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Abstract

1. Background and Objective

Japan’ s domestic market for soft magnetic material having high saturation
magnetic flux density has been expanding with the creation of high—current
devices for converters and inverters. Such devices have been developed
mainly for automotive applications by using magnetic powder of high
saturation magnetic flux density. This market is predicted to grow to 430
thousand tons, valued at 182.7 billion yen, by 2025. However, the current
powder manufacturing process (atomization) consumes a tremendous amount
of energy for melting the iron material. This verification project intends
to produce soft magnetic alloy powder by utilizing recovered thin strips
discarded in the manufacturing process of motors and power distribution
transformers as recycled raw material. The proposed process is designed
to mold cores of magnetic devices by using pulverized powder of soft
magnetic alloy strips as a way to reduce power consumption below the level
needed to melt metal to produce atomized powder of soft magnetic alloy.
Moreover, the approach reported here can reduce the amount of carbon dioxide

emissions produced.

2. Objective of Project

The pulverized powder of soft magnetic alloy thin strips uses recovered
thin strips and generates a smaller quantity of carbon dioxide; however,
it also causes more deterioration of magnetic characteristics compared with
atomized powder due to the stress strain produced by mechanical
pulverization. To overcome this disadvantage, it is essential to improve
the powder’ s characteristics by nano—crystallization and to ensure
reliability for large—current operation. To achieve commercialization, it
is necessary to meet such requirements as reduction of power loss,
improvement of saturation magnetic flux density, and securing of dielectric
strength.

Producing pulverized powder of soft magnetic alloy thin strips involves
recovering press—work thin strips, crushing them, nano—crystallization,

and insulation processing (Fig. S—1). This project verified technologies
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for meeting the above requirements to achieve the practical use, and it
demonstrated stable manufacturing of pulverized powder from soft magnetic

alloy thin strips along with core molding.

e Nano- Insulation -
Pulverization crystallization processingJ Core molding
—_— ’o':‘ ore <
N > Six > (S - d’ -> [> ¢

il > c.r

Recovery of thin strips Magnetic
device

Fig. S—1. Pulverization of soft maghetic alloy thin strips

3. Verification of Pulverization Process

An increase of 300 times in a powder’ s coercivity has been confirmed by
powdering thin strips. Coercivity is an indicator of power loss, and it
increases through precipitation of an alloy during powdering, oxidation
and stress strain. In this project, aiming toward mass production, the
powdering process was verified by pulverizing material while distributing
stress but preventing oxidation.

By setting a target grain size (D50%) of 20 pm or smaller for the applied
product, magnetic characteristics were compared while applying a variety
of pulverization methods to soft magnetic alloy thin strips. The comparison
results are given in Table S—-1. For the process of loading raw material
on vapor to achieve the target coercivity and saturation magnetic flux
density of the powder, a cyclone mill was determined to be the best tool
for producing fine particles through pulverization by shearing force and

collision with grains.
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Table S—1 Benchmark pulverization method

Cyclone mill Mixer mill Planet gear ball mill Jet mill
Crushing media Air flow Crushing blade Balls Air flow
Dry/wet Dry Dry Dry Dry
Crushing principle Searing, powder collision Impact Impact Powder collision
Typical manufacturer Shizuoka Plant Osaka Chemical Fritsch Seishin Enterprise

Pulverization machine

Before pulverization O01mm

After pulverization
M photo
(x600)

Cannot crush

Shape

Particle size (D50%)
(Target 20 pm or 18.8 ym 14.4 ym 23.6 pm -
smaller)
Coercivity Hc
(Target 720 A/m or 386 A/m 944 A/m 1,624 AIm -
below)
Saturation magnetic
flux density Bs* 1.72T 1.73T 1.64T -
(Target 1.7T or over)

