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Effect of Additives and Ribbon Thickness on Magnetic Properties in
Nanocrystalline Feg 4.,Co70Nb, ¢SigBgM, Alloys
(M: Nb, Zr, W, Mo, V, Cr, Ti, Ni, Si, Al, Ga)
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The effects of additives and ribbon thickness on magnetic properties have been studied in
Co-rich nanocrystalline FeCoNbSiB alloys annealed under a transverse field. Adding Ni to
FeCoNDbSiB alloy is effective to increase quality factor, Q in the high frequency range. The Q
increased with decreasing ribbon thickness. The Fe; 4C07¢Nb, ¢SigBoNi, alloy of 10 um thick

showed the high Q of 32.4 at 1 MHz.
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1. INTRODUCTION

Nanocrystalline FeCuNbSiB soft magnetic alloys
show attractive magnetic properties such as high
magnetic induction, high permeability and low core loss
[1-3]. The nanocrystalline microstructure of the
FeCuNbSiB alloys is produced by crystallizing the
amorphous alloys. The mechanism of the grain
refinement for the FeCuNbSiB alloys has been
extensively studied by atom-probe field ion microscopy
and three-dimensional atom-probe [4, 5]. After our
reports, FeZrB and FeCoCuZrB alloys were reported as
nanocrystalline materials with high magnetic induction
or high Curie temperature [6, 7]. Among these
nanocrystalline alloys, the FeCuNbSiB alloys are most
widely used in industrial electronics due to their
excellent magnetic properties [8]. However, excellent
magnetic properties in the higher frequency range are
presently required for soft magnetic materials because of
the recent increase of operating frequency in electronic
equipment. The control of induced magnetic
anisotropy and hysteresis loop shape is particularly
important for soft magnetic materials used in magnetic
components for applications in the high frequency range
and high power range. Recently, Yoshizawa et al.
reported that Co-rich nanocrystalline FeCoCuNbSiB
alloys annealed under a transverse magnetic field, show
flat B-H loops, high quality factor, Q (=u7u”) around 1
MHz and large induced magnetic anisotropy [9]. In
addition, it was found that the Co-rich alloy containing
about 70 at% Co exhibits the highest O at 1 MHz.
Recently, it was also reported that nanocrystalline
microstructure and soft magnetic properties do not
necessary require adding Cu to the Co-rich FeCoNbSiB
alloys [10]. The aim of this study is to improve the
magnetic properties of the nanocrystalline Co-rich
nanocrystalline FeCoNbSiB alloys in the high
frequency range by adding some elements and
decreasing ribbon thickness.

2. EXPERIMENTAL PROCEDURE
Amorphous Feg 4.,Co70Nb, 4SigBsM, (M: Nb, Zr,
W, Mo, V, Cr, Ti, Ni, Si, Al, Ga) alloy ribbons
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were prepared by the single roller melt spinning
technique. The ribbons were 5 mm in width.
Typical ribbon thickness was 18 um. Toroidal
core specimens having outer and inner diameters
of 19 and 15 mm, respectively, were fabricated by
winding the ribbons. These samples were
annealed at 803 K for 3.6 ks to induce
nanocrystallization under a transverse magnetic
field of 240 kA m within a nitrogen gas atmosphere.
d.c. B-H loops, complex relative permeability (quality
factor, Q) and core loss were measured with an
automatic hysteresis loop tracer, a network analyzer and
a B-H analyzer, respectively. The induced magnetic
anisotropy was estimated from the anisotropy field Hy
determined from the d.c. B-H loops. The constituent
phases in these specimens were identified by X-ray
diffraction (XRD). The microstructure was observed
by transmission electron microscopy (TEM). The
electrical resistivity was measured by four-point probe
method.

