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Glassy type metallic alloys exhibit unique characteristics which cannot be obtained for conventional
amorphous alloys. For the last more than two decades, a number of bulk glassy alloy (BGA) systems have
been developed and centimeter-class BGAs have been prepared in almost all alloy systems. Among them,
Fe- and Co-based BGAs have attracted much attention and have been commercialized in various fields.
This paper reviews recent developments and applications of Fe- and Co-based BGAs and their future pros-

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Around 1990, metallic glassy alloys in bulk form were found to
be formed in La- and Mg-based systems by copper mold casting
[1,2]. Subsequently, arc-melted Zr-based alloy ingots, just cooled
on water-cooled copper hearth, were found to keep a glassy struc-
ture [3]. The ingot showed very shiny surface luster and had good
ductility which could not be cracked by hitting with a hammer.
Since the findings of these new phenomena, a great number of
studies were carried out with the aims of searching new BGA sys-
tems, clarifying the fundamental properties including glass-form-
ing ability (GFA), glassy structure and finding novel application
fields [4-6]. As one of important results obtained for the last two
decades, the lowest cooling rate for glass formation reaches
0.067 K/s, which is about 10® times smaller than that for ordinary
amorphous alloys requiring melt quenching [7]. It is recognized
that the thermal stability of supercooled liquid against crystalliza-
tion increases dramatically and the enhanced stability has opened
a new research field of metallic liquids. The maximum diameter
(D) reaches about 8 cm for Pd-Cu-Ni-P system [8], 3 cm for
Zr-Al-Ni-Cu [9,10], 5 cm for Zr-Ti-Be-Ni-Cu [11], 1.5-3 cm for
Ni-Pd-P-B [12], and Cu-Zr-Al-Ag-Pd [13] and 7.3 cm for Cu-Zr-
Al-Ag-Be [14]. In addition, glassy alloy plates with uniform
thickness of 0.3-1 mm and large surface area aspect ratios have
been produced as secondary forming materials [15]. Glassy alloy
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balls with diameters of 2-10 mm are also available for the Zr-
and Cu-based alloys [5].

The significant developments of BGAs have enabled the utiliza-
tion of new bulk metallic materials consisting of a glassy structure
since 1990, in addition to conventional bulk metallic crystalline
materials which have been used by human beings for several thou-
sand years. Table 1 summarizes the application fields that have
been developed at present for glassy type alloys in Japan. The fields
have been extended very widely.

Nowadays, sustainable developments have been desired to cre-
ate low-carbon, resource-circulating and nature harmonious socie-
ties. We have been requested to contribute to sustainable
development and low-carbon society through the developments
of highly functional Fe- and Co-based BGAs and their industrializa-
tion. This review focuses on soft magnetic Fe- and Co-based alloys
belonging to bulk glassy, nanocrystalline and bulk nanocrystalline

types.

2. Fe-based bulk glassy alloys
2.1. Alloy components

Looking at the development history of Fe-based amorphous and glassy alloys,
the first amorphous phase was synthesized for Fe-P-C system in 1967 by Paul Du-
wez’s group [15], followed by the formation and licence of Fe- and Co-based amor-
phous alloys by Allied Chemical Corporation in 1975 [16] and their
commercialization in the early 1980s. Subsequently, the synthesis of Fe-based BGAs
by copper mold casting was made for Fe-Al-Ga-P-C-B alloys with a large super-
cooled liquid region before crystallization by Inoue et al. in 1995 [17].

Table 2 summarizes typical Fe-based BGAs developed up to date. The alloys can
be classified to ferromagnetic and paramagnetic types at room temperature. As the
former type, one can see Fe-(Al, Ga)-metalloid (P, C, B, Si) [17], FeC20(Fe-C-Si)-B
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Table 1

Application fields for bulk glassy type alloys in Japan and their responding characteristic.

