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Dependence of Permeability on Si Addition to Fe-Ni Alloy Soft
Magnetic Powders in High Frequency Region

BH ABE AKX BR® BT #HE A x8°

Masakatsu Fukuda, Keita Kume, Yuki Matsushita, and Fumihiro Kino

Abstract

Fe-Ni alloys are well-known as soft magnetic materials with high magnetic permeability. We researched high frequency
magnetic properties of soft magnetic Fe-Ni alloy powders added Si for the purpose of improvement in specific resistance. We
prepared powders by water atomization of Si addition to Fe-50Ni alloy, known as “Permalloy B”, and molded into ring samples
mixed with resin. Then we calculated complex permeability from measuring results of inductance at high frequency over than
TMHz about these samples. The real part of permeability is highly dependent on filling ratio of powders, but not affect up to
1GHz of high frequency region in the case of relatively low filling ratio. And the frequency which imaginary part of permeability
starts increase depends on the mean particle diameter of powders. Then, we found the availability of soft magnetic metal
powders in these high frequency regions for using such as inductor etc.

Keywords: soft magnetic powder, Fe-Ni alloy, water atomization

1. Introduction

Soft magnetic powders have been used from low frequency
for a transfer and a reactor etc. up to high frequency for
an inductor etc. For the frequency of MHz range, a soft
ferrite which has higher electrical resistance is typically
used and Fe alloys are not used little. While, as recently
personal computers and mobile phones are operated higher
frequency, it is desired to good characteristics of the complex
permeability ( u,= p,/-j p,”) at high frequency region.
Because of Snoek’s limit, conventional soft ferrites have been
used in high frequency region. Therefore, we focused Fe-
alloys which have higher saturated magnetic flux density
than soft ferrites. Generally, Fe-alloys have low electrical
resistance. So, Si was added Fe-50Ni alloy with high magnetic
permeability for the purpose of improvement in electrical
resistance. We prepared powders of Fe-50Ni and Si addition
to Fe-50Ni by gas atomization and investigated fundamental
magnetic properties. Furthermore, we prepared fine powders
by water atomization and investigated the frequency
dispersion of complex permeability. In this report, effect of Si
addition to Fe-50Ni and the frequency dispersion of complex
permeability are mentioned.

2. Experiment

First, we prepared powders of Fe-50Ni, Fe-50Ni-1Si, Fe-
50Ni-2Si and Fe-50Ni-3Si by confined gas atomization at
2.0MPa of Ar gas pressure in Ar atmosphere melting. These
powders were sieved less than 75 u m. Magnetic properties
of powders were measured by VSM (Vibrating Sample
Magnetometer) with magnetic fields up to 796kA/m.

Next, silicone resin as insulation and binder was added
0.5mass% to these powders. Then, these powders were
compacted to toroidal cores of two different sizes at 686MPa
by hydraulic press with zinc stearate as lubricant was added
0.5mass%. One of the sizes of toroidal core was 13.5mm of
inner diameter, 2Tmm of outer diameter and 5mm of height
for measuring DC magnetic properties and other size of the
toroidal core was 10mm of inner diameter, 18mm of outer
diameter and 2.5mm of height for measuring the frequency
dispersion of complex permeability. These cores were resin
hardened by heating for 1h at temperature 423K.

Magnetic flux density and coercive force were measured
by B-H curve tracer. Complex permeability was calculated by
eq. (1) and eq. (2) from measuring results of inductance and
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resistance at high frequency over than TMHz by LCR meter
with magnetic material test fixture (Agilent Technologies,
Inc., 4287A +16454A)".

v _ (Reff —Rw)xIm

' Leff —Lw)xIm
_ (Leff xim o

Hr
MO xnZ x A

2

[VT6) xwxnZ x A

where, p, is real part of permeability, Leff is effective
inductance of the core, Lw is inductance of coil (=0), Im
is magnetic pass length, u, is permeability of vacuum, n is
turn of coil (=1), A is cross sectional area, Reff is effective
resistance of the core, Rw is resistance of coil (=0) and w is
angular frequency (=2 « f).

We prepared button ingots of Fe-Ni-Si to measured
electrical resistance by four-point-prove method.

Fine powders were prepared by water atomization at
10MPa or 75MPa of water pressure in air atmosphere
melting. These powders were sieved less than 32 um or were
classified by air classification.

To investigate effect of filling raito of powder, silicone
resin was added from 0.5mass% to 10mass%. To investigate
effect of heat treatment temperature, these cores were heat
treated at 473K, 573K, 673K, 773K and 873K for 1h.

