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An amorphous phase was formed in the composition ranges of Al or Si up to 15at% for rapidly solidified
Fey,_,Z1,B,Al,, Feg. . Z1,B;Al,, Fey, .., Zr,B,Si,, Feg_,Zr,B;Si,, Fey_,_,Zr;B,AlSi, and Fey,_,_,Zr,;B;Al,Si, alloys.
These amorphous alloys crystallize through two stages of Am—bcc-Fe+ Am—«-Fe+Fe,;B. The first and second reac-
tion temperatures are 773 to 923 K and 973 to 1073 K respectively. The annealing in the temperature range between the
first and the second stages caused the formation of a nanoscale bcc structure in coexistence with the amorphous phase.
The average particle size and interparticle spacing of the bce phase in FeggZr;B;Al, and FegZr,B,Siy alloys are about 15
nm and 10 nm, respectively, and the analytical compositions are 2 to 4 at%Zr and 3 at%Al or € at%Si for the bce phase
and 11 at%Zr and 1 at%Al or 3 at%Si for the remaining amorphous phase. The enrichment of Zr in the remaining amor-
phous phase causes the increase in the thermal stability of the amorphous phase which enables the formation of the
nanoscale bce structure in the wide temperature range. The magnetostriction (4,) value of the bcec Fe-Zr-B-Al, Fe-Zr-
B-Si and Fe-Zr-B-Al-Si alloys as a function of Al and/or Si content changes from negative to positive value through
zero around Fe-Zr-B-2%Al, Fe-Zr-B-4%Si and Fe-Zr-B-2%Si-1%Al. The permeability ( «.) shows a maximum value
at the composition where the zero A, is obtained and the highest x. at 1 kHz and saturation magnetization (B;) are
1.6 x 10* and 1.61 T, respectively, for FegZr,B,Al,, 1.4 x 10* and 1.56 T, respectively, for Feg; Zr,B,Si, and 1.2 X 10* and
1.55 T, respectively, for FegZr;B,Si,Al,. The annealing temperature (7,) range where the characteristics of 1,~0,
1.>10* and B,>1.5 T are achieved is also extended from about 20 K for the Fe-Zr-B alloy to about 100 to 130 K for the
2 at%Al or 4 at%Si alloy. The zero A, for the 2 at%Al or 4 at%Si alloy is related to the simultaneous dissolution of Zr
and Al or Si in the nanoscale bce phase. The simultaneous achievement of zero 4, high u. and high B; in the wide T,
range through the dissolution of more than two solute elements in the bce phase and the redistribution of solute elements
between the bce and amorphous phases is important for future development of the present magnetic alloys.
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1. Introduction

Recently, nanocrystalline Fe-based alloys prepared by
crystallization of a rapidly solidified amorphous phase
have attracted increasing interest as a new type of mag-
netic materials which show useful magnetic properties,
e.g., soft and/or hard and high magnetostrictive proper-
ty with high sensitivity at low magnetic fields"". When we
pay attention to the nanocrystalline alloys, good soft
magnetic properties with a high permeability (u.) exceed-
ing 1x10* at 1 kHz and a high saturation magnetization
(B;) above 1.2 T have been obtained in the Fe-Si-B-Nb-
Cu®, Fe-M-B (M=Zr, Hf, Nb)®? and Fe-Si-B-Nb-
Ga® systems. The highest combined characteristics of u.
and B, have been reported to be 1.2x10° and 1.2 T for
the Fe-Si-B-Nb-Cu system, 1.0x 10° and 1.6 T for the
Fe-Zr-Nb-B system® and 1.0 x 10* and 1.2 T for the Fe-
Si-B-Nb-Ga system. From these fundamental character-
istics, one can notice that the Fe-M-B (M=Zr, Hf, Nb)
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nanocrystalline alloys are extremely attractive for the ap-
plication to power transformers because of the much
higher B, values than those for the other nanocrystalline
soft magnetic alloys. However, the nanocrystalline alloys
in Fe-M-B ternary and quaternary systems have slightly
negative magnetostriction (4;) even at an optimum an-
nealing condition where the best combined characteris-
tics of u. and B are obtained®®. The modification of A,
from the slightly negative to zero value is expected to
cause further increase in u.. Additionally, the nanocrystal-
line structure has been reported to consist of bce Fe(Si)
and remaining amorphous phase for the Fe-Si-B-Nb-
Cu system”, and bcc-Fe and remaining amorphous
phase for the Fe-M-B system®. Thus, the primary crys-
talline phase leading to the good soft magnetic properties
is the bee-Fe phase containing about 22 to 25 at% Si for
the former system and a nearly pure bcc-Fe phase
without appreciable solute elements for the latter system.
The significant compositional difference in the bcec-Fe
phases between the above two alloy systems allows us to
expect that the dissolution of an optimum amount of so-
lute element into the nearly pure bee-Fe phase causes fur-
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ther improvement of the soft magnetic properties of the
nanocrystalline Fe-M-B alloys. From these scientific
points of view, we have performed a systematic study on
the effect of a small amount of additional element on the
achievement of zero magnetostriction for the nanocrystal-
line Fe-Zr-B alloys. As a result, we have found that the
addition of a small amount of Al and/or Si to the Fe-
Zr-B alloys is effective in achieving a nearly zero mag-
netostriction and an improvement of u.. Although a part
of the results in the nanocrystalline Fe-Zr-B-Si alloys
have been presented as a short paper®, this paper is in-
tended to present the details of the microstructure and
soft magnetic properties of nanocrystalline Fe-Zr-B-Al,
Fe-Zr-B-Si and Fe-Zr-B-Al-Si alloys prepared by par-
tial crystallization of their melt-spun amorphous alloy
ribbons and to investigate the relation between the solute
concentrations in the bce-Fe and remaining amorphous
phases and the achievement of zero A,.