Application fields

Characteristic

Structural materials

Sensor materials

Spring materials

Sporting goods materials
Wear resistant coating materials
Corrosion resistant materials
Magnetic materials
Micro-technology materials
Nano-technology materials
Data storage materials
Biomedical materials

Fuel cell separator materials

High strength, high hardness, high fracture strength

High magnetostriction, giant magneto-impedance effect
High fatigue strength

High strength and large elastic elongation limit

High wear resistance

High corrosion resistance

Excellent soft-magnetic properties, high electrical resistivity
Micro-formability, transferability

Nanoscale imprintability

Biocompatibility, high wear and corrosion resistance

Table 2
Typical Fe-based bulk glassy alloys developed up to date.

Non-ferromagnetic alloys
Fe-(Cr,Mo)-(C,B)

(Fe,Ni)-(Cr,Mo)-(B,Si)
Fe-(Cr,Mo)-(C,B)-Ln

Ferromagnetic alloys

Fe-(ALGa)-(P,C,B)
Fe-(P,Si)-(B,C)
Fe-Ga-(P,C,B,Si)
Fe-(Cr,Mo)-(P,C,B,Si)
Fe-(Zr,Hf Nb)-B
Fe-Co-Ln-B
Fe-(Nb,Cr)-(B,Si)
Fe-(Nb,Cr)-(P,B)
Fe-(Zr,Hf,Nb)-B-Ln

(Fe-metalloid) [18,19], Fe-LTM(Cr, Mo)-metalloid [20], Fe—-ETM(Zr, Hf, Nb)-metal-
loid [21], Fe~LTM-metalloid—-(Y, Ln) (Ln = lanthanide metal) [22] and Fe-ETM-(B,
Si)-(Y, Ln) [23]. The latter type alloys are obtained for Fe-(Cr, Mo)-(C, B) [24],
(Fe, Ni)-(Cr, Mo)-(B, Si) [25] and Fe-(Cr, Mo)-(B, C)-(Y, Ln) [26-28].

These new Fe-based BGAs have been developed on the basis of the following
guidelines, i.e., (1) multicomponent systems consisting of three or more elements,
(2) significant atomic size mismatches among the main elements, (3) many atomic
pairs with negative heats of mixing and (4) minor addition of Al, Ga, ETM, LTM and
Y or Ln for enhancement of the three component rules.

2.2. Concrete results

2.2.1. Fe—(Ga, Mo)-(P, C, B, Si) alloy series

Glassy alloy rods of 2.5 mm in diameter are formed for Fe;;GasPg5C4B4Sis s,
showing a supercooled temperature interval of 45 K, by copper mold casting [29].
The bulk GFA exhibits rather high saturation magnetization (Bs) of 1.4 T and low
coercive force (H¢) of 3 A/m. The replacement of Ga by Mo causes an increase of
Dp, to 4 mm for Fe;5Mo4P10C4B4Si3 [30]. This alloy exhibits good combination prop-
erties, i.e., 1.27 T for Bs, 1.5 A/m for H. and 25,230 for effective permeability () at
1 kHz and 1 A/m. By partial replacement of Fe with Co, the D,, increases further to
5 mm for FeggCo10M035P10C4B4Sios [31], in conjunction with good soft magnetic
properties of 1.23 T for B, 1.0 A/m for H. and 4.0 x 10° for maximum permeability
(Hmax) [31].

2.2.2. Fe-Co-Ni-B-Si-Nb alloy series

The addition of small amounts (2-4 at.%) of Nb to Fe-Si-B alloys was found to
cause the change from amorphous to glassy type with glass transition, followed by
supercooled liquid region over the whole composition range [32]. BGAs were
formed over the whole composition range of [(Fe;_x_,CoxNiy)o.75B0.2Si0.05]o6Nb4
and their D, was 5 mm for [(Feys5C0¢5)75B20Sis]osNb4 alloy [33]. The Dy, for the
[(Feo.5C00.5)75B20Sis|osNb,4 alloy increases to 7.7 mm by B,0s; flux melting [34].
The Fe-rich alloy exhibits rather high Bs of over 1.3 T [35], while the Co-rich alloy
has low H. below 1 A/m because of very low saturated magnetostriction (/) of
5 x 1077 under the field of 250 kA/m. The nearly zero /s alloy exhibits high u.
exceeding largely 10* in a wide frequency range up to at least 100 kHz, as exempli-
fied in Fig. 1 [36]. This good high-frequency permeability characteristic appears to
be maintained up to several MHz range.