Productivity (scale-up) Yes Yes No Yes
Judgment o A X X

Assessment item

*Density calculated with 7.45 g/cm3

Next, by using the cyclone mill, we verified the pulverization method used
to achieve the target specification (coercivity of 720 A/m or less). The
equipment parameters of the cyclone mill were optimized to maintain the
powder residue in the pulverization chamber, and thus ball-shaped particles
without sharp edges could be produced while meeting the target
specification of coercivity of 697 A/m (Fig. S-2). It was presumed that
maintaining particles in the chamber for a predetermined time period would
promote powdering by mutual collision without much temperature rise and

thus produce strain—free particles by stress during powdering.
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Impeller
spacing
37 mm

Material supply
inlef

Micropulverized
particle outlet

Pulverization time
20 min

%

High-speed " Residue powder
rotating
motor

in chamber

-\

VIR =

Revolving
speed
15,000 rpm

First impeller \\_ _// Second
impeller

Fig. S—-2 Equipment structure of cyclone mill and ball-shaping

For further reduction of coercivity, we verified the reduction effect by
suppressing the oxidation of particles. In setting the equipment parameters
of the optimized cyclone mill, thin strips were crushed in atmosphere and
in nitrogen to compare coercivity. The comparison results are shown in Table
S—2. By crushing in nitrogen, the thickness of the oxide filmon the particle
surface was suppressed to 3-6 nm (oxide film when crushed in atmosphere
is 22-33 nm). This reduced the oxygen content of particles by 40%, and as

a result, the coercivity was also reduced by 40%.

Table S-2 Comparison of crushing in atmosphere and in nitrogen

Pulverization in Pulverization in
atmosphere nitrogen

)

15.6

pm (D50%)
: g

Particle-size
distribution

Particle
surface
cross-section

O
quantity 1.22 [wt%] 0.68 [Wi%]

Coercivity 679 [A/m] 393 [A/m]
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4. Verification of Nano—crystallization Process

It has been confirmed that nano—crystallization heat processing generates
uneven temperatures of particles. Consequently, higher temperature
particles by self-heating and thermal runaway generate a larger crystal
size, while low—temperature particles obtained by poor thermal transfer
receive insufficient crystallization. In this project, self-heating
control and thermal conductivity were improved to uniformly heat a large
quantity of particles without thermal runaway. Furthermore, we verified
the heating technique used for the powder while considering the ultimate
aim of mass production.

As a heating method with self-heating control and improved thermal
conductivity, we selected the heating press method with a heat—absorption
function. This method heats the powder by pressing with two heater blocks
through a thin plate on each side. The process flow of the heating press
method is shown in Fig. S-3. Larger—sized particles (larger thermal
capacity) contact top thin plate first while a thin plate is deforming
itself during the heating cycle. Next, the thin plate absorbs self-heating
by nano—crystallization to even out the particle temperature and achieve

uniform nano—crystallization.

STEP1 t1

Heater block While a thin plate is
Thin plate deforming, larger-sized

. particles (higher heat) Load
(1l 11T} Powder material ¢ ntacttop thin plate

Thin plate first for heating
Heater block

STEP2 t2

Heat absorption Self-heating generation of t1 t2
nano-crystallization is absorbed Temperature profile

by the thin plate to keep the Pressurization profile

| % % ] particle temperature constant for

Heating uniform nano-crystallization

Fig. S-3 Process flow by heating press method

Next, by using the heating press equipment, the heating conditions

required to achieve the target specification (coercivity of 720 A/m or less)
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were verified. The results for coercivity distribution by particle size
are shown in Fig. S—4. When heating particles of mixed sizes (particle size
(D50%) approx. 14 um, Fig. S—4 ref), large particles generate insufficient
crystallization due to insufficient heat transfer, while small particles
increase the crystal size by self-heating. Based on this result, heating
of large particles (particle size (D50%) approx. 53 um) and small particles
(particle size (D50%) approx. 12 um) was applied separately with heating
conditions adjusted for particle size. As a result of the experiment,
coercivity was reduced by 10% (Fig. S—4 (1)). By changing the mixing rate
of large and small particles to set particle size (D50%) tol9 um,
coercivity was further reduced by 25% (Fig. S-4 (2)).