II. Experimental Procedure

Alloy ingots in the Feyg_,Zr;B,Al,, Feg-.Z1r,;B;Al,
Fegl_er7stix and Fego_er7B3 Slx (x= 1 to 15 at%)
quaternary and Feoi-x—yZr1B,AlSi, and
Fego—x—yZ1r;B; ALSi, (x or y=1 to 5 at%) penternary sys-
tems were produced by arc melting mixtures of pure iron,
zirconium and aluminum metals with purities above 99.9
mass% and pure silicon (99.999 mass%) and boron
(99.8 mass%) crystals in an argon atmosphere. The sub-
scripts represent the nominal atomic percentage of the
mixtures. Rapidly solidified ribbons with a cross section
of about 0.02x 1 mm? were produced in an argon at-
mosphere by a single-roller melt spinning method in
which the copper roller with a diameter of about 200 mm
is rotated at a constant circumferential speed of 42 m/s.
The as-quenched samples were subjected to heating for
3.6 ks at various temperatures ranging from 573 to 1023
K inside a vacuum-sealed quartz tube, followed by water
quenching.

As-quenched and annealed structures were examined
by X-ray diffractometry using Cu K« raidiation and con-
ventional and high-resolution transmission electron
microscopy (TEM). Alloy compositions in each con-
stituent phase were also determined by using a nanobeam
energy dispersive X-ray (EDX) spectroscope which was
set in a high-resolution type transmision electron micro-
scope (JEM-2010F). The thin foils for TEM observation
were made by polishing electrolytically at approximately
223 K in a solution consisting of 90% ethanol and 10%
perchloric acid in volume ratio. The decomposition be-
havior upon continuous heating at a rate of 0.17 K/s was
also examined by differential scanning calorimetry (DSC).
Magnetization under an applied field of 800 kA/m was
measured at room temperature with a vibrating sample
magnetometer. Effective permeability at 1 kHz under 0.8
A/m was evaluated with a vector impedance analyzer. In
addition, magnetostriction was measured in an applied
field up to 240 kA/m by a three-terminal capacitance
method.

III. Results

1. Formation and crystallization behavior of
amorphous Fe-Zr-B-Al and Fe-Zr-B-Si alloys

Figures 1 and 2 show the X-ray diffraction patterns of
rapidly solidified Feg-,Zr;B;Al, and Feg—,Zr;B;Si,
(x=0, 5, 10 and 15 at%) alloys, respectively. All the
diffraction patterns consist of a broad halo peak with the
maximum at a wave vector (K,=4nsinf/(1)) of about
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Fig. 1 X-ray diffraction patterns of rapidly solidified Fey,_,Zr;B;Al,
(x=0, 5, 10 and 15 at%) alloys.
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Fig. 2 X-ray diffraction patterns of rapidly solidified Fey,_,Zr,B;Si,
(x=5, 10 and 15 at%) alloys.
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30.4nm~! and no appreciable diffraction peaks corre-
sponding to a crystalline phase is seen. These results indi-
cate that an amorphous single phase is formed in the en-
tire composition range up to 15 at% Al or Si. Thus, the
fact that the glass-forming ability is almost unchanged by
the replacement of Fe by Al or Si up to 15 at% is im-
portant for future development of Fe-Al and Fe-Si base
amorphous alloys. In order to confirm the formation of
an amorphous single phase, the bright-field electron
micrographs and selected-area electron diffraction pat-
terns of the rapidly solidified FegsZr,B;Als and
FessZr;B;Sis alloys are observed as shown in Fig. 3. The
bright-field images reveal the featureless contrast for
both alloys and the diffraction patterns consist only of
halo rings. It is thus concluded that the rapidly solidified
Fe-Zr-B-Al and Fe-Zr-B-Si alloys are composed of an
amorphous phase without any crystallinity. Here, it is im-
portant to point out that the critical sample thickness for
the formation of an amorphous single phase is considera-
bly larger for the Fe-Zr-B-Al and Fe-Zr-B-Si alloys
than for the FeqZr,B; alloy, though no appreacible
change in good bending ductility is seen for both alloy
systems. That is, the critical thickness was measured to
be about 26 um for the Feg Zr;B; Al alloy, 28 um for the
FessZr,B;Si, alloy, being larger than about 18 um for the
FegZr;B; alloy.