2.2.3. Fe-Mo-Si-B-P alloy series

For Fe;6Sig_xB10PsMoy series, the D, and Bs were, respectively, 3 mm and 1.45 T
for x=1,3.5mm and 1.40T for x =2 [37]. Besides, the alloys with 1% and 2% Mo
show appreciable plastic strains in conjunction with fracture surface consisting of

10°
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[(Co,_Fe,); 15Bo;SinslssNb,

0757027 '0.05796

Effective permeability, Hy

10*

103 |4
10° 10 10°
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Fig. 1. Effective permeability as a function of applied field frequency for the
[(Coy_xFey)o.75Bo.2Sin.0s]losNbs (x = 0.1, 0.2, 0.3, and 0.4) glassy alloys annealed for
300 s at temperature of T,—50 K.

several step zones. Even for the Mo-free Fe-Si-B-P alloys, BGAs were obtained in
the diameter range up to 2.5 mm and the Fe;oSigB1oPs alloy exhibits distinct plastic
strain of 1.1% [38]. The Fe-Si-B-P alloys exhibit very high B exceeding 1.6 T and the
maximum value reaches 1.62 T for FegoSisB1oPs [39]. The Fe-Si-B-P glassy alloys
also exhibit low H. of 1.6-1.9 A/m and high p. of 16,500-17,200 at 1 kHz. It is no-
ticed that high B, exceeding 1.6 T in conjunction with good soft magnetic properties
is obtained for Fe-metalloid alloy system.

2.2.4. Fe-Dy-B-Si-Nb alloy series

The influence of Ln addition on GFA, thermal stability and soft magnetic prop-
erties was examined for Fe-Dy-B-Si-Nb alloy series [40]. The 4%Dy-containing al-
loy shows a Dy, of 4 mm and very large s of 65 x 10~% which are attractive for
application to a sensitive magnetostriction sensor.

3. Features of Fe-based bulk glassy alloys

Fe-based BGAs possess unique features of lower H. and higher
electrical resistivity which have not been obtained for amorphous
and nanocrystalline Fe-based alloys [41]. The lower H. has been
thought to originate from the lower internal stress on the basis
of the relation that H. is dominated by some factors such as thick-
ness of domain wall, Bs, anisotropy constant and internal stress
[42]. With the aim of investigating the presumption, a number of
data for BGAs and amorphous alloys were re-plotted in the relation
between H. and the ratio of s to Bs [43]. In the relationship, the
data has a linear relation and its slope is much smaller for the BGAs
than for the amorphous alloys. The slope corresponds to the volume
and density of internal defects in the glassy and amorphous alloys.
The smaller slope implies that the BGAs include considerably lower
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volume and density of defects, corresponding to the formation of
more homogenized atomic configurations.

With the aim of confirming the structural presumption, we
examined atomic configurations for Fe-based BGAs by using vari-
ous advanced analytical techniques [44,45]. We have reported that
Fe-based BGAs have a network-like atomic configuration in which
distorted triangular and anti-Archimedean prisms are connected
with each other with edge, face and vertices-shared configuration
modes through glue atoms of rare earth or ETM element. Such a
network-like atomic configuration can suppress the long-range
atomic rearrangements of constituent elements which are neces-
sary for the progress of crystallization. Consequently we can have
highly stabilized supercooled liquid, leading to the formation of
BGAs. For instance, the structure analyses on Fe;gNb;oB;g glassy al-
loy by synchrotron X-ray diffraction [46] and nanobeam electron
diffraction [47] indicate the existence of edge-sharing distorted
prism and anti-Archimedean prism. In addition, the primary crys-
tallization phase of the Fe;oNb;oB, alloy is composed of Fe;3Bg
type phase which has a complex cubic structure with a large unit
volume of 1.0591° nm? and 116 atoms in unit cell and includes tri-
angular and anti-Archimedean prisms [44]. The same type precip-
itation of M3Bg phase as a primary crystallization phase was also
reported for (Fegs5C0q.5)72B20SisNb4 [48] and Fe,Si;B1oPsMo, [37]
BGA:s.

