectiveinincreasing glass-forming ability through an increase
in stability of supercooled liquid against crystallization.

The maximum rod diameter for formation of aglassy phase
increased with increasing Nb content, from 0.5mm for the
1at%Nb-bearing aloy, 1mm for the 2at%Nb-bearing al-
loy and 1.5mm for the 4at%Nb-bearing alloy. Figure 2
shows an optical micrograph of the transverse cross-section
of the 4at%Nb aloy rod with a diameter of 1.5mm. Al-
though some cavities are observed as small dark spots, no
distinct crystaline contrast is seen over the whole cross-
section, indicating the formation of a glassy single phase.
We further confirmed that the thermal stability is indepen-
dent of rod diameter. As examples, the DSC curves of the
(Feo.7580.15SiO.1)96Nb4 alloy rods with diameters of 0.5, 1.0
and 1.5mm are shown in Fig. 3, where the data of the melt-
spun aloy ribbon are also shown for comparison. It can be
seen that the DSC curves of the alloy rods have features sim-
ilar to the ribbon, and there is no appreciable difference in
thermal stability with rod diameter. The T, Ty and Ty are
593K, 835K and 885K, respectively. In comparison with
the data for the 1at%Nb-bearing aloy shown in Fig. 1, an
increase in Nb content from 1 to 4 at% causes a decrease in
Tc and an increase in Ty, Ty and supercooled liquid region
ATy (= Tx — Tg). We dso measured the liquidus tempera-
ture (T;) with the aim of determining the reduced glass tran-
sition temperature (Tg/ T;) which has been regarded as one of
the important parameters for evaluation of glass formation.
As shown in Fig. 4, the sample was firstly melted at a heat-
ing rate of 0.33K/s, followed by cooling of the sample at a
much lower rate of 0.033K/s, to keep a thermal equilibrium
state. Thefreezing reaction of the alloys, except the 4 at%Nb-
bearing alloy, occursthrough several stagesasisevident from
the cooling branches of the DTA curves. This indicates that
these aloys deviate from eutectic composition. The cooling
branch in the DTA curve has a single stage of freezing re-
action only for the 4at%Nb aloy. The DTA data indicate
that the eutectic point lies around (Fep 75B0.15Si0.1)9sN b4 With
T; of 1375K. The resulting Ty/T; is measured as 0.56 for
the 1at%Nb-bearing alloy, 0.57 for the 2at%Nb aloy and
0.61 for the 4a%Nb aloy. The highest Ty/ T, value for the

Fig. 2 Optical micrograph of atransverse cross-section of the bulk glassy
(Fep.75B0.15Si0.1)9sNb4 aloy rod with a diameter of 1.5mm produced by
copper mould casting.
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Fig. 3 DSC curves of bulk glassy (Fep.75B0.15Si0,10)96Nb4 aloy rods with
diameters of 0.5, 1.0 and 1.5mm produced by copper mould casting. The
data of the melt-spun glassy alloy ribbon are also shown for comparison.

4a%Nb alloy indicates that the alloy has the highest glass-
forming ability, in agreement with the results described above
and shown in Figs. 2 and 3. This also indicates that the addi-
tion of Nb is effective for an increase in the thermal stability
of the supercooled liquid before crystallization as well as a
decrease in liquidus temperature.

As is evident from the Curie point on the DSC curves
shownin Figs. 1 and 3, the Fe-based glassy alloy rods possess
ferromagnetic characteristics at room temperature. Table 1
summarizes magnetic properties of T, saturation magnetiza-
tion (ls) and coercive force (H;) of the Fe-based bulk glassy
aloy rods. It is noticed that good soft magnetic properties,
i.e, T; of 634K, Isof 1.51T, H; of 3.7A/m, are obtained for
the bulk glassy (Feo.775Bo.125Si o,]_o)gngz rod of 0.5 mm diam-
eter. Thisisbelieved to be the first evidence for the synthesis
of soft magnetic bulk glassy aloys with high |5 exceeding
1.5T. The good soft magnetic properties combined with high
Is and the simple alloy components are promising for the fu-
ture development as a new soft magnetic bulk alloy.