3. Result

3.1 Effect of Si addition to Fe-50Ni

Tablel shows the chemical composition, characteristics
and magnetic properties of powders by gas atomization.
D50 (mean diameter) of these powders were from 30 to 40
um. True density is density of powder by gas pycnometer.

A # % 13, Powder Metallurgy Word Congress & Exhibition 2012
(PM2012), Yokohama, 2012/10/15 - 10/18 [CBWTHEL,
Proceedings [CIB8EEHDEDTH Do

a) Bt Yy — YZPNR—Iv— I&

b) &ifiFFE LY —

) MSM(TAHILAND) CO., LTD.



Dependence of Permeability on Si Addition to Fe-Ni Alloy Soft Magnetic Powders in High Frequency Region

Table 1 The chemical composition, characteristics and magnetic properties of gas atomized powder
Ni si Dso d;r]‘;iety Bs Hc
(mass%) (mass%) ( um) (Mg/m) (M) (A/m)
50N;i 49.2 0 30.9 8.18 1.51 830
50Ni-1Si 49.3 0.92 41.8 8.15 1.41 1000
50Ni-2Si 48.3 1.95 37.2 8.08 1.25 950
50N;i-3Si 49.6 2.76 39.2 8.04 1.22 950

Bs is saturated magnetic flux density. Hc is coercive force.

Fig. 1 shows result of magnetic flux density and coercive
force of the cores at applied magnetic filed 40000A/m.
Magnetic flux density decrease as Si additional contents
increase. This trend is similarly result of measurement by
VSM. On the other hand, coercive force shows the lowest
value in 2%Si added material.

Fig. 2 shows the result of electrical resistance of button
ingots including refer to Ichinose?. Electrical resistance
increases as Si additional content increase.

Fig. 3 shows the frequency dispersion of real and imaginary
part of permeability of the cores for Si addition to Fe-50Ni.
U, decrease at TMHz as Si additional contents increase. In

each experiment, p,’ decrease from TMHz and y,” begins to
increase from TMHz. And, tan ¢ was calculated by eq. (3).

Hr
Mr

tand =

®)

Fig.4 shows effect of additional Si content on tan J . Tan
0 becomes the lowest value for 50Ni-3Si up to TOMHz.
However, over T00MHz, tan 0 becomes the lowest value for
50Ni-2Si.

So, we determined that 2% Si addition to 50Ni were
suitable for high frequency use.
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Fig.1 Effect of Siadditon to Fe-50Ni (at 40000A/m)
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Fig.2 Relationship of the electrical resistance and Si addition to Fe-50Ni
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Fig.3 Effect of Si additional content on complex permeability
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3.2 Effect of powder production and mean diameter

Because gas atmization could not obtain fine powder such
as mean diameter less than 10 p m, we prepared 50Ni-2Si
powder by water atomization . Table 2 shows the chemical
composition and the characteristics of powders by water
atomization compare to gas atomization. D50 of these
powders are about 20 pm for comparsion gas atomization
and water atomization, 5.1 um and 2.3 um.

First, we investigated the difference in gas atomization
and water atomization with frequency dispersion of complex
permeability. Fig .5 shows that frequency dispersion of
permeability for 50Ni-2Si with compared to atomizaiton
method. Frequency dispersion of permeability is not so
much of a difference between gas atomization and water
atomization.

Table 2 The composition and characteristics of powders for Fe-50Ni-2Si

Atomization Ni Si O Dso d;r:\l;iety
0, 0, 0, 0,
method (mass%) (mass%) (mass%) (mass%) (um) (Mg/mi)
50.0 1.91 0.016 0.099 20.3 8.07
Water 48.8 1.82 0.007 0.275 5.1 8.09
48.8 1.82 0.012 0.622 2.3 8.09
Gas 48.3 1.95 0.005 0.023 20.6 8.07
SO T 20 water
PO00ON)_ atomization
40 L.
15 —a— gas atomization
30
= s 10
20
10 il
L
0 L]
1 10 100 1000 1 10 100 1000

Frequency (MHz)

Frequency (MHz)

Fig.5 Comparison of frequency dispersion of permeability for gas atomization and water atomization

Fig. 6 shows frequency dispersion of complex permeability
for water atomized powder 50Ni-2Si which has different
mean diameter. Fig. 7 shows effect of mean diameter on 1, at
TMHz or critical frequency. Critical frequency is defined that
u, decreased 20% from p,” at TMHz. u,” at TMHz decreased

50 I 40
1
il 0
- |
L ® il b,
= MAMA—A-AAMAT W T 20
20 — -
10
10 1
\
[ 9
0 Ll

1 10 100 1000
Frequency (MHz)

as mean diameter decrease. Fig. 8 shows effect of mean
diameter of frequency at peak of u,”. Frequency at peak of
" shifts to high frequency. Thus, finer powder improved p,’
remains constant until higher frequency.