3. RESULTS AND DISCUSSION
3.1 Effect of additives
Fig. 1 shows the dependence of magnetic induction at
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Fig. 1 Dependence of Bsyy on M content, x for
Fey 4.<Co7Nb, sSigBoM, alloys (M: Nb, Zr, W, Mo, V,
Cr, Ti, Ni, Si, Al, Ga).
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8000 A m’, Bgep on M content, x for
Feg 4<Co7oNb, 6SigBsM, alloys (M: Nb, Zr, W, Mo, V,
Cr, Ti, Ni, Si, Al, Ga) annealed undera transverse
magnetic field. The magnetic induction, Bgg
decreases monotonously with M content, x. The
samples M=Ni exhibit relatively a slight decrease of the
Bggep with M content.  On the other hand, the samples
M=Nb, Zr show the remarkable decrease of Bgyyy with
M content.

Fig. 2 shows the dependence of Q at 1 MHz on M
content, x for Feg 4.,Co7Nb, ¢SigBsM, alloys (M: Nb, Zr,
W, Mo, V, Cr, Ti, Ni, Si, Al, Ga) with 18 pum thick
annealed under a transverse magnetic field. It was
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Fig. 2 Dependence of Q at 1 MHz on M content, x for
Fey 4.xCo70Nb; 6SisBsM, alloys (M: Nb, Zr, W, Mo, V,
Cr, Ti, Ni, Si, Al, Ga).

identified that these samples crystallizes except for the
alloy of x=8 (M=Si) from XRD analysis. The Q of the
alloys adding Nb, W, Mo, Al, Ni, Si and Ga shows the
maximum value of the Q at x=1 - 3. In particular, the
alloy containing 2 at% Ni shows the highest O of 21.
This Q value is about 39 times higher than that of a
Co-free Fesg3Cuo¢Nb, 6SigBy alloy [9]. Thus, adding
small amount of Ni is effective for increasing the Q.
On the other hand, in the samples M=Zr, Ti and Cr, the
Q decreases monotonously with M content.

Fig. 3 shows the dependence of induced magnetic
anisotropy constant K, on M content, x for
Feg 4.<Co7oNb; 6SisBoM, alloys (M: Nb, Zr, W, Mo, V,
Cr, Ti, Ni, Si, Al, Ga) annealed under a magnetic field.
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Fig. 3 Dependence of induced magnetic anisotropy
constant K, on M content, x for Feg 4 ,Co7Nb, ¢SigBgM,
alloys (M: Nb, Zr, W, Mo, V, Cr, Ti, Ni, Si, Al, Ga).

The K, for the samples M=Ga, Al, W, Ni and Si shows
the maximum values at x=1. On the other hand, the K|,
for the samples M=Mo, Cr, V, Nb, Ti and Zr decreases
monotonously with M content. The elements of
increasing the K, are approximately the same as the
elements of increasing the Q at IMHz. Hence, the
increase of the X, appears to contribute considerably to
the increase of the 0.

Fig.4 shows the dependence of electrical resistivity on
M content, x for the samples M=Nb, Zr, W, Mo, V, Cr,
Ti, Ni, Si, Al and Ga. The electrical resistivity of the
samples increases with M content, x except the sample
with 5 at% Ga. Therefore, the decrease of eddy current
as well as the increase of the K, with M content appears
to contribute to the increase of the Q for most of the
samples.

1.8 T T T T T T T T T

| Fe,,, CopyNb, Si;BM, -

g
&

=
S

Resistivity (12 m)
5 b

=
“ﬂ
=
i
g

_M=Al M=Ni
Anqealm&condrtwn : I803 lﬁ. - 3.6}(5 ‘ |
0 1 2 3 4 5 6 7 8 9
M content. x (at%)

0.6

Fig. 4 Dependence of electrical resistivity on M content,
x for Feg 4., Co7Nb; 6SigBsM alloys (M: Nb, Zr, W, Mo,
V, Cr, Ti, Ni, Si, Al, Ga).