4. Discussion

Here we discuss the reason for the effectiveness of Nb ad-
dition on the glass-forming ability of Fe-B-Si aloys. It has
been previously reported that the maximum sample thickness
of Fe-B—Si ternary amorphous alloys is about 270 um for a
composition of FexsB15Siip and that deviation of metalloid
composition from this optimum value causes a significant de-
crease in the maximum sample thickness.?? We have pro-
posed three empirical rules*® for alloy components leading
to the formation of bulk glassy alloys through an extension of
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Fig. 4 DTA curves of pre-aloyed (Fep 75B0.1550.10)100-xNbx (X = 1, 2
and 4 at%) alloys.

the supercooled liquid region. That is, al bulk glassy aloys
in Mg-, Ln-, Zr-, Fe-, Co-, Ni- and Cu-based systems must
have multi-components consisting of more than three ele-
ments, significant atomic size mismatches above 12% among
the three main elements, and negative heats of mixing be-
tween the main elements. #1211 Asisevident from the alloy
components in Fe-based bulk glassy aloys shown in Section
1, the Fe-B—Si alloys can be interpreted to consist of only
two element groups in the Fe-(B, Si) system, and addition of
the third group element is necessary for the satisfaction of
the three component rules. Thisrole is fulfilled by the addi-
tion of Nb. The atomic size ratio is 15% for Nb/Fe, 59% for
Nb/B and 22% for Nb/Si.?®) In addition, al the heats of mix-
ing for Nb—e, Nb-B and Nb-Si pairs are in the range of —9
to —79kJmol.2¥ It has been previously reported that glassy
aloys which conform to the three component rules can have
a unique glassy structure with a higher degree of dense ran-
dom packed atomic configurations, new local atomic configu-
rations and long-range attractive interactions.* In the alloy
liquid with these structural features, atomic mobility is re-
duced, leading to an increase in viscosity and/or Ty as well
as a suppression of atomic rearrangement for the progress of
crystallization reaction. It is thus presumed that the enhance-
ment of the glass-forming ability by the addition of Nb to
Fe-B—Si aloysis attributed to the above-described structural
change in the structure. Further detailed study on the struc-
ture of the Fe-B—Si—Nb aloys is expected to shed some light
on the clarification of the mechanism for the remarkable ef-
fectiveness of Nb addition on glass-forming ability.
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Table 1 Magnetic properties and therma stability of bulk glassy (Fep75B0.15Si0.10)100-xNbx (X =

(Feo.775B0.125Si0.10)e8Nby alloy rods.

1, 2 and 4a%) and

Alloy Maximum sample thickness Thermal stability Soft magnetic properties
tmax (Mm) Te (K) Tg (K) ATy (K) Tg/Ti Bs (T) Hc (A/m)
(Fep.75B0.15Si0.10)99Nb1. 0.5 684 815 43 0.56 1.50 3.7
(Fen.75B0.15Si0.10)98Nby 1.0 650 812 58 0.57 1.49 35
(Fep.75B0.15Si0.10)96N by 15 593 835 50 0.61 1.47 2.9
(Feo.775B0.125Si0.10)98N b2 05 634 760 — 0.54 151 3.7
5. Summary 2) A.lInoue, T. Zhang and T. Masumoto: Mater. Trans.,, JM 30 (1989)

We have examined the effect of Nb addition on the glass-
forming ability of Fe;sB15Sii0 aloy with the aim of synthe-
sizing anew bulk glassy Fe-B—Si—Nb alloy by use of the three
component rules for achievement of bulk glass formation and
stabilization of supercooled liquid. The results obtained are
summarized as follows:

(1) Bulk glassy aloy rods were formed by the addition
of Nb; the maximum rod diameter was 0.5mm at 1 at%Nb,
1.0mm at 2at%Nb and 1.5mm at 4 at%Nb.

(2) No glass transition was observed at 0at%Nb. The
addition of Nb caused the appearance of T;. The Ty and
T are 815K and 858K, respectively, for the 1at%Nb alloy
rod, 812K and 870K, respectively, for the 2 at%Nb alloy and
835K and 885K, respectively, for the 4 at%Nb alloy.

(3) The T, was measured as 1440K at 1at%Nb, 1415K
at 2at%Nb and 1375K at 4 at%Nb and the resulting reduced
glass transition temperature (Ty/ T;) was evaluated as 0.56 at
lat%Nb, 0.57 at 2at%Nb and 0.61 at 4 at%Nb. The stabil-
ity of supercooled liquid against crystallization as well as the
glass-forming ability increases distinctly with increasing Nb
content.

(4) The Fe-based bulk glassy aloy rods containing Nb
contents up to 4 at% exhibit ferromagnetic characteristics, and
the T;, Is and H. are 593 to 684K, 1.47 to 1.51 T and 2.9 to
3.7 A/m, respectively, at room temperature. The simultane-
ous achievement of good soft magnetic properties with high
Isof 1L.5T and bulk glassy dloys in the ssimple Fe-B—Si—-Nb
system is important for future development of Fe-based soft
magnetic bulk glassy alloys.
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