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Surface Engineered Particle Systems for Industrial Applications
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Particulate and surfactant systems are an integral part, either in processing or
product lines, in essentially every major industry, including Energy and Minerals,
Pharmaceutical, Agriculture & Food, Microelectronics, Healthcare, Cosmetics,
Consumer Products, and Analytical Instrumentation & Services. In most
applications, surface properties and suspension behavior govern the product and
process specifications and depend on the synergistic or competitive interactions
between the particles and reagent schemes. The primary goal of our research efforts
has been to generate the knowledge and technology platforms for industry to

develop innovative and greener and more sustainable products and processes.

Brij M. MOUDGIL

Control of the physicochemical/mechanical properties of surfaces, particles, and self-assembling surfactant

systems is attempted to engineer or enhance their performance in industrial applications. Specifically,

understanding and control of nano and atomic scale forces between particles, and synthesis of functionalized

particles form the foundation for targeted contributions in biomedical, homeland security, defense, advanced

materials, sensor, and coating technologies. A synopsis of select projects is presented in this brief review.

Additional details can be found in the topic-specific references listed at the end of this manuscript.
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Microstructure Control of Particles and Powders for
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Professor, Joining and Welding Research Institute, Osaka University, JAPAN
?Assistant Professor, Joining and Welding Research Institute, Osaka University, JAPAN
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ABSTRACT

Particle microstructure control and its assembly structure control are key issues for achieving high quality
advanced materials. In this paper, manufacturing process of advanced ceramics using raw powder materials is
discussed to make clear the role of powder structure control for high quality materials. On the other hand,
individual particle structure control is also important to develop functional particles and the advanced materials by
controlling its assembly structure. In this paper, processing technology of composite particles is introduced to
explain the roles for developing advanced materials.
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Copyright © 2022 The Authors. Published by Hosokawa Powder Technology Foundation. This is an open 5
access article under the CC BY 2.1 JP license (https://creativecommons.org/licenses/by/2.1/jp/). BY
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Fig. 1 Development of Advanced Materials by structural control of particles and powders.
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Dispersant Viscosity  Densi Fracture
No. pH  Amount [mPas] y [k /m%, Toughness
[mass%] g [MPam™?]
#1 10 0.2 43 3.91x10° 3.7
# 91 05 22 3.94x10° 3.8
#3 81 20 54 3.89x10° 3.8
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with optical transparent technique: (a) specimen
made from the slurry prepared with #1 condition,
(b) specimen made from the slurry prepared with
#3 condition.
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THbo €I T, 455005 L7z # R &8 (Hotta
etal, 1999) #EA L CTFOMM %475 72, BEKiA
Z50um BEOHRIZT L E, T FEEKAEAD
Yy, TSSO E MBI X o THRRNET O
O ERE BB T2 LA TE,

K41, TOHEIX - TEZL 28R EATo
A LML TH S (Abeetal, 2001), Z Z Tldff
HOBEAEROKERZ R LA, KB oE W Ry b
HMAZILITAH YT 2, ZOHKRLAILDOH A X570 %
METIICE-I L, Z 0@V S DREDEN %
WHELA-EZA, H3OMEOEIMEDENZE
BIICHHT 2 2 EATE L, KIZ, BIEAT O
WARFEHEREE 2, REEGH: (Uematsu et al., 1990)
WXk oTBIE Lz SORER, 7V FEIEAH
ORTIIZEBIC 7V 2 F L 13 URITR ok %
PR3 EDH LT, BIEARNEBOAIG E R 2 67
WMSEOEBRE— FTHETLLDTHD, TD)
BT & o TR ORI E R % Bl5E L 7o R
IR ORIR G A X &, Bekskrh oIS AL
P A ZERZROKINERIZH 5 2 L3 mnoTz.

Z T, BRI SERAR O KR & BRI L 7285 R,
522 &1, ERAKDOLEMBES A F 1) —
DORMBEMHIC Lo TELL T E Z D507
(Abe et al., 2001), &L C, JEMMEIKEL &2
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X6 MEREMEERELABECPSLVEIXIX-BONFHESHEIOEX (Naito et al., 2021)
Fig. 6 Smart powder processing developed based on powder grinding technology (Naito et al., 2021).

x2 NFESLCICERATREEBENLERE (Naito et

al., 2021)
Table 2 Powder processing machines used for particle
bonding to make composite particles (Naito et

al., 2021).

2D THIBARAIIIRAE§ 2 MRS A 13K
L. ZORRBEREOMRTILOY 4 XHHKRT S
Dol TITT, WAEHIIHERAD TR
FECT D BRI, RO AR E QBRI X
52 NSNS NIz, TOHEFEIL, ZOFEREN
HOENITHRDELBRTHL LB IV L TH S
A%, EBZIE, IR R ORI AR

Type

Impaction-type
Pin mill, disc mill

LIS % 5T C & 5 T HALEART OB RIS L > T L Centrifugal classifying type
OTHEMIIRHIN DD TH 5, Attrition-type mill

PR, EF VI RIIEHEEIChH 255, FEBEO T Ball mill

Tt AT, BOTEHLOETHLT Iy 7 A% Rt
PBBL TR b0 L BbRG, LhsT, bl sty
FlR72E 912, BETOEAOKLERCTHNS & Centrifugal fluidizing

M%,&%w,%ﬁ%&t@%ﬁ#Mk%ﬁ,%_
R EREEOFHN & Z R, €T3 v 7 208
P FICRO TRFETH D Z L0 h 5,

Agitated ball mill
Mixing vessel type

Jet mill
Mortar

Cylindrical vessel type with rotating disc

3 HFOEEHIEIC & 2 eHER LS L

BIEANDT77O—F

31 REBICPSLVWEIRILX—BONFEES
#w7’O+ X

WA OMEREICIE, EVETy THheT A2

¥ PR LSRR TENET SN S, AT

—FlE LT, FEHEOSPINT THREMEZEDTE

Elliptical vessel type with high-speed elliptical rotor

TR TR X DR HEEIL T e A HEAE L L
THE I, [BRBECRSLVWAZALVF RO
A EERE T 2] 12X 2 HBERNT 5o
X6 1%, A&7 a2 20K %R L
2dDThbH, ZO7at AL, MHEARICFIHET



Powder materials

-Particle size
(Core particle, Fine particle)
-Particle properties

(Shape, Surface,
Mechanical strength etc.)
*Mixing ratio etc. Particle

bonding
process

Core/shell type

Inter-dispersed

Operating cditions
-Mechanical Actions
(Mechanical stress,
Processing time etc.)
-Temperature
(Average, Local temperature) type
-Atmosphere
-Charging procedures
of powder materials
etc.

X7 #8MF BEROKHNFEALETOEX2HETIEL
EF (Naito et al., 2016)

Fig. 7 Factors controlling the particle composition process.
(Naito et al., 2016)

BRI 2 JERE L LT\ B Bk 1m0 Ik
WERRIZ X 20 ) e M = AV F =2 EH 35 &,
FT-RMITRITICER, BEZ EOREEIIE
HEN, ZORE RToEAETIIERI SR,
K20 112E, KTFOEGIZLZESLIHEHS
722 D3B8, b2
LA EDFEIDPKAFBENOEIEEZFF>Twb I L
Warbe 72, EDONICAL X, BAKICE
WCHR T WEER Z L2505, Dok
THEAEIX, B6 0w 7ot AIcADL LI, A
HILECTH 1), SO BEILITR L CmsdgiE 2 w2
LT, N UL EBMHAL VD, BB
RELWEZANF-MOTO LA THEESZ Do
71, Bk R ASRoOR FEAE 7 T A % i
BWEBLELRNFE2T LD DTHS (Naito et al,
2016), k7 a2k, —MMWICER T RSB
%ﬁ#§<,RW*ﬁ§ﬁ%f%5tb,ﬂ@75
HWTFdMmdDTE V. LaL, TORTHICHETN
XNTZ2FTELDOTHLEDON, F7THL, TOH
FUE, BIRT &) TR & BB IR &
N5, HER ORI, k120 AR T % 3
A LB BRI AN T L BN 20 S S -y
WO AR TSR SN DA, bR Tk
IR E BERF 2 ZE T 5 2 I X o THAEIS
wEICTE %,

B, FHSIIHAONTFHEANL TR 2B
TAHIELICEST, TNFEFTIHBICHL LI
R 2 & D F 7 R OIEMBGER T ut X, JE
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x3 F/HFOEREZDERAES
Table 3 Examples of synthesized nanoparticles and their
applications.