Classified powder

Classified powder

1500

10% ref
reductio 259,

—
o
o
o

Target

500

Coercivity (A/m)

(2)
Particle size D50% (pum)

100

Fig. S—4 Coercivity distribution by particle size

For further verification of the reduction of coercivity and the ease of
mass production, a heating press was developed. Consequently, this verified
the reduction effect of coercivity by flatness and high—speed elevation

of temperature. A comparison of a conventional press and the new press is
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shown in Table S-3. In terms of thermal flatness of the equipment, the
previous heating press creates thermal strain and generates uneven
temperature transfer from the heater block to the particles, thus wasting
a large amount of potential heating. On the other hand, the new heating
press is able to relieve strain sideways, thus providing more even
temperature and the ability to heat a large quantity of particles. In terms
of the speed of increasing temperature, the conventional heating press
requires more time (12 sec), and the larger amount of heat causes thermal
runaway at the center of the particle mass by self-heating, thus increasing
coercivity. On the other hand, the new heating press provides a quick
increase in temperature (3 sec), thus suppressing self-heating due to the
small amount of heat, eliminating thermal runaway, and allowing only a small
amount of coercivity. In a comparison on 2 g of particle processing, the
new heating press reduced coercivity by 17%. With a further increase of
particle quantity to 10 g, coercivity did not change, thus demonstrating

large—quantity processing.

Table S-3 Comparison of conventional and new heating presses

Conventional heating press (batch processing) Proposed heating press (in-line processing)
‘ tem) re w‘:' ‘ E> temperature
[:> Low High Low High High High
Flatness
P_)ressing with thermal strain P;?g;ve;';sss'"g by releasing strain
Generates uneven temperature and 3R
g h educes uneven temperature
prevents large-quantity heating > and permits large-quantity heating
Temperature rise hg;g{e pleaies Dlock Heating Temperature rise  Small heat  eater block
12 . s quantity eating
q”j:'““‘ S ‘® 440°C A
Temperature Thermal No thermal
rise speed runaway ~ () o5 runpway {
Small 0
Large Heat i Heat
coercive  Heater block absorpt coercive )
force ion force Heater block glnasorpﬂ
Coercivit 1,365 [A/m] (processed quantity 2 g) BEITA 1,074 [A/m] (processed quantity 2 g)
Y *When processing 1 g, 1,246 [A/m] MCE:ITEELY” “No change until processed quantity of 10 g

5. Verification of Process for Forming Insulation Membrane

When particles of uneven size and shape are molded under uneven surface
conditions, current concentrates in particles of low internal resistance,
which reduces dielectric strength. Moreover, it has been confirmed that
forming the insulation membrane on the particle surface for the purpose

of improving dielectric strength requires a temperature range (200 degrees
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C or below) that does not generate nano—crystallization. In this project,
we verified the process for forming of a uniform membrane 200 degrees C
or below from the viewpoint of achieving mass production.

Methods of forming an insulation membrane at a temperature 200 degrees
C or below were surveyed with the aim of suppressing crystallization (Fig.
S-5). By giving consideration to manufacturing costs, the sol-gel method,
among in—liquid chemical reactions, and the mechano—chemical method were
evaluated as appropriate. The type of insulation membrane formed in each
process was studied from the viewpoints of manufacturing cost and
productivity; consequently, a silicon dioxide (Si02) membrane was selected
for the sol-gel method, and an aluminium oxide (A1203.) membrane was

selected for the mechano—chemical method.

Insulation membrane
forming
A\ process usable this time
(200°C or below)

Powder ALD
(CVD)

Barrel spatter

ALD, CVD
Heat treatment
Vapor

phase

reaction

* Sol-gel method
(Hydrolysis method)

* Deposition method

* Phosphoric acid
chemical conversion
treatment

Liquid
phase

Mechano-chemical
method

Solid

\

I

I

I

I

- . |
In-liquid chemical I
I

I

I

I

I

I

I

I

phase |

— e — — — — — — — — — — — — —

/
200°C 400°C 600°C

4

Fig. S—-5 Survey of insulation membrane forming processes

Next, by using the two selected methods, the process of forming an
insulation membrane on pulverized particles of soft magnetic alloy thin
strips was verified. The thickness of the Si02 membrane formed by the
sol-gel method was measured while varying the quantity of TEOS

(ortho—silicate tetraethyl), the raw material of the membrane, from 1 to
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5 g, thus obtaining thicknesses of 8-71 nm. The A1203. membrane formed by
the mechano—chemical method was observed by SEM while changing the
contained weight of Al1203. powder, the raw material of the membrane, from
5 to 15%, which confirmed that the increased quantity of A1203. covered
the surface of the particles.