Figure 4 shows the DSC curves of the FegZr;B,Al, and
FegsZr;B; Al, amorphous alloys. It is seen that two ex-
othermic peaks appear in the temperature ranges of 780
to 840 K and 1020 to 1040 K, indicating that the crystalli-
zation takes place through two stages. Furthermore, the
heat of exothermic reaction of the first stage is much larg-

Fig. 3 Bright-field electron micrographs and selected-area electron
diffraction patterns of rapidly solidified FegZr,B,Al; (a and b) and
FegsZr;B,Sis (c and d) alloys.

er than that of the second stage. We examined crystalline
phases corresponding to the two exothermic reactions by
X-ray diffractometry. Figure 5 shows the X-ray diffrac-
tion patterns of the amorphous FegZr;B;Al alloy an-
nealed for 3.6 ks at 823, 923 and 1073 K corresponding to
the temperatures marked with A, B and C, respectively,
in Fig. 4, together with the data of the as-quenched sam-
ple. The diffraction peaks are identified to consist of
amorphous +bcc-Fe phases for the sample annealed at
823 K, a mostly single bce-Fe phase at 923K and «-
Fe+cubic Fe;Zr at 1073 K. The lattice parameter of the
bee-Fe phase is measured to be 0.2874 nm at the anneal-
ing temperature (7,) of 823 K, 0.2872 nm at 923 K and
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Fig. 4 Differential scanning calorimetric (DSC) curves of amorphous
FegoZr;B,Al, and FegZr,B;Al, alloys.
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Fig. 5 DSC curves of amorphous Fey, Zr,B,Si, and FegZr,B,Si,
alloys.
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0.2869 nm at 1073 K. There is a tendency for the lattice
parameter of the bee-Fe phase to decrease with increasing
T,. These lattice parameters are larger than that (0.28664
nm)“? of pure a-Fe, indicating that the bce-Fe phase is a
solid solution enriched with the solute elements (mainly
Al and B). The monotonous decrease in the lattice
parameter with increasing T, is due to the gradual elimi-
nation of the solute elements from the bcc-Fe phase to
the remaining amorphous phase. This result indicates
that the first-stage exothermic peak with high intensity is
due to the precipitation of a primary bcc-Fe phase and
the second-stage exothermic peak with low intensity
results from the transition to a-Fe+Fe; Zr phases. No ap-
preciable diffraction peaks corresponding to Fe;Al,
Al;Zr, Fe;B and Fe,B are seen. Consequently, the small
amounts of Al and B elements are thought to be dis-
solved into the a-Fe phase for Al and the Fe;Zr phase for
B, because a large amount of Al can be dissolved into
bee-Fe phase in an equilibrium state? and B element has
strongly attractive bonding nature against Fe and Zr ele-
ments’?. Thus, the crystallization process of the Fe-Zr-
B-Al amorphous alloys can be represented as follows;
Am—Am+bcc-Fe—=>a-Fe+Fe;Zr.

The similar crystallization behavior was also recog-
nized for the amorphous Fe-Zr-B-Si alloys. Figure 6
shows the DSC curves of the amorphous Fes;Zr;B,Sis
and FegsZr;B;Si, alloys. Two exothermic peaks are seen
in the temperature ranges of 790 to 840 K and 1050 to
1070 K, indicating that these Fe-Zr-B-Si amorphous
alloys crystallize through two stages. Furthermore, the
FegsZr;B;Siy alloy annealed for 3.6 ks at 923 K corre-
sponding to the temperature between the first- and the
second-exothermic peaks consists of coexistent amor-
phous and bee-Fe phases, as shown for the X-ray diffrac-
tion patterns in Fig. 7. The increase in 7, to the tempera-
ture just above the second exothermic peak causes the
precipitation of Fe;Zr. As similar to that for the Fe-Zr-
B-Al amorphous alloys, no appreciable diffraction peaks
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Fig. 6 X-ray diffraction patterns of an amorphous FegZr,B; Al alloy
annealed for 3.6 ks at various temperatures.

corresponding to Fe;Si, Fe,Si, Fe;B and Fe,B phases are
seen in the X-ray diffraction patterns shown in Fig. 7. It
is thus concluded that the Fe-Zr-B-Si amorphous alloys
have the crystallization process of Am—Am+bcc-
Fe—«a-Fe+Fe;Zr. Here, it is important to point out the
reason why the Fe-based alloys containing 2 at% Al or
4 at% Si were chosen. It is due to the achievement of
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Fig. 7 X-ray diffraction patterns of an amorphous FegZr;B;Si, alloy
annealed for 3.6 ks at various temperatures.

Fig. 8 Bright-field electron micrographs and selected-area electron
diffraction patterns of amorphous FegZr,B;Al, (a and b) and
FegeZr,B;Si, (¢ and d) alloys annealed for 3.6 ks at 873 K.
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nearly zero magnetostriction at these alloy compositions
as described later.

We further examined the precipitation behavior of the
bee-Fe particles by conventional TEM. Figure 8 shows
the bright-field electron micrographs and selected-area
electron diffraction patterns of the FegZr;Bs;Al, and
FegsZr;B;Si, alloys annealed for 3.6 ks at 873 K. The
structure consists mainly of spherical particles with a size
of 10 to 20 nm and no appreciable difference in the fea-
ture of the microstructure is seen between the Al- and Si-
containing alloys. The electron diffraction patterns can
be identified to be a bce-Fe phase with a lattice parameter
of about 0.287 nm exceeding that of pure a-Fe for both
the alloys, indicating that the nanoscale spherical parti-
cles are composed of bce-Fe phase. Thus, the annealing
treatment at the temperatures between the first- and the
second-stage exothermic peaks causes the formation of
the mixed structure consisting of nanoscale bce-Fe parti-
cles surrounded by the remaining amorphous phase. The
distinct identification of the remaining amorphous phase
will be presented later.

