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1.1 #rFEOE R

BRENEART S A ZD/NRE & mERIC E R WEIRNEBHE & o> TR Y | EWS
BHZ 3 2 HARBIFE A T 5 (Fig. 1.1.1), /ST —F /3 R FEEEEIFFERIC IV TIE, &
WBEME & RS MENER S TR Y | 7L I AINBRREL ST A F (SsNIF AR
APERE LTI L2 T 2 v 7 ZERPES O H T 5(Fig. 1.1.2), —F, EF7Iv 2
ZHMRE D SR OE I LM 2 2 2B IR I m W EMREE 2 & S ER(L S 2 el L
THONDHBMEIOFTER G E > TV D, ZOmEWEMENEZ & BRIV EY (BT «
7 =) IZBWTHIEFE AIN M ROFENEE > T D, AIN BRIZEWEMRER L ERE

FMEE AT OHEHMARTHY, TAI T LR MREEHRFET TR LE/Y %
PS5 NEITEE] 20 T—RIICRE ST 5 (Fig.1.1.3), #Eh7 + 7 —I3., Fig.
1141 TEY, ZARFIRV) a—rREOHIRICHREL THEHNIND 2O, mWEYs
ERDERMIRMETZS TR B~ OFEMEAL PN ZEME R E b ME L S D,

727> T %, h-BN(hexagonal Boron Nitride : LI h-BN %7213 BN & #5279 5%) BRIE
EWEMRER ERMEEE AT AR THY AT 47— LTHETH 5, AN,
AlOs & #7210 | h-BN (3 600K, BWew, LM, BEEiZi T HIFRF S35 il
74 7 —HMEBOOESTHD, Eio. AIN BiR KXV BlKIEICEN TR 0 B0
W Vo o mE B HE~DORASFRETH D, BiTiL, & 5 HBE 6G) OBLGIZL
D X EROEGAM BB LIE L 720 | SRR PR ORREER Y + 7 —TH D BN

T4 T —ICKT AN E E o TV D,



Miniaturization and high density
of electronic devices
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Increased device
thermal density
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Importance of heat
countermeasures

Power transistor
Heat dissipation materials
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Heat sink

Fig. 1.1.1 Thermal management of semiconductors and the role of heat dissipation materials

(A) AIN Powder

[\

(B) Heat dissipation board of AIN

Sintering

Fig. 1.1.2 (A) Photo image of AIN powder and (B) Heat dissipation board



( (B) Properties of AIN

* High thermal conductivity
* High electrical insulation
* Thermal expansion close to Si

\

~

J

(C) Production process

Carbothermal reduction nitridation

ALO; +3C +N, — 2AIN + 3CO

Fig. 1.1.3 (A)SEM image and (B) properties of AIN. (C) Production process of AIN

Matrix resin
~0.2 W/m-K
(Low thermal conductivity

AIN, h-BN, Al,O;
30~ W/m * K~
(High thermal conductivity)

Heat dissipation sheet 5~15 W/m * K

Fig. 1.1.4 Heat-dissipating mechanism of resin composite



1.2 h-BN #=FRIZDOWT

ZLRUEMRIT, FUEB)EEEN)NLRDIEAMTHY . BRRITIIFEELLRWVA
TOWETH D, BT ZOMEMEET, FI2, KEMHOR 5 BN (hexagonal : h-BN) |
Z21Hi b BN (thombohedral : -BN) | @& EAH N )57 i BN (cubic : ¢-BN) , &7 /L §k BN (wurtzite :
w-BN) D 4FEHTH D, ZHHDHOPT, TEMITHRHEER S DITRT7E BN FH &AL
T BN TH D, HEAD h-BN (X, 1842 4£(C W. H. Balmain (28 Y . &EMD ¢-BN (1,
1957 42T R. H. Wentor (2K > CTHID THL SNz, BILARURITIT, T b OffEREED
[ENIZ, h-BN OO HEZ Y OELNT-ELEMEE (BN) &PFEHINAFE HAFTET 5 (1-3),

ANAFmBIOSNFEOERURIT, TNENIREZEOT 77 74 MEBIOFY A YE
RNHH & mWERIMEZ A9 5, h-BN 1%, H 48R (White Graphite) & & FRIEAL, & WEMRENE
IR IE, M, THEVE, R R Ik DM R 2 A3 5, Fig. 1.2.1 12 h-BN Offfidh
MGz R"d, B & NBZAICHG L, BRLIEAAEOY — MROEREEEZ AL TWD
4. FEW (aglidim) o B & NiL, ARG THEISHE LTWD28, EE (c #hi7m)
X EEDOTHNT 7 T AT — VRS TRA LT D, 20K 9 im0 85I R
LC, +ocfEdaER Lz h-BN ORL- 2RI, Fig. 1.2.2 12733 X512, i koki+-Th
%o F72, Fig. 1231778 Y , h-BN B RIZHEHKRTH D,

— 5 SEHREMR T REIZ, XA YEY RO L) G2 o0, ¥4 YT FIC
RSEEELFTL2WETHY . PFEMEICEABEEM BN T AR TR & L TR ST

W5 (5,6),



Fig. 1.2.1 Crystaline structure of hexagonal boron nitride
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Fig. 1.2.2 SEM image of h-BN



Fig. 1.2.3 Photo image of h-BN powder



1.3 h-BN ¥y RO&-FEMEE
AR L7259, AWEE IS h-BN (X, B U EE2E LN 585

Ha RO ME Th 5, TRl h-BN OB FEMEE 2 75~4(7,8),

ER TOREMICEN TR Y, ZFEME F T 3000°C, 7 /LI R E KL T TR 2000
°C, HEZZRAEIZIV T 1200~1600°C THEATE 5, £z, MELIEICENL TR Y . Bean
LIRS T 500 °C LL B2 WML S5 DIzt LT, h-BN B LRASICEHE N T
700~900 °C £ TOMMILIEEZFT 5 Z LRI TH D, MWBMREREF LN b, B

EREDMEN T2 D B WEVE R 277 L, 1500°C LL B S 24 LT HAE S L7 uy,

1.3.2 [ &R
JEkMEEEZH T 5 h-BN (X, BB L0 TmILE Y 77 > MoS2) & [FERICAREA 72 [E {4
HEAITH 5, h-BN OREAKEIEHA & L COREEIL, B ikt ) 77 MoS2) L0 b
IR D EREEESESm N ETh D, LT Y 75 2 (MoS2)iE 400 °C. EEnix
450 °C 137 BIEEEA#H 2D D DIzt LT, Mitig{brEic i 5 h-BN (X, 600 °C PAE

THEWEEE LR T 2,

1.3.3 BEMRAYRrt:

h-BN O BT T E @R Tide <. @RS Bk & FERIC, hEd - 2T 14 2k
72 EOUIHIBEHIN LA FIRETH Y . kDB T I v 7 LB 2/a ) FHEZR TR & SR AT
RECTdH b milkifiiiss & L TEMES TV D, BIEWIE, h-BN OF)7RZ2~2000°C 0 i

RCHERT A Z ik THIES NS,
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1.3.4 {LZERMHE

EFERNCLETH Y $&, TIAI=0 L 8, B, i, =y, v Tl £<
DO&EBEFEBE TIRENZV IS LD Ly, —F, BRI ERO L IR 0&R LR
GO LTI A BT D, ETo, USSR OERT 7 2125 L ThiRILUT< < AN\

PRSP T Tl £ TRt &t 20w,

1.3.5 BEXHIMHY
EEMOBRITK L T, h-BN IXEAGMEMES K E <, BIRIZBW T HEN =BT
DIETA/NE N, FERB IO ERE L /NS L EEOEEE TONRAL T 2 HBROHEGHM

Bre LT, B RrtE 2R,

1.3.6 BVREMH

Mt DE T I w7 TR EITRR Y | KT OBIRE) (7 4/ OIRE) 3 EREZH
Yo X T, 74 VOEBEBEENKEL, 74/ UBEELSIC WIEEEZ BT 2WE T
HHIFEEBMRERNEL 70D, BARACIE, ook TS, TR FRREE 23R <L R A
N EHTHAER B OCPENEREETH D L SNTVD, BN I, W5 b

ZLTWHAEHEEMEE T I v 7 A TH D,
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1.4 h-BN RO —EHEE o+ &

h-BN /3@, BRFUTITFAE L RN Bix R TIETHEKRT 248N H 5, h-BN
BAIOEEGNIE 1842 4EICHE S7=28, h-BN ORGEAEEIL. 0%, £ 100 4ERUE<
B TERDN o1, BN Z28UET 210132 OFERH D8, 2L b ORGE AT I3l
72 NEERH Y . ZDIFE A EITEE LWFEE A TEOICHENMETH S,
h-BN O#EHEITFEIC 3 2H 0, 1 2 HIFHR VEEHsBOs)<C A 7 i (NagBiOn) 7 £ DR v
fafi b 7 =7 (NH) Ot (TR (@) TRTXEG) T, Z4UE Haubner 5 X > THE

"B ENTZREERTIETH 2 (2),

(a) HsBOs+ NHs — BN + 3H20

ZORIGEDE T =T REHRFE LTHWDEE BEMETATH L7120, KOG
A% LEANOBMPRENZT TR, TUE=T AKROa X MELIETHY | #Hiizic
PAEARBAPEAR RIEA T TRAET 7 0 MR T 2BM 7T AL LTHE LR,

2 % H OB EITA VBRI AR U #B0s), W L. AT I (CsHeNe) IR
(CONH2)2) 72 EOFHERIAWE ORI THD (9, A7 I3EE LT, RS TEkER

TWbr7rtATHs (F=X b)) KO () TRIIN).