For each of these materials, test samples were produced for measuring the
dielectric strength voltage. The results of dielectric strength measured
as voltage are shown in Fig. S-6. The Si02 membrane formed by the sol-gel
method showed large variation in dielectric strength, from 183 V/mm to 762
V/mm, but an increase in dielectric strength was found in pulverized
particles without the insulation membrane. On the other hand, the A1203.
membrane formed by the mechano—chemical method did not show an increase
in withstand voltage due to the difficulty of forming a dense insulation
membrane that can fully cover the surface of pulverized particles.

Based on the test results, membrane forming was concentrated on Si02 by
the sol—gel method, and the direction was set for verification of stable

forming of an Si02 membrane with high dielectric strength voltage.
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Fig. S-6 Dielectric strength measurement results of Si02 membrane formed

by sol—-gel method and A1203. membrane formed by mechano—chemical method
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The activity results of increasing dielectric strength are shown in Fig.
S-7. By setting a target specification of dielectric strength (250 V/mm)
and with the aim of achieving stable forming of an Si02 membrane with high
dielectric strength voltage, an automatic stirrer was adopted for mixing
membrane materials while reducing the variation of reaction speed caused
by manual operation, and a centrifugal separator was used to eliminate Si0O2
residue. In addition, ultrasonic cleaning was applied during stirring to
disperse clumping pulverized particles and to form a uniform Si02 membrane
on individual particles, and this increased dielectric strength by
approximately two times. Furthermore, by increasing the added quantity of
TEOS from 10 to 20 g, dielectric strength was increased by 25% to 271 V/mm,
thus achieving the target specification. In addition, the use of
ball-shaped particles without sharp edges made using a cyclone mill, along
with smaller—diameter particles made using a 32—-pum sifter, improved
dielectric strength by 41% to 305 V/mm, thus achieving the target
specification. With these particles, an Si02 membrane with thickness of
50-100 nm has been confirmed.
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300

N
N
o

Target

200

150

Dielectric strength [V/mm]

100

50

0

Fig. S-7 Activity results of improving dielectric strength
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6. Overall Assessment

A general assessment of the magnetic characteristics and basic reliability
was made by applying process—verification equipment to the pulverization,
nano—crystallization, and insulation membrane forming processes
established in this project. The overall assessment results are shown in
Table S—4. Magnetic properties were checked for core loss (toroidal core)
at frequency 100kHz and magnetic flux density 25 mT, saturation magnhetic
flux density (powder), and dielectric strength (test sample). To evaluate
basic reliability, a heat shock test of 100 cycles and a high—temperature,
high—humidity test of 100 h were performed. Core loss, heat shock, and
high—temperature, high-humidity testing achieved the target of product A,
but saturation magnetic flux density and dielectric strength did not
achieve the target. Saturation magnetic flux density did not meet the target
by only a small margin due to the dependency on iron quantity in the material.
Dielectric strength met the target specification in the independent
assessment of the insulation membrane forming process but failed to achieve
the target in the overall assessment by a large margin. The reason for these
results is assumed to come from the difference in the oxide membrane’ s
In the future, the

correlation of these results with the upstream process of forming the

thickness formed in the pulverization process.

insulation membrane will be analyzed for ensuring dielectric strength in

the process verification for mass production.