Fig. 5 shows XRD profiles of as-quenched and
annealed Fe7‘4C07oNb2Assi9B9Nix alloys (x—‘O, 2) The
XRD profile of the as-quenched Fe; 4Co70Nb, ¢SicBsNi,
alloys (x=0, 2) shows halo pattern typical to amorphous
alloys. However, a small peak corresponding to an fcc
phase exists on the hallo pattern.  Hence, the
as-quenched samples consist of an amorphous phase and
a little fcc phase. The XRD profiles of the annealed
Fe7'4c070Nb2A6SigB9Nix alloys (x=0, 2) show main phase
peaks from bee phase and the small peak from fec phase.
This shows that the bee phase is formed  in  annealing
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Fig. 5 XRD patterns of Fe, ,  Co,,Nb, ;Si;ByNi,
alloys (x=0, 2).

process and the fcc phase is mainly formed in rapid
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quenching process.

Fig. 6 shows the TEM bright field micrograph of the
Fe, ,Co,Nb, Si,B,Ni, alloy annealed at 803 K
for 3.6 ks. The nano-scale grains with average
grain size of about 8 nm are observed in the
Fe, ,CopNb, (Si;B,Ni, alloy. From the XRD
results, it is concluded that these grains consist
mainly of a bee phase and the bee grains seem to
play a role in high Q and high X,

3.2 Effect of ribbon thickness

It is well known that the eddy curent loss can
decrease by decreasing ribbon thickness. Therefore,
the thickness dependence was studied to improve the
properties in the high frequency range.
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Fig. 6 TEM bright field micrograph of the
Fe, ,Co,Nb, ;Si;B,Ni, alloy annealed at 803 K
for 3.6 ks.
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Fig. 7 Complex relative permeability g ¢ as a function
of frequency for nanocrystalline Fe; 4Co7oNb, SioBoNi,
alloys with different ribbon thickness.

Fig, 7 shows the complex relative permeability z] u”
as a function of frequency for nanocrystalline
Fe;4CosoNb, ¢SigBoNi, alloys with different ribbon
thickness annealed under a transverse magnetic field.
The thinner samples show the constant x4’ of about 200
up to higher frequency. In particular, the g’ of the
sample with 10 pm in thickness keep almost constant
value up to about 10 MHz. The frequency, where the
maximum value of the x” is obtained, shifts to higher
frequency with decreasing ribbon thickness. As a
result, the frequency, where the maximum of the z”is
obtained, is beyond 10 MHz. As shown in this figure,
the dependence of permeability on frequency is
improved.

Fig. 8 shows the dependence of Q at 1 MHz for
nanocrystalline Fe; 4Co7oNb, ¢SigBgNi, alloys annealed
under a transverse magnetic field.  The Q at 1 MHz
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Fig. 8 Dependence of Q at 1 MHz for nanocrystalline
FC7'4CO70Nb2.6Si9B9Ni2 aHoys.

increases with decreasing ribbon thickness. The high
Q of 32.4 was obtained at 10 um thick. The Q value is
about 1.5 times higher than that of the alloy with the
same composition and with 18 pm thick. Thus, the O
at 1 MHz of the nanocrystalline Fe; 4Co7oNb, ¢SigBoNi,
alloy is remarkably improved with decreasing ribbon
thickness. The high @ of the npanocrystalline
Fe, 4Co7oNb, 6SigBoNi, alloy with 10 pm in thickness
results from the decrease of eddy current loss due to the
decrease of the ribbon thickness. In addition, we
found that nanocrystalline Feg3Co7Cuy ¢Nb; 6SigBoNi,
alloys adding Cu show similar good properties in the
high frequency range. The highest O at 1 MHz of 34.3
was obtained in the nanocrystalline Co-rich
F(36'gCO70CHo»5Nb2A58i9B9Ni2 alloy with 11 Hm thick.
Thus, the decrease of ribbon thickness improves the O of
the nanocrystalline Co-rich alloys in the high frequency
range.
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Fig. 9 Dependence of x’ on frequency for various
nanocrystalline soft magnetic materials and soft ferrites.

