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Fe-(3~6.5wt%) Si alloy powders having a high magnetic induction(Bs) and a low core loss value for high
frequency use were obtained by an extractive melt spinning as well as a centrifugal atomization
technique. Sintered core rings made by the rapidly solidified Fe-6.5wt% Si powders exhibited the high
frequency magnetic properties : magnetic induction(B8) of 1.23 T, coercivity(H.:) of 0.12 Oe, relative
permeability(u .) of 6321, and core loss(W10/50) of 1.27 W/kg from the rings of 1.1 mm thick. The
magnetic induction values were found to be almost identical to those of non-oriented Fe-3wt% Si steel
sheet and double the value of 6.5wt% Si sheet prepared by the CVD technique. The high frequency core
losses(W) up to 10 kHz(W10/10k) were measured to be competitive to those of grain-oriented Fe-3wt% Si

steel sheet.

1. Introduction

The rapidly expanding market in audio, video and
personal computer has created a similar demand for power
supplics. particularly of the switching mode. In the latter,
the transformation and filtering are done at high frequency,
reducing the volume of the magnetic components by factors
of 5~ 10 and increasing their efficiencies from 35~50% to
75~ 85%] 1]. Recently, the introduction of MOSFET has
further extended the operational frequencies(50~ 100 kHz)
of switchers, thus emphasizing the need for magnetic
materials amenable to higher frequencies than the original
switchers(20 kHz). Among all magnetic materials, ferrites
have been the main beneficiary of the increased demand.
Their suitability for this application is derived mainly {from
their very  high-frequency operation. In addition, such
features as casy formability which has created many new
shapes, and their fairly low cost make them more desirable.
However, three categories that the ferrite can not satisfy
provide the room tor metallic components to be used in
special requirements[1]. The first category is the component
with the high saturation values, secondly the category
involving materials which have lower saturation value but,
because of their lower losses and availability of very thin
gages, can operate at higher frequencies. Thirdly the ability
to withstand high dc¢ without a significant drop in

permeability is the requirement.

A 6.5wt% Si-Fe has a potential application in magnetic
devices due to its high permeability, low hysteresis loss,
high electrical resistivity and very low magnetostriction[2~
4]. Unfortunately, however, there is practical limit of about
3.5wt% Si above which the materials becomes brittle and
difficult to cold-roll. Recently it became possible to obtain
6.5wt% Si sheets by a chemical vapor deposition process
consisting of three steps[5]: (1) cold-rolling 3wt% Si steel to
the final thickness, (2) heat treating in St compound vapor
and (3) making diffusion from the surface to the center of
the sheet.

In this study we report a new technology to produce Fe-
6.5wt% Si powders for magnetic cores in high frequency
use of power supply. The process involves a melt-extractive
rapid solidification of alloy melt into fine size particles
directly. The typical magnetic properties are discussed in
terms of magnetic induction, corc loss as well as
permeability as a function of applied frequency.

2. Experimental
The rapidly solidified Fe-(3.5~ 6.5)wt% Si alloys werc
prepared in the form of 60 mesh powders using a melt-

extractive spinning technique[6] at the substrate speed of
lom/sec. The melt-spun powders were then pulverized into
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particle sizes of 38~ 150 um. Ring shaped cores were made
by pressing the powders using a vertical pressure of 8
ton/cm’ and followed by sintering in a vacuum furnace at
1250~1375 € for 1~4 hours. AC magnetic properties
(core loss, permeability) of the core samples were measured
at the frequency up to 10 kHz by using a high frequency B-
H analyzer (Iwatsu SY-8232), and DC magnetic properties
(magnetic induction, coercivity) were characterized by using
a B-H curve tracer (Riken Denshi type)

3. Results and Discussion

A. The effect of sintering temperature on magnetic

properties

Fig. 1 is a SEM micrograph showing the particle aspect
after pulverizing the melt-spun powders for 18 min. Melt
spinning at the substrate speed of 16 m/sec gives an uniform
thickness of 10~20 um. Experimentally magnetic induction
(Bs) and coercivity(H.) were measured as a function of
sintering temperature of the sample cores in Fig. 2, and core
loss(W) and relative permeability(u=(1/p0)(B/H) are shown
in Fig. 3 for Fe-6.5wt% Si alloy sintered for 2 hours.
Sintering the cores at a higher temperature enhances the
magnetic induction and permeability values as well, and
causes low values in the coercivity and core loss. The same
trend was also true when the properties were plotted as a
function of sintering time. This is because as a higher
sintering temperature or longer time is used, the density of
cores enhances and coarse grains were formed. It is well
known that the larger the grain size, the larger the maximum
permeability and the smaller the coercivity. However, since
the hysteresis loss tends to be smaller and the eddy current
loss tend to be larger, it is desirable to find an optimum
grain size. In this study the optimized sintering temperature
was found to be 1375 C for Fe-(3.5~6.5)wt% Si powders.

