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[ Abstract] Different Mo contents have been added into traditional Finemet alloy to form Fess sCuiNbs_ , Mo, Si;3Bo. s
(x= 0~ 3) alloys. The change in DC and AC magnetic properties with Mo for Nb substitution was investigated. The re-

sults show that, with adding Mo, although the DC relative permeability decreases and the coercive force increases slightly,

the saturation flux density Bg can be increased, and the core loss of the alloy can be decreased. The AC permeability of

samples contained Mo is higher than that of alloy without Mo content. Fes; 5Cu;Nb;Mo0,S113Bg, s alloy has the highest sat-

uration flux density Bs. Fez3 sCuiNboMo;Sij3Bg s alloy has the best frequency dependence on the AC permeability and

core loss.
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1 INTRODUCTION

Finemet alloys have been extensively studied
since 1988!" %A typical example of this material
has the composition Fez; sCu;Nb3Sij3Bg s( mole frac
tion, %)!78.
amorphous ribbons. The subsequent heat treatment

The materials are typically cast as

above crystallization temperature produces a homoge-
neous nanocrystalline structure of aFeSi with a typr
19191 “The formation of
the ultrafine grain structure is attributed to the addi-
tion of Cu and Nb'''. Though similar effect of Nb

and Mo addition to FeCuSiB alloys has been men-
|

cal grain size of 10~ 20 nm

tioned before!?!, no report has been heard for the ef-
fect of magnetic properties on adding Nb and Mo ele-
ments together yet. Since Mo is cheaper and more ac-
cessible in nature than Nb, and since Mo may in-
crease saturation flux density Bs and reduce core

[11,12]

loss , it is very important to study Mo substitu-

tion. Such study is the focus of the present work.

2 EXPERIMENTAL

The Fez3.sCuiNbs_ Mo, Sij3Bg s( x= 0~ 3) al-
loys with partial substitution of Nb by Mo have been
prepared by the single roller melt spinning method.
The sample was wound into a core using amorphous
ribbon. The core is 19mm in outer diameter and
15mm in inner diameter. Before measuring magnetic
properties, the samples were heat annealed in argon
protection for 1h at various temperatures between
450 C and 650 C. X-ray diffraction measurements
were carried out using Cu K, radiation. Crystalliza-
tion temperatures of amorphous alloys were measured

@ [Received date] 2001- 05- 17; [ Accepted date] 2001- 07— 17

by a differential scanning calorimeter ( DSC) at a
heating rate of 10 K/ min. The microstructures of an-
nealed samples and crystallization behaviors of the
amorphous alloys were also examined by JEM-200CX
transmission electron microscope (TEM). TEM sam-
ple was prepared by electropolishing using a twin jet
polisher. The change in magnetic properties with Mo
content and annealing temperature was investigated.
DC magnetic properties, such as, relative permeabili-
ty H,, saturation flux density Bgs and coercivity H ¢,
core loss P¢, were measured on the hysteresis loop by
a DC measuring device of the impulsion method. AC
magnetic properties, core loss P¢ was measured usin

an electric bridge and AC relative permeability |

was measured on a B-H loop tracer. The measured
frequency range of AC magnetic properties was from

50Hz to 10kHz.
3 RESULTS AND DISCUSSION

3.1 Effect of content of Mo on optimum annealing
temperature

Fig. 1 shows the change in beginning, peak and
end crystallization temperatures of Fess sCu;Nbs_ -
Mo, Si;3Bg s(x = O~ 3) amorphous alloys as the con-
tent of Nb and Mo changes. When the content of Mo
increases, the crystallization temperatures will de-
crease.

Fig. 2 shows the change of DC permeability with
annealing temperatures of Fes; sCu;Nbs_ , Mo, Sijs
Bg s(x= 0~ 3). It is seen that there are the optimum
annealing temperature region for the Fess sCur
Nbs- «Mo,Sii3Bos(x = 0~ 3) alloys. Within this

annealing temperature region, they have the highest
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Fig. 1 Crystallization temperature with Mo content

for Fers.sCuiNbs- Mo, Sii3Bg s( x = 0~ 3) alloys
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Fig.2 DC permeability with annealing temperature
of Fez3. sCuiNbs_- Mo, Si;3Bg s(x= 0~ 3) alloys

DC permeability. The optimum annealing tempera-
ture lowers with increasing Mo content. M eanw hile,
except Fezs. s CutMo3Sii3 Bo s alloy, others all have
wider annealing temperature region.

Fig.3 shows the change of AC permeability,
which is under the condition of f = 1kHz and H ,,=
0.3A/m, with annealing temperatures of Fes s

CuiNbs- ,Mo,Si13Bg.s (x= 0~ 3). It is seen that all
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Fig.3 AC permeability | &l with annealing
temperature of Fez3 sCuiNbs- Mo, Sii3Bo s
(x= 0~ 3) alloys

alloys have also the optimum annealing temperature
for the AC permeability.