2. Magnetic properties

Figure 9 shows the change with Al content in the
magnetostriction (A;), saturation magnetization (B;)
and effective permeability at 1kHz (u.) for the
Feg—»Zr,B3 Al, alloys in the as-quenched amorphous and
partially crystallized state. The A, value of the as-quench-
ed amorphous phase is positive in a whole Al concen-
tration range. The magnitude increases almost linearly
from 1 X 1076 to 7 X 10® with increasing Al content from
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Fig. 9 Changes in magnetostriction (1), saturation magnetization
(B,) and permeability at 1 kHz (u.) with aluminum content for amor-
phous FegyZr;B,Al, and FegZr,B; Al alloys in as-quenched and an-
nealed states.

0 to 10 at% and then beomes saturated in the Al concen-
tration range between 10 and 15 at%. No zero A; is ob-
tained for the amorphous phase in the whole Al concen-
tration range. However, the nanoscale bce-Fe phase ob-
tained by annealing for 3.6 ks at 873 K has a negative A
value of —1x107% at 0at%Al. The A, value passes
through zero around 2 at%Al and changes to the positive
values with further increasing Al content. The change in
As with Al content for the nanoscale bec Fe alloys takes
place almost linearly in the whole Al concentration range
of 0to 15 at%. Here, it is to be noticed that the zero mag-
netostrictive state is obtained in the vicinity of 2 at%Al
for the nanoscale bce Feg—,Zr;,B; Al alloys. Considering
that the zero magnetostrictive state has not been obtained
for the nanoscale bcc Fe-Zr-B ternary alloys®®, the
replacement of Fe by the small amount of Al is very effec-
tive for the achievement of zero A;. The similar effect for
the achievement of zero A; was also observed for the
nanoscale bee Fego—,Zr,B;Si, alloys. As shown in Fig. 10,
the A, values for the bce Fe-Zr-B-Si alloys change from
negative values to positive values in the vicinity of 4 at%
Si, regardless of B content. The change in A, with Si con-
tent is different from the result that the as-quenched
amorphous alloys have positive A values in the whole Si
concentration range. It is further seen that the Si concen-
tration at which the zero A value is obtained shifts to the
higher value of Si concentration with increasing 7,. This
shift suggests that the Si content in the nanoscale bcc-Fe
particles changes with 7,. Additionally, Figs. 9 and 10
show that the B, of the nanoscale bee Feo—,Zr; B3 Al and
Feg—Z1,B;Si, alloys decreases almost linearly from 1.7
to 1.0 T with increasing Al or Si content from 0 to 15
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Fig. 10 Changes in A,, B, and g, with silicon content for amorphous
Feg;Zr;B,Si, and FegZr,B,Si, alloys in as-quenched and annealed
states.
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at%. On the other hand, u. shows a maximum value in
the vicinity of 2 at% Al and/or 4 at% Si where zero A
value is obtained and then decreases significantly with
further increasing Al and/or Si content.

As shown in Figs. 9 and 10, the zero magnetostrictive
state has not been obtained for the nanoscale bcc Fe-
Zr-B ternary alloys. It is therefore expected that the
nanoscale bcc Fe-Zr-B-Al and Fe-Zr-B-Si alloys with
nearly zero A; exhibit better soft magnetic properties as
compared with those for the becec Fe-Zr-B alloys. Figure
11 shows the changes with 7, in A;, B; and u. of the amor-
phous FegZr;B;Al, and FegsZr;B; Al alloys, along with
the results of the crystallized structure and A;. Both B,
and u. show low values of about 0.5 T and 20, respec-
tively, and A, also show large positive values of about
1.8% 107 to 2.7 x 1076 for the as-quenched amorphous
phase. However, the phase transition from the amor-
phous phase to the nanoscale bec phase causes the drastic
increase in B; and u. values, accompanying the achieve-
ment of nearly zero As, and the best combined characteris-
tics of B, and u. are obtained at 7,=873 K corresponding
to the temperature just below the precipitation of Fe;B.
Here, it is to be noticed that the good soft magnetic prop-
erties of nearly zero A,, high u. above 10* and high B,
above 1.5 T are obtained in the wide 7, range of about
800 to 930 K. The wide T, range is in contrast to the previ-
ous result for the nanoscale bee FegoM;B; (M=Zr or Hf)
alloys®® where the good soft magnetic properties are ob-
tained in the narrow 7, range around 923 K. Thus, one
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Fig. 11 Changes in A,, B, and u, with annealing temperature for
amorphous FegZr,B,Al, and FegZr;B; Al, alloys. The data of
annealed structure are also shown for reference.