—e—20.3um

—&— 5.1pym

‘ | —&— 2.3um

10 100 1000
Frequency (MHz)

Fig. 6 Frequency dispersion of complex permeability for water atomized 50Ni-2Si
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Fig.7 Effect of mean diameter on p,’ at IMHz or
critical frequency

3.3 Effect of filling ratio of powder

Fig. 9 shows effect of the filling ratio of powder on the
frequency dispersion of permeability. When filling ratio of
powder are under 70%, u,’ still remain constant at 1GHz. A
peak of u,” shift to high frequency, so we can not find peak
of less 80% filling ratio. Thus, when the filling ratio is highly,
K is high at TMHz. However, ,” increase at low frequency.

1 10 100
Frequency (MHz)

1000

800 —

600

400

200

Frequency at peak of p," (MHz)

0 5 10 15 20 25

mean diameter (um)
Effect of mean diameter on
freqnecy at peak of 1

Fig. 8

On the other hand, when the filling ratio is lower, p, is low
at TMHz, but .’ remains constant to 1GHz. u,” increase at
high frequency. Real part of permeability is highly dependent
on filling ratio of powders, but not affect up to 1GHz of high
frequency region in the case of relatively low filling ratio of
powder.

——82.0%

—8—79.3%

—4&—70.2%

—»—65.0%

——56.6%

1 10 100
Frequency (MHz)

Fig.9 Effect of the filling ratio on frequency dispersion of real and imaginary part of permeability

3.4 Efeect of heat treatement

Fig. 10 shows effect of heat treatment temperature on
frequency dispersion of permeability. Fig. 11 shows effect of
heat treat ment temperature on . at TMHz and frequency
at peak of u,”. u,/ comes to higher until 773K, however it
dropped drastically at 873K. From the result, y,’ is improved

40
30 1
20 \
10 k
‘HH\
0 R i 4
1 10 100 1000

Frequency (MHz)

to heat treatment up to 773K.On the other hand, u,” shifts
low frequency slightly as heat treatment temperature is
higher. In this experiment, heat treatment improved u/,
however p,” got worst.

40
—@— Resin hardening
30 —u— 473K
—4&— 573K
20 —%— 673K
\\ \ —e— 773K
™ .
10 w ) — 873K
\_0\1 : Il
0 I
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Frequency (MHz)

Fig. 10 Effect of the heat treatment on frequency dispersion of permeability
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3.5 summary
Fig.13 shows prepared the core for low frequency ( ~
100MHz) and high frequency (~ 1GHz).
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A |

T 20 —
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Fig. 12 Effect of heat treatment temperature on
freqnecy at peak of 1"

A: ' is high at TMHz and remains constant untlil 100MHz
B: 1 is low at TMHz, but g, remains constant to 1GHz

1 10 100 1000
Frequency (MHz)

Fig. 13 The core for low frequency and high frequency

4. Discussion

From the section 3.2, when mean diameter is 5.1 um or 2.3
um, . decreases rapidly from several T00MHz and becomes
lower less than 0. We thought that magnetic resonance
occurred. On the other hand, when mean diameter is 20.3 u
m, u, decreases gradually and magnetic resonance doesn'’t
occur. So, we thought eddy current loss for 5.1 um or 2.3 um
is lower than for 20.3 um.

From the section 3.4, u, is higher as heat treatment
temperature is higher. We thought that grain size of powders
grow up by heat treatment. However, p,” got worst by heat
treatment. It is thought that the break in silicone resin results
in increasing contact of powders, and hence eddy current loss
increasing.

Fig.14 shows relationship the filling ratio and p,’ at TMHz.
As discussed previously, " at TMHz decreases as filling ratio
is lower. Here, the demagnetizing field factor of dust core is
small as the shapes of powder and the interaction of adjacent
to powder. Ollendorf’s equation, given by

(4)
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where p, is relative permeability of composition, q is the
filling ratio of powder, N is the demagnetizing field factor and
Uy, is relative permeability of powder. Eq (5) is obtained from
eq. (4).

J 0% =D +I-pr g
(A=)t -D(r -1)

Assuming . to extrapolate at 100vol% from the Fig.12,
Uy are 46 and 53 for only hardening and heat treatment at
823K, respectively”. N calculates from eq. (5). Fig 15 shows
Relationship filling ratio and the demagnetizing field factor
N. N came to smaller as filling ratio over 65% is higher. N is
neglected that filling ratio of typically dust core.
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5. Conclusion

In this work, we investigated the frequency dispersion of
real and imaginary part with Si addition to Fe-50Ni.