4. Fe- and Co-based bulk glassy alloys with centimeter class
diameters

It is significant to investigate the relationship between the for-
mations of Fe- and Co-based BGAs and their crystallization phases.
Fig. 2 shows the change in the D,, with Co content for (Fe;_,Coy)4s-
Cry5Mo14Cy5BgTm, alloys prepared by casting, together with the X-
ray diffraction data [49]. The D, is 12 mm for the Fe-Cr-Mo-C-B-
Tm alloy, increases to 16 mm in the Co range of 0.2-0.4 and then
decreases to 10 mm for the Co-Cr-Mo-C-B-Tm alloy. We further
recognized that the more fine adjustment of alloy component to
(FepsC00.2)47Cr1sM0o14C15BsTms caused the further increase of Dy,
to 18 mm [41].

Fig. 3 shows the DSC curves of the Fe-Cr-Mo-C-B-Tm BGAs in
as-cast bulk and melt-spun ribbon forms, together with the elec-
tron diffraction patterns of the alloys annealed at each temperature
marked with arrows [44]. The glassy alloy crystallizes through two
stages and the first exothermic peak appears from the supercooled
liquid region. The electron diffraction pattern obtained after
annealing for 30 min at 973 K is identified as a complex cubic
Fe,3Bg phase, indicating that the second peak corresponds to the
precipitation of Fe,3Bg phase [44].

On the other hand, one cannot detect any appreciable change in
the electron diffraction patterns after annealing around the first
exothermic peak. Further detailed nanobeam analyses were carried
out to clarify the precipitation phase due to the first peak. As
shown in Fig. 4 [44], the nanobeam diffraction pattern is identified
as cubic y-FeCrMo phase with rather large unit volume of
8.92 nm? and 58 atoms in unit cell. The atom number in x-FeCrMo
phase is just half that for Fe,3Bg phase and the fundamental unit is
composed of a CN16 polyhedron structure for the former phase
and a CN16 polyhedron surrounding the central Archimedean
antiprism including large amounts of metalloid atoms for the latter
phase [48], indicating a strong correlation between the two phases.
From the DSC curves and nanobeam electron diffraction patterns, it
is concluded that the two-stage crystallization occurs through the
primary precipitation of x-FeCrMo phase and then the precipita-
tion of Fe,3Bg phase [44].

It has been further reported that Fourier transformation pattern
obtained from the atomic configurations in yx-FeCrMo phase shows
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Fig. 2. (a) Change in the structure of the cast (Fe;_,C0x)48Cri5sM014C;5BsTm;, rods
with sample diameter and Co content. (b) X-ray diffraction data of (FeygC0g2)ss-
Cry15Mo14C;5BsTm, rods with different diameters.

the electron diffraction patterns with a ten-fold symmetry [50].
This result suggests that the Fe-based BGAs with centimeter class
diameters are composed of icosahedral-like atomic configurations
and hence the unique atomic configurations may play an impor-
tant role in the achievement of the large GFA. Thus, we can propose
the searching way of Fe-based BGAs with centimeter class diame-
ters through the alloy design of forming icosahedral atomic
configurations.

5. Fe-based bulk glassy alloys as structural materials

In 2000, we reported that the addition of a small amount
(] 5 at.%) of B to commercial FC20 alloy (F680.75C]3_3Si5_1Mnol]gp().]s_
So.02) enabled the formation of glassy alloy rod with a diameter of
about 0.5 mm by copper mold casting [18]. The glassy alloy exhib-
ited high tensile fracture strength of 3480 MPa and increased to
3850 MPa upon annealing for 15 min at 680 K. Even after crystalli-
zation to bcc-Fe and Fes(C,B) phases, the alloy rod exhibits high
yield strength of about 1250 MPa as well as large tensile elongation
exceeding 10%. In addition, the alloy rod can be bent to an almost
circular ring-shape after annealing for 15 min at 1200 K. These
good mechanical properties for the FC20 alloy containing 1.5%B
are promising for structural Fe-based materials because of the fea-
tures of inexpensiveness alloy and simple production way.
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Fig. 3. (a) DSC curves obtained from FessCri5sMo;4Ci5sBgTm, ribbon and bulk
specimens. Energy-filtered SAED patterns obtained from (b) as-quenched specimen
and specimens annealed at (c) 893, (d) 923, and (e) 973 K. The diameter of the
selected area is approximately 400 nm.