can notice clearly the effect of the additional Al element
on the ease of the synthesis of the nanostructure soft
magnetic alloys. The similar changes in A,, B; and u. with
T, are also seen for the amorphous Feg;Zr;B,Siy and
FegsZr;B;Siy alloys, as shown in Fig. 12. The good soft
magnetic properties of A,~0, B,>1.5T and u.>10* are
also obtained in the wide 7, range of 823 to 923 K. The
highest values of B; and u. which were achieved in the
nearly zero A, state are 1.61 T and 1.6 X 10%, respectively,
for the FegZr;B,Al, alloy, 1.61 T and 1.7 x 10*, respec-
tively, for the FegZr,BsAl, alloy, 1.56 T and 1.4 x 10%, re-
spectively, for the Feg;Zr,B,Sis alloy and 1.55T and
1.2 x 10, respectively, for the FegsZr,B;Sis alloy. These
best soft magnetic characteristics are confirmed to be ob-
tained in the nearly zero magnetostrictive state. Further-
more, Fig. 13 shows that the simultaneous addition of
Al and Si also causes the achievement of a nearly zero
As state for the nanoscale bcc FegZr,B,Si,Al, and
Fes; Z1r,B;Si; Al alloys annealed for 3.6 ks in the T, range
of 823 to 923 K, accompanying the good soft magnetic
properties of B;~1.55T and u.>1.0x10* The nearly
zero As value is obtained for the Fe-Zr-B alloy contain-
ing 2 at%Si and 1 at%Al and the deviation from the Si
and Al concentrations results in the increase in the mag-
nitude of A; to negative or positive side. Thus, the
nanoscale bcec Fe-Zr-B-Al, Fe-Zr-B-Si and Fe-Zr-B-
Si-Al alloys are characterized to have the high B; of
about 1.6 T combined with high u. exceeding 1.0 x 10*
and nearly zero A, at room temperature. The B, values of
the bec Fe-Zr-B-Al, Fe-Zr-B-Si and Fe-Zr-B-Si-Al al-
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Fig. 12 Changes in A, B, and x, with annealing temperature for
amorphous Feg,Zr,B,Si, and FeyZr,B,;Si, alloys. The data of
annealed structure are also shown for reference.
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for amorphous FegZr,B,Si, Al, and Feg;Zr,B;Si, Al alloys. The data
of annealed structure are also shown for reference.

loys are considerably higher than those of the Fe-Si-B-
Nb-Cu® and Fe-Si-B-Nb-Ga® alloys and comparable
to those for the Fe-M-B alloys®® It is generally known
that u. is strongly sensitive to the sample shape because
of the influence of demagnetizing fields. Although the
present . values are obtained from the melt-spun rib-
bons with a width of 1 mm, their values are expected to
increase significantly by the use of circular ring-shape
samples which are prepared by mechanical punching
amorphous Fe-Zr-B-Al, Fe-Zr-B-Si and Fe-Zr-B-Si-
Al sheets with a much wider width above 10 mm.

3. High-resolution TEM image and nanobeam
composition analyses

The best combined characteristics of high Bs, high u.
and zero A, are obtained in the nanoscale mixed structure
consisting of nanoscale bcc particles with a size of 10 to
20 nm embedded in the amorphous matrix. It is therefore
important to clarify the dispersion state of the bce-Fe par-
ticles in the amorphous matrix and the solute composi-
tions of the bce and amorphous phases. Figure 14 shows
the high-resolution TEM image and the nanobeam elec-
tron diffraction patterns taken from the regions A and B
for the bee FegsZr;B; Al alloy obtained by annealing for
3.6 ks at 873 K. Nearly spherical bce-Fe particles with an
average diameter of about 15 nm are always surrounded
by the amorphous phase with an average thickness of
about 10 nm. The nanobeam diffraction patterns taken
from the regions A and B with a diameter of 3 nm are

s

Fig. 14 High-resolution TEM image (a) and nanobeam electron
diffraction patterns (b) and (c) taken from the regions with a diameter
of 3 nm marked with A and B for an amorphous FegZr,B;Al alloy
annealed for 3.6 ks at 873 K. The diffraction pattern (b) and (c) are
identified to be (111) of the bce-Fe phase and amorphous phase, re-
spectively.

identified as the bcc and amorphous phases, respectively,
indicating clearly that the nanoscale particles have a bec
structure. The nanobeam EDX spectroscopic profiles
taken from the bce-Fe and remaining amorphous phase
are shown in Fig. 15, where the analytical constituent ra-
tios among Fe, Zr and Al except B are also presented.
The accuracy of the analytical solute concentration ob-
tained by EDX spectrometry using a Fe-3.5 mass%Si al-
loy as the standard specimen was evaluated within 0.3
at%. The analytical Zr and Al concentrations of the
FegsZr,B; Al alloy are 4.1 and 2.6 at% respectively, for
the bee particle and 12.2 and 1.3 at%, respectively, for
the amorphous phase. The analytical data indicate that
the Al element is enriched into the bec-Fe phase while the
Zr element is excluded from the bcc-Fe phase and
segregated to the remaining amorphous phase. Consider-
ing that the nanoscale bcc phase in the FeyZr,B; alloy
has the negative A; of 1 x 107, the simultaneous dissolu-
tion of about 3 at% Al and 4 at%~Zr is said to be neccessa-
ry for the achievement of zero A;. Furthermore, the en-
richment of Zr to the remaining amorphous phase causes
the increase in thermal stability of the amorphous phase
which is important for the formation of the nanoscale
mixed structure.