The real part of permeability is highly dependent on
filling ratio of powders, but not affect up to 1GHz of high
frequency region in the case of relatively low filling ratio.

©
N}

demagnetizing filed factor, N,
o
=

® only hardening
A 873K

o
-
ol

0.05

0
50 60 70 80 90 100

filling ratio (%)
Fig. 15 Relationship filling ratio and " at TMHz

And the frequency which imaginary part of permeability
starts increasingly depends on the mean particle diameter
of powders. When it use until TOOMHz, the filling ratio of
powder is over 80%. So, high u, remain until T00MHz. On
the other hand, when it is used until 1GHz, the filling ratio of
powder is less 70%. So, y,’ remain until 1GHz.
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Industrial Production of Fe-Cr-Co Permanent Magnet with High Br
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Yuki Matsushita, Hideo Fukuchi, and Masakatsu Fukuda

Abstract

Fe-Cr-Co permanent magnet has been developed by Prof. Kaneko et. al. at Tohoku University in 1971. It is industrialized as
a magnet having equivalent magnetic properties of Alnico magnets. Recently, triggered by the remarkable rise of the prices
of the rare earth elements in 2011, Fe-Cr-Co permanent magnets are being attractive as rare earth free magnets. Fe-Cr-Co
permanent magnet has a lower coercive force (Hc) than other kinds of permanent magnets, but it has higher residual magnetic
flux density (Br). The purpose of this study was to investigate the alloy composition and the heat treatment conditions for
the industrial production of Fe-Cr-Co permanent magnets with Br higher than the Nd-Fe-B permanent magnets currently
common used. Br was 15kG or higher in the composition of Fe-15%Co0-21%Cr-0.8~1.0%V-1%Ti. And it was confirmed that the
same magnetic properties were obtained in the industrial mass production of the permanent magnet in the developed alloy

composition for the stepping motor use.

Keywords

rare earth free magnet, Fe-Cr-Co permanent magnet, high Br, permeance coefficient

1. Introduction

Fe-Cr-Co permanent magnet has been developed by Prof.
Kaneko et. al. at Tohoku University in 1971". In original
development, it was made studies on the composition of
20 -~ 25%Co as much as Alnico-5 type magnets. After that,
it was studied about the composition of 12 ~ 15%Co in
order to be the heat treatment easily. Furthermore, as an
opportunity by the rise of Co prices in 1976, more studies of
the composition of the low Co content were performed, and it
has been produced in industrialization for the composition of
10 ~ 15%Co. In addition, the alloy added Mo was developed
in order to increase coercive force?.

Although Fe-Cr-Co permanent magnets are used in special
applications as ductile permanent magnets, it is possible to
manufacture by casting method like Alnico-type magnets.
Mitsubishi Steel started to produce Fe-Cr-Co permanent
magnet as KMC magnets in 1978, and MSM Thailand, a
subsidiary, has produced them as cast magnets from 1994 in
Thailand. Recently, triggered by the remarkable rise of the
prices of the rare earth elements in 2011, Fe-Cr-Co permanent
magnets are being attractive as rare earth free magnets.
Fe-Cr-Co permanent magnet was developed based on the
heat treatment theory as the spinodal decomposition. During
the two phase decomposition from  « phase, the coercive
force is generated by the precipitation of FeCo-rich « 1 phase
in the matrix of Cr-rich « 2 phase. Anisotropy is provided by
applying a magnetic field during the heat treatment for the
decomposition. Homma et. al. found that excellent magnetic
properties were obtained by the heat treatment in the ridge
region of two phase decomposition. The magnetic properties
of Br = 15.6kG, Hc = 6450e, and (BH) max = 8.3MGOe were
obtained in a laboratory level in the composition of Fe-
15%C0-22%Cr alloy”.

Fe-Cr-Co permanent magnet has a lower coercive force (Hc)
than other kinds of permanent magnets, but it has higher
residual magnetic flux density (Br). The purpose of this
study was to investigate the alloy composition and the heat
treatment conditions for the industrial production of the Fe-
Cr-Co permanent magnets with higher Br than the Nd-Fe-B
permanent magnets currently common used.

2. Experimental

2.1 Investigation of composition
First, the optimum alloy composition was investigated. The
Co content was 15% in consideration of cost performance. It
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was added V as an « -former element in order to suppress the
precipitation of y phase which was harmful to the magnetic
properties. And it was added Ti to fix Cand N as impurities.
25kg of the raw materials were melted by the high frequency
induction furnace in the atmosphere and cast into the shell
mold. Pure iron, electrolyte Co, electrolyte Cr, ferro-V, and
sponge Ti were used for raw materials. The samples were
cylindrical shape of 15mm in outer diameter and 15mm in
length. After the shakeout mold, they were rough ground as
samples for heat treatment.