As another interesting data indicating the possibility as struc-
tural materials, BGAs with diameters up to 2.5 mm are formed
by casting and the addition of trace amounts (0.1-0.5 at.%) of Cu
enables the formation of glassy alloys containing nanoclusters
[51]. The BGAs including nanoclusters exhibit distinct compressive
ductility with plastic strains up to 4% and numerous shear bands
are observed on the lateral outer surface.

6. Fe-based nanocrystalline alloys with ribbon form

It is known that nanocrystalline Fe-based soft magnetic alloys
have been commercialized with trademarks of FINEMET [52] and
NANOPERM [53]. The former consists of Fe-Si-B-Nb-Cu and the
latter is composed of Fe-Zr-B-Cu. Based on the developments of
their nanocrystalline alloys, the development guideline has been
proposed [54]. When the size of bcc grains in Fe-based nanocrys-
talline alloys is smaller than the exchange length, the magneto-
crystalline anisotropy is averaged out by coupling mechanism
between bcc nanograins through the remaining ferromagnetic
amorphous phase. In addition, the nanocrystalline alloys show

nearly zero . Therefore, the alloys are expected to exhibit excel-
lent soft magnetic properties.

For Fe-Si-B-P amorphous alloys with two-stage crystallization
mode, Cui et al. examined the change in the crystallization mode
with Cu addition [55]. By the addition of 0.7-1.0% Cu, the first exo-
thermic peak shifts to low temperature side, while the second peak
remains almost unchanged, resulting in an extension of the tem-
perature interval between the two peaks. When the sample is an-
nealed at the temperature below the second exothermic peak, fine
bcc grains with 20 nm in size precipitate in the Fe-Si-B-P-Cu al-
loys. The bcc grains are surrounded by the remaining amorphous
phase and their intergranular spacing is evaluated to be about
1 nm by high-resolution TEM observation [56]. The three dimen-
sional atom probe (3DAP) analyses indicate that the intergranular
amorphous phase is enriched with B and P, while the bcc phase has
higher Si and Cu concentrations than the nominal compositions.
The distinct component segregation after annealing seems to cause
the high stability of nanoscale bcc gains.

Table 3 summarizes the grain size of bcc-Fe phase (D), magne-
tization at 800 A/m (Bgoo), Bs, H, tte at 1 kHz and /s of Fe-Si-B-P-
Cu [57,58] and Fe-Si-B-C-Cu [59] nanocrystalline alloys, together
with the previous data of other soft magnetic materials, i.e., FIN-
EMET [52], NANOPERM [53], Fe-Si steels [60] and amorphous alloy
(METGLAS 2605) [56]. The new nanocrystalline alloys in Fe-Si-B-
P-Cu and Fe-Si-B-Cu systems have unique features, i.e., simulta-
neous achievement of high Bs and high permeability which has
not been obtained for other soft magnetic alloys. The new nano-
crystalline alloys exhibit lower core losses in the high magnetic
induction range of 1.5-1.7 T [57,61], as compared with FINEMET,
oriented Fe-Si steels and amorphous alloys. It is therefore con-
cluded that the step wise improvement of core loss characteristics
will be able to reduce energy consumption as well as carbon diox-
ide gas emission.

7. Fe-based nanocrystalline bulk alloys

Glassy Fe;3_,Nb4Hf5Y,Bo alloys prepared by casting exhibited
distinct glass transition, followed by supercooled liquid region
and then crystallization [62]. The Dy, and the temperature interval
of supercooled liquid region are, respectively, 1.5 mm and 63 K for
the 0%Y alloy, 3 mm and 75 K for the 1%Y alloy, and 4 mm and 78 K
for the 2%Y alloy.