(b) B203+ CO(NHz)2 — 2BN + COz2+ 2H20

(¢) Na2B4O7+ CO(NH2)2 — 4BN + Naz20 + 4H20 + 2CO2

ABLEETIE, EXRWE LTARERAMLEW AT 8T Tre=T A0
MFBETIEZR, LinL, —BRIICAREREEWITHRNMESBEE CRETHY , &
RS TOMBAMBETH D, £72. (@), OISITIHWT, A UBbEELA v #ES 1000
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°C LTOIRETHERML, 7o E=T AT IVELOSHEHBENNSL b, ZLHE
TTeDIZ, NEEDOIRNMTHL ) VBN 7 DERMLT, KOSERET 5, LrLl,
ARIFETZEMBA DY RN T B G bW A RET DS LREALE TH 5(7,8),
3 FHORIEF LT, AFRORFIETH D, BHEARISTH 5H(10), EARIGIE
T (D) OEXTRTEY THDH, ZHETRIIED A B =X LERIT 2 72010, flix
DWFFED TN T & T2, Pikalov b, BbRVFEE D —R 77 v 7 )b DEITLEIS
# 2 BEEORIE T 5 LitamftiT 7D, £F, BIbAUREI—R T T v 7 DRIST,
AL 7 #(BaC)BAERL L, e THALAR U 38 LRk v BN ERE NI FEHK TG L, h-

BN 23EpT 5 (F (0) KO () TRIIN).

(d) B20s + 3C + 2N2 — 2BN + 3CO
(e) 2B20s + 7C — B.C +6CO

(f) 3B4C + B203 + 7N2 — 14BN + 3CO

EICEACSIRIZ I T 2 R ICH W T, RUSAEE Z 5 1000°C LA E il THEEFE S 2 50k
FFELTELT, kT AT A L OMZER EORBITEZ 5700, o, JOSHT AL ERT
ATHDTORIGHR EDHEL DR T n v ATH D,

Aydogdu %, RALAR T ENRISOFHAERM D E S R T 272012, WL OO
MEITol, RICRVFRE D =R T Ty 7o EN et bRy FEE —HR
7T v 7 BB S FEE 1500°C T 2 B, EREFEHK T TN LL & Z A, @bk
VREN—RT Ty 7 in GRS NIFEIO A BN ARRER LV T & 2 LR
RUREN—RT T v 7 ORISDTT R & flamt T 72(12),

h-BN O &b 72 0121%, 1700 °C BL O EiRAAERNS LB TH 528, [FIRFTRL 1% ik

REEL ZLICL ) REBEOK T 21501218, BIERUFESLT VAV @BELIZT VY
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THA IR 72 E OB TR Z IR T 2 BIAIRLETH H(8), EILELISITIIT B fillit &
LC, AT RIZ R W TR, IR Y U LRI L2 T WETZITER b I V2 7 W72 E DY)
FOWMARFT N TEY | h-BN BEROUGELRL PO KIS LR EH O T 72 £
MESINTNDA3,14), LinLAanb, TALDITIFZEIZIVTIE 1800°C LLED &R
IR0 2 BIAIEE T COBE LSBT 2 AT RIT R S TR B9, £ DORIG
AT = XALRRAER . 755405 h-BN KL T REIZ OV TS R R0 23 % 0

ONBARTH 5,
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1.5 h-BN ¥R D TEM AR

h-BN ¥yRi%, FRUIRTEY | Hx OEXESBOZHRLHBRITS LTS TS

(7,8),

1.5.1 {bpbdf A&

h-BN OB RIZACKH K TH Y | 18507 Fhil v N2 BELT 2 MHE B LOMMEITH T2
TREMEND, AR 7 7 7 —v a VITHIH STV 5, —RENSAbRES IR I ST
WOBIRIT, ZNT R0~ A T EORESN . WAL T 2 R b A R L Ot b
BDVTERIRT A v o7 EOFHB M LTS, TRLOMETIE, T 2D TER
W, IAN—T) (BIEREZFE~NT27)) 7 4 v MES DITITERMER & o bhii & &

L THFE LR Z h-BN 130729 2 SR HRETH 5720, RIHERTASEH I TN

1.5.2 [ A iE VR

h-BN (T, s E KB AR E LT, K AR EI3 ) a— 2 F A VTS
HTHEMICEAIN D, FIREE IS HRS 2 BEAREEA & LT, B ke ) 77
MFIBATWD AN, h-BN T, B ZhifbE V) 77 ATk LT @il C o EATMEEERED
<, MR TOMAIZEL TWD, &5I121E, h-BN (X 900°C if < £ TR b LBV Z & h»
5. WIRARICHEL WD, SRS LT, K VY a—rF AV E ARSI
h-BN ¥y K& ¥ —IZ0 S 72 h-BN 27 L—8 AN — R CTh 5, Higd LT, &

B T ITARAF T T I I AOKIER CIEENVHBETHEHBAINTWS
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1.5.3 7 X v 7 2Rk

h'BN Ot 7 2 v 7 ZARIERIL, £ OENTZEREEN, (LFH2EMS KX OTMREVE M
Mo, BT Iy 7 ABEROE Y Z =R L RIANE T Xy 7 ABEREBLY TR ST
W5(15), h-BN £7 X v 7 AIBEORHRE LT, SINLHERST i1, h-BN B HE
1. AR TEDRVY h-BN ¥R 2 JFUEHT VT, 1500°C PLETHERE 5 2 Ll k- THUE S

5. h-BN BRI, EERERIECTH D7D, MERER S — 28 0E 5 1ETH 2,

1.5.4 BT 4 T —

h-BN #52K=° AIN 72 EOZMN, T O@EmWEMER L BELMEEE A0 LT, kT
€4 7 —HEE LTRSS TERY, BHBERIICA DT + 7—& LTHEAZBROT
VW %(16-19),

— i, BEOHS TR SN TV DT « 7—L LT, AlOs(7 /L2 )
bD, TIVITIL, EOF R L EME S | BRIRRL T 2 22l 22 iliAs TIRELFEER Z LD |
TGOP TR HNWONTWLHENT 4+ F—Th 5, 7/4I7F, AIN, h-BN OHET + 5
— & LCORE% Table 1.5.1 IZ7F, h-BN ¥iRiL, @m0 BzESR L BEXMEEEZ AT 5
HEMARTHY  AIN R AlOs 7 1 7 — LR D | o< oW LM & e
EIZBWTHHIFFSN TV D, £72, AIN IZHARTHPKEICER TR Y | @V EHENEZ 25k
SNDHE~DREANRETH S, FiTiE, 5 HMAWME (56G) OBGFIZLY | KFHFER
DIMIRIRLIE L 720 | MOE BT « 7 — L LU CKFER TH S h'BN 71 F—
X DI E E > TV D,

AR L7= & 912, h-BN K 1-i%, B T & N A3 HASESI L 72 S 54178 g ik i s
L TV D, FaOEEREEGITR LT, BHAF TS IO NT 7 o T T —/L )
THRALTED, BB EREEEZIL Z ENabN TS, ZOBIRMEEICHKL T,

h-BN K+ DR TRITE A BB (7 A7 ML (RR/EHR) A 10 L E) ThDH, Lo
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Mo T, ERIRT 4 7 — IR THIE~ O TN | BT « 7 — & LTHW S BRICHE
LT TND, BT 4 7 —HBIRIC TS 256, FREENE T IUTE VI RS RIT
M B3 2720, BIE~OFEMEITEERRA L FThHD, 72, h-BN 2S5BSR L
TeBROREE AR IR D 2 &3, B — N ORIERFOEERKFTH Y . h-BN OB %E
HfEIcay ha— L, BRIRK FICE 3 5 Z e ca i, TEMCLEEE CTHLHERAT
HD,