The microstructure of Finemet alloys consists of
a lot of nano-crystallites and little boundary amor-
phous structure. Therefore, the annealing tempera
ture should be selected between T, to T .. According
to Fig. 2 and Fig. 3, the optimum annealing tempera-
ture can be obtained. Fig. 4 shows the optimum an-
nealing temperature for DC and AC properties of
Fess.sCuiNbs- Mo, Sii3Bo. s(x = 0~ 3) alloys. The
optimum annealing temperature for DC and AC de-
creases with increasing Mo content.
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Fig. 4 Optimum annealing temperature as function
of Mo content for Fess sCuiNbs_ Mo, Sij3Bg 5
(x= 0~ 3) Finemet alloys

3.2 Effect of content of Mo on permeability, satu-
ration flux and coercivity

In Fig. 5, the change in the optimum DC perme
ability M, as function of Mo content and in the opti-
mum AC relative permeability Ho sz ( Hw =
0.3A/m, f= 1kHz) is reported. It is clear that the
optimum DC permeability is reduced substantially by
Mo substitution, while the optimum AC permeability
varies up and down less dramatically. Alloy Fess s
CuiNbsSij3Bg. 5 shows the highest DC permeability.
Contrary to the DC permeability, the alloys contained
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Fig. 5 Optimum DC and AC permeability

as function of Mo content for Fezs sCuiNbs_ ,-
Mo, Si;3Bg s(x = O~ 3) Finemet alloys
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Mo element have higher AC permeability | &l than
that of alloy without Mo content. The alloy Fes s
CuiNbaMo;Sii3Bo. 5 shows the highest AC permeabili-
ty.

From Fig. 1, we know that the ability of ele-
ment Nb on restricting crystallite growth is stronger
than element Mo. After annealing treatment, the size
of crystallite of Fe73 5sCuiNb3Sii3Bo s alloy is smaller
than other alloys contain element Mo. Even though
the annealing temperature of Fez3 sCuiNb3Si3Bog. s al-
loy is higher, it still exists the smallest grain size.
Fig.6 shows two TEM photos of alloys Fess s
Cu1NbsSii3Bo. 5 and Feys sCuiMo03Sii3Bo. 5, the size of
alloy Fezs sCuiNbsSiizBg s is much smaller than that
of alloy Fe7s.s CutMo03Sii3 B s. By measuring, the
grain size of alloys, which were annealed in the optr

mum annealing temperature, is listed Table 1.

Fig. 6 TEM images of Fe73_5Cu1Nb35i13Bg_5 alloy
(a) —Annealed at 580 C; (b) —Annealed at 530 C

According to the magnetization principle, the
soft magnetic properties are depended on the satura
tion magnetization Js, magnetostriction coefficient A
and anisotropy coefficient of grains K. The perme
ability is direct ratio to the saturation magnetization

J's and inverse ratio to the magnetostriction coefficient
X and anisotropy coefficient of grains K ;. After the
Fezs.s CuiNbs_ , Mo, Si;3 By s alloy annealed, the
amorphous structure is transformed into nano-crys
talline structure. The ordered transformation of
structure makes Js increasing. Annealing treatment
can also reduce magnetostriction coefficient A and
anisotropy coefficient of grains K ;. The formation of
nano-crystalline makes A decrease about as 10 times
as amorphous alloys' "', The saturation magnetization
Js increasing and the magnetostriction coefficient X
decreasing makes Finemet alloys have higher perme-
ability.

Table 1 Grain size of different alloys
after annealing (nm)

x=0 x= 1 x= 2 x=3
(580 C) (565 C) (530 C) (530 C)
7.0~ 17.6 8.5~ 18.3 8.5~ 18.1 9.5~ 25.0

The size of grains is also an important factor to
the soft magnetic properties. in the exchange interac
tion length L . (about 35~ 40nm), primary perme
ability 1 is reverse ratio to D and the coercivity H
is direct ratio to D°( D is grain size). The smaller
grain size makes Fes3 s CuNb3Sij3 B s alloy process
higher DC permeability and smaller H . As adding
Mo can increases specific resistance of amorphous al-
loy'®, it makes the samples contained Mo reveal
higher AC permeability.

Fig. 7 shows the change in the saturation flux
density Bg as a function of Mo content for the Fess s
CuiNbs- Mo, SiizBo s( x = 0~ 3) alloy. The larger
Bs was obtained in the alloys added elements Nb and
Mo together ( Bs= 1.305 when x= 1%, Bs= 1.358
when x= 2%).
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Fig. 7 Saturation flux density Bs as function
of Mo content for Fez3 sCuiNbs- Mo, Sii3Bo s
(x= 0~ 3) Finemet alloys

Fig. 8 shows the effect of Mo content on the co-
ercivity H ¢. With increasing Mo content, the coer
civity is increased. However, for x = 1% ~ 2% in
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Mo

substituted alloys, H ¢ is smaller than 3A/m.

Therefore, reasonably good soft magnetic properties

are retained.

z/%

Fig. 8 Coercivity H ¢ as function of Mo content

3.3

for Fers, sCu;Nbs- , Mo,Si;3Bg s( x= 0~ 3)

Finemet alloys

Effect of Mo content on frequency dependence
In Fig. 9, the frequency dependence of the opti-

mum AC relative permeability for Fes; s CuiNbs_

Mo,

Si13Bo.s( x = 0~ 3) Finemet alloys in the range

of 50~ 10kHz is shown. We can see that samples

that
that

contain Mo show higher AC permeability than
of alloy without Mo after non-magnetic field an-

nealing. When x = 1%, the alloy exists the highest
AC permeability in various frequency. AC permeabili-
ty decreases with frequency. When the frequency is
closed to 10kHz, the permeability of all alloys is quite

iden

loss

tical.
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Fig. 9 Frequency dependence of AC relative
permeabﬂity for Fe73,5CU1Nb3- XMOX Si13B9,5
(x= 0~ 3) Finement alloys

Fig. 10 shows the frequency dependence of core

for Fezs.5 CuNbs_ , Mo, Sij3 By s(x = 0~ 3)

Finemet alloys in range of 50 ~ 10kHz at B, =

0.2

T. It is seen that Fez3 sCuiNbaMolSij3Bg 5 alloy

annealed at optimum temperature has the lowest core

loss.
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Fig. 10 Frequency dependence of core loss ( Pc)
for Fezs. sCuiNbs- Mo, Sii3Bo.s
(x= 0~ 3) Finemet alloys
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