The condition of solution treatment (ST) was considered.
The samples were held in 1h at each temperature above 700
°C and quenched into the water. By means of measuring the
saturation magnetization (Js) by magnetometer and X-ray
diffraction in necessary, it was confirmed that single o phase
was obtained or not.

The condition of the magnetic heat treatment (MT) and
step aging (SA) was considered. The optimum heat treatment
condition which the coercive force (Hc) was maximum was
considered, as the samples were heat treated at 640 ~ 690°
C by applying 2kOe of the magnetic field to the longitudinal
direction of samples and step aged at 620°C for 1h, 600°C
for 1h, and 580°C for 2h. The condition of the step aging was
examined as follows. The samples which were heat treated
at optimum condition in the magnetic field were aged at 620
°C for 1h, and 600°C until the coercive force was maximum,
further, heat treated at 580°C, 560°C, 540°C, and 500°C in the
similar way. And the magnetic properties were confirmed
applying the step aging condition sequentially.

2.2 Application to real products

Next, it was investigated applying the alloy of the optimum
composition to real products. The target was a rotor magnet
of hybrid stepping motor. The products were ring shape
of 45mm in outer diameter, 177mm in inner diameter, and
15mm in length. 250kg of the raw materials were melted
by the high frequency induction furnace in the atmosphere

A # % (& The 24" International Workshop on Rare-Earth and
Future Permanent Magnets and their Applications (REPM2016),
Darmstadt, Germany, 2016/8/28 - 9/1 [CEWLWTHZEKL, Proceedings
[CBBEEHDEDTH 2.
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and cast into the shell mold. Pure iron, electrolyte Co,
ferro-V, sponge Ti, and low carbon ferro-Cr were used for
raw materials in industrial production. After the shakeout
mold, they were rough grounded and solution treated.
And they were magnetic heat treated and step aged in the
condition obtained in the experiment of investigation of
composition. Magnetic field was applied to the longitudinal
direction of products. Because of a large number of products
at the same time in the heat treatment, taking into account
the mass effect and reduction the variability of the product
temperature during the heat treatment, they were pre-heated
at 500°C, and 400°C in magnetic heat treatment and step
aging, respectively. Finally, they were finish grounded and
measured the magnetic properties.

3. Results and discussion

The saturation magnetization of this alloy decreases
monotonically by Cr content. That is, although the saturation
magnetization increases as reduction of Cr content, the
coercive force decrease because of increasing the packing
fraction (p) of the ferromagnetic o 1 phase decomposed by
spinodal. Thus, firstly the Cr content was considered to be
provided the coercive force. Then, because the additional
elements of V and Ti reduced the saturation magnetization,
the amount of the addition was determined, investigating
the influence on the saturation magnetization. In addition,
the conditions of the magnetic heat treatment and the step
aging were investigated because the magnetic properties
were strongly influenced. Further, the magnetic properties of
the product were confirmed, applying to real products for the
rotor magnets of hybrid stepping motor.

3.1 Saturation magnetization (Js)

First, the saturation magnetization (Js) of the alloy added

1, 2, 3%V and 1%Ti to Fe-15%Co-20-23%Cr were considered.
The influence of the holding temperature on Js is shown in
Fig.1 for Fe-15%Co0-20%Cr-1%V-1%Ti and Fe-15%Co0-23%Cr-
1%V-1%Ti alloys as examples. It was confirmed that the
phase were single a over 1200°C, measuring Js and analyzing
X-ray diffraction of the samples which were held at each
temperature and quenched into water. The influence of the
Cr content on Js is shown in Fig.2. Js decreased monotonically
with the Cr content. About less than 21% of Cr content with
1%V, Js was higher than 15 kG.
Next, the effects of V and Ti content on Js in the composition
of Fe-15%Co-21%Cr was examined. The influence of V and
Ti on Js are shown in Fig.3 and Fig.4, respectively. In the
composition of Fe-15%Co-21%Cr, Js is higher than 15kG in
the addition of 0.6 ~ 1.0% V and 0.6 ~ 1.0%Ti. The following
experimental equation was obtained to adjust Js of the
composition in 15%Co alloy;

Js(kG) =22.8 - 0.32xCr% - 0.48xV% - 0.29xTi% (1)

Cr, V, and Ti reduce monotonously Js, but it is necessary to
add V and Ti, in order to extend the region of « single phase
and fix C and N as the impurities during the melting in the
atmosphere.