The formation of the similar nanoscale mixed struc-
ture consisting of bce-Fe and Zr-rich amorphous phase is
confirmed for the FegsZr;B;Si, alloy from the high-resolu-
tion TEM image and nanobeam electron diffraction pat-
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Fig. 15 Energy dispersive X-ray spectroscopy (EDX) profiles (a) and
(b) taken from regions A and B, respectively, in Fig. 14(a) for an
amorphous Feg Zr,B;Al, alloy annealed for 3.6 ks at 873 K.

Fig. 16 High-resolution TEM image (a) and nanobeam electron
diffraction patterns (b) and (c) taken from the regions with a diameter
of 3 nm marked with A and B for an amorphous FegZr,B;Si, alloy
annealed for 3.6 ks at 873 K. The diffraction pattern (b) and (c) are
identified to be (111) of the bec-Fe phase and amorphous phase, re-
spectively.

terns, as shown in Fig. 16. It is seen that the bec-Fe parti-
cles with an average particle size of about 18 nm disperse
homogeneously and isolately in the amorphous phase
with an average interparticle spacing of about 9 nm. No
distinct difference in the nanoscale mixed structure is
seen between the Al- and the Si-containing alloys. The so-
lute concentration was analyzed to be 2.0 at% Zr and
6.3 at% Si for the bee-Fe particle and 10.5 at% Zr and
3.1 at% Si for the remaining amorphous phase. Since no
information on B was obtained in the EDX spectroscopy
analysis, the evaluation of the solute composition was
made in the assumption that the Fe-Zr-B-Si alloy does
not contain the B element. It is again confirmed that the
Si element is enriched to the bce-Fe phase while the Zr ele-
ment is excluded from the bce-Fe phase to the remaining
amorphous phase. These nanoscale analytical data allow
us to conclude that the nanoscale bee-Fe particles exhibit-
ing the nearly zero A, are composed of Fe-2.6 at%Al or
Fe-6.3 at%$Si phase containing about 2 to 4 at% Zr.

IV. Discussion

1. Reasons for the formation of nanoscale bec
structure and the achievement of good soft
magnetic properties

Based on the previous discussion on the microstructure
and soft magnetic properties of nanocrystalline Fe-Si-B-
Nb-Cu® and Fe-M-B (M =Zr, Hf or Nb)®® alloys, we
can presume that the good soft magnetic properties for
the present nanoscale bee alloys in Fe-Zr-B-Al and Fe-
Zr-B-Si systems are attributed to the combination of
(1) the disappearance of apparent crystallomagnetic
anisotropy resulting from the homogeneous dispersion
of spherical bce particles, (2) the ease of reversion of
magnetic domain walls because the size of the bcc
grains is much smaller than the size of domain walls, (3)
the achievement of high B through magnetic coupling
among the nanoscale bcc particles via ferromagnetic
amorphous phase with nanoscale interparticle spacing,
(4) the achievement of zero A through the redistribution
of solute elements between the bec phase and the remain-
ing amorphous phase, and (5) the maintenance of
nanoscale bce structure in a wide temperature range
resulting from the high thermal stability of the remaining
amorphous phase. When the simultaneous achievement
of these factors is assumed to be the reason for the good
soft magnetic properties, the achievement is attributed to
the formation of the nanoscale bee structure in the wide
temperature range. Furthermore, the key factor for the
formation of the crystallization-induced nanostructure
which enables the magnetic exchange coupling leading to
the appearance of the high magnetization is the residual
existence of the amorphous phase as the intergranular
phase. It is therefore important to investigate the reason
why the remaining amorphous phase has high thermal sta-
bility and causes the formation of the nanoscale mixed
structure. It is confirmed in Fig. 15 that the Zr element is
significantly enriched in the intergranular amorphous
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phase. It is also known that the crystallization tempera-
ture of the Fe-Zr-B amorphous alloys increases sig-
nificantly with increasing Zr and B contents"?. The ana-
Iytical Zr concentration in the remaining amorphous
phase has been reported to be about 10 to 20 at%"9%9, It
is therefore estimated that the crystallization temperature
increases from 769 K for the Feq; Zr;B; alloy to 868 K for
the remaining amorphous Feg, Zr;Bs, from the previous
data on the compositional dependence of crystallization
temperature"'® for Fe-Zr-B amorphous alloys. There are
no data available on the crystallization temperature of
Fe-Zr-B-Al and Fe-Zr-B-Si alloys. However, the Al
and Si are enriched to the bce phase and the influence of
Al or Si element on the thermal stability of the remaining
amorphous phase is less significant. Furthermore, in the
present study, we do not have any data of B concentra-
tion in the remaining amorphous phase. More recently,
the atom probe field ion microscopy (AP-FIM) study was
carried out for the nanocrystalline bcc alloys in the
FegZr;B; alloy and the B element was confirmed to
be significantly enriched into the amorphous phase®.
Therefore, it is reasonable to consider that the remaining
amorphous phase has a crystallization temperature much
higher than 868 K for the Fes,Zr,Bs alloy. The crystalliza-
tion temperature estimated thus is consistent with the
present result that the amorphous phase is maintained
even after annealing for 3.6 ks at 923 K. Based on the re-
cent data® on the distribution of the solute elements in
nanoscale bee FegZr;B; alloy obtained by AP-FIM, the
solute distribution profiles of Zr, B and Al or Si elements
in the nanoscale bce Fe-Zr-B-Al and Fe-Zr-B-Si alloys
are schematically illustrated in Fig. 17, together with the
data on nanoscale bce and amorphous phases in Fe-Zr-
B" alloys. The Zr and B elements in the Fe-Zr-B system
do not distribute homogeneously in the intergranular
amorphous phase and are enriched more significantly in