When the 0%Y alloy is annealed for 180 s at 885 K, the XRD pat-
tern reveals that the alloy consists of bcc-Fe and remaining amor-
phous phase and the grain size of the bcc-Fe phase is about 20 nm
[63]. The nanocrystalline alloy exhibits high B, of about 1.5 T. It is
believed that this is the first evidence for the formation of Fe-based
nanocrystalline alloys exhibiting simultaneously bulk GFA, high B;
of 1.5T, glass transition and rather wide supercooled liquid region
where viscous flow deformation is possible.

8. Relation between glass-forming ability and ¢-FeCrMo phase
for Fe-based bulk glassy alloys

Here it is important to describe that the GFA increases by the
addition of Y and Co elements. The D,, increases to 4 mm for
Fe71Nb4Hf3Y2B20 alloy, 6 mm for (FEO_7C00.3)71Nb4Hf3Y2B20 and
7 mm for (FegC0g4)71NbsHf;Y4Boo [63]. Fig. 5 shows the DSC
curves of (FegsC0o.4)71NbsHf;Y4Bo glassy alloy, together with the
X-ray diffraction data. The alloy exhibits the glass transition with
a wide supercooled liquid region of 95 K and a small exothermic
peak in the supercooled liquid region. The X-ray diffraction pat-
terns indicate that the primary precipitation is M»3Bg phase [63].

Considering that the primary precipitation phase for Fe-Cr-
Mo-C-B-Tm alloys with centimeter class diameters is y-FeCrMo
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Fig. 4. NBED patterns captured from the 7sPecimens annealed at [(a) and (b) 893 K and (c) 923 K along with a simulated diffraction pattern of y-FeCrMo. The electron
incidence of pattern (d) is parallel to the [111],_cqv, direction. Pattern (c) is consistent with the simulated pattern, whereas patterns (a) and (b) are slightly different. The
angles among three diffraction spots denoted by A;-Ao-A,, Bi-Bo-B,, and C;-Co-C, are also shown in the figures.

Table 3

The grain size of bcc-Fe phase (D), magnetization at 800 A/m (Bgoo), saturated magnetization (Bs), coercive force (H.), effective permeability at 1kHz () and saturated

magnetostriction (/4s) of Fe-Si-B-P-Cu and Fe-Si-B-C-Cu nanocrystalline alloys.

Materials (at.%) D (nm) Bsoo (T) Bs (T) H¢ (A/m) e (1 kHz) /s (1075)
FegsSi>BgP4Cuy 16 1.82 - 5.8 27,000 23
FegeSiiBgP4Cuy 19 1.85 - 2.8 24,000 24
Feg2.65S512BoP5CUy 35 15 - 1.80 1.1 37,000 -
Fegs 3S14BgP4Cug 7 10 - 1.88 7 25,000 2
Feg,3S14BgP4Cug 7 17 - 1.94 10 16,000 3
Feg3B10C4Si>Cuy 15 - 1.78 4 13,600 -
Fe73.5S113.5BoNb3Cuy 20 1.23 1.24 0.5 150,000 2.1
FeqoZr,B; 13 - 1.7 5.8 30,000 -1.1
Fe;gSioB3 - 1.49 1.53 2.6 10,600 27
Fe-6.5 mass% Si - - 1.85 45 31,000 6.8

[44], the small exothermic peak for the Fe-Co-Nb-Hf-Y-B alloy
with Dy, of 7 mm may be due to the precipitation of x-FeCrMo
including icosahedral-like atomic configuration, though the X-ray
diffraction pattern was identified as M,3Bg due to the similarity be-
tween M,3Bs and -FeCrMo phases. The further detailed analyses
on this point by using advanced analytical techniques are under
investigation.