F72. h-BN b+ OREIREEIL FFifb gk L, ZE72 (0001) HlILHRBR &N
Dia L RO BJRFIZIZT 2 /& (—NHe) KRR (—OH) 2SfEG L TWD Z &2
HITW5D, L, EiEREEZ, ALOsD X 5 Rk~ «+ 77—, W UE~ «
7 —T® % AIN ITHARTHARL, BEE DOBIGZ b Iz, Rz By E L7ch
v 7Y 2 T HIDE LN (20),

®1ZiE, h-BN (32 O EIEICH KT 5, BMnEROR T HZA L TR Y . B+
JE73 75 10 DEMAE =R HME < (2 W/m - K FREE), i 5 M OBMREEA E V(110 W/m - K 2
F£), Fig. 1.5.1 IR0, BHES — M ULEEE. v— FRICHIRKE 2380 L, Bk
D—FARGHEPRELD Z LB TH D, FrlT, 7 AT MO @R BRI T3,
BYREROEWER G WA — FEEICEM LT LIV, B — MNERIT M~ HEWE
PMEWZ LB TH D, ZOX D IZERHEEITERT 5 “BUERO R &l ioks
FHEEICHRT 2 “BHUIERERE OMIREIE”, £ L CEREEREAEN DRV Z LITERT
% “BIIE L OBIGADES” PHENT 1 7 — & LT, kDR h-BN 7 ¢ 7 —Z H\ 5
DOETH 5, AHFFICBV T, T & LT, BYRER O I L SR TSR OB k>
RS D701, BAFIICKIEERE L7z h-BN R 728 L, ERfEIcE+2mAR %

HTH0i, SHERFEIT- T2,

17



Table 1.5.1 Characteristics of heat dissipating fillers

h-BN AIN Al203
Mohs hardness = 2 8 9
Dielectric constant (@1 MHz) 4 9 10
Density [g/cm’] 2.3 3.3 4.0
Thermal [Wim-K] A o *
conductivity 27110 180 30
Water resistant O A O
Particle shape = . A L o N o
Plate-like/Agglomerate | Sphericallirregular shape Sphericallirregular shape
Previous research Resin composite 2
o
_ . . t t ;
= High-aspect BN oriented in the sheet plane will conduct heat in " bt 4 =
=)
the plane direction, resulting in low thermal conductivity in the '5
thickness direction 'Heating clement ‘M
This research Resin composite -
. 3
Expectations for Low-aspect BN * T ® g 7
- N
* The planar direction of BN particles with high thermal conductivity , / \ b=
=
can efficiently contribute to heat dissipation in the thickness direction / \ 3
of the resin sheet "Heating element ‘.‘

Fig. 1.5.1 Conceptional figures of orientation of h-BN and efficiency of heat dissipation: High-aspect
h-BN particles aligned parallel to heat releasing surface show low thermal conductivity (top), while

heat dissipation is efficient when low-aspect h-BN particles are perpendicular to the surface (bottom)
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1.6 AHFZED BH L

h-BN i RO EZR THEMINEL LT, ARERIEW THLA T I VORBLERRF LT
LD FEN R TH D, AR T, EF T AEZERZET5ECEMEICEIS h-BN B
KD 1 BEREERR ARG Lo, EnEbiklc L5 h-BN RO 1 BEREARIE, & 7 Ry
LN—R R EERFHK T CNEAT 5 FIETHY  2BEBEAREFEL T2 T I AL
L2 h-BNHROHTEEID b a X M A Y v M35 505, Al EOHIEORIER B IR D
HlfE 72 & OFEDBFE L TV D,

ABFFETIE, Table1.6.1 | Fig. 1.6.1 [Z/3 78V | o @ {bIEIZ K 2 h-BN ByRK O 7 fdky
R b DBl LTHWD 2 & T, ANl & KR DOFIH 21T W2 b BET 1
7 — L LCOAMMEHIRE SN D ESTTAICKIEERE Lz h-BN k1% 1 BRECTaRT 2F
EERMTZ LA ERE U CGEIR BT 21T o 72,

ABFFETHY EiF % h-BN ¥iKlE, R UVERHBOs) & —HR 77 v 7 (O &JFREHA &
L. Bifle LTk o A(Ca0) & AV, Bk & Bl fz=URA Li-Db | &HR%
FHAF 1800 °C~2000 °C TEHLS 5 Z & TRILEMUSSETHER LTz, ZDHE., KK
JEDR TR E WALV T MBS CREL, mMMED h-BN M REZ G L7z, & 2 &
TiX, h-BNIECZ SIS 2 6 IS HAF 5 B i) CHRERGET 21T > 72, h-BN #oEbn
% BIVFHE R A O TREMZRIENT 21TV TN E ORI TR 2 0 1525 BURIZ
DWTHERRBREZ(To72, £ LT, FHEMFETT h-BN EBERISEIT) 2 &I K
V. T OFEARDCRIAE R ORFE 21TV B O h-BN iR 4155 72 O G Rkt %
BEt L7z, & 33T, K EH (Bt b v a) 25 Z 12k % h-BN BRORE
pa I REHIENZ DWW TIRET 24T o 7, £, b v > U LBAIOFHEIZI51T 5 h-BN kKD
IR REZBIZ2 L C. h-BN Kk RICH 1T DRk v o v LBIEIRINO 8 2 A LT, Ik

W2, Bt vy DRI OTRIEZZE L, h-BN KL Ohi R OR B Z bR EfE e & N

t.

RIEDZRD Z LI R D BREL, BT 4 T—ICHE LR FREEBIRD = Fr—L

Ej
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ZOWTREMIZR R 21T o 72, 85 4 T, B kiEz MW TEM L7 h-BN RO
Bt — b~z et Lic, 22T, ABFETEM L7 h-BN iR & #fRIC FeE
L. i U7 it o — S OB TS HIEZIE T 2 2 LT mEWE & stk et 2
RO B ERR o — MBI ZE U7z h-BN By RICBI 9 2 20 /L &2 1572,

F5ETIE, INOOMBHEREHRMA L, MENZHET « 7 —L LT h-BN HRxGEH

DfeEZFTHH LT,
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Table 1.6.1 Summary of preparation method of h-BN, purity, and particle shape. The purpose of this

research is to obtain h-BN particles with low aspect ratio.

Previous research

This research

| Addition amount change

———— 1 1
Particle _ . !_!
FLpTL. #5700t Tk Low aspect ratio
Purity Middle purity and crystallinity High purity and crystallinity
] Carbothermal reduction
Melamine s
Method (T ste $) nitridation
P (One step)
.. Ca0O
Additives - o T—
Raw Firing — ; :
materials s conditions - h-BN = | Resin EOmpOSIic

CaO

High purity

High thermal conductivity

|Low aspect ratio

One step synthesis

Firing temperature change

:>ff\

Resin composite

f Heating element ‘

T o
e

Luﬂooz~00L

Fig. 1.6.1 Schematic diagram of this research. The h-BN particles with low aspect ratio obtained by

the one-step reaction presented herein have high purity, and can be expected to find application as a

highly thermally conductive filler in resins.
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Fig. 2.2.1 Changes in the Gibbs free energy of B,O3-C-N; reaction
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Fig. 2.2.3 Equilibrium conditions at each CO partial pressure and temperature of the main reaction
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Fig. 2.3.1 Experimental procedure of this study

31

Acid treatment

Remove
reaction residue

Analysis l

XRD

XRF

FE-SEM

SEM-EDS




232 fERLEBE
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T 7 IR E oW, A FICREHES MR O OWif 2 Rs Uiz, 2~V 74K LR
FHEG W RZ(LY & L IcAMBITAGIL L=os, IR AR A E/ LT D Z & 23H
bk Zpole, BHR TR, SV ZIREDOT SN BERL T E o Tz, £, R
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Fig. 2.3.2 Photo images of (A)raw materials and after heat treatment products (B),(C),(D).
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Fig.2.3.3 (2 1200 °C T 1 K§[#(1200 °C-1h), Z D% 1840°C T 2 I¢fi](1840 °C-2 h)zZEfk L 7=
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LD Z LR EMNEIRoT,

Mlcroscope

Black
particles

Heat-treatment condition:
1200 °C-1 h, 1840 °C-2 h
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Fig. 2.3.3 Photo, microscope and SEM-EDS images of black particles
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Fig. 2.3.4 XRD patterns of bulk raw materials and heat treatment products (after acid treatment)
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BN(002) \ﬂ ®B,C CaO-not-added system (1200 °C-1 h-1840 °C-2 h) |
L ]
Q—J A,
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Fig. 2.3.5 XRD patterns and SEM image of CaO-added or CaO-not-added heat treatment product

using bulk raw materials (after acid treatment)
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Table 2.3.1 Analysis result of CaO-added or CaO-not-added products using powder form of raw

materials after heat-treatment before acid treatment under each heat-condition

Maximum
Composition of powder nitridation Results of XRF (wt%)

temperature
¢C) Results of XRD B N C o | ca

1840 °C-2 h
BN, CaBs, Ca3B:0s 38.1 | 55 - 1.5 145

(CaO added)