Amorphous | bce-Fe! Amorphous

C [ P — i S
" Fe |

Fesgzl'7B3A12
F636ZI'7Bgsi4

the vicinity of the interface between the amorphous and
bee-Fe phases. Besides, the solute element which is effec-
tive for the appearance of the steep concentration
gradient near the interface has been reported"® to satisfy
with the following four criteria; (1) high melting tempera-
ture, (2) large atomic size or large atomic size ratio
among the constituent elements, (3) large negative heat
of mixing against the major element, and (4) nearly zero
solubility limit against the major element. These criteria
are satisfied for Zr and B elemnets in Fe-Zr-B-Al and
Fe-Zr-B-Si systems. Consequently, the steep gradient
distribution of the Zr and B elements is also expected to
occur in the present intergranular amorphous phase for
the present alloys, as illustrated in Fig. 17. As a result,
the thermal stability of the remaining amorphous phase
is expected to increase through the combination of the
following four effects"®; (1) high gradient effect leading
to the increase in thermal stability of an amorphous
phase, (2) suppression of grain growth leading to the
homogeneous dispersion of nanocrystalline particles, (3)
suppression of heterogeneous nucleation at the interface
between crystalline particle and amorphous matrix, and
(4) gradual redistribution of alloy components among
the constituent phases. It is therefore concluded that the
present good soft magnetic properties combined with
high B; originate from the unique partial crystallization
leading to the nanoscale mixed phases with particle sizes
and alloy components which are appropriate for the
appearance of soft magnetism through the remaining
amorphous phase.

2. Reason for the achievement of zero
magnetostriction

The high-resolution TEM and nanobeam composition
analyses in Figs. 14 to 16 indicate that the nanoscale bcc
particles surrounded by the remaining amorphous phase
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Fig. 17 Schematic illustration of the concentration profiles of Zr, B and Al or Si elements across the interface between bec-Fe
and remaining amorphous phase in the amorphous FegZr,B;Al, and FegZr,B;Si, alloys annealed for 3.6 ks at 873 K. The
previous data of a partially crystallized FeqZr;B; alloy taken from Ref. (15) are also shown for reference.
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are not a pure «-Fe phase but a solid solution containing
the Zr and Al or Si elements. Although the analytical
compositions of the bcec and amorphous phases obtained
by EDX spectrometry have the error of 0.3 at%, the Zr
and Al or Si concentrations are determined to be 4.6 at%
Zr and 2.6 at%Al for the bce phase and 12.2%Zr and
1.3%Al for the remaining amorphous phase in the
nanocrystalline FegZr;B;Al, alloy and 2.0%Zr and
6.3%Si for the bee phase and 10.5%Zr and 3.1%Si for
the remaining amorphous phase in the nanocrystalline
FessZr;,B;Si, alloy. One can see a clear tendency that the
Al or Si element is enriched to the bce phase while the Zr
concentration is excluded from the bcc phase to the
remaining amorphous phase. Here, it is important to
point out that the bcc particles contain simultaneously Zr
and Al or Si elements. There are no data on the composi-
tional dependence of A, for Fe-Zr-Al and Fe~Zr-Si al-
loys consisting only of a bce phase. It is generally known
that the A, value is negative for pure bce-Fe metal'” and
the dissolution of Zr, Al and Si into bec-Fe phase causes
the decrease in the magnitude of negative A, value, lead-
ing to zero A, for bee Fe-5 mass%Al1*® and Fe-6.5 mass%
Si® alloys. From the change in A; of bce Fe phase with
Zr, Al or Si content shown in Figs. 9 and 10, we can
expect that zero A, value of bce-Fe phase is obtained at
lower solute concentration side by the simultaneous dis-
solution of Zr, Al and Si elements into bce Fe phase. It
is therefore concluded that the present achievement of
zero As value at the lower Al or Si solute concentration
as compared with those for the binary Fe-Al and Fe-Si
alloys is due to the simultaneous dissolution of Zr and Al
or Si elements resulting from the formation of metastable
bee-Fe phase. Thus, the formation of the metastable bee
solid solution with compositions, which cannot be ob-
tained in an equilibrium state, is very interesting for future
development of new functional materials including
magnetic material.

3. Glass formation in the Fe-Zr-B-Al and
Fe-Zr-B-Si systems

We investigate the effect of the addition of Al or Si on
the glass formation tendency of Fe-Zr-B alloys. Since
the nanoscale bcc structure in Fe-Zr-B ternary system
has good soft magnetic properties, it is important to find
an additional element which is effective for the increase
in the glass-forming ability without detriment to good
soft magnetic properties. It is shown in Section III-1 that
the maximum sample thickness for glass formation in-
creases from about 18 um for FeyZr;B; to about 26 um
for FegZr;B; Al, and about 28 um for FegsZr;B;Sis, ac-
companying the increase in u. and the achievement of
zero A,. It has previously been reported that an amor-
phous phase is formed in rapidly solidified ternary alloys
of Fe-Zr-B" Fe-B-Al® and Fe-B-Si®" systems. Based
on the previous data on the glass formation range and
the maximum sample thickness of their amorphous al-
loys, it is concluded that the glass-forming ability
decreases in the order Fe-B-Si>Fe-B-Al>Fe-Zr-B.
This order suggests that the effectiveness of the addition-

al element on the glass-forming ability of the Fe-B base
alloys decreases in the order Si> Al>Zr. Consequently,
the addition of Si or Al which has the effectiveness exceed-
ing Zr is thought to cause the increase in the glass-form-
ing ability of Fe-Zr-B alloys.