Table S—4 Overall assessment results

Item Product A target | Product B target Verified result Remarks
Loss 80 [kW/m3] or 60 [kW/m3] or
(100 kHz, 25 mT) @]  below below © 69 [kW/m3]
) Saturation magnetic 1.7 [T] 1.7 [T] By iron content in
('\:/:fr;:::r_ flux density ﬁ or over or over 6 1.68(T] material
istics Requires
Dielectric strength &5 250 [Vimm] 500 [V/imm] O 84 [Vimm] checking ,
or over or over regeneration of
dielectric strength
Heat shock No change in No chang.;elln O Loss 7%
100 ovcl @] characteristics | characteristics s
Basic cyeles shall occur shall occur increase
reliability i
High-temperature, No corrosion No corrosion © :;\éernutlsc;ir:l o
high-humidity 100 h No corrosion required 9
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7. Life Cycle Assessment

In assessing the life cycle of magnhetic devices using soft magnetic alloy
powder, this project’ s target was the manufacturing process from resource
acquisition to powder generation. The current manufacturing processes use
"blast furnace,” “atomized powder production,” and “annealing” as
assessment targets, while the manufacturing process of this project uses
“pulverization” and “nano—crystallization” as targets. As the basic unit
of carbon dioxide (CO,) emission to be used for comparison, CO, emission
quantity per 1 kg of soft magnetic alloy powder before insulating was taken
as a reference.

The quantity of reduced CO, emissions, A-B, by the process verified in this
project against the current process is 7.7 kg—C0,/kg-M
[12. 5-4. 8kg—C0,/kg-M], indicating a 60% reduction from the current

manufacturing process as shown in Fig. S-8.

Current condition Proposed project [this fiscal year results]
CO2 emission quantity A: 12.5kg-C0O2/kg-M CO2 emission quantity B: 4.8kg-CO2/kg-M

1 Recovery @& <s
1 of thin strips

zaion ?'3'
3.1kg-CO2/kg-M

1 * Pulverized
1 B & powder

Nano
crystallization - 1.7kg-CO2/kg-M
. T

nsulation

processing

E180.9. =@

molding Magnetic device mOIdm Magnetic dewce

Fig. S-8 CO, emission assessment range and amount of CO, emissions by the

Molten metal

Atomized powder
production

U

5.5kg-CO2/kg-M

Atomized powder

0.7kg-CO2/kg-M

-

currently used process and by this project’ s approach

8. Deployment and Mass Production

In considering expansion to other companies’ materials, the potential

of applying the soft magnetic alloy thin strip powder of other companies
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to magnetic devices was studied. Another company’ s thin strip materials
A and B were pulverized under the same conditions used for our company s
material and heat—processed under conditions suited to the other company’ s
thin strip materials A and B; here, an insulation membrane was formed under
the same conditions as our company s material, and the basic
characteristics of the powder were measured. The assessment results are
shown in Table S—5. Both of that company’ s materials, A and B, met the
target specification (720 A/mm) of coercivity, and thus application to
magnetic devices is presumed possible. In the future, a pulverization
process suited to these materials A and B will be established and further

detailed assessment will be scheduled.

Table S-5 Assessment results of other company’ s materials

Item Company’s material  [Other company: material A|Other company: material B
POWdGr's | Particle size (d150%) 15.7 [um] 22.2 [um 195 [um]
h ter-
?:Stie(l:rsac er- Coercivity (Target 720 [A/m] or less) 387 [A/m] O 563 [A/m] O 575 [A/m]

Next, mass—production equipment in each process was reviewed for
commercialization of pulverized powder of soft magnetic alloy thin strips.
In particular, among the process—verification equipment fabricated in this
fiscal year’s verification operations, we reviewed the mass—production
equipment used in the nano—crystallization process and the insulation
membrane forming process, which require scale upgrading and increased
production time.