1840 °C-2 h

BN, B4C 40.1 | 574 | 1.2 - -
(Not CaO added)

WIAZ ST R R BE O 2 HR R & el % 2L S B 7554 @ G.L{HE(Graphaite
Index), FEVLIF DR D XRF HIEIZEIT D Ca JEE( wt%), XRD HIEIZ L % CaBs/BN D
RRE—7 gL, BORTHRE N TO D0 ONBRAER R %L Table 232 (IR LT, F
To. BRI R DB SR O XRD /3% — 2 L RIERE R % Fig2.3.6 (2~ L7, G.LAEIX h-
BN ki 1-OfEftE&2 m 337 A —2 TH D (11), Kbkl XRD JIEREFROKE S E v — 7 i
i =(100)+ (101)/(102) 2°5H3ROBHZENTE S, GLIED 1.60 IZUTVME L, h-BN KT

DOFEFPERE N ERE BTV S, Table2.3.2 No.2)IZ R Y . HIEE % 1200°C (2
E L. il 2 1840 °C—1940 °C (1T LT 724 A 12BN TH, CaBs DRIEEZMA D Z &%
TERIPoT2h, PR 1200°C % 1300°C, 1400°C, 1500°C & EIF TV <IZ-241LT CaBs

AFIHEMEANIZH 0 CafREE BT LT D Z E R B0 & 72 o 7o KRR 1400
°C F721% 1500 °C BRI TH Y . 1400°C D & & G.I A 1.60 ([ZH HIT< 72> 72, h-BN
BT OFEEIEDRF D o 72Dk, TR 1400°C fREFCH 72, F7o. Fig3.7 (207K
JEUEEZ» 5 FREL L 72 h-BN KL -0 SEM BIE3E R &k L7z, SEM BUEERER K 0 | PRI 1200
°C D F. il Z 1940°C (2 BT TH BRI FEORE R 35607, FRIERE A -
FTW IO T, BUIRD 5~10 um ORI %H T 2 I 72K 1 DIF(E & fERS L7223,

PRAI IS il D REER R DIE B R L WVBIANZ & > 72,
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F72. Table2.3.2 (TR T & 912, MIKRFEHIIBWT S [FEERIC 1300°C L1 PR EE fRFF
IZHB T CaBs DEIEZIHI L, h-BN BH—FHO A RA/GONDL Z Lol HIH
IREORIRIEIZ KV CaBe BIAES I S D EANT SV 7 RFEEFZE L & FERTH 525, Bk
JFEHEAL D J5 8 CaBe & LR LEEWVERIE CTH D Z E B Bk 7o o7, F£72, Fig2.3.8 1T
REER BT L 72 h-BN KL T SEM BIE R 27”97, SEM BIZAERIZHE WV TH, [FERD
EH[ATH Y | PR Z 1400°C 7213 1500°C M2 2 1840°C 12 L72RIZH W T,
5~10 um OBRITHIFL R L7ohi 2 2 <R L7z, F£72. GLEICHE W T HEEE 1400°C

MO EIRE 1840°C IZ L7223 b 1.60 125 < . mWiEdatEa2 A L T,
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Table 2.3.2 Analysis result of powder and bulk body form of raw materials after heat-treatment and

acid treatment under each heat-condition

No. | Intermediate Maximum GI Ca CaB /BN(002) Appearance
temperature temperature | (XRD) | ( wt%) (Area ratio
(°C) (°C) XRF XRD)
Retention Retention
time(h) time(h)
Bulk body raw materials

1 1200 °C 1840 °C 2.19 2.1 0.057 Contain black
lh 2h particle

2 1200 °C 1940 °C 2.17 1.1 0.035 Contain black
lh 2h particle

3 1300 °C 1840 °C 1.78 1.1 0.048 Contain black
1h 2h particle

4 1400 °C 1840 °C 1.68 0.7 0.018 Contain black
1h 2h particle

5 1500 °C 1840 °C 2.15 0.6 0.012 Contain black
1h 2h particle

6 1400 °C 1940 °C 1.72 0.3 0.003 Contain black
1h 2h particle

Powder raw materials

1 1200 °C 1840 °C 2.19 0.8 0.023 Contain black
lh 2h particle

2 1200 °C 1940 °C 2.79 0.5 0.013 Contain black
lh 2h particle

3 1300 °C 1840 °C 1.78 0.05 So small Almost white
1h 2h (It can be ignored) powder

4 1400 °C 1840 °C 1.51 0.04 So small Almost white
1h 2h (It can be ignored) powder

5 1500 °C 1840 °C 1.85 0.01 So small Almost white
1h 2h (It can be ignored) powder

6 1400 °C 1940 °C 1.80 0.006 So small Almost white
1h 2h (It can be ignored) powder
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Fig. 2.3.6 XRD patterns of (A) Powder and (B) Bulk forms of raw materials after heat-treatment and

acid treatment under each heat-condition
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o

C-2 h:Bulk nitridation SRS fic Billenitifatior:

Fig. 2.3.7 SEM images of h-BN particles (bulk body raw materials, after acid treatment)

40



-1 h:1840 °C-2 h:Bulk nitridation g8 1300 °C-1 h:1840 °C-2 h:Bulk nitridation {8

1200 °C

N

C-2 h:Bulk nitridati

Fig. 2.3.8 SEM images of h-BN particles (Powder raw materials, after acid treatment)
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I, S 7 ARFEE O EAL PR ERRD 2T 57212, EHRIFFHK T, 1300~1940°C T/
VT RER LB L, Z D% k& XRD, XRF JBIE THHr L7z, Table 2.3.3 12, FiRET
PREFIRFR] 2 IR & 7218 4 R CHERR L 72 SV 7 IR AL O 3 Wk R % /-9, 1300 °C-2 h ££
FRZFBWTIL XRF TN LR DR ST, 1400°C £RFEF2> S h-BN O XRD B — 7 Jx O XRF
TON LRDHEGR SNz, AT, TR (1) TRTEISICENT CO & Ne D5y EAEE
L& ZTRDIREED 1040°C THEHPRIEIZ A2 5 2 L 2BV FHEIC I VLML, —
i CARFEBRIZE Y | 1400 °C LL EOKJRIRE T h-BN OB HEEE S N Z &b, ki
BTHRFD CONENEE Y FHEIREN EH L TnL 2 ENEZILND,

(1) By03+3C+2N,—2BN+3CO  (AG<0, 1040°C )

P TAREAICB WD TIINE O H AEHMEICZ LW =)o, BrEbs s & blio sy
RS THRAET D CO DEN ERLAIRMENR B 2 D, £7-. h-BN LISOEIA R &
L T, 1400°C-4 h fREFD> 5 xCa0-yBo03 DA RRIFERS Z 4L, 1540°C 7> 5 BaC 234ERK, 1740
°C 775 CaBg WAL LTV D Z & ARG S iz, L7eid» T, AIfiOBIIFERIC IV R L
72T (2) & (3) ORIGDFHEIREITVIRE TENLRIAERD D AERT D Z &b
27,

(2) 2B,03+7C —»BsC+6CO  (AG<0, 1592°C )

(3) 3B03+Ca0 + 10C — CaBs+ 10CO  (AG<0, 1698°C )

F72. CILFRITE L TIE, 1400 °C (2B W THERIFH 2 2 B 225 4 BFRICIER T2 & C
JLHRITAIMIT BUSIZIHE S, 1840°C LL LTI Sz odz, S 612, @i % 1940
CICTRET DL 0 & Ca DEFEHENPBFIKT L T Z LRI, By
D DODMERR ST, LLEDOBRL T V2D DERIGRIZI T % h-BN 2T Z L SR DA IR
WMOAMRME £ L O E KX % Fig.2.3.9 (2773, Fig.2.3.9 SO 1E, FREIEE O BIE