Here, it is important to discuss the reason why the effec-
tiveness of additional element on the glass-forming
ability of the Fe-B base alloys decreases in the order
Si> Al>Zr. Although the glass-forming ability is closely
related to the atomic size and bonding state among the
constituent elements, it is rather difficult to compare the
glass-forming ability directly among the three elements,
because of the difference in metal and metalloid.
However, when we look at the melting temperatures of
Fe-based binary alloys in Fe-B, Fe-Si, Fe-Al and Fe-Zr
systems and the Zr-based binary alloys in Zr-B, Zr-Si
and Zr-Al systems, the melting temperature decreases in
the order Fe-Zr>Fe-Al>Fe-Si>Fe-B for the former
system and Zr-Si> Zr-Al> Zr-B for the latter system®®.
No data available on the equilibrium phase diagrams of
these ternary alloys have been presented. However, the
melting temperatures were measured to decrease in the
order of Fe-B-Zr >Fe-B-Al>Fe-B-Si from differential
thermal analytical data®?. It is generally recognized that
the glass-forming ability in the same Fe-B base alloys
such as Fe-B-M (M =Zr, Al or Si) tends to increase with
decreasing melting temperature. Consequently, the differ-
ence in melting temperatures among the three Fe base
alloys seems to cause the change in the glass-forming
ability in the order Fe-B-Si>Fe-B-Al>Fe-B-Zr. As a
result, we can detect that the effect of additional M ele-
ments on the glass-forming ability of the Fe-B-M ternary
alloys is the largest for Si, followed by Al and then Zr.

V. Summary

We have examined the possibility that the addition of a
small amount of Al and/or Si to Feg; Zr;B; and FegZr,B;
alloys causes the formation of a nanoscale bce structure
by annealing the rapidly solidified Fe-Zr-B-Al, Fe-Zr~
B-Si and Fe-Zr-B-Al-Si amorphous alloys and the
achievement of zero A; and the improvement of soft mag-
netic properties for the resulting nanoscale bce Fe-Zr-B~
(Al, Si) alloys. The results obtained are summarized as
follows:

(1) An amorphous single phase was formed in
the whole composition ranges of Fey_,Zr,B,Al,,
Fego—xZr;B;Al,, Feg,—Zr;B,Si, and Feg—_,Zr;B;Si, (x=0
to 15 at%) by rapid solidification. The maximum ribbon
thickness for glass formation increases from about 18 um
for FeyZr,B; to about 26 um for Fe;sZr,B;Al;s and
about 28 um for Fe;sZr;B;Si;s.

(2) The onset temperature of crystallization increases
from 780 K for FeyZr;B; to 820 K for Fe;sZr;B;Al;s and
814 K for Fe;sZr;B;Siss. Thus, the thermal stability of the
amorphous phase increases significantly by the addition
of Al or Si.

(3) The crystallization takes place through two stages
of Am—Am+bcec-Fe—bec-Fe+Fe;Zr, regardless of Al
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and Si contents. By annealing at temperatures between
the first and the second reactions, the nanoscale bec struc-
ture in coexistent with the remaining amorphous phase is
obtained. The bcc phase has the spherical morphology
with an average particle size of about 15 nm and disperse
in an amorphous matrix at an average interparticle spac-
ing of about 10 nm. The nanobeam compositional ana-
lyses indicate that the bec-Fe phase contains about 2 to
4%Zr and 3%Al or 6%Si. The Zr element was enriched
to the remaining amorphous phase and the composition
was analyzed to be about 11 to 12%Zr and 1%Al or 3%
Si. The enrichment of Zr is the dominant factor for the
maintenance of the nanoscale bece structure through the
increase in thermal stability of the remaining amorphous
phase.

(4) The A, value of the nanoscale bec phase is nega-
tive for the Feq Zr;B, and FegZr;B; alloys. The replace-
ment of Fe by Al and/or Si causes the change of A, from
negative to positive value through zero around 2 at%Al,
4 at%Si or 2 at%Si+1 at%Al. The achievement of the
zero A at the lower Al and/or Si content was interpreted
to be due to the simultaneous dissolution of Zr and Al
and/or Si.

(5) The highest u. was obtained for FegZr,B,Al,
Feg;Z1,B,Sis and FessZr;B;Si;Al; with zero A,. The u. at
1kHz and B; are 1.7 x 10* and 1.61 T, respectively, for
the Al-containing alloy, 1.4x10* and 1.56 T, respec-
tively, for the Si-containing alloy and 1.2 X 10* and 1.55
T, respectively, for the Si- and Al-containing alloy. It is
thus concluded that the addition of a small amount of Al
and/or Si to the nanoscale bec Fe-Zr-B alloys is effective
for the increase in . through the achievement of zero A,.
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