Synthesized nanoparticles Applications

BaTiO; (Ohara S. et al., 2008) Dielectric material

LiCoO, (Kondo A. et al., 2014)
LiMnPO, (Yoshida J. et al., 2013)
LiFePO, (Kozawa T. et al., 2014a, 2015)
LiCoPO, (Matsuoka M. et al., 2017)
LiNigsMn, 50, (Kozawa T. et al., 2014b;
Kozawa T. and Naito M., 2015)

Li-ion battery

LaggSre,MnO; (LSM) (Chaichanawong J.
et al., 2006; Hosokawa K., et al., 2014)
Lag6Sre.4C0oy,Fee 505 (Xi X. et al., 2015)

Y2 67Al04,:Ce™ o5
(Kanai K. et al., 2017)

Fuel cell (SOFC)

Phosphor for LED

Lig25Gag25L.8321,01,
(Kanai K. et al., 2021)

Solid electrolyte

IEA R &R T AL T v Ry MLBIZ X 584
WFoiEt7at A, KFREOWEEALIC X 2 B
RENOLLEBEOIEMEIL L 7' 1 & 2 D F% %
fTolze EHIT, HHHTOMBIFRIK L THIEN
BToORNT7ut A0wHERAR, INFETH K
T-OIEMBEA BRI 2 FEB L 72 28, 8K
THERLZINSDERGRTIE, SHICERTS
CLIZX o T, ME ORISR AR 2 % 72
», TNEFHLTEREMRRRESED ShTwn
b0 o, WAHEEILOEMIEIEZ S LIRS
#52LT, MTHORmOSHEICEHETLZ LD
WHETH D, TORMEFMATIUE, HBELHBESH
BOBIRAVE—DH L) Y4 7 VEG 2 5§
5 ZEATES (Naitoetal., 2009) o

AR MO L, RFEAb7er A2k
BIFBIZENOISHICE LTI PI#ES (Naito et al.,
2016, 2021) X EZMWMAC & &L, DIF, +/
BAOIEMBGER 7Tt X, JEMBE K &R FHE
DT Ry MLBIZ X 2 BERFOHREH 7 e A
WZOWTOEFAERMAT 5. SHIT, FThfZErss
MEFEI R > T b, BLPE SO LY+
A 7 WHAMHAFENDRHIZOWT A Z1TI 0

32 HFOIMHEHKTOEZADEHAES
9, FMATOF I RTERT I LA L OIS



HEFIZOWTHHAT 5, R3ICINF TICES
LB L2 F LD TORL. 20K
HTIE, BRI ERERR R TRl E R, BE
KIWITEAL, K&, Ny F TR HLH %
THIBTTHET B F I RF2HRTE, FIC
DI, TNETYF T LA EMOIERH
B IS AED ST Wb, BIETIX, il
TOBMEPSERICLE L S b LED H# 8
(Kanai et al., 2017) %, V) F 7 A RDEAREMLH
FoOIEMEAR (Kanai et al., 2021) 12 HIBJH &
TWwh, 72, ThETOEREBNIRILY F 2 K
FOHRTH o775, BUE, BELW Ll ) /K
TOHEBEIZONT IR ZED TV S,

33 FEMBMERENFEEEICLDZT Ry ML
B0+ 20ERAEE
EHOIE, INFTYF T LA EIBOWIEH
e O TV HIIIEE, Hlr s & &z RO 51T,
IEROVERER] E D72 D123 & S B B RO FLX
FHicowTHE L T& 72, BsiE, Z0—20%
ZFTHY, WWHEE LT LiFePO, 2B & L7HiH
%R L7 (Naito et al., 2021; Kozawa et al., 2014a) .
I3V F T LA Y OPHEEERD OB S 1F,
EWHEIZTE S22/ S CHEIED RE WY
FLWv, 7/, EAHREUEPRETHE I L LU

Macro scale processing

‘018 AB1aug

\¢

Thobicd, N—KRryprOEEBWEMAT,
WHEEGKTIZA =R DAy b T — 2 HiEE2 K
THILIROLNS,

LA»L, 20X BEMTTIE, WE, »—K
YEBIIWINDF A ADHEETH L7720, &
Wi a EES Z BRI FRIEAEEL T LT, &
TS S8 B DT B FE B E 2 TR S 5 Z & 13
DTHHETH B, 22T, TN2MRTHLENRT

BELT, Ihnzdhl CRbtkzmbsgse
&I, FMNIC AR ] A 2w 7 22 B

RIS B LED D B TN, IEOMERER L

1. Particle size reduction

2. Carbon coating

Addition of electron
conductivity

LiFePO,: 109Scmt
Carbon: >102S cm*

Reduction of Li* ion
diffusion length

3. Granulation structure

Increase of electrode density

8 F/HALXDLiFePO, & H—K> h5H S LiFePO,/IC
&ERI{F (Naito et al., 2021)

Fig. 8 LiFePO,/C composite granule consisting of nano-
sized LiFePO, and carbon. (Naito et al., 2021)

Advanced

) /\ ) composite
Partitle bending materials
(easy for
recycling)
Nang; scaleprlsmg

Particle bonding and
disassembling

Processing

9 MFOEEGENBEEERE L -EEMHEMOY Y7032 E7 K (Naito et al., 2009)
Fig. 9 Concept of smart recycling for waste composite materials based on particle bonding and dissembling process.

(Naito et al., 2009).
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particles =..-.-.-
e) Waste of GFRP /
200 Nanoparticle ctive
bonding separation
process process

2004 m

Innovative recycling process

Fiber composites

=

Advanced porous .
material Energy and Environment

Reduction of Recycling cost

* Low thermal conductivity
* Low density
+ High mechanical strength etc.

A

X 10 FRPEMOFHRYU Y177 HEX (Naito et al., 2009)
Fig. 10 Innovative recycling process of FRP waste proposed by authors. (Naito et al., 2009).

WCREEENLE=ZDOHOFEMNTH S, L7eh 5T,
8 IR F /KB A SRR, IR R
WCHER 2 BRI B L L, EBIIZD X
) MG AR 5121, BiROBIIEE S5
OBERT O X AR RTH 5,

—%, ZoEXIEMBADOT Ry M T aL AT
FHTENE, BiEa 2 b OBEOIIBIZO RN S
2T, BROMERN LIZHHET5Z LM
HENb, 22 TASOLZATIE, HFOLAKEH
Hibz T YRy N TEHRT S 720 LiFePO, O JE RN
R=FER L H — R v F 7 KT % FRE SN L C R
RINICEBMHEEFT o720 FOHRE, LiFePO,
KA OEBIIMAT, ZOMK T —K> EhH
&L CHEERZR oKL, 7Ky h T
L ATEGINERS 5 2 LRI L7z HEAmkk
EHWTaA Ve VEERLTZOY A4 7 ViR
WLzl n Bohiz A4 7 viEETidd 228
BRI B 2 45 2R L7 (Kozawa et al., 2015) 6

34 HUBESMHEOHLOVY YA I IILERAD
B
CNFETHRBIE, Kc MR 2% LERLL
TE&2D, TNOLDEFERDO) YA I VD, WER
EHAMEIC R > TWh, 5RO RER LS
ZEHT L7012, BEIEWZHICEET 50T
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B, FOHLVWIHFA I Vvarye T e2EZLT
ENKFTH B, BARWIZIE, BESEW A S At
DFVHHME 2 BT 5 L v ) ORI ) 03
THhHHe TDEZFTZET VIR LIzDOHE 9
T& 5 (Naito et al., 2009) .

EHOIE, ROV I NIIHALND LI,
BEME ORI R A NF—E T X M Enl)
TIDOFEMIIRTOTIE L, ZOEATEEZ AR
WHTAZEICE 5T, TRV F—HAM 2B IR
5L THOMB 2 EETT 2HHOV A 7 Vet %
L7zo 2OZLIZE-T, TOEMICETRTOIC
WT LT ANF—DORBEOKEITH 7217 TH <,
B A B SN MBORHZED L Z LB TE
b0 BIZITHFI LA LCREINIMEZS
X, M6 THHL7oA2@HTAZEICES
T, BERmIOMI G CWEE L, 5
WCINLEHORMEMAEDL I LICE-T, B
% 100% FIH L7288l 2 BlFE$ 5 2 & SRR
%o E75BROFBMEREIIE, HHEOHF
HABESATZ B e %, WHOFEMNLETHI LD
WEI B b,

22T, VA MmO THEETH S L ED
MDA ORFER & LTH I AHERILT 5 X
Fv 27 (FRP) MY LiF, ToFHHI¥A 7 1vo
Y HAIZOWTRINT 5o FH S D INAX (B
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Fig. 11 Thermal conductivity and bulk density of the
porous materials fabricated by the recycling pro-
cess as shown in Fig.10. (Kondo et al., 2010).

@ LIXIL) &L TR L7z, BRHICHER S
% FRP BEM OFH ) 4 7 v 7u € 2 %K 10 1R
F (Naito et al., 2009) . FRP B&b 13T ATE T B 4E [
K457 b Y RET DD, FOUHA 7 IVITIZEKR
BRIANTF—2ETHLILENL, TOEEAENRZ
NETHRIRPHMO T TIC L > T ENTE /2, &
CTEHLIE, KIRT LI ICFRPEMZ, itk
DIVHFA 7NV TIHDEMIETOTIERL,
BEM OREEZRABKZ T, 20BN TLHL
W7a R ZAFREL S
BARMIZIE, £3FRP 2K T % 47 AMHE &
< M)y 7 AMRATES, BRIV E TN
GRAMNZEH SRS EI2E T, 7o A
OFRER-72FFTTY MY v 7 ABEY S 58S
bo WIZ, B6 THMLAEZX 7ot 212k 2H
THEAETEICL T, 7T AWMERE T ZICY
UAF IR, KIRT L9 ICSLERICEAL
L, MYy 7 28R E ORGRED T FhERE
Th, TORE, YUAF I RTICLoTERSN
72F ) 5ALE S B E R, HOBRETH T A
Fo THELRFELATBM 2R T ENTE
%o 22T, F /7 RILOFARE BT O KGR % 1%
BICHFGT A0, ZOREIZE-T, BaTHME
RED MBI EM L 2R TE 5,

K10 IZRT7aE A X o TH SN RIA D
RS L AR L OBRE L - R e, X
11 12779 (Kondo et al., 2010), X & V) ZiEAED