RS AR LT,
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Table 2.3.3 Analysis result of bulk body form of raw materials after heat-treatment before acid

treatment under each heat-condition

Maximum
Composition of bulk nitridation Results of XRF ( wt%)
temperature
Results of XRD
(°C) B N C o Ca
1300 °C-2 h amorphous(ap) 25.1 - 351|344 ] 5.0
1400 °C-2 h BN, ap 279|216 | 192 | 26.8 | 4.2
1400 °C-4 h BN, CaB,04, ap 336 |36.1 | 74 | 18.1 | 4.4
1540 °C-2 h BN, CaB,0s, B4C, ap 37.1 | 440 | 28 | 9.7 | 5.8
1640 °C-2 h BN, Ca;B,0s, B4C, ap 37.1 | 451 | 1.4 | 80 | 7.7
1740 °C-2 h BN, CaBs, B4C, Ca3B,0s, Ca:B,0s, ap 3931432 14 | 75| 75
1840 °C-2 h BN, CaBs, CaszB,0s, Ca;B,0s 38.9 | 54.5 - 12 | 53
1940 °C-2 h BN, CaBg, CazB,0s 40.2 | 56.8 | - <1 | 2.8
Theoretical value of BN 43.6 | 56.4 - - -

Raw bulk materials (B,O3+C+CaO) 169 | - 392 1403 | 3.5

43



Nitridation temperature
1300 °C 1400 °C 1500 °C 1600 °C 1700 °C 1800 °C 1900 °C

5 BN
2
&,
5
5 CaB,0,
g | C Ca,B,0;
IS (Ca0-B,0;)
~ amorphous BN Ca3B,05
B,C
CaBg

Fig. 2.3.9 Schematic diagram of nitridation temperature dependent composition of products (BN,
Ca0-B,03, CaB,04, CazB10s, Ca3B,0s, B4C, and CaBg). The relative area of each product is
proportional to the amount at certain temperature, and yellow band corresponds to the optimal

temperature range and product composition to produce highly pure h-BN particle.
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AR L7ofER L0 . S 7 REAmIZB N T, PREBEOERIIZ X 5 CaBs DEIES
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HEENT R TE Y . PR % 1400°C~1500°C (23 4UE, h-BN 234k L7223 5, CaBg

BFIHI SN D B R T, £ 2T VI REITBW T, h-BN B A5 572012,
R Td 5 1400 °C OIRFFRF 2 4 REFICIER L7z, Fig. 2.3.10 IZR" @Y . 7L 74K
ZEZIB T H CaBe OFEIAZ I L7z h-BN BH—MH2AS 541, GLEIZBWTS 1.55 &
INETOFBREID S 1.60 1T < @SS TEZ 7% L, Ca FRBIIRIE © 0.006 wt% & KA 7=,
F72. Fig23. 11 R T HIRESRME TR L 72 h-BN By RO SEM Hif§ L vV | 1400 °C T 4
IBERK L 73BN W TR, M DIRBESRAF TR L 72RLF- L 0 b L BRCRD D IER I 72 21
BN EBRDND,

PLEXY b0 A& LT h-BN B e bUSIT IV TR, JRBFD R FEDFRAF

L72HRAET 1540 °C LA EICHIRT % & BaC < CaBs 72 £ OREIERM 3T 5 rIREMDY &

— 5T, R % 1400°C (26RO 2 & T, ZAL S BRI D R Z 2 RA ] T =
52 EHEHLNIC LT, h-BN EIILE(LRIGE h-BN OARKIZ CO T ADHAEZ L B89,
L7232 TRABNIRO T AILBAEDME NG SR T O CO BER EAT D LEZXBND,
B ZEERICE Y CO DENEWEIKIZEH VT h-BN #In@ LAOG 0 R 23 1300 °C
FHEC ERFT2 2 &2 AL T0D Z b, 1200°C O H IR EE (R CIESUR 23 AT L
<, FEORFEND BRIOKRISIZHEE SIS Z DR BIERM Z AR LT EZ 2 Hivd,

FTo, REIOBRBA L L7556 7SV 7 IRIZE TR O 503, B OB 235
mRo DI, JRED T AJEBIED ZTH D EHEE L TV D, 2L 7 IRNERIEEES . T AL
BEDZ LS 7L ZHRRERD CO 3 JENm < 72 0 | BIuEABOCH T LEES | B4R
WER LG oo b D EHEE L TS, ULED X 91T, Btk v A&l L7z h-BN 2

TCEALSSIZRBW T, 1 BESRICB W CERLE - mfidatEo h-BN IR 255 7-901201%
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Fig. 2.3.10 X-ray diffraction patterns of the bulk form of raw materials after heat-treatment and acid

treatment under each heat-condition (A) 1400 °C-1 h-1840 °C-2 h (B) 1400 °C-4 h-1840 °C-2 h
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Fig. 2.3.11 SEM images of h-BN powder of bulk body heat treatment products (after acid treatment)

at each condition
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COEMPEIET DR EE LIz, 7o, bRV RE I —R 7T v 7 TEILT HER
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ga Ho. CalREDERWEHED h-BN MIRZ BT 5 Z L3 rRe L o7,
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3.2 CaO BIFIGRINRITE T B h-BN KL F DR i B EAERICEE T 525
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Ad L72 . h-BN i KA I 3615 2 2 e 2SI\ T b L 2w K 8#417% h-BN )
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b)) BT, RSB (FEEUERTER)Z VT, 1400°C-4 h-1500°C-10 min(1500°C %2
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VAR BEFEFIE T . 1400°C-4 h-1840°C-2 h(1840°C ZELMALEL 24T\, ERIKHE A
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& XRF & iT o7, LRiBeEsiid, JREtE L CTRHW b vy o A b ibR U FET
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PLEY BRI U 72 5 %tEEe T 217\, LR ORKISER LY 28 CHE Uiz, BRVEEIC

F o TR BMIZ h-BN BR D KLEESMG 2 st 2 72012, IR EETtEORLEE 73 A5t LA-

960V2 % FAVTHAT Lz, RIEDATAESIFIX, =4 /—/L 50 ml |2 h-BN 3K 0.5 g A

L., SEENEGE T Z 6 pRBIZICHIE Lz, £z, h-BN HIROLEREAIL, B

RUEFTHE O LR EAEHE L E 7 v — Y — 7 M % AV T BET1 AEE W Tt LTz,

Raw materials 15t Nitridation Acid treatment  Analysis 2" Nitridation Acid treatment  Analysis
H;BO; :5.5 mol Remove FE-SEM
Ca0 :0.5 mol aiction ™ I_I"‘ I
C :6.7 mol A:1400 °C-4 h residue
- 1500 °C-10 min XRD D:1400°C-4 h

Mz 1840 °C-2 b FE-SEM

Dehydration of B:1400°C-4 h XRF at Nz atmosphere

H,BO;at300°C8h 1750 °C-10 min Remove

— FE-SEM =1 reaction [P
residue
Dehydrated - at N> atmosphere SEM-EDS
Bulk body
Raw materials
— Remove N FE-SEM
reaction

Mix C:1400°C-4 h residue Surface Area

Dehydration of 1840 °C-2 h

H;BO,at300°C8h Particle Size

at N2 atmosphere Distribution

H;BO; :5.5 mol
Ca0 :0.2~1.5 mol XRD
C :6.7 mol _— XRF

Fig. 3.2.1 Experimental procedure of this study
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3.2.2 h-BN KR EH#EICIT 5 CaO BiFI0BBFRERER L B8

Table 3.2.1 (2 1500, 1750 °C ZAtM K OV, FEA M OREVEE D XRD, XRF HIER R 4R
o ZORITRT L 91T, 1500°C EALW TIFFE C 23VEAFE L TV DA, 1750°C ZEALMIT
WTIE, BB C IEIEAICHE SN TWD Z Ebnd, FEMMITFRF L TV o EARE L
Wi, 1500 °C Z/bM DE X CaB20s T, 1750 °C /LM TlL CasB.0s T o7z, EHH D
BERIREEIZ BV T CaBe DRIERIIMERE S V72> 7, £72, Fig3.2.2 £V, 1500°C T 10
min ZZ{t, 1750°C C 10 min Z{k, 1840°C T 2 h Z{L L FEpIRE A @< LWL Z &I &
Y. h-BN #Edh ORIE DS HER T 72, 1840°C 2 h fRFFICHBWVTIE, 10 um FEE DR DKL
TR STz, WIT, BIRE CORMEZ BT L, EEBIEWRE LBk &
LT, MU, SR EOMYEZEZH L TR hE-BN R TH 72, FHIRE
23T D E ) L RV A 1400 °C T4 h Z{h L Z D% 1840°C T2 h & (LT 52 L T,

h-BN K F-DVRIpR T 5 T2 D I A RIL DIFAEDS LI T 2 B D Z s LTz,
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Table 3.2.1 Analysis results of bulk body form of raw materials before heat-treatment and after heat-

treatment under each heat-condition.