Table 4 summarizes the relationship among alloy component,
Dy, crystallization mode and the first crystallization phase for typ-
ical Fe-based BGAs. One can notice some features, (1) the necessity
of Y or Ln to form a centimeter class BGA, (2) the appearance of
small exothermic peak in the supercooled liquid region, resulting
in multi-stage crystallization mode, (3) systematic change in the
primary precipitation phase from Mj3;Bs to x-FeCrMo through
the addition of Y or Ln, and (4) the centimeter class BGAs always
have the primary precipitation mode of -FeCrMo phase having

icosahedral-like atomic configuration. It is thus confirmed that
the formation of BGAs with centimeter class diameters is due to
the development of the unique atomic configuration. It is also
important to clarify the reason why the addition of Y or Ln causes
the development of icosahedral-like atomic configuration for Fe-
based multi-component alloys, though the addition enhances the
level of satisfaction of the three component rules for formation of
BGA:s.

9. Applications of Fe-based bulk glassy alloys

It has been shown in this review that Fe-based BGAs exhibit
simultaneously high GFA, low H, high u, and ., high electrical
resistivity, low core losses, high mechanical strength, large elastic
strain and large supercooled liquid region leading to viscous flow
deformation, though the By is less than 1.5 T. Here, it is important
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Fig. 5. (a) DSC curves and (b) X-ray diffraction patterns of (FeggC0¢.4)71NbsHf Y4B glassy alloys in as-cast and annealed states.

to describe that the high GFA for Fe-based alloys enables the pro-
duction of glassy alloy powders over a wide powder size range
even by cheap mass production technique such as water atomiza-
tion. By utilizing these advantages, some Fe-based BGAs have al-
ready been commercialized with trademarks of “Liqualloy” [64],
“SENNTIX” [65], “GALOA” [66], “AMO-beads” [67], etc. When we
focus on the application of soft magnetic Fe-based alloys, the
examples of “Liqualloy” and “SENNTIX” are presented in this
section.

The “Liqualloy” has been produced by simple processes of mass
production of glassy alloy powders, followed by mixing the pow-
ders with resin, cold consolidation and then annealing at low tem-
peratures. Through the simple production process, ALPS Co. has
developed compact low core loss conversion inductors [68]. The
inductors have been used in DC/DC converters in notebook PCs
and servers as well as point of load power supplies. Another exam-
ple is the development of compact high precision power sensing
devices with excellent temperature stability, i.e., compact power
control current sensors. “Liqualloy” has also been used as high effi-
cient and large current type power inductors in CPU and graphics
power supply circuits for notebook PCs, DC/DC converters for serv-
ers, game consoles and point of load power supplies.

Liqualloy powders can be deformed to a flaky shape with a
thickness of 2-3 pm and large aspect ratios of 20-30. By mixing
the flaky powders with resin, Liqualloy sheet can be produced.
The sheet can efficiently convert electromagnetic noise to heat

Table 4

and hence suppress the noise. The sheet has been commercialized
as noise suppression sheet in various electromagnetic instruments
[68]. Furthermore, the sheet has been used as radio frequency
identification (RFID) system. The insertion of Liqualloy sheet be-
tween metal device part and loop antenna is able to increase trans-
mission distance of magnetic flux line to the inside of loop antenna,
resulting in a significant increase of antenna sensitivity at a carrier
frequency of 13.56 MHz. By utilizing these advantages, the RFID
system using Liqualloy sheet has been used in cell phones such
as NTT DoCoMo FOMA type.

Another type of soft magnetic alloy in Fe-P-B-Nb-Cr system
with trademark of SENNTIX II has been developed through collab-
oration study between Tohoku University and NEC/TOKIN Corpora-
tion [69]. The advantages of SENNTIX II are high GFA and much
lower H. as compared with Fe-Si-B amorphous alloys. The use of
consolidated SENNTIX choke coil is able to reduce more than 50%
core loss from existing metal power and save thermal losses at
PC board, resulting in an extension of battery life time of notebook
PC by about 10%. Therefore, the SENNTIX choke coil has been com-
mercialized since 2009.

10. Co-based bulk glassy alloys

It has already been presented that Co-based ferromagnetic
BGAs exhibit many features; (1) low H., (2) high pm, and pe, (3)

The relationship among alloy component, maximum diameter for glass formation, crystallization mode and the first crystallization phase

for typical Fe-based bulk glassy alloys.