—8—15C0-20Cr-1V-1Ti —#—15C0-23Cr-1V-1Ti

16.0
15.5 e
Q .‘—‘—1—\_\ /
= 15.0 .
7]
S e
14-0 L L i L i L
600 700 800 900 1000 1100 1200
Temp (C)
Fig.1 Influence of the holding temperature on Js for Fe-15%C0-20%Cr-1%V-1%Ti and Fe-15%Co0-23%Cr-1%V-1%Ti alloys.
® 1%V B 2%V ¢ 3%V
16.0
15.5 \\\
15.0 \B S
< 145 u
[}
14.0
N\
13.5
13-0 L i L L
19 20 21 22 23

Fig.2

Cr (%)

Influence of the Cr content on Js for Fe-15%Co-Cr-V-1%Ti alloys.
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w 2]
L
150 15.0
14.5 : : :
14.5 : : :
0.5 07 0.9 1.1 0.5 0.7 0.9 1.1
V (%) Ti (%)
Fig.3 Influence of the V content on Js for Fe-15%Co- Fig.4 Influence of the Ti content on Js for Fe-
21%Cr-V-1%Ti alloys. 15%Co-21%Cr-1%V-Ti alloys.
3.2 Coercive force (Hc) 15Co-21Cr-1.0V-1.0Ti
Next, the influence of the magnetic heat treatment 300
(MT) and the step aging (SA) on coercive force (Hc) was
examined. The result of Fe-15%Co0-21%Cr-1%V-1%Ti alloy,
as an example, is shown in Fig.5. The absolute values of Hc /_\
were not so high because the step aging after magnetic heat _. 200
treatment was only up to 580°C. Optimum condition of the 3 / \\‘
magnetic heat treatment obtained the maximum Hc was 675 "a"
°C for 30min. Hc of samples carried out the step aging are I
shown in Fig.6. Hc was increasing as the temperature of the 100
step aging was decreased. Optimum condition of the step
aging was 620°C X Th + 600°C x 2h + 580°C x 2h + 560°C X 5h
+ 540°C X 4h + 500°C x 10h. As comparing to the condition | | |
already reported in Fe-15%C0-22%Cr alloy®, the condition of 0
the magnetic heat treatment is different from it because of 660 670 680 690
the mass effect of experimental samples, but the condition of MT Temp (C)

the step aging is almost the same.

Fig.5 Relationship MT temperature and Hc step aged
at 620°C for 1h, 600°C for 1h, and 580°C for 2h.

600
e 7 500°C
500 560°C 540°C
580°C
—~ 400
8 [
£ 300 / ‘_\—\—\
200
‘ 600°C \
100
620°C \
O < 1 1 1 1 1
0 5 0 _. 15 20 25 30
Time (h)
Fig.6 Increment of Hc of Fe-15%C0-21%Cr-1%V-1%Ti alloy during step-aging process.

3.3 Influence of composition on magnetic properties

First, the influence of Cr content was examined. The results
are shown in Fig.7. Js and Br were decreased with Cr content.
Although Js of 20%Cr alloy was high, high Hc was not
provided. High Hc was provided in the Cr content of 21% or
more. As a result, high Br was provided in the composition of
21%Cr.

Next, the influence of the amount of V addition into the
21%Cr alloy was examined. The effect of the V addition on
the magnetic properties was examined adding V of 1.0, 0.9,
0.8, 0.7, and 0.6%. The results are shown in Fig.8. Br are 15kG
or higher in the range of experiment. Hc increases with V

ZZERE 238 No.35 2016

amount. (BH)max increases with V amount and is obtained
6.0MGOe or higher in the range of 0.8 -~ 1.0%V.

Comparing Fig.7 and Fig.2, Js for two phase decomposition
into o 1+ «a 2is higher than solution state. Fig.9 shows
Js along the conjugated line for the decomposition of Fe-
15%C0-21%Cr-1%V-1%Ti alloy. Js for solution state and two
phase decomposition are represented by a solid line and a
dotted line, respectively. Further, the packing fraction of o 1
phase (p) is expressed by equation (2).

p=(X2-X0)/(X2-X1)  (2),
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where, X0 is Cr content of the solution state, X1 and X2 are
Cr content of o 1and « 2 phase, respectively. Roughly
estimating according to the phase diagram of Fe-Cr-Co
system, X1 is about 5%Cr and X2 is about 95%Cr at 500°C
showing in Fig.10”*. Then, Js after two phase decomposition
is expressed by the equation (3).

~ 16.0 e
O \
<
0 15.5 ~
150 1 1 1 1
~ 155
O
<
14.5 ' ' '
700
o
O 600 "
Q /
I 500 /
400 : : :
< 80
& Y S —
\%6.0 /
X
%\ 2.0 1 1 1 1
— 19 20 21 22 23
Cr (%)
Fig.7 Influence of Cr content on magnetic properties for Fe-

15%Co-Cr-0.8%V-1%Ti alloys.