Sample
XRD B N @ Ca o)
Raw bulk material Amorphous 17 0 39 3.5 40

1500 °C bulk nitridation BN:63 %
Before acid treatment CaB,0,4:37 %

1500 °C bulk nitridation
After acid treatment

1750 °C bulk nitridation BN:87 %
Before acid treatment Ca3B,04:13 %

1750 °C bulk nitridation
After acid treatment

37 43 4.4 4.9 10

BN 34 52 14 0 0

39 53 0 3.7 4.2

BN 42 58 0 0 0

Fig. 3.2.2 SEM images of bulk form of raw materials after heat-treatment and acid treatment under

each heat-condition. (A) 1400 °C-4 h-1500 °C-10 min (B) 1400 °C-4 h-1750 °C-10 min (C) 1400 °C-

4 h-1840°C-2 h

Fig.3.2.3 & 3.2.4 12, 1500 °C Z{t¥(A)% = D F £ 1840 °C THEERK L7t D (B). BALLHG
12 1840°C THEER L7=H D(C), 1750°C Z/b#(D)E = D FE F 1840°C THEEK L7=H D
(E). FRVE112 1840°C THEERL L7- & D(F)®D SEM BE 47k L7-, Fig323B)L V. #HE
B b3 8 EAVTRAE T 1840 °C BULERAAT 5 & | 10 um FRE DK h-BN Fi7- F THIAKE

THIEDMERTE I, £72. Figl323(0O)B LW 324F) L 0. HEMBILYBEETES ThHRE
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SIVTIRAE T 1840°C BHL AT o 72856, h-BN KL T- ORI TR S 4177, 1840°C ZA4L
PEAT & [FIERD LU/ N S WKL IR Tdh o 7o AL, 1750 °C LI IB W TS [FERD
17 Cd - 72, £72.1750°C 2/t Fig.3.2.4 (D)% Z D F F 1840°C THHERK L 7= Fig.3.2.4(E)
&, 1500°C ZE{L¥) Fig.3.2.3 (A) & D £ £ 1840°C THBPERK L 7= Fig.3.2.3(B)DRifE, K i
WAEZETH Y, h-BN ROk 78I, ZTOREER LY &, iR KT T 50
REMEDS R SN2, ARGHT LV . 10 um LL =D h-BN R 1% 15 25 72 DI B 7ok pl & (R 1
LT, B2 T D ERRLAR T BB DE AL IAFT 5 Z L & HIT 1840 °C
HEDREIRERFENEE THL Z LB LMN Lo, o, HEBIEMEZT L2 h-
BN ALY 100 %0V VRI 1% 1840 °C THMLFL L TH |, TORFE - KL FIRITIE, 1ZE A

EBAEB2N T L bR S LT,
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(B) | 1500 °C Bulk nitridation—1840 °C-2 h

Jom, Ny
ey

] Partic
growth

1500 °C Bulk sittidation

Acid treatment— 1840 °C-2 h

S5500 2.0kV x1.00k SE

S 10 um
e ’.‘m"? O ———
50.0um

Fig. 3.2.3 SEM images of bulk form of raw materials after heat-treatment and acid treatment under
each heat-condition
(A) 1400 °C-4 h-1500 °C-10 min (B) 1400 °C-4 h-1500 °C-10 min— 1400 °C-4 h-1840 °C-2 h

(C) 1400 °C-4 h-1500 °C-10 min—Acid treatment— 1400 °C-4 h-1840 °C-2 h
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C Bulk nitridation—18

50.0um

i |

T s
2.0kV x1.00k SE 50.0um | S8

L

S pp— et \_I;_\ 1
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Fig. 3.2.4 SEM images of bulk form of raw materials after heat-treatment and acid treatment under
each heat-condition

(D) 1400 °C-4 h-1750 °C-10 min (E) 1400 °C-4 h-1750 °C-10 min—1400 °C-4 h-1840 °C-2 h

(F) 1400 °C-4 h-1750 °C-10 min—Acid treatment— 1400 °C-4 h-1840 °C-2 h
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RO XD NTIR LIRS R D722 2 BRR 2 TR 6D 5 7212, 1400 °C-4 h-1840 °C-2 h ZE (L
¥ ® SEM-EDX HIE %1757, F£9. 1400°C-4 h-1840°C-2 h ZE{k4y (BEeRl) © SEM #1%2
%% Fig.3.2.5 (27”3, Fig3.2.5 10, 1400°C-4h-1840°C-2h Z{b¥y (BEVER) (2id, RIEEAH
10 pm LA F @ h-BN R 58 IA(Fig.3.2.5(A)B)) & . KA 10 um LU EICHIpE L2 A K
(Fig.3.2.5(C)D) D3 ead S 47z, F7-, Rk L7z h-BN WL A AREmICHB VT, /hE7e
K7 DOEED bR Sz, BLEO SEMBIZHRIR LV | h-BN KA13, RATHNTRIE T %

FREMEDS R S 7= 72 . SEM-EDX CHEFE DOfENT 21T - 77,

" 31 1
50.0um

Fig. 3.2.5 SEM images of bulk form of raw materials after heat-treatment at 1400 °C-4 h-1840 °C-2 h

(A),(B):Aggregated particles, (C),(D):Low aspect ratio primary particles

60



Fig.3.2.6, 3.2.7 \IZZ%{t# D SEM-EDX Zi#ris R4 ~d, Fig3.2.6 LV, BuRlI= W4
RIZIFE LTV, N Je#IE h-BN KL F-OAZHFEL LTE Y, SEM Eg» LB NS
h-BN K. FDfigh & b —H L TWD, T T, N LEDOHFELRWEBICERT5 L Ca it
FLOLENRREIHFELTND Z ENnD D, LLEORER LY | BRI 72 h-BN
R DJEDIZIE, B Jt#, Caits#h, O LHEMMF(EL THY . h-BN AL O JEHN A HY FHe X
INHFEL TS, XRDMEME LY, EREBBLPI LT T AL, BIE VT T A EFR
LA TENORDIEABEICHRT D2 ERNbh> T D, L2 -> T, h-BN K7Dk

R, A Z TR LIS 5 AT b AL AFET DBRE T TR 2 2 &R S v,

Low aspect ratio primary particles

7 PR Sl

P

d1 10.0kV x2400 10um *

Fig. 3.2.6 SEM-EDX image of bulk form of raw materials after heat-treatment at 1400 °C-4 h-1840 °C-

2 h (Low aspect ratio primary particles)
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72, Fig3.2.7 £V h-BN BHRLTF-ORERH 7B LT, h-BN KL T-Hi212, Ca, B,
O JLREDWER I ILTD, /INRIROEEMRE /7 IZB L CIE, R Ca JREMENZ &3 52>
Eleolz, U EORERIY | h-BN R T OR R RICHLERRT-& LT, By oL L
fefbt7R 7 R B D EA T A h-BN KL JEICAFET 2 2 L2 BTN, 10 pm FREEE T
Fipk R S 5 72 9121% 1840°C FRE O BB N LE TH D Z &3, Eitat L VAL E

Sy o

Low aspect ratio primary particles E

Aggregated particles

Fig. 3.2.7 SEM-EDX image of bulk form of raw materials after heat-treatment at 1400 °C-4 h-1840 °C-

2 h (Low aspect ratio primary particles and aggregated particles)
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3.2.3 CaO BIAIESINES h-BN BT ORI REICKITT HERER R L B8R

Table 3.2.2 3 X U Fig.3.2.8 1T, &b /v > 0 ABhHIO I EEZ 2L S CH# L7 h-BN
WK DR RS & R MHER R Z R~ T, ZNHDORKRIY | bl 7 LBH ORI
BEAHEHSOL TV & BREEPD/NES LS RoTWND Z EnNbnd, hERmEEN/ NS b L
WO 2l BRI FORESIVPRELSRVBRLFOFIGHWo TNDHZ 2R LTS, £
7o b v o DEHEIORINE A 720 Sample(0.5~0.75)1%, LoD K AE He~_C LR 1l
MRELTpo>TWD, Eio, KIESMAERE LY . BALD T LBFAIOTIME 2L
T & CRLEEDAR SRR 7 B LT Z EBH B E 2o Te, BE AR ORERE
B EERRIC, B v DBhAIOUSHIIE DD 720 Sample(0.5 ~0.75)1%, BIFE/3AR ALK
iz 7 FLCWe, £, Bkl o ABFIOTRMED 20 Sample(2.5~3.0)1%, RifESy
D90 MfKHEL Y K&E, RERKFVEFENTNDLZERHALNE R o7, Fiz,
Fig.3.2.9 12, Bt 7 LBAIOERINE 2 2L S & T L7z h-BN KO SEM #1544
w9, Fig3.2.9 K0 LB v w LB OB 720y Sample(0.5~0.75)I2 3T,
KBNS < DR D h-BN KL F-232% < | (b1 0 KZBIAI ORI E 2 0 L T
IZON T AE TR FED K E WV h-BNREFOEA 2 TOL BT R S iz, 72,
Fig.3.2.10 X 0 | b vo o ABIAIOTMED K H %0 Sample(3.0)(2 80 Tid, h-BN ki 1-
ERDNERSE « @5 L7- X 9 72, 30 um FREE ORI F-2VBL S, Befb Lo 7 LA iRN &
R L TV & RIS D90 R E < 72 o TW MRS S L7223, 24U, h-BN