Alloy component Maximum diameter (mm)

Crystallization mode First crystallization phase

Fe-(C,B)-(P,Si) 1-3
Fe-(C,B)-(P,Si)-(Cr,Mo) 5
(Fe,Co)-B-Si-Nb 55
(Fe,Co)-(C,B)-(P,Si)-Mo 5
Fe-B-Mo-Y 6.5
(Fe,Co)—B—(Nb,HO—Y 7
e-(C,B)-(Cr,Mo)-Tm 12
0—-(C,B)-(Cr,M)-T 10

(Fe Co)-(C,B)- (CrMo) Tm 18

Single stage o-Fe

Single stage (Fe, Mo)23(B, C)s
Single stage (Fe, Co)a3(B, Nb)s
Single stage (Fe, Co, Mo)23(C, B)s
Multi-stage (Fe, Mo)23Bg
Multi-stage (Fe, Co, Nb),3Bg
Multi-stage x-FeCrMo
Multi-stage x-FeCrMo
Multi-stage x-FeCrMo
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nearly zero Zs, (4) low high-frequency loss, (5) low As coefficient
leading to Giant Magneto-Impedance (GMI) effect, (6) high fracture
strength exceeding 4000 MPa, (7) high glass transition and crystal-
lization temperatures, (8) large supercooled liquid region, (9) high
corrosion resistance, and (10) high wear resistance, etc. However,
the D, of Co-based ferromagnetic glassy alloys is about 2 mm for
(Cog.705F€0.045B0.25-xSix)osNb4 [70], though paramagnetic Co-based
alloys are obtained for the rod diameter of 10 mm [49].

Recently, the fine adjustment of alloy components has in-
creased the Dy, to 4.5 mm for CogsFe;oB23SisNbg [71] and 5.5 mm
for (Cog.7Feq 3)ssB21.9Si5.1Nbs [72]. These Co-based BGAs also exhi-
bit good characteristics. Their B, H, it and fracture strength are
0.63-0.69T, 1.2-2.4 A/m, 13,600-26,500 and 4400 MPa, respec-
tively, for the former alloy, and 0.49-091T, 0.71-1.58 A/m,
22,100-32,500 and 4250-4450 MPa, respectively, for the latter.

It is noticed that the (CoggFeg.4)s4B21.9Si5.1Nbs BGA exhibits dis-
tinct plastic strain with serrated flow [72]. The Dy, of the nearly
zero A alloy also increases by fine adjustment of alloy component
and reaches 4 mm for (Cogg42F€0 058)s7NbsB22.4Sis s [73]. The alloy
exhibits good combination properties, i.e., 3600 MPa for fracture
strength, 0.43 T for B, 0.2 A/m for H. and 47165 for p. at 1 kHz
and 1 A/m.

Furthermore, the addition of lanthanide element (Er, Tb, Y or
Dy) enables a significant increase of supercooled liquid region
and the largest interval reaches 130 K for (CogsFeq.s5)s2NbgDy2B3g
[74]. In the supercooled liquid region, the alloy exhibits good
superplastic formability as well as excellent nanoscale
imprintability.

Owing to the above advantage points, Co-based BGAs have been
tested for commercialization to position sensor, antenna for radio-
controlled watch, solenoid valve and magnetic sensor, etc. For in-
stance, the magnetic sensors using Co-Fe-based BGAs have been
confirmed to exhibit sharper transient signal, higher output volt-
age and higher mechanical strength. However, real commercializa-
tion has not been achieved for Co-based BGAs because of their high
materials cost, in contrast to the real commercialization state for
Fe-based BGAs.

11. Conclusion

Over the past two decades, Fe- and Co-based BGAs have been
developed for various applications and significant progress has
been made. However, great efforts are still need to further reduce
the costs and improve the combination properties as well as reli-
ability through future improvements of alloy designing and pro-
duction technique. It is expected that the new engineering
material will be able to contribute to the future progress of sustain-
able society and low-carbon society.
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