Fig. 9 shows the dependence of x’on frequency for
various nanocrystalline soft magnetic materials and soft
ferrites.  The u’of the nanocrystalline Fe-based alloy
begins to decrease from frequency beyond about 10 kHz.
On the other hand, the dependence of the x” on
frequency  for  the  nanocrystalline  Co-rich
Fey 4CooNb, ¢SigB, alloy (B,=1.03 T) is approximately
comparable to that for the soft ferrite (B=0.48 T) with
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Table I Magnetic properties and electrical properties of nanocrystalline alloys with flat B-H loops.

t | Buwy | B, Bag1 | H P, K, | p
63 LY 3600 8000 ¢ ’ ov
Composition  @t%) | oyl ' | (%) |@amy ¥ lawmd| ¢ | gm)| wom)
Fe, ,CopyNb, Si,B,Ni, 10 103] 2 ss7 | 180 | — |324] 1700 | 086
Fe,,C0,,Nb, Si,B,Ni, 18103 1 446 | 19 | 480 |210] 1750 | 086

FegyCo,Cuy Nb, SiBNi, | 11 | 101 | 3

512 180 - 343 | 1680 | 0.88

Fe; 4Co,Nb, (i, By 181097 2

69.0 140 - 24.2 | 1800 | 092

Fey5C0.,Ctiy (Nb, SiyB, 18108 1

30.3 205 620 13.9 | 1840 | 0.83

Fe, ,Co,Nb, Si,B, 18 | 111 1 367 | 200 | 400 |14.9] 1790 | 0.84
Fe,55Cuy Nb, SigB, 18 | 153 3 26 | 7300 | 280 |os4| 96 | 113
Fe, sCu,Nb,Si,, B, 18 (124 11 08 [22000] 230 |068] 15 | 12

Bggee : Magnetic induction at 8000 A m™

o

about half B; of the nanocrystalline Co-rich
Feq 4C07oNb,y 6SisBgNi,  alloy. Hence,  the
nanocrystalline Co-based alloys are suitable for power
electronics applications in the high frequency range due
to their high magnetic induction and good magnetic
properties in the high frequency range. The use of the
Co-rich nanocrystalline alloys can make it possible to
miniaturize magnetic parts such as power inductors for
applications in the high frequency range.

Table I summarizes the magnetic properties
and the electrical properties of nanocrystalline
alloys with flat B-H loops. The alloys found in
this work exhibit the B, of about 1 T, high Q
beyond 20 and high K,. In addition, these alloys
show low core loss as compared with the
materials showing low p’ of from 100 to 300
and a flat B-H loop. Hence, the Co-rich
nanocrystalline alloys are promising for power
electronics applications such as power inductors in the
high frequency range, because of their high B,, flat B-H
loop, and low loss.

4. CONCLUSIONS

We have investigated the effects of additives and
ribbon thickness on magnetic properties in
Co-rich  nanocrystalline . FeCoNbSiB alloys
annealed under a transverse field to improve the
high frequency soft magnetic properties, and
following conclusions were obtained.

(1) The @ at 1 MHz of the
Fegv4_xC070Nb2Aési9B9Mx alloys (M Nb, W, Mo, AI, Nl,
Si, and Ga) shows the maximum value at x=1 - 3.

(2) The maximum Q of 34.3 at 1 MHz was obtained
in the nanocrystalline Fe,s sCo70Cuig ¢Nb; 6SisBoNi, alloy
with 11 pm thick.

(3) The increase of K, the increase of electrical
resistivity and the decrease of ribbon thickness are
effective for increasing Q of the nanocrystalline Co-rich
alloys in the high frequency range.

(4) The Co-rich nanocrystalline alloys are promising
for high frequency applications such as power inductors
due to their high B, flat B-H loop, high O, and low core
loss. ‘ o

¥ :Relative permeability (real part) at 100 kHz, 0.05A m!
P, :Core loss per core volume at 100 kHz, 0.2 T  Q: Quality factor at 1 MHz
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