BRI T DR R Tl <, R FREOBEEIIMAE TH L Z LR ST,

63



Table 3.2.2 Results of surface area and particle size distribution analysis

[\]
(9]

) D10 D50 D90
Sample | SA(mTe) (im) | (pm) | (um)
Ca3.0 0.94 6.96 11.60 | 24.49
Ca2.5 0.93 6.85 11.30 | 21.54
Ca2.0 0.91 6.96 1122 17.75
Cal.5 0.96 7.04 11.16 16.96
Cal.25 1.05 6.91 11.03 16.82
Cal.0 1.07 6.62 10.71 17.34
Ca0.75 1.54 5.97 9.44 14.51
Ca0.5 1.64 5.68 8.90 1357

mD10(um) mD50(um)

e
o

= D90(um)

#-SA(m?/g)

—_
(=)

Particle diameter (um)
—
h

(um) Ca3.0 Ca2.5 Ca2.0 Cal.5 Cal.25 Cal.0 Ca0.75 Ca0.5

Fig. 3.2.8 Results of surface area and particle size distribution analysis
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Fig. 3.2.9 SEM images of boron nitride powder (A:CaO_0.5)~(H:CaO _3.0)
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2l
ARl S’

L R R B |

Fig. 3.2.10 SEM images of boron nitride powder (CaO_3.0)

LEDFEEBRTHEONIFER LY | B> T LBAIOTRINED h-BN K7 FERORIRIC
W5 25 2 EPHERTE IO T, TOFMIZOWTELRT 5, LU/ v L LR
VEPIEHT DX, BT T SRR T #E T 1000~1600 °C ORI THE
Bk E kT 5 2 & TOEGEEMIT 980 °C DL LR E @S Z L, By
T ADEREEGNELSRDHIFE, TOMAITE L 725 2 LR TE72(10), KIZ, Table
32312, RFEBROFEHAR L HHEE S 2R CERILE D h-BN & F%{F CaO-B,0s D H
EEIA SRR, 72 5 NSRRI Bk 72 Ca0-Bo0; D, BICAERRAE R TRt
HIZEEN TV h-BN OFIGEMED OR LT, 2B, ZOHETHREEE LTHW = —
R 7T 7132100 %h-BN ARSSIZHF S LI b O EE L, BV D MG HTE
THEEHMDITES BERYRICBW T =R 7T v/ TRIESNBNL LIZLSMNIE
BTN O EUE LTz, Fig3.2.11 (2 i@l & 7 1F Ca0-B,0; O EEEIAG R LU
5% h-BN KL FJEARIZ OV TR LT, AREFHIBW THIE TERsaMED h-BN KL F- 2345 5
NDEMTIE, 7 CaO-B20s DOflf72% 1200~1400 °C THEfr Ca0-B20s O & &HI G )3
35~45 wt% Td> o7z, £, AL D LR 2 TS 5 72912, Table 3.2.4 |2, /LD XRF
& XRD U — hOL MENTHER %R LT, Table 3.2.4 K0 Bt v v ABIEIOTEMEN

LY. B2 D XRF-Ca BEEN ER STV 2 ENERINT-, $7-. &2
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XRD U — L MEHTHFER L0 . Bk vy DBRIORIMENZVEE, BFEL TS
Ca0-B,0s HOFLA N T AEIEPHIML TS ZERH LN eodz, LinL, Bl
> LRI OBV 720 Sample(0.5~0.75)i%, XRD YV — F UL MEFTFER D 90 wt%lh
E2h-BN TH o203, EBRFER LV 42 wt%?D Ca0-B,0s ALY DFRAT I3 HERE S h.

XRF fER LD Ca X O LHEDOFEDMER SN2, CaO-B0s EAT L 3 IEAE Thk
FLTWD Z &R aSns, £, BRIl > T Bon 5%+ @ h-BN HEH|
&L EBRICFBR TR b7 h-BN EEEIG A ik L7254 B U CREERIED 7 53& < L B2Os
M h-BNAL ST L 72 2 LavRe STz, 72, b v 20 LAEFIOBEIMED D720
Sample(0.5) 3Bl imat A TR SN AEICK LT, h-BN OAEREANME -T2, Zhid, B
BTy BSEEEAR U EOREHSIAIE LTHH L TWD Z L AR LTS, Fio,
A v 7 AOYHED D720 Sample (0.5~0.75)I238 W Tik, h-BN ki ORIk E AW

HIR< . CaO-B20s AL h-BN K- DRI RICHTHF G L TC\WD Z & A B LT,
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Table 3.2.3 Calculated and measured values of content of h-BN and B,03-CaO by weight and

calculated melting point of B203-CaO using phase diagram shown in Figure3.2.11.

Weight content of BN/ Weight content of B»O3-CaO/ | Meting point of B203-CaO
(BN+B03-Ca0) after nitriding |(BN+B203-Ca0) after nitriding after nitriding
Sample (Wt%) (Wt%) (°C)
Theoretical calculated | Measured Theoretical calculated Theoretical calculated

value value value value
Ca0.5 70 58 30 1050
Ca0.75 67 55 33 1150
Cal.0 64 62 36 1250
Cal.25 61 52 39 1300
Cal.5 59 49 41 1350
Ca2.0 54 46 46 1400
Ca2.5 50 41 50 1550
Ca3.0 47 39 53 1750

Table 3.2.4 Results of XRF and XRD analysis of raw materials after heat-treatment at 1400 °C-4 h-

1840 °C-2 h
Sample | Result of XRF analysis (wt%) Result of XRD rietvelt analysis(wt%o)
B N Ca | O | BN | 3Ca0-B;0; | 2Ca0-'B;0; | CaO-B0;
Ca3.0 | 37.0 [ 533 ] 65 | 3.1 | 63 2 19 16
Ca2.5 | 369 [ 533 | 63 [ 34 | 6l - 11 28
Ca2.0 | 372 [528 ] 61 |38 ] 63 = 12 25
Cal.5 | 387 [ 536 | 51 [25 | 66 - 1 33
Cal25 | 378 [537 | 48 |37 [ 72 = - 28
Cal0 | 381 [555] 39 [ 23 ] 75 - 2 23
Ca0.75 | 394 [ 540 | 33 [32 ] 91 = 1 8
Ca0.5 | 392 [ 547 ] 26 [35 ] 98 - 1 1
1800 60 ™
@) Z
;. S T
&9 1600 50 O®
A Vo 45 ha
= " X
S 3 1400 g /-/ w0 Si
£2 . — ELI 5
2 & 1200 . el 2 0 2
z T 25 2y
= 1000 o’ . 20 ® &
(°C) Ca Ca Ca Ca (Wt%) 2 =
0.5 1.0 2.0 3.0 £

Fig. 3.2.11 Relationship between particle shape (Cal.0~2.0 = low aspect ratio) and calculated values
of content of h-BN and B,03-CaO by weight and calculated melting point of B,O3-CaO using phase

diagram shown in Figure3.2.11.
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33 £&9

ARFETIE, BREMMIGICED h-BN BRGHICBET 28(E 0L 7 2B O o
WCHE L7, £7. BSOS OERDORIEZ MR L. 1740 °C PL LS HHEE 7 h-
BN K7 ORI R 2 M8 L. AWFPE TR E TR TFEDRE WV h-BN KL 72455 72912
1800 °C FRE O @EIRAILNMLETH D Z L AP BN Lz, IRIZ, EXERISD 1500 °C
BALERY) A BRUEH L BRAE A L 2w DINRIECSS & bR U o BRUEIF W 2 FEEE 1740°C LI BTN
L, by AFIOMREHER LI & 2 A, h-BN K 7-ORi R ISR <7, h-
BN K7 ORI R ITI AL V> 0 DA S BT o 5 2 L DR S iz, £72, h-BN
BILEL S DEWZ SEM-EDS gt L7z & Z A, Bk 2 RE 2 Bk 7 h-BN X
Bt v o b ERAEAR T Fa 6 D A TR DN IDITAFAE L7278 BRIER LT < AR
THRBEINT, UEDZ &t b v o ABFIO&RE LT, Bk v E EEEME
b EFRC L, RIAEE 2R ST 2 E BRI S 7z,