BURERIIMD TR Z &R, BB %
BN EH 5, Fifr TR 5B o 2
MEE LT, BM G E~OICHOTREEDE Z bh
bo CITIE—BERLIZIZTTHED, MEOHE
L BER IEREE LR OIEBRAT A~ ORI,
Gt DFFBE] HE e AL XTI 0 U C #3720 FE Al
WKabbollifishs,
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RT3 L OGRS, AV F— - g1, B H3¥E - AN, MUl MRS A, AL
AT, Abbidh, HEEMTES, SHEHIOEEBL Y- ALY, 00 EEHEIIBVT,
THEARBET 4 VIR TH S, L DIBHITBWT, KEFEEE AT ¥ 3 v OZEE) ) 8,
L7u 2R RE L, ZIUIRT LT B OMFEN F 7B A BT 5. BA2D
DOWFFELTIOE—D BE, FHIYCERBEICHE L {FRRWREREN L 7 2 25T 5 200N
GORREFEMO T Ty T+ — 2 EEARTHTH S, K, T, BOHBREREGEER > R T
A OWEALAEN B X ORI ORI, EEMNET, ZoliziEtEFldmbsesZLicok
BB BRI, RTFHMOF B X OETR 75—V TOMEAEH T OB L HfE S X OBsetR1- o
AHUE, EWEY, E LRtk Bifh, SSEME, oY — a—74 Y IEMIBIFAY =7 v b
RO THOIEEL 2%, COLE2—TlE, OO ESNTuY 27 bOMEEZR Lz, &
MEZ DEROBRBIIR LB ELESR L CHS 720,

ABSTRACT

Particulate and surfactant systems are an integral part, either in processing or product lines, in essentially every
major industry, including Energy and Minerals, Pharmaceutical, Agriculture & Food, Microelectronics, Healthcare,
Cosmetics, Consumer Products, and Analytical Instrumentation & Services. In most applications, surface
properties and suspension behavior govern the product and process specifications and depend on the synergistic or
competitive interactions between the particles and reagent schemes. The primary goal of our research efforts has
been to generate the knowledge and technology platforms for industry to develop innovative and greener and more
sustainable products and processes. Control of the physicochemical/mechanical properties of surfaces, particles,
and self-assembling surfactant systems is attempted to engineer or enhance their performance in industrial
applications. Specifically, understanding and control of nano and atomic scale forces between particles, and
synthesis of functionalized particles form the foundation for targeted contributions in biomedical, homeland
security, defense, advanced materials, sensor, and coating technologies. A synopsis of select projects is presented
in this brief review. Additional details can be found in the topic-specific references listed at the end of this
manuscript.

* KRGS, Prof. Moudgil D3ESCIEFRGAS, BEHIZIZ X > THARFEICHR SN DT,

Copyright © 2022 The Authors. Published by Hosokawa Powder Technology Foundation. This is an open access
article under the CC BY 2.1 JP license (https://creativecommons.org/licenses/by/2.1/jp/). BY

15



1 [3C&®IC

BT, 7u) ¥ RYE (UR) KT L%
v % — (PERC) B X UW 7B X OFLim G HEH >
AT Lty H— (CPaSS—7 A1) 71 [E L Bb I [{ i
AL v ¥ —) TOMRET —~IZ, bk
BLOHY, ~"VArT7, ¥4r7uxlL s bu=s
A, B RSEDB I ONHE BN RGBT B ok
T B X OFEER] > A 7 A OMkREI 2 EK T %
CEICHERENTCEL, ITEALDHIE O Y
7 MCUE, AR BRE ORI o) O
HH B X KT OREREILAS, 5, ik X OV,
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KT 2O EAE % LB 5 )1 O AN 7 BFE A,
FERN— P F =L BB I T O 2O
FHFEL TV D,

2 ELMRBROBE

2.1 PEERE — BFEHEM
{LZEBEMATE (CMP) 2 5 1) — D PERE % it
THMYMATIE, FT & RMOMDOEAW T &%
MBI %2 BN TR L, K% /BRI
ZARRKOMBREFZER L 2T NI R bW &
BHOHTHS 22 L7z (Basimetal., 2003), X 512,
B4 70 TN — B3 2 FERNEVER] 0 # IR WL
%, B IO TOH CHER LTS AR & OB
BBy R PR o B GR W OBRIL B X OY 92 BRI AR GIE
(Rabinovich et al., 2004) &, BICUF 5D AYE »
F 7 == K o TR S 7RI E A
F) =S OREREE N, EHIT, IRSDOFTR
&, T u A RO R 7R BK O 72 kTR G
HAR (flocs) DG % HlHS % 720 ORI, B
X OVREBRIBAIA DA A4 RS54 » OFEICH K
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FIRAT—=VOMIOWEERE T/ A — VoM
S LMESR T MO RITT B ET VI X
0, WL iR TR OB - ik - BREEICRE
L3727 W55 5 72 (Rabinovich et al., 2002) o
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BEOREMRELD 2L, BWIREEE & R
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INB L ORI A AT BB YY) T KA
B ENTzs ZO—F%E 1 (Sharma et al., 2012)
R L7720 ZORFIZMGALD 7207213 TR L, B
BHBEOA v buB LA Y ERORRT 7
L—1l—=2a yZbHLTWBILENGNoT
(Sharma et al., 2010) -

23 RUEROFXYT75—-L> (PHF) —Z0OHLL
Y E A

FLWBSRTHL, KyeFoxy75—-1L v
(PHF) O E K%M bOMEETHRALL
(Krishna et al., 2010, 2016a) . = DFERLIZ, 4 filifl
ARSI — KR F SO ERIIO R H 5
72 (Krishnaetal., 2010), &5\, BfiIN/z7 T —
LU, BXOF & = TR T LMAGDELYS
OFHEEEE, Lt a—7 4 v ZHOLT,
A3 A O AR GIBE, B L\ BREH] M) o i
Y, LD LEORHORMR I K b6 L7z
(Gao et al., 2011, 2016; Sharma et al., 2013; Krishna et
al., 2015, 2016b) .
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FHHEBANCA DD XD BREICE L & it
TLIEPHMOLENTWSE, £2T, 2 (Krishna et
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1 O—432%F—70LEE&BE2UH (GSS: gold speckled silica) 7/ fFD45MEFE a) O—453I>%K—7
L7=#940nm @D GSS F+/ HF DRI L TEM & BRROP U AFRE: FARE Z-2> S MDTI 2L
TEM &, b) BERICSVTIUHLICFRNEBRTRERICEBESQHERL -1 ~5mm OE&MEF /2. o
REKEV G XPS AN MLV d) XTYEEhi- GSS F/HMFOKEERIE 11°C DIREER (Sharma et al., 2010),

(Royal Society of Chemistry D] % 1§ CTéz#)

Fig. 1 Characterization of rhodamine doped gold speckled silica (GSS) nanoparticles a) representative TEM image of
ca. 40 nm rhodamine doped GSS nanoparticles GSS showing the speckled silica surface; inset z-contrast digital
TEM; b) higher magnification showing irregular shaped, discontinuously placed, 1-5 nm crystalline nano-gold
deposits on silica; ¢) representative XPS spectra; d) ca. 11°C increase in temperature of pegylated GSS nanopar-
ticles in water suspension (Sharma et al., 2010). (Reprinted with permission from Royal Society of Chemistry)

YA XZEWHZT TR, Riia—7 4 ¥ 7 O
T L T2 TIO- R e FaF v 75—
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2012; Krishna et al., 2006, 2008, 2018; Nandakumar et
al., 2017)
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T 1) ¥ K% IFAS (University of Florida Institute of
Food and Agricultural Sciences) Of7E# &1 L C,
7y FML A 27NV Ly KiZdh b CREC (Citrus

Research and Education Center) ®DPNB X LD
W7 & REZE 21T - 720 Hashifitoa—
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(Narayanan et al., 2012; Sharma et al., 2015, 2018) o
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FOALFRIEIZT TR L, AW OTERED B0 O i
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7252 LAV L 72, (Singhetal., 2010)
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H2 BB EEEEE, a) PHF Z8BINES 1 MN—NZ 44— LEREDIC L ZEBEOERR, b) 7F4—+t
(TiI0,), RUEROXFYT75—L > (PHF), LU PHF+TIO, DEEIRERIRANY M, ¢) PF42—+t (TiO,)
BLUT7F 42— +0.01 (Ww) PHF (TiO+0.01PHF) dA—F 4> JEDEINLE L AL EBROIMEICKHT 55
P—RREFRE. F—72> bO—JUE, REET—F ¢ > TSR TR & 9B T 28N EBIFET 5. N=10 (Nature

® Scientific Report > 5 $F 8] % 18 Téx®k)

Fig. 2 Contaminant-activated photocatalysis. a) schematic of microbial mineralization with PHF as auxiliary light
harvester. b) Ground state absorption spectra for anatase (TiO,), polyhydroxy fullerenes (PHF), and PHF+TIO.,. ¢)
Pseudo first-order rate coefficients for degradation of Mordant Orange dye on anatase (TiO,) and anatase+0.01
(w/w) PHF (TiO,+0.01PHF) coatings. Dark control measures the ability of the photocatalytic coatings to degrade
dye in the dark. N=10 (Reprinted with permission from Scientific Report, Nature)
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(Nandakumar, 2018)
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Fig. 3 Effect of PhosFlow (PF) on the induction time as
a function of supersaturation ratio. (Reprinted with
permission from Canadian Journal of Chemical
Engineering)
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(Carretal., 2014), PF O &Y, 3 (Tanquero
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& AR S L7z (Carr et al., 2014; Tanquero et al.,
2021; Zhang et al., 2015) .
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4 Turkevich A TAERL 7-£F/ HFD TEM &, FH
fufld a) 15nm, b) 50 nm, (BEEDHA&ET
)

Fig. 4 TEM images of gold nanoparticles synthesized
using the Turkevich method. The mean particle
size is a) 15 nm, b) 50 nm. (Reprinted with
permission from the authors)
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Fig. 5 DLS measurements of particle size and size distri-
bution of gold nanoparticle samples synthesized
using liquid-liquid biphasic flow reactor. (Reprinted
with permission from the authors)
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etal., 2021).
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ABSTRACT

Society’s interest in building a resource-recycling society, including circular economy, is increasing nowadays in
SDGs and carbon net zero era. Although there are various physical, physicochemical, and chemical separation in
the powder process technology for resource recycling, all of them must meet the major constraints of energy and
resource conservation. To balance the reduction of environmental load such as carbon neutrality with resource
recycling, it is necessary to develop various separation technologies that support multiple resource recycling loops
in the concept of circular economy. As an example of such an approach, this paper introduces the development of
recycling technology for lithium-ion batteries, for which demand is expected to increase exponentially because of
carbon neutrality promotion. We introduce examples of the development of recycling technology for the two
deferent recycling loops; one is separation technology for outermost loop of the circular economy concept, and
another is the direct-recycling technology of cathode active material particles in the inner layer of the circular
economy concept.