In the nano—crystallization process, the same material was processed with
a hot—air furnace and a hot roll-press machine in anticipation of scaled-up
production from the current hot—pressing machine, and the coercivity of
the powder was measured. The assessment results are shown in Table S—6.
Both the hot—air furnace and the hot roll-press machine achieved the target
specification (720 A/mm) and showed increased production time for the
nano—crystallization process. In the future, detailed assessment of a
mass—production process will be scheduled using a hot—air furnace and a

hot roll-press machine.
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Table S—6 Assessment results of mass—production equipment for

nano—crystallization process

Current In Review

Process-verification
equipment
(experimental machine)

Heating press Hot-air furnace Hot rc;ll-press machine

Coercivity

(Target 720 [A/m] or less) O 387 [A/m] O 582 [A/m] 0 672 [A/m]

In the insulation membrane forming process, a roll mill was used with the
expectation that it could scale—up production from the level achieved by
the current stirring equipment used for forming this membrane. The
dielectric strength was measured, with the assessment results shown in
Table S—-7. By reducing the membrane material with the roll mill and
confirming that the same insulation membrane could be produced as that by
the current equipment, we demonstrated the possibility of scaling—up
operations in the process of forming the insulation membrane. In the future,
a detailed assessment of a mass—production process will be conducted using
this roll mill.

Table S-7 Assessment results of mass—production equipment for insulation

membrane forming process

Current In Review

Process-verification
equipment
(experimental
machine)

Stirring machine  Centrifugal separator Roll mill

Weightratio of
insulation membrane 100
material

Insulation membrane
material reduction

6

Dielectric strength
increase

Si02 membrane - Fe Fe
Insulation membrane [(50-100 nm) T >
cross-section surface

XXVil
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9. Summary

In the first year of this project, the pulverization process, the nan
o—crystallization process, and the insulation membrane forming process

were verified, and process—verification equipment was constructed.

& Effects
1. Energy conservation in powder manufacturing process
[1st year target: Reduction of CO2 emissions by approx. 40%
compared with atomized powder manufacturing process]
Reduction of CO2 emissions by 60% compared with atomized powder
manufacturing process
2. Energy conservation in automotive equipment by improving
performance
[1st year target: Reduction of power loss by approx.
10% from existing large—current devices]
Reduction of power loss by 30% from existing large—current

devices

@ Applicability
The recycling technology achieving pulverization of soft magnetic
alloy thin strips verified in this project is applicable to another
company’ s materials, A and B, in addition to our own company s ma

terial.

@ Future schedule and commercialization review

In the first year (Fiscal 2018) of this project, process verification
was carried out for the pulverization, nano—crystallization, and
insulation membrane forming processes. In the second year (Fiscal 2019)
of this project, we will review ways to improve the yield of the
pulverization process, to 1increase production volume from the
nano—crystallization process, and to establish mass—production process
of an insulation membrane forming process while increasing its
production volume. In addition, we will compare other companies’

materials with the aim of deploying them in our approach. The proposed
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milestones toward commercialization are shown in Table S-8.

Table S—8 Proposed milestones toward commercialization

2018 2019 2020 2021 2022 2023 2024
Process = i i i L AT
voineaton ) | Wessroduston’, [ Eagmert Eoupment verfcaion ) Rellabiliy
company’s
+ Pulverization « Scale-up factory
+ Nano- « Yield
crystallization improvement
* Insulation
membrane
forming omparisonwith
i R B e ER .
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F 7P EHAEME TH S 250V/mm 121349 20% R & L Tu7-,

2% —m ———————————
BAEE : 250V/mmlk b
210

200
£
= 150
H
= 104

100

50
0 .
@TEOS%DH @TEOS‘?@JD @TEOS%@JD @TEOS%@JD

153 IRHRRAR 15 RIS 57 % RHERR AR SPaKiS| <l
BEHIMC L2 BEEEINC LS BEFERAINC LS BEEFINC LS
SrHe L gani 8ol e L pani 8ol
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FEMMEIEIRICZ2 5, 20, @DHAEIZIE, iRV T Si02 E1HE—
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AEER NS ITLOMEZ 1S - DIITHEREIER 7 v 27207 Tl #
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4. Life Cycle Assessment

ARFETEFLHE T o R kD, BRofE T o+ 2 12k4 25 C02 4
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4.1. EzH
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g7 awxclk, Mol o [ fmb] Z25kmstge e Le, #. [
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