Fig. | SEM micrograph showing the pulverized Fe-6.5wt% Si
powders made by the extractive melt spinning process

B. The effect of Si content on the magnetic properties
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Fig. 2 Variation of magnetic properties of Fe-6.5wt% Si alloy
as a function of sintering temperature (sintering time : 1 hr,
applied field : 10 Oe)
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Fig. 3 Core loss and relative permeability of Fe-6.5wt% Si
alloy as a function of sintering temperature. (time : 2 hrs)

Both the magnetic induction and coercivity were found to
decrease monotonically as Si content increases from 3.5 to
6.5wt%. The figure of merit for this high Si-Fe alloy is to
obtain the magnetic induction as high as possible and a high
permeability as well. But with increasing Si content up to
6.5wt% the magnetic induction tends to decrease while the
permeability increases. Fig. 4 shows the variation of
permeability measured at 60 Hz against the magnetic field
produced by the second coil. The core samples were sintered
at 1350 C for 1 hour. The permeability was obtained to
decrease slowly as the applied magnetic field increase.
Anyway, the permeability values measured from the
samples of a higher Si content always show a higher value.
Fig. 5 shows the variation of core loss measured against the
magnetic field produced during measuring the same samples
sintered at 1350 C for 1 hour. The core loss plotted in semi-
log scale increases linearly against the magnetic induction of
the core samples. However, the alloy of a higher Si content
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Fig. 4 Relative Permeability of Fe-(3.5~6.5)wt% Si alloys
sintered at 1350 C for 1 hr.
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Fig. 5 Core loss of Fe-(3.5~6.5)wt% Si alloys sintered at 1350
¢ for | hr.

exhibits a lower loss. The core loss of 0.5~9.0 W/kg at 60
Hz with a magnetic induction ranging from 0.6 to 1.0 Tesla
is a quite low value compared with a conventional 3wt% Si
alloy. The core loss of 6.5wt% Si is known to be almost half
the conventional ones at 400 Hz~10 kHz[7]. This is
because the core loss may be expressed in the form of:

W = cont.B"f"

where m is about 1~2 at high frequency(f), and n lies
between 2 and 3 being dependent upon the materials
concerned. The empirical exponents for m=2.05 and n=1.5
are generally accepted for metallic powder cores[8]. In Fig.
6 the variation of core loss can be seen that the trend follows
in second power proportion to frequency which is more
prominent for the alloy of low Si content. If one consider the
effect of grain size on the core loss, the loss can be
expressed in the form of;

W “const. (B - f- d)?
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Fig. 6 Core loss of Fe-(3.5~6.5)wt% Si alloys sintered at 1350
¢ for 1 hr as a function of frequency.
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Fig. 7 Core loss of Fe-6.5wt% Si alloy sintered at 1375 C for
2 hrs as a function of frequency at various thickness.

where d denotes the grain size or thickness of the sample to
be measured. Fig. 7 shows the variation of core loss of the
same samples to those of Fig. 5 and 6 against the frequency
used. As the thickness of core sample increases, the curve
tends to follow a second power proportion to the thickness.
In Table I the typical magnetic properties obtained at high
frequencies are summarized.

Table 1.
conventional Fe-3wt% Si sheet and sintered Fe-6.5wt% Si
powders(RIST's)

Comparisons of magnetic properties between

product thickness| Bs core loss (W/kg)
(mm) [(Tesla) | Wiwso | Wionoo | Wik | Wionox
Grain-oriented
Fe-3wt% Si 0.35 1.93 0.9 12.3 152 50
Non-oriented
Fe-3wt% Si 0.35 1.42 1.3 17 20 55
sintered

Fe-6.5wt% Si 1o | 123 | 127 | 20 | 20 | 50
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4. Conclusion

Switching mode power supply(SMPS) is expected to be
used at higher frequency than ever and with non-sinusoidal
drive. A Fe-6.5wt% Si alloy satisfies thesc needs and has
demonstrated its characteristics in this field. A cost-effective
melt-spinning process can be applied for producing the Fe-
6.5wt% Si powders with a high magnetic induction(Bv=1.23
Tesla) and a high relative permeability(4=6321), and a low
coercivity(He=0.12 Oe). Core loss(Wws) of 1.27 W/kg at
low frequency range implies a potential use of this powder
type cores for high frequency SMPS.
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