Copyright © 2022 The Author. Published by Hosokawa Powder Technology Foundation. This is an open access
article under the CC BY 2.1 JP license (https://creativecommons.org/licenses/by/2.1/jp/). BY
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Fig. 1 Decoupling of economic activity from environmen-
tal impact and resource consumption. (Fischer-
Kowalski M. et al., 2011)
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SPECIAL SUBJECT

The relative demand growth is particularly high for battery-related minerals
Growth in demand for selected minerals from clean energy technologies in 2040 relative to 2020 levels

Battery-related minerals Renewables-and network-related minerals
50 10
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Index (2020
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IEA. All rights reserved.
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Fig. 3 Growth in demand for selected minerals from clean energy technologies.
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Fig. 4 Concept of circular economy.
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Fig. 5 Separation technology required for diverse re-
source recycling.
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Fig. 6 Example of separation process for recycling lithium-
ion batteries.
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Fig. 7 Lithium-ion battery recycling process at JX Nippon
Mining & Metals Corporation.
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Fig. 8 Direction of resource recycling of cathode materials for lithium-ion batteries.
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Fig. 9 Separation in lithium-ion battery cathode material by electrical pulse.
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Powder Joining Technologies for Realizing Solid-State Batteries
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ABSTRACT

Solid electrolytes provide not only high reliability but also high energy density and power density to lithium-ion
batteries, because they are nonflammable and only lithium ions are mobile species in solid electrolytes. Essential
materials to realize solid-state batteries are solid electrolytes with high ionic conductivities. Vigorous studies have
increased the ionic conductivities in various solid electrolyte systems to be comparable to that of organic-solvent
electrolytes employed in current lithium-ion batteries. However, even such high ionic conductivities do not lead to
high performance of solid-state batteries without interface between the battery materials showing fast ionic
conduction. Powder joining technologies are very important to form the conductive interfaces, which will be
established by collaboration between materials and process researchers.
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Fig. 1 Schematic drawing of solid-state lithium-ion battery.
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Fig. 2 Schematic drawing of discharge reaction at cathode
in lithium-ion battery with liquid electrolyte.
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Fig. 3 lonic conductivity of typical lithium-ion conductive
solid electrolytes.
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AR. etal, 1985), FEHM 2B ZERT 512
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A5 VEHEGE (DMR) Ktid, *A % v Z2ERE L CERMBESOHFAETT "y —af AKE BLO
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ABSTRACT

The Direct Methane Reforming (DMR) reaction is a clean reaction which forms “Turquoise hydrogen” and carbon
materials of carbon nanotubes (CNTs) and so on using methane gas with iron-based catalysts etc., and it will be a
process that can contribute to a carbon-neutral society. We will introduce the properties of hydrogen and CNTs
created by various reaction conditions of DMR with the high-activity iron-based catalysts which are newly
synthesized by us.
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Wy FEdHMN, 2050 FFE 2 HIFICANTAKFE-SE AVF—Fx)T7ELTHETRIAVF 52
FEHNCIT TREHBTRELPLHEE LTERY 0, H0, T2 e TE 280 (it
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BB AV F —F IR R AL F -, CCS
(Carbon dioxide Capture and Storage) M55 % 1% H
THIEDNREL L D720, TALVF—FRDOZL
WHARIZE 5T, KFRIFT AV F Lo L R
LR DYI DAL L 2 D 2 Lk RHEN TV 5,

Z DOKFAZOEBINT 72 AR gD —D L L
T, KA M RAKZEFRHOERIFTFLNTEY,
TSV D 22l 72 RFVH T AV F— & CCS A GD
, FILM R AR AL F =550 KEK
FOWEREART 7o —F L Leds, 2030 4E6
(AR 30 7 t BEEE KK O FHE L 30 FI/Nm® R
OARFEIA POFEBEHIEL, NRMIZ 20 T/Nm®
FEFETaX MREL, BB 50 TBfoT
AVF—aRXPEFAEOTA VEFNEEBT LS
EERHE\ETEL TV,

BAFAME I N TV KRB EFME, K& {H
CKEM, BIAET ARGE, B X UK OCE RS
DUWHEWHEDIOTHD (BRIEH, 2022), TDIY
PRSP o —o2l1c X2 ¥ Y EBESE (DMR: Direct
Methane Reforming) #%4%% %, DMR i, A%
Z k& LT Fe, Co, Ni%o &gl 1% fwv
THGMR S, KEELH—FKYF ) F2—7 (CNT)
EOBARREZEZERT L7 ) = v RKE (1) X)
ThHb, TODMR KIiE, BAETHEMIZL L
LN TV LRESRSER: ((2) ) LHELGE,
AL VR ORFEREIZ L2 THLHD
D, KFEABAHED EHEN % CO, DFAEN W,
THbbCo, 7V —RINERD, BoNLKE
37 —a 4 XKFZLFIEN S (Federal Ministry for
Economic Affairs and Energy, 2020), —J7, KEERL
BB o k#EZ, CCSHAMZ2HwiiuX7 v —
KE, 9 THRITINEZ L —KZIMBEMNT SN,

(1)
(2)

CH, = 2H,+C (H—K>F/F2—7 etc)
CH, + 2H,0 — 4H, + CO,

F72, DMRIETHONIZCNT 2 —KR V7T v
7 EOMRFEME O L LCTHHTIE, £567%
% CO, IS WIFF T& %, 3T7%bH, DMR RIS
ik, CO, 7V =D 7 ) — ¥ KFEE L Bk L
CNT #EDW . 2 fEL 5 SDGs B L ' H — R
yZa— I VEBICHBWRR M TH L EF 2
%o RETIE, $RMEICE 2 DMR KB THO N
5 KFEB LV CNT DFEIZOWTHINT %o

2 S$RRMMICEKSD DMRBEIGX DX L

Ay L EDRALKFE & B R S TRFER CNT
AR SRS BICBWTIE, Fe, Co, Ni®FEfil
WITFE L Al Si, Mg 0Bt cEr» SR S
Tofil AV 54 (Colomer et al., 2001; Li et al.,
2001; Shukrullah et al., 2019) . B 1 2 Ffilil & 7% %
¥4 b (0-Fe,0;) &, Bhifiife %7V
I+ (ALO,) KFEBEILL THWHED DMR
BOB A A = X 5O &M% 7R3, DMR il X %
KFEE CNT DEE X H = X 2RO &9 RS %
#Z2Twh (Wirthetal., 2009; B¥ 5, 2009) .

a) Bl Cdh 2 7V I R EE RO R
T WAL, FYANVGT (CHx ) &
KFIHHT 5 (STEP D),

b) 7IVIFRFRECTER LT I NVG TIN5
O E b7 4 MRFIBEL, ~
<A MRTNET T HNGT & DRISTEIR Fe
WTIs®sshs (STEP @),

¢) KWT, & Fe W T-RETT VA VT HRIG

/ Auxiliary catalyst (Al,Os)

CH, -
P )
<" H,0,

Main catalyst (a-Fe,0;—Fe)

CH, -
— X G®
/

Main catalyst (Fe)

\

CH, (4-X)/2H,+CH,- €0 €O x/2H, CNTs
STEP(K, STEP@X, STEP®Xk, STEP@Xk, STEPGXks
Decomposition  pessssssssssssssaas » Reduction of peses » Decomposition | Solid solution and | Formation
K of CH, iron oxide of CHy - diffusion of carbon | of CNTs

E1 AYZANM TIVIFESHIEICL S DMR RITX 7 = X LBEER
Fig. 1 Schematic diagram of DMR reaction mechanism with a-Fe,O,/Al,O; composite catalyst.
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Fig. 2 Relationship between DMR reaction time and total BHHDOBAHAIZ & 2 DMR SUL I & A5 KSR
hydrogen production using various composite cat- EEOERER 212, FHEEASN T2 HWwTH
alysts (Reaction temperature: 705°C, Ratio of flow 57 CNT O A %3 112, CNT ® TEM &
E)a'1t6e7 if r;?r\:\i rgitaetr'l_%ll gas (13A) to catalyst weight: BAE 3 ISR

2 F Al 5T 3% 0 BUS A D 7K A G BE X Ni >
Co>FeDIHE Y, EBITHEDGEITH L OB
LTRFERFRZAERL (STEP®), L7 HHE SN 720 NilZBI LTl RS #) ] o 7K 34 i
RFZEE Fe RFHICV o ARG - LT 3@V 0o, KRSV ICAERE KT
W< (STEP @), BREMNTe £/ AP LZCNTIZOWTIE,
d) @& Fe Kif-rIC S L 7z e RS A AIRTEIC 2 BET LR mAHIE Fe Wi b R & <, M ARIKPBICE L
%Ll Fe Wi KA H CNT & LTHIEE  Tid Co 2%k b IRV E I AT & L7z Ni @ CNT 12
LTw< (STEP®)o DWTIdFH L < BET AR BRI S 45 o T iz,

i, ERCBUSIZ BT 2 Mt o RIE K & LT,

0.4

03

Total amount of hydrogen production
at furnace outlet [mol g-cat.-1]

*£1 RESAMEAZBAVTES N CNT O

Table 1 Characteristics of CNTs obtained using various composite catalysts.