25

Js (kG)

N\
N
N\

02
0 o—
0.0 0.2 0.4 0.6 0.8 1.0

Cr

Fig.9 Relationship of Cr contentand Js of & and « 1+ o 2 phase.

Js=Js[1Ixp+]Js[21 x (1-p) =Js[1]1 xp

(3),

where Js[1] and Js[2] are Jsof « 1and « 2, respectively.
That is, Js increases from (A) to (B) during two phase
decomposition especially step aging.

I S
o o o o

(BH)max(MGOe)

o
o

0.7

Fig.8

0.9

V (%)

15%C0-21%Cr-V-1%Ti alloys.

800

1.1

Influence of V content on magnetic properties for Fe-
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A
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/
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500

|
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10(1
I
[
|

400

a2

0.0 0.2 0.4

Cr

0.6
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Fig.10 Schematic phase diagram of Fe-Cr-Co alloy according to

the previous studies®“.

ZZERE 238 No.35 2016

33



34

—EHMER

Vol.35 2016

3.4 Magnetic properties of real products

Finally, we considered to apply the alloy of optimum
composition to the rotor magnets of hybrid stepping motor
as real products. Low C ferro-Cr was used for industrial
production as Cr source. C content was about 0.01%. The
results are shown in Fig.11 and summarized in Table 1
comparing with the results of conventional composition

(KMC-5: Fe-10%Co-24%Cr-1%V). We could produce the
magnets (HBr FeCrCo) which had Br higher than 15kG
industrially with the alloy composition Fe-15%Co-21%Cr-
0.8%V-1.0%Ti.

50% 50% | 50% r
40% 40% 40%
30% 30% 30%
20% 20% + 20% r
10% 10% F 10%
0% 0% 0%
SEPRIPN NI O H Ao H P © 2O P o
07 0 07 o7 Ko & QS 07 N o7V o
Br (kG) Hc (Oe) (BH)max (MGOe)
Fig.11 Magnetic properties of Fe-Cr-Co magnet for rotor magnets as industrial production.
Table 1 Magnetic properties of Fe-Cr-Co magnet as industrial production.
Br Hc (BH)max
(KG) (Oe) (MGOe)
KMGC-5 13.5-14.5 580 - 640 5.5-6.5
HBr Fe-Cr-Co 15.0-15.5 550-610 5.5-6.5

3.5 Permeance coefficient (Pc)

The Fe-Cr-Co permanent magnet has a low coercive force,
but it has a high residual magnetic flux density. This is an
advantage in the case of the magnetic circuit which has a
higher permeance coefficient (Pc). There are a magnetic
circuit of inner magnet type loud speaker and a rotor of
hybrid stepping motor in such applications. In the hybrid
stepping motors, the gap between the rotor and the stator
is very narrow, so Pc is 25 or higher. Currently, the Nd-Fe-B

magnets commonly used have about 45MGOe in (BH)
max and 13.5kG in Br. The demagnetization curves of these
magnets are shown in Fig.12. And the magnetic flux density
(Bd) at each permeance coefficient is shown in Fig.13. By
analyzing the demagnetization curves, it is clear that the
magnetic flux density generated between the gap in the
magnetic circuit for developed magnet “HBr FeCrCo” is
higher than Nd-Fe-B magnet in the applications which have a
high Pc 25 or higher.

Pc=25 Pc=30 Pc=40

15

10
)
=
m

5

0

600 -H (Oe) 400 200 0
= == Nd(45) KMC-5 = HBr FeCrCo

Fig.12 Demagnetization curves of Fe-Cr-Co and Nd-Fe-B magnet.
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16
= =Nd(45)
15 f === KMC-5 L
y ——HBr Fe(:rc:o/_,.--—-""
— r o=
0 / ll_lll"—_‘-:lnl-
213 — 1= ==
E | ,"',__.-’
12 / .
11 y
J‘
10 £
10 Permeance Coefficient 100

Fig.13 Relationship of Pc and Bd for Fe-Cr-Co and Nd-Fe-B magnet.