Characteristics Fe,O4/Al, 04 Co;0,/Al,0,4 NiO/AlLO,
BET specific surface area [m’ g™] 178 166 110
Powder resistance [Q cm (at 1 g cm™®)] 0.037 0.027 0.075
—
50nm

3 REHEAMEZAVTESNEZCNT D TEMEBE
Fig. 3 TEM photographs of CNTs obtained using various composite catalysts.
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Total amount of hydrogen production at
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4 BEHRMIEICE S DMR RICEHE EBEKFER
BEOMEEF (RRE @ 705°C, FE#H X (134) g /
g EEL : 0.67 L min" g-cat™)

Fig. 4 Relationship between DMR reaction time and total
hydrogen production using various iron-based cat-
alysts (Reaction temperature: 705°C, Ratio of flow
rate of raw material gas (13A) to catalyst weight:
0.67 L min™* g-cat.™).

3.2 BETEORI)—=7

F il & % % a-FeOOH #i7- (BET 87m’ g*) #*
Mz, BhfsiiE & L C AI(OH), Z 7213 Mg(OH), =
N2 Fe l2x LT 12, 20, 40 mol% % iz E T
Frifvie (Bi) S&7:1%, 500°C T 120 min BERK
S5 EICED ALO, MgO % 8% L 72 a-Fe,0,
BAMBEZ R L7z, 2 SEAMEZ v T/l
23y F X AEIEZ T DMR BUG % 47 - 72 B s
M ERAKEEREOBBRZE 4 1TRY,

0-Fe,0, Bl 7-F I 12 ALO, Z i S8 5 2 & TK
FARENEFIC LAT L I LR INT HE
w2 X B BUSHII O K FE AR 1% 20 > 12 > 40 mol%
DNEE 7Y, PER 20% 2BV CTRERES KR
(B 180 min #2) kb EmWiiZ /R L7z — 7,
MgO DB IO W TIE, KRFIREZ &0 L8R X
WoNkhoiz,

F2 BREMEORRMTE

Table 2 Specifications of various catalysts.

50

--4--- Catalyst A
40 B - % - Catalyst B
S —&— Catalyst C

Hydrogen concentration
in furnace outlet gas [vol%)]

0 50 100 150 200 250
Reaction time [min]

X5 BEMEICES DVMR RICEREEFHOH XhKFE
BEOREMF (RERE : 705°C, FE#H X (13A) 7
E/fEEELt : 0.67 L min™ g-cat.™)

Fig. 5 Relationship between DMR reaction time and hy-
drogen concentration in furnace outlet gas using
various composite catalysts (Reaction tempera-
ture: 705°C, Ratio of flow rate of raw material gas
(13A) to catalyst weight: 0.67 L min™ g-cat.™).

3.3 MHMERARGEAICK 2 RICFHHEANDEE

DMR fill it O G EAL 2 K5 X<, F e Fe
& B Al & OBELTTEIZ O W TRE 2175 72,
AELE LCiE, WERG I THE L 72 Co & RIL
# (a-Fe,0,) & Mg-Al HEKBILY OEREY (il
BEA), AT R T F L 72 AL BE B AL 8k
(0-Fe,0;) (fili#tB) B X OHEHZE GBRXAERDE)
THE L7 Fe-Al HIAKERLY (Al C) % Hv 7z,
T2l nooFBEAEE RS, M, BETI
FIMAEI, A 35m’g?, il B :83m*g”, filt
C:245 m? gt TH o 720 LRI VTN
F A MR C DMR BUG % T - 72 B8 0 RO R[] & I
W 2 OKRFREDOBREZR 5 1TRT,

fil i A &l B I2D W TIE, UG HII ok FEi
EIEEWd o0, FEHFGEIHE D F LR 2
Aohiz, —F, fiEcizownwcid, Knwio

Sample name  Preparation method Compositions Composition molar ratio [-]

Catalyst A Physical mixing method Mixture of Co contained Iron oxide and  Fe/Co/Mg/Al=30/1/48/21
Mg-Al composite hydroxide

Catalyst B Deposition-precipitation method Al coated iron oxide Fe/Al=5/1

Catalyst C Solid solution method (Wet synthesis  Al-Fe composite hydroxide Fe/Al=1/1

method)
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(H,, CH, etc.)

Catalyst feeder Raw material gas
(Parallel flow gas)
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—_—
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{ (Countercurrent flow gas)

Feeder motor |

Catalyst powder

Recovery tank
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6 /NELEHRRZ U1 —{FOREEE & MES JTREMT ZA0RN

Fig. 6 Internal structure and flow of catalyst and raw material gas in small continuous screw furnace.

100 T i
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c @
Q=
23 "
38 ¥
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0
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Flow rate of gas /Feed rate of catalyst [L/g]

7 ERHAHRAREICEBEMF X HEE EFEHOL R
K RIRE DRSR
Fig. 7 Relationship between ratio of flow rate of raw
material gas to feed rate of catalyst and hydrogen
concentration In furnace outlet gas due to flow
direction of raw material gas.

KFEBE RN D OO, KIS 40 min LIFE ISl A,
BICHARTEWARRREZMR L T, 2,
fult Bt C DS RIMEORRIZT TIE %L, Fe & Al
BF 7 LRVTHEAESNTwWL 2 L2k, Ffil
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Fig. 8 Relationship between ratio of flow rate of raw
material gas to feed rate of catalyst and powder
resistance of generated CNTs due to flow direc-
tion of raw material gas.
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BIZX) CNT BRI R o 7cb D EEZ D
N5 (Odaetal, 2016), X 1012, /M Ny 5[0
HRIF IS B\ THR A AL A A D H,0, CO, %
=N LT DMR RS & & 72 B O ) CNT @
TEM BH % /R3, H,0, CO, WINdRMEEDE
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—
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H9 /JEIEHEXXIY1—FEHVEFIRREICES
&£ CNT D TEM BEE

Fig. 9 TEM photographs of generated CNTs due to flow
direction of raw material gas using small continu-
ous screw furnace.

X 10 BMEMH XBEMEBHEH XICEDER CNT D TEMBEE (RERE : 705°C, EHEA X (13A) RE/MIEESLE :

0.27 L min™* g-cat™, RIGEERE : 180 min)

Fig. 10 TEM photographs of generated CNTs by city gas with oxidized gas (Reaction temperature: 705°C, Ratio of flow
rate of raw material gas (13A) to catalyst weight: 0.27 L min™ g-cat™, Reaction time: 180 min).
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Fe-Co & Mg-Al BRIbW iz hs L UBS s h, £
DOBRIZFEA L7 O H,0 & CO, 2SRRI T il
F CTHRUELA AR A L7217 T DMR RUS 24T §
5720, LONDELZWCNT 2VERLTLE 5. —A,
HAMGTEOYA, LMl THELZ CO, HOIWEET
WH2SWNTELERA A (BUSHA) 12X )il
B KIS RIMCHR &, CO, H,0 R AL %
VIREEC CNT AR R A de 2 L1272 5

—F, KEBEEICEL L, HTRWBHOFTNH A
AR TR WA S ok, FORHA A
WZE bt D H,O0, CO, 23 EN 5 2 & T, filliim
WZHTHEIN & 72 B RALM O S S i o 72 b
DL#Fz 55 (Futabaetal.,, 2005; Sato et al., 2018) .

5 BHUIC

DMR L, A% &R E U CHRMES D1
TETFTKFEE CNT 24T 57 ) — ¥ 7 IS HA
Thbo HEHHIE, ZTDDMR EZH WK HERE
VAT A EHRERTXIMEAPTH L, LrLlk
BH, TOKEHEEY AT LD FS & E L 7R
B 2030 FEAKFERE T 2 M HETH % 30 F/Nm?
DR &R Lo oM FEE T 51213, ARFERE LN
FIZAECE A CNT Z &Sl & L Cilide
L, YATF2&fe L TUt%E LT 2 M A
WCThHDHI L 5720 T O CNT A3 A At B
me LT TZIFASLNLITIE, CNT 23R RA
TOLEEENSEOENHRERZEITLEND S
A3, bl TR L7z &9 IS > DMR BG4 1
WX CNToOmEIZRE S EAE R, BIRTIEE
MEARFLEMEACNTOMBRIEI ML -+ 7 L
o TWwWhe 4, DMR KISHAM 2 149284
HEIRBEKTFE & A CNT Ol 7 AT B 7 &5 16 1
filllit & DMR FUBAEAROHE. %2 HIE T o

AHEE

ARES TR LR o —8R1%,  EAFZER %6
I T AN F— - BB A BATERERE [ KFHF)
PSRBT FE B S 53 | ALK RS 20 L 72
fbiFEZPEH LRV KFEREHMA %] (2021~
2022 4EFE) ORGEHFEL L TEBLAZDDOTH %,
BIER AT &3 56
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ABSTRACT

The development of energy-efficient products is an essential responsibility of companies manufacturing and selling

industrial equipment. This paper reports on the energy-efficient hot air jet mill and the ACM-F, the latest model of

the impact pulveriser ACM with built-in classifier, which was developed considering energy savings. It also
presents an overview of the HOSOKAWA GEN4 RM, a remote monitoring and data collection system that was

launched as a first product towards improving the efficiency of the entire plant.
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Fig. 1 Appearance of AFG-type jet mill.

£1 AFGB Y1y bINWDIA2T VS
Table 1 Product line of of AFG-type jet mill.

HR AFG-CRS 200 400/4 630/3 710/4
AT —=NT v TT70 % ¢) 1 4 10 16
A2 S (Nm3/h) 300 1200 3000 4800
Wi, 2R ) 3 3 4 4
Gl AL = CR(S)(¢) 150 150 320 370
Grfka — & fEEK ) 1 4 3 4
Vax, ST Ib| (kW) 3.7 3.7%4 11%3 15% 4
* 3 o s R (rpm) 10500 10500 6000 5200

*t T3y AMa—yHHOBE

R AFG 100 200 400 400/4 630 710 710/4
A —=NT 9T T70% ¢) - 1 4 4 10 16 16
e Ze St (Nm¥h) 96 300 1200 1200 3000 4800 4800
Wfge ) R IVIEEL ) - 3 3 3 4 4 4
Don & L ATP(p) 50 100 200 100 315 400 200
G a — & % ) 1 1 1 4 1 1 4
Vin /ZUIpA} (kw) 1.0 3.7 55 3.7x4 1 1 55X 4
3 o s R (rpm) 22000 11500 6000 11500 4000 3150 6000

*v5 Iy ARa— yHHORA
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Fig. 2 Results of talc milling with AFG-type jet mills.

Effect of compressed air volume and temperature

on milling efficiency.
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Fig. 3 Results of silica milling with AFG-type jet mills.
Effect of compressed air volume and temperature
on milling efficiency.
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ENTW5E, XAV AT I rTIE254 EICh
OBGELTHY, T2, ZORICHKBEMICKRE R
1T T&7,

3.2 ACM-F BID%E
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Fig. 4 Basic structure of the ACM pulverizer.
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Fig. 5 Appearance of ACM-F.
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Fig. 6 Comparison of grinding efficiency of the ACM-F
with a previous ACM model.

WebT 59+

F—SBEELS LA

AT B OIRIERRAD

T—SE R
a—4—

#2 ACM-FEBEDZ12FvT
Table 2 Product line of ACM-F.

PN ACM-  15F 30F 60F
W (kw) 1 22 45
)
5% (kw) 1.5 5.5 11
- e (rpm) 8,000 5800 3,600
5K o i
5% (rpm) 7,000 5400 3,600
o Ja (m¥min) ~15 ~45  ~90
i (W) (mm) 1,500 1,900 2,900
#47 (D) (mm) 700 1,000 1,500
mE (H) (mm) 1,200 1,200 1600
HYERE 2 (kg) 600 1,200 3,000
5o
-7 1
@%?755\
Mo
H—E R

7 HOSOKAWA GEN4 #—E X D&
Fig. 7 HOSOKAWA GEN4 RM service overview.
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Intrinsic magnetic properties of various magnetic materials
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Fig. 1 FEG-SEM micrographs of cross sections perpendicular to the alignment direction of (a) as-sintered magnet

(Hci=439kA/m), and (b) optimally heat treated magnet (Hci=1094kA/m)
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H. Sepehri-Amin, T. Ohkubo and K. Hono, Acta Mater. 61, 819 (2012)

3nm

—
S5um

Volume ratio of the Nd-rich boundary layer ~0.2%

Volume ratio of the Nd,Fe,,B in the magnet— ~99.8%

Nd-Fe-BliiERA

., (BH),,, DHEFREHIE
WonEuvwon?

3




qS

8 9
Without thin film processing.
I I I I I I I I T [ T T T

@ o
8 6 = 480 t
= t 2
35 i 400 3
= =
3 Nd-Fe-B |'|l | 5
= | I 320 3
=} >
‘5 Sm,Co,, r——l——--——— "§

o
* 3 ] 240 &
<) | )
:Cj SmCog | |§

2 t
= 160 c
5 ) I S
E NKS Steel  Alnico Sm Cons) E
1 \ ] 2 m(FepgCop)1p -~ 80 3
§ 10k Ste(il \ - T s
H -Fe- H iaui iacti KS Steel ==
Phase diagram of the Nd-Fe-B system at 973K with the liquid phase projection 0 | | [I | | | | | | | 0
1920 1930 1940 19501960 1970 1980 1990 2000 2010 2020 2030 2040 2050
Year
10 11

Nd-Fe-BEiERERA

100°CLL L TH#E—DyIC & > TIREEDIEK (4

Remanence Br [T]

1.44 +

136

1.28 -

1.20 -

112 -

MRI, Speaker

HDD, CD, DVD, VIDEO,
Digital camera, Headphone

ABS sensor

OA/FA motor

Generator

HEV/EV

800

1,600 2,400
Coercivity Hcj [kA/m]
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12 Composition of the Grades of the Nd-Dy-Fe-B 13
sintered magnets [wt.%]
s Ndg; DyoFegsBy Nd-Fe-BltfaREA
X-5
o . N = = =]
_1mh NdpgDy<FeqgBy 100 CL/{J:—CIF!HK_’D)/L— & > TIREEAEK (s
|_
@ 128
N0V EALEAVER-EA LS RMENEE
S 120+
@
112 -
860 1‘,600 21400
Coercivity Hej [kA/m]
14 15

faeahi#l{L(C & Y Hejm £ —Dy%: L it #ikh o rIsEtE

Powder
refinement

= | Grain size —

refinement

Sintered magnet
High Hcj

144+

1.36 -

Remanence Br [T]

PLP
Grain size refinement—

Expectation by PLP

0.5um

Powder cdmpaction is easy
by PLP even if the powder

is fine.

800

Coercivity Hcj [kA/m]
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16 * Magnetic properties of Sum sintered magnet

(kA/m)

Coercivity of sintered magnet

2400 30 \
220018 [ AN
~ - N\
2000_\-/25 -_ \\ ZIE'\!\/f\Sobservauo
L \
1800 L \
\
L \\
1600 20-— N
| \
14004 [ AN
\
L \\
12004 151 N /
L \\
1000 - 1040K
B \
L Nitrogen
jet-millin
800— 104 A M | . .J....?.
3 4 56789 4 56789
| Partlcle size (DE;O) of startmg puwder (um) I
S 4 56789 2 5 4 56789

n was done by

A/m

Advantage of PLP—Go

Average grain size of sintered magnets (um)

up the slope to less
than 1um.

17

Produ

ct
Classifying wheel

Target

Fee

Grinding nozzle

Ejector
gas

Compressed
gas

Fig. Mechanism diagram of Micron
Jet-T

18

(kA/m)

Coercivity of sintered magnet

* Magnetic properties of 3um sintered magnet

24004 30
220048 [

00 2 - SEM obser
2000725 NS
1800 [

1600 20

B \

i 1240kA/m
12004 15

L Nitrogen

L jet-millin
1000

r \

\

o \

800— 10p Ll L . ......|

4 56789 4 6789
l Partlcle size (DSIO) of startlng powder (u m) I
T 5 6789 73 4 56789

Average grain size of sintered magnet (um)

tion was done by

19
Schematic Figure of Helium Gas Jet Milling

Target
Nozzl

Helium jet ‘

1005 m/s

3 times faster
than N, jet D50=1.2 pm

N, jet
337m/s
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89

Jet Mill Plant with Helium Gas Circulation System

21 *Magnetie properties of 1.2um sintered magnet

2400 30F
S 220048 [ b,
: = [ \
Stripcast alloys 2 2000425 - \\
18004 [ AN
*aci L
x(;éj 1600 20+ 1600k/—\/m \\
Milling chamber € Helium \
8 1400 — L jet-milling \\ SEM observation was done by
E \ ' NIMS
fy
@ 12009 151 \
2 i g \\
S - Nd41DynFegqB
2 1000 31°Y0 €681 ﬁ
) i \
Fine powder 8 L . - o
Nitrogen jet-milling
800— 10m . | . A |
2 3 4 56789 2 3 56789
I Particle size (D50) of starting powder (um)
T 5 4 56789 23 4 56789
Average grain size of sintered magnet (um)
22 23
5um 3 um 1u Nd31DygFeggBq Nd-Fe-BﬁE.‘ﬁEEﬁE
* 1.44 1 <
X-50
X-48 i - \ I —_
Wehave achieved: | ot achieved yet. MARRE - BREoRR K EEiel
=
— X-44H
S
cae 1.28 - X-40BH
g 1
5 X-395
5 3%l kS0 d= 8 Near Net Shape Process
éLm—
112 |-
L L
800 1,600 2,400

Coercivity Hcj [kA/m]




69

24
The process established by SSM in 1987 has been followed by world magnet producers.

TDP(Transverse Die Pressing)