4. Conclusion 16
We can industrially produce Fe-Cr-Co magnets with
high Br of 15kG or higher in composition of Fe-15%Co- 15 |
21%Cr-0.8~1.0%V-1%Ti. Its typical magnetic properties are
15kG in Br, 5800e in Hc, and 6.0MGOe in (BH)max. For 14 }
the developed high Br Fe-Cr-Co magnet (HBr FeCrCo), the —
magnetic flux density (Bd) is higher than Nd-Fe-B magnet at g 13
over 25 of the permeance coefficient. —
Br of Fe-Cr-Co magnet developed in this study is higher @
than Nd-Fe-B magnet currently used, as shown in Fig.14. 12
In addition, Fe-Cr-Co magnet is very attractive permanent
magnet as “rare earth free magnet”. LA
10

Nd(45) KMC-5 HBrFeCrCo

Fig.14 Comparison of Br for Fe-Cr-Co and Nd-Fe-B magnet.
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PREDICTION OF SOLIDIFICATION MICROSTRUCTURE OF ALNICO
MAGNETS USING CAST CAE SYSTEM

Masakatsu Fukuda, Choochart Chaiyakot, and Charkorn Khomnotai

Abstract

Alnico magnets are well known for typical casting magnets having high remanence and good temperature stability. The
excellent magnetic properties of these magnets arise from directional solidification using chill plates in a shell mold casting.
We applied fluid flow analysis, solidification analysis and microstructure calculation for columnar Alnico-5 magnet (MK-5DG).
The solidification microstructures were analyzed by coupling of a cellular automaton method and a finite differential method
in 2-dimension. The heterogeneous nucleation rate was expressed as Gaussian distribution by a function of undercooling
which has three kinds of parameters namely an average nucleation undercooling, a deviation of nucleation undercooling and
a maximum nucleation density. By choosing the reliable parameters of bulk liquid and mold surface respectively, calculation
of microstructures corresponded well to real casting magnets. The suitable mold casting design was determined by this CAE

system.

Keywords

Alnico magnet, solidification microstructure, cellular automaton, direct differential method, columnar grain, shell mold

casting, chill plate
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Fig. 1. Liquidus and solidus of FeCo-NiAlCu quasi-binary system.
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Fig. 2. Nucleation parameters in schematic.
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Fig. 3. Growth velocity by undercooling.
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Fig.4 Analysis and experimental model.

Table I. Thermophysical properties used for cast CAE.

Item Unit Casting Shell mold Chill plate
Material Alnico-5 Silica sand Mild steel
Initial temperature K 1823 303 303
Density kg/m’ 7000 1500 7860
Latent heat k)/kg 293
Thermal conductivity W/(m K) 20.9 0.623 50.2
Heat capacity J/ (kg K) 628 963 502
Casting / Shell mold 2100
Heat transfer 2 - :
: W/(m?* K) Casting / Chill plate 4200
coefficient Chill plate / Shell mold 1400
3. REER

3.1 BER/N\SA-YEZIOMEH
FILTL—b AW T )VEBREEDRICIE, E
BAFILTL—RDORAICEVWTRAICERIDDT, &%
ERESEDHIMEDIEEIFA T < ATy < AT &
BFEN, surface-2 (FILTL—K) TOREBBSE
DIZERZ(L surface-1(2 /L) TODEIDENEL,
EBIC, sueface-2 TORAEZEMZEIS surface-1 T
DELDEREN. ZLT, &MENIC, RBZETOLI
J0MME BRI BH (KD Table HTRT /NS X—

HERE U,
FINTL—hZEFERLLSHEYEFILTL—hEFEBL
BWN(/UFI) YOI/ OMEBERTERUSM%Z
I g2 EICKDERELC, #ER%Z Table | DZERL
INOA=F7=ERLIcYZaL -3V &[T Fig5Ic
T CORICEWTTENFILIL— DB TH D,
FILFHETEFILIL —~OREDSERENFHELT
Wdo =73, /YFIEEETIIHERGETS o)L RED
IRTOAEMIOREELCND, ¥YZaLl—23vVDID
OHEBEERBRBEREFEAELIL—HLTVS,

Table Il . Nucleation parameters for simulation.

ATnB ATUB NmaxB ATnS‘I ATOS1 NmaxSW ATnSZ ATUSZ NmaxSZ
(K) K | (mm? | (K K) | (mm") | (K) ) | (mm™)
10 0.5 4 3 0.5 4 1 0.1 12
Subscript; B: Bulk, S1: Surface-1(shell sand), S2 : Sueface-2 (chill plate)
5 mm 5 mm
Simulation Experiment Simulation Experiment
(a) Chill casting (b) Non-chill casting
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Fig.5 Comparison of microstructure.
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Fig.6 Effect of the chill plate thickness for columnar grain.
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Fig. 7 Effect of chill plate thickness to the columnar grain.
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Fig. 8 Relationship of solidification time and columnar length.
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Fig.9 Demagnetization curves of chill casting and non-chill casting samples.
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SNEEZEEAAROHENMETIDENNHD, ZD
7z8h, Nb ZHERIMY D& T MnS DD Bz E
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