B vy DT 8

25
Nd-Fe-B#BR R 7 Y —H b F&H L DEUR

Fe Co
B Ga
| /'
Fe-rich residue

Dissolving in acid '

Condensation

00000000000000
Rare-earth salt
Alignment and. Sintering Sintered Bodies ‘
Compression bt
- -
‘ ‘ M Rare —earth metal
Process for magnets Strip Casting MOLTEN SALT ELECTROLYSIS
Slicing
26 ) 27 Technology developed by Intermetallics
A, Expectation by PLP
31DY0FeeoB1 05um PLP(Press Less Process)
5um
1.44 7 ?
X'5 T
- 7 Op ST
5 Expeetation by TDP Shsssscescoese
s L / Mould filling Alignment Sintering
& 120 ~ ﬁ 0.5um ‘
112 -
00 600 2400 Pressless Process (PLP) ¥ Magnets
o . irect production of thin plate
Coercivity Hcj [kA/m] Powder aligning and compaction magnets

technology
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28 29
NDFEB Corp.
NPLP(New Pressless Process) | P
PLP Removal )
of mold N
0 Mod I |
Assembh! of Powder E !!III“EI E
I — i i Stack of compact
mold filling Alignment . pactg
_¥_
..............
W ‘ oooooooooooooo
Maagnets . .
Sintering
30 31
Mold for the NPLP equipment for mass production with 50 cavities 5um 3 um 1u Nd31DyOFeegBl
and sintered bodies produced from this mold. L * s ﬁ
* | X0 N .
X-48 i
| ‘ We have achieved. ‘ ‘ Not achieved yet.
— 1.36 X-46BH
L X-44H
@
s 128 X-40BH
20 mn § X-398]
-~ [}
S12F-
14
1.12 |-
In the powder filling room of the NPLP equipment, powder has to be
filled uniformly from one end to another end throughout. ) )
800 1,600 2,400

Coercivity Hcj [kA/m]
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33

32
Composition (wt%)
NPLPIZ & B H > 7 NAESRIEER
Particle size distribution
0-C-N concentration
(0} C
(ppm) (ppm) (ppm)
620 780 140
D10=1.16 um
D50 =2.94 um
D90 =5.07 um
34 35

Magnetic properties

(with heat treatment)

NPLP samples data

Di0=1.16 um
D50 =2.94 um
D90 =5.07 um

55, PR ) o | 2| mmaers |

Br Js Hc) BHmax Br/Js Hk/Hc)
(G) [(©) (Oe) (MGOe) (%) (%)
NPLP Sample 14633 14978 15142 52.8 97.7 97.4

‘ Mold with 15 cavities and sintered bodies

(Dy),,.=3.5g/cm3

(D) ,,.=7.52g/cm3

l

(Thickness t)

(Length a, b)

Dimension
measurements
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36 Variation in “a” 37 Variation in “b”
a ©®®
@
- -
Length a: No.1~15®> Length b : No.1~15
Ab=0.266 mm (=1.41%)
bave = 18863 mm
Aa=0.280 mm (=1.25%)
dave = 22.472 mm
38 Dimension measurement : Thickness 39

o )
(3]
Thickness t: No.1~13 o

Variation of

" t"is 3.83%,

fairly large.
At=0.232 mm (=3.83%)  Thioi i

tave = 6.058 mm of manual

operation of

powder filling.

We need
automated
powder filling
using air
tapping etc..

Magnetic properties
(wnthout heat treatment)

Mold with 15 cavities and sintered bodies

We cut six cubes out from each
sintered body.




€9

40

Magnetic properties : Br

Br=14.13kG is

ABr=0.30 kG e
(Br) ave =1413 kG / compolsfition.th

1 Magnetic properties : 0D=B,/J,

oD: No.1~15E

OD is larger than
95% which is

A (Br/JS) = 176 % /Eorrgal‘as the Nd-
(Br/Js) ave= 95.40 % e-B sintered

magnets.

42

Magnetic properties : Hel

HcJ: No.1~15 E

AHc) = 0.62 kOe
(He)) ave=14.67 kOe Ho=1467kOe's

a good value from
the composition.

43

Magnetic properties : Squareness=Hk90/Hc)

Hkoo/Hc) : No.1~1E

AHkoo/He) = 1.40 %
(Hk9o/Hc)) ave= 92.82 %

All samples have
good values of
squareness larger
than 90%.
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44 45

szskl:&aﬂilﬁfnﬁﬁ!ﬂi&lﬁ
AUy TEYRE REH
sCas MREEA

#EENd-Fe-Blits %A et —
g » B » === 2= 9 @

BiSEEIL R (TDP)

=L @»%»5

#HERE GRY&bE)

BEfE (1000°0)
800 CASOO C

40 47

Production process of multi-stacked magnets by NPLP

Strip casting H2 funace Jet mil

BREE B FE @ »
EV‘ FCV@Z@J:& — Ha %%%ﬁ’fﬁﬁ% SCalloy H2 decrepitation Jet milling Lubricant mix.
Nd-Fe-BfEf@ A — A RE DB 5

NPLP equi

Magnet powder Slnter furnace

Spacer O‘d Sintered thin plates

i + G » s T o

Removing mol

ZEEE: NDFEB (%), () e-Gle

Powder filling Alignment Sintering(1000°C)

Hot press Press

,HHFEﬁ: 2019~2022 Sl:?ncklg:eslntered [‘ '] Laminated Annealing  Laminated magnet (Product)

(800°C—-500'C) No grinding nor slicing
Hot press lamination (700°C) Iammatlon 700°C throughout the process
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Eddy current loss causes temperature rise—~>Multi-stacking solves the problem.

A

99

Multi-stacked magnet S (/31Nd-68Fe-18 (mass%)
No Dy inside the magnets ‘ 144 |- Multi-stacked magnet Block magnet
g th 1.36 |-
No grinding nor slicing gl @ By |
| | s g K26Nd 5Dy-68Fer1B
» 5 1.28 |—
2| & 21Nd-10Dy-68Fe-1B
2 E 20| J
=1 -4
(%]
112 |-
!
10mm 800 1600 2400
— Coercivity Ha (kA/m)
100°C Temperature stability » 200°C
50 51
To enhance electric insulation between thin plates and to increase coercivity
of them, TbF; and/or Th,0; powders are put between the plates before hot
pressing. Sample of a multi-stacked magnet for EV

\ No grinding nor slicing \

| No grinding nor slicing |

TbF; (Th,0,)
10mm
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52

143 14.8 24.8 49.7 97.1 95.2

53

Magnetic properties attained by multi-stacked Nd-Fe-B magnet (Tb content~0.5%)
/

4

Strength of the magnet

A

|l @c—31Nd-68Fe-1B f./ (mass%)
—_ Multi-stacked Block magnet
E 136
o 5u
g L/26Nd-5Dy-68Fe-18
a!:, 1.28 |—
5 21Nd-10Dy-68Fe-1B
£ 120|- /
o
112 |-
|
800 1600 2400
Coercivity Ha (kA/m)
100°C Temperature stability > 200°C

54
New proposals for magnets for EV traction motors

1.44 - O O Dy-OF or Tb-OF mean: Oxide and
X-5 fluoride powder of Dy or Th is
Dy-OF Th-OF placed between the component
insulated insulated Nd-Fe-B sintered magnets before
1.36 - X-46BH hot pressing followed by heat
'|:' treatment for grain boundary
— X-44H diffusion.
S
m
® 128
c
(5]
c
<
S120r
@
112 -

800 1,600 2,400
Coercivity Hcj [kA/m]

55

Advantages of the multi-stack Nd-Fe-B sintered magnets
developed by NDFEB Co.

1. Record high magnetic properties— (BH),,,,>50MGOe
2. Heavy rare earth content—0.5wt%

3. Low eddy current loss—~0W/h

4. No slicing nor grinding—Material yield ~100%

Cost reduction depends on our efforts.
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Prediction of the near future

There is a prediction that 30 billion robots
will be working in 2050.

including robotic cars
& drones

57

Prediction of the near future

There is a prediction that 30 billion robots
will be working in 2050.

This prediction assumes that the world is
peaceful; 30 billion robots are working for

happy people.

58

Prediction of the near future

There is a prediction that 30 billion robots
will be working in 2050.

Every robot needs R-Fe magnets to fulfill
duty. The quantity of the magnets for 30
billion robots will be tremendous.

30 million ton!

59

‘ The Rare Earth Iron Age

The Silicon Age

Present

The Iron Age
The Bronze Age

<~ ‘ The Stone Age ‘
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60

There will be no concern about the resources of the light rare earths.

World Rare Earth Resources

Others 4% RESErve Production

Myanmar 3% \
USA 1%

USA 9%
Vietham — ) o
18% Russia 2%

Australia—
India— 12%
5%
x 700
1 o
Russial0%  Australia 3%

Fig. REE reserves in 2018.
(USGS Mineral Commodity Summaries (2019))

Fig. World share in supply of REE ore in 2018.
(USGS Mineral Commodity Summaries (2019))

Updated by Osamu Takeda and Tohru Okabe in 2019
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BEPE -

19664E3 8
1968431
19724E31

19724F48
19824E5 8
1982458
1988428
1988431

2012438

21135128
20164108

{EJIIE A\ Masato Sagawa

HWERFIFHERIFER
HERFERFRELTREBRIIRT
RIERZRFRELREET (EBMHT
%) UG (TH#E L)

ELEBAL

%t SRE

FEREGEEHALL

F#t SBE

AU B—AB1) 9 RIREEIL

F#t R REFF T

AU B—AR1) Y R (#) REREHE R
ReRifTEEE

NDFEB (#) 8%31 R KREFHEIE

K EHERESE (W) RARSRAAT

PNESR

K EYIEFE L International Prize for New Materials
BAERFERUIEE

HEHE

BXGA#ESER ¥2E

KAINEZE

Acta Metallurgica J. Hollomon Award

AERTH

kR EE

BAERE

KFE

NIMS Award

BXEEFLE

IEEE Medal for Environmental and Safety Technologies
IYHFRRLEIZE




RV AT LR 8L 30 SED A A

1. BRIEBEER - EFEE (1991 (F3) £~2021 (£F13) F)

(1) BER
FRAT I ] X4 eIk CRRATIR)
1991 (R 3)4F 12 H AN 25 RV AT Iz a At AR R
2010 Pk 22) 4 4 H A PSS AVAHTI 0 BAEE B
(2) BEEE
AT x4 ik Gk AIR)
1991 CFHE 3)4E 12 H HH R N USRNG5 2 € BN T TRV NE = 1L = € s
1994 (1% 6)4F 4 A HhE sk FAB KPS H %
1998 (*F-H 10)4F 4 H I WE INONE -2 €S
2002 (CFiK 14)4E 4 H mPR PRAE N U RNEZ L= €13
2004 (*F-1% 16) 4 5 A LA e GIRK PR B HIZ
2006 (*F-H% 18) 4F 10 H T W UNSUNE= €5
2012 Pk 24) 4E 6 H He EB) [l A K %
2017 (PR 29) 4 5 H Bl AR INSYNES -+ ¢4
2022 (4 F1 4)4F 6 A Wik INIONE= e

2. BhEg - REER

BEE]R ISEHE (#) BIRG# (#) Bi&E (TH)
WF7e Bk 2,934 636 479,280
KONA # 127 34 34,000
ARSI 2R 73 1] 117 60 18,000
TR T NAERERED) 69 38 39,000
7838 5 Bk 557 225 58,500
W FIATH B 4 4 28,065
RV A TSR E 28 8 4,000
LR plILES 41 41 29,000
PRMEFE Bk 6 6 30,000
At 3,883 1,052 719,845

3. BEXE#

(1) BFEIRICET 2FENRS

(2) KONA 5%

RN
REHE B
RBRERL

AU HEE
RRMFAT R

FARAER

152
4,489
105,212

7,214
36,800
216,550

7
A
TH

ok

TH

69



KONA BEERZEE 2022.07
gy | REF KONA BZH e
No i) K& FRIE (FRAREZiEF)
1 1990 |Charles S. Campbell |University of Southern | Outstanding achievement in the areas of dynamics of particle
California flow and mechanics/heat-transfer relationships for particle flow.

2 | 1992 |®H A K RO A, BSE e & DN SRLIC S A%

3| 1993 |IBE fRhE KBRS WRRLTARIC L7 0 VKT ORIk & 2 ORI 02 35
VF % BH 70 SR

4 1994 (VLK # Sl L7 aYV IV OUEEIZET 205

5 1995 |#=®H & NSNS PRk g Rl s L7 et i 7 o e 2 0
P43
7€

6 1996 |% H— UM 3R ] S RAREL I e OBk AR D27 2 B3 B A5

7 1997 s =W e R R 2 FERETERL T- O RERT L O L Z DR

8 1997 |BJ % LI NES TERZB S B W%

9 | 1098 | AW SRR BrRLE 7 B OV 7 1 VR T O & RIS %
7

10 1998 |fi%s & BRI RO SR & R B3 2 W B LA i ST

1 1999 | # NITNEE AR B & CHA MR OB > I 2L —va v

12 1999 |4k T-5Y BPURE BT 7 v VR OEEE) & HEC B A FSE

13 2000 |fElE HRK b itEE K TR T R B OBEWIY - ALF IR 7 0 & 2 DR %

14 2000 |HL BIA FLREE 7 ENT 7 AE RO EACBILEAM & Frd o 7

15 2001 |ibiA Sk llPNES WKL T O EAIG OB FI & 20l

16 2002 |dife IEH FERIRE VBN OB SRR, BN S O LTER I &S
FA#PR D3R

17 2003 W4T & LU R AR T3 HCR O %2 M & ZE IO 7\ B 3~ 2 F %2

18 2004 |H\ ) FEARE: WAy I 2L —va VEogE 2o

19 2004 |fEH 5k By BRTaxy ¥y 7 XD HM R ORI

20 2005 |fafk FAE HFTEEBER TRENE T & B AR ok A OB LIZ B 26 H

21 2006 (B EAK INEYNES 70N OIERERE AR T 1 A DR

22 2007 |FEHE R HAERA AA 7 IA M) —OIFEE TEMIS BT 258

23 2008 |Eiffi 5 FANEER NS T 3 v 7 ABRETE O HBER ] & AERI A 0 BB

24 2011 | MRS W= s TR NS MR LEEZIRICLET I vy 7 2ARE T a v 2B %03
et

25 2012 [P EESC Al e NS W Et 2 e & B8 LIRS BRANZ B 5 A 0F5E

26 2013 |H W - MR TRRERE | BOIR T T 2 DESEEALIC X B v Uk ) A o0 A1

27 2014 | KA HE BPURE: IT T AN e L7z T v Vo5 - BrEkicB
ERAY0/ ¥

28 2015 |HHF mk WAkl S R Lap 2 JERE & U 7 e 30 R s BEA L Bty o F 72 Bl 5

29 2016 | Kjr HESC FAL R SR BE R D FE W]

30 2017 |Sotiris E. Pratsinis Swiss Federal Institute | Pioneer research on particle formation, agglomerate dynamics

of Technology Zurich and, in particular, for placing flame aerosol technology on a
(ETH Zurich) firm scientific basis for scalable synthesis of nanomaterials.
31 2018 |Mojtaba Ghadiri The University of Leeds |Contributions to the particle technology on linking the bulk
powder behavior, particle characterization and modelling with
hosting the young scholars.
32 2019 |WNTE AR NN Contributions to powder processing technology for high quality
advanced materials.
33 2020 |Brij M. Moudgil The University of Interfacial engineering of particulate system for enhanced
Florida performance.

34 2021 |Wolfgang Peukert Friedrich-Alexander- Particle based product innovations by understanding and
University Erlangen- controlling particle interactions
Nuremberg

35 2021 | B HUHR Advanced characterization of fine particles and the

development of novel powder handling systems.
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HEEROEBRTOBIE

F£E BEIRICET 5HENRS KONA EEDHAT
ME | BmE | B HReT—< HEH | HEE | SH | RER  RBITEH
SERE 7] 1995 | 29 [ BMAT Ok RICBIF B4 - fREEEITE 5 232 13 240 2,300
8 1996 | 30 | SEuatRAERMEREORGE T 0L 2 5 144 14 200 2,300
9 1997 | 31 | BREEORAEHUN AT 6 142 15 254 2,200
10 | 1998 | 32 H?’gﬁf%i*fif?:gﬁ”%/ fin B 6 210 16 256 2,200
11 | 1999 | 33 |FEFAIM DD OmEIY 6 246 17 250 2,200
12 | 2000 | 34 |IT BT LKL 8 283 18 248 2,200
13 | 2001 | 35 |/ KFHEANOWIRE 7 184 19 283 2,200
14 | 2002 | 36 |F /KT OEER~DEH 6 208 20 276 2,200
15 | 2003 | 37 |FINS—=FA TN -FHIAT— 6 227 21 246 1,300
16 | 2004 | 38 ié%ﬁwﬂ L 2BREROTRE DS 6 160 22 211 700
17 | 2005 | 39 |ZZETHRZF/HTOERL 7 205 23 224 1,000
18 | 2006 | 40 :’; %;7%%3“3@@@%%5 TR OHE 6 174 24 252 1,000
19 | 2007 | 41 %%2%;4 sV Ty smT=W 167 25 303 | 1,000
20 | 2008 | 42 ;%;é:;%é% TT7 /MY R 6 126 26 282 | 1,000
21 | 2000 | 43 ;}é;;;é/ 0 Y =12 & B B ko EREIL & B 6 160 27 248 600
22 | 2010 | 44 ; ;%1;;4 FNNL R S TEMRER | 134 28 242 600
23 | 2011 | 45 %(tf\‘;),;%7 VT7omY-OMRER | g 174 29 284 600
24 | 2012 | 46 |F/8—=F 4 ZNT o0V —OIEHIRATHR 6 141 30 288 600
25 | 2013 | 47 |[JedEoHMRE TR X Z AR LF oM 6 201 31 274 1,800
26 | 2014 | 48 |ZHEARDBOOL D ELZ MK TFOMEL 6 153 32 283 1,800
27 | 2015 | 49 |KEfLE & HITHLRATY 6 162 33 357 1,000
28 | 2016 | 50 |mAmAkAhaE A RN 6 156 34 293 1,100
29 | 2017 | 51 |JevmARREIEICRD &N B B Al 6 161 35 287 1,100
s0 | 2018 | s2 ?g%ﬁﬂmémﬁs L ORI % 32 B RH 6 161 36 297 1,100
AflI1] 2019 | 53 ggwé% 7RO LIS R 6 178 37 271 1,000
2 | 2020 ok 0 0 38 288 900
3 | 2021 ik 0 0 39 277 800
& F 152 4,489 7,214 | 36,800
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1990
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1991
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1995
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T

KONA D il %, W ARBAlT G L Vi1 &k E, &V
HIMBOATZHEEE LTE-T LI L1572,

2003
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