WIZ, Bt v U ABFIORINEZ B S &7 & & O h-BN RO REGWICTON
T, HeREFED 5T & BLEE 547 OBHATRIT FEIC L > TEEMICHE L& 2 A, Bkl
0 BRI D IR NG RIS & < ELERIRE YK & VME T, iR b LS T KB
PWFEIR ST h-BN R FORE ST OENH Y REFEDN/ NS RDH T Lo
7eo F7o. —# h-BN KL F[R EO@E bR Sz, DF D, WENDHKIF72 h-BN K7
Z ZERNCFT D T2 OEGI R b v U DBFIBINEPFET 2 2 E RPN E R o7z,
LLEX D AWFFED h-BN E e E RS s Td 5 1840 °C IZHBWT, Btk v A
LA T BT D E ALY D@ (1200~1400 °C)DIEEHIPH T, 7E7F Ca0-B,0; M
HEEIA D 35~45 wit% TohAUE, h-BN RO I IRARRIE O A B L D BRI AR

TAHZENARTHYD . -BN R FORKE~DHFENRKE W ERHALNE o7,
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H4E BrEbEZHWTAE LR h-BN
ROBEGMERZE S — b~ Ak

4.1 ¥&=

3ETIE, BIREISIC LD h-BN RO AHKIZE LT, B{ED /17 ZBI#AIA h-BN
PF- ORI RIETTREBIZOWTH LN L, E£2, 28, 3 HOMFHERN OG- A
WD Z LT, @MEEND, KLFREDBRE S BRI HAKIEER L7z h-BN KL% &igiR
BICETe h-BN My RDOA RS, | BRPEO B THREE & 225 72(1,2).

ARETIL, BIUCESUS CTERL LT, FEE0I 722 A JEHURL - h-BN B K O FE i e tE %
TR 572012, h-BN K OBHEFEERE R O, ik > — N~ R Z Rt L7z,
Jrfk - WETRO h-BN KL 72 & Te h-BN YR A BHRIC R L, BisMAd & L TR 5%
B BIEFIREE RS @O 2 L 3R & 72 D, BIRICE WEME A 53 572 DI 1%, HRE T
S T —HE T HMENAE T D0, AR - HARO h-BN KT, BRIROBIkm 7 1 5
— (T F, VU HE) TS THIE~O TN S D | BHIRHELAC AR RIS O R )Y
TH5(3-9),

F 7o, R OB LT, AR IR 5 1A T b LT MR B — D
A R - HARO h-BN BRI 113, 3 — M FEISR U THATICmEEL R LSV 2 & A —ikH
T®H 5, h-BN KL, ZOREEISER T 2 ERORGEAT 2, BB, KT a
w1 CEE TR 1XmOEBMBERE /T 50, cilifim (ELJ70m) OBMRE XK, Al
B, h-BN ZFHE LS — MTBW T, BELAFMICEWEMRBER G5 Z E R L <,
BB @ WEBMRE R A2 H 5 h-BN BHEMIF — a2 2 encenid, 1%

< DJEHEFHIRICh- BN R ZEH T2 2 ENTE 5, L LD X5 722 B~ DRIk,
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BIIE S — M OBMER TP L O BRI L TR ELROSIZ R Y 1 BelEk TR L7,
ERETH Y | JEHT AR LZBCK h-BN KL 13, TEROES « AR X 0 bR
TRIERL R E 2 A4 0 2 ENHIFTE 5, AETIE, 28, 3 BEOMA TR LN
1972 h-BN KL F ORI R 2 AT 5 2 & T, AT « 7 —HiRIZiE L7z h-BN iR

(ZPHT oRGEHES 250 2 LA S LT,
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4.2 BRZEMKSEZBWTZRFIIRDOEZR D h-BN RO E AL & BIE R E
A
4.2.1 EBRFE

EITEEAVSOR THEL L7 | JEHTTIE~ DR 7R iR L 72 h-BN MR 7 2 B RALAL )

&

c

TR OFEREE TR D 72012, Fig. 4.2.1 (TR TEBRREZMAL T TR Z2IT-o 72, &
TEE(E LT 4 v RGBSR SR MRS 99.5 %Ll 1) 450 g0 W—ARU T T v 7 (EL
7 b b FOCHIRER NS EY . MBS 99.0 %LA R) 80 g . BRI LT T A(E LT 40 T
JeAERR AL, ML 99.9 % LA B)D21 g, @l4g 2, R—/L IV T2 RFEIES LD b,

W EHS(ESPEC 418 2 W CRAFRFASU T, 300 °C © 8 RefNEL L, A wlgn &Mk L7z
PV T R ERENR LT, OOFERHEIL, Bt o ABFIOHELE BT, WEZ h-BN
BR 21520 Z & Mo T CTH Y . QD JFEHLRIE, Bt Lo 7 AR O T
T, # 7 h-BN BRI 72152 720 OJFEHILK Td 5, b L72FR L7 (k& 2258 (AR
SRS M 99.99 %LL L) FRPHSK T, FRPHABERT (RERUERTEY) 2 Fv T 1400
°C-4h-1840°C-2h DIRESRAFTREL L . BERM 2R U7, BRRBERkid, UeE L THW
TeBRA LI N> T D EFRIAR U R ET2IL, £ OEETA 2T TeT= 35 %ERE(E L7 4 v A
FOCHERRA SR, HIEE 99.9 %LL L)) B L7z 5 %Hils Ui 217\, Mk &l T
brZ L7z, h-BNIE, 5 EREIZIINE Th D720, EEEEE%IZ, CaBe D K O 72D Al
WS AU, MEO RV EGO h-BN RN E DD, AREHCHE, BiE TR MRS
L. CaBe HIIl D728, 1400°C PRFFIERH A 4 WEHI & LTV 2, 557z h-BN ByR O A
W)TeHE R T 5D 72D XRF X, ZSX Primus I (Rigaku 1) & W T, BHRZ<L v b
I HR% | IE SRR B~U O THRIE L7z, BEVER h-BN L1 OEREMERR D72 D
SEM @igi%, BRI AE T-BEMEE S-5500(H A T 7 /)& L Tofr Lz, £

Tz BRUEAIZ K-> TR B2 h-BN B3R D KL 2 a5 72012, YR ERTHEORL
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JE53 A EE LA-960V2 & -V TodT Lz, RIESARHIESRME, =% / —/1 50 ml (Z h-BN #3
KOSgHAL, SEENBE T AT A 6 4y BLEZICHIE L7z, S 512, h-BNHAROEE
I, HERERT O R IR EE 7 v — Y — 7 M 4A AT BETL siiad O Cot
L7,

WIZ, #F BT h-BN B R OBIE FRIEME 2 HERE T 2 72012, U 22— BRI h-BN B3R
% 20 vol%SEHE L 7= SR LA DR E 24T > 7o, U a— U BIIR(E B A il
KE-106)Zfifi L, */ VA THERD h-BN iR E > U a—#il5% 2 TR L.
U a—UBIEEA L Uz, BRES Y 3 — U BB OREE A | TA instruments 10D %
BRI EEEE AR2000ex 2 A\ CHIlE L 72,

I, #3547 h-BN By R OBIEHLRA) O BVR B K Ot ) 2 JE+ 2 72012, =R
X UMHIEIC h-BN B KA FE L2, EE 100~150 pm O — M ZFHR L, BYzER KN
Mafaii /) 2 HE L7z, h-BN FREERHE S — FOFREGELS LT, P& h-BN ke =
R (2287 < VR 11 - JER828) | LA (=227 X B VR 4L TERcureW) |
IRBECRIEMSEAA - 1k 7 B4 7 2) % h-BN 60 vol%#H i (h-BN:20.00 g, =78 % 2
fE:5.49 g, fEALAI:1.37 g, ¥#IEE:13.00 g). h-BN 65 vol%fH % (h-BN:20.00 g, TR T 4éffi5:4.48
g, A LAI1.12 g, IALE:13.49 g). h-BN 70 vol%#HAk (h-BN:20.00g, TR U A4itH5E:3.54 g, fifl
1b#1:0.88 g, #fE:14.23 )& L TIA L. ARG ASHER iR AW~ Er 2 5
— KK-50S T 120 FRA L. B — FOBTIHRE 2D, h-BN GRS UHEY =
AZFRE LT, h-BN % 60~70vol% & L7=DiE, 60vol%ll F CIEFHENE Y 72
B, BWEMRERZEBLT 2 ONEEL <, 70 vol%lh ETIX, BB EN L, v —
MR~ BRI /2 572D TH D, LD L IIZLTHI h-BN EF=RF UHIEY =
A%, HENWETHEE (FAY—T¥M4H . 7Y 7r—% PL-1210) ZAWT, KA I K7
AV A (FEEESRASH . 2 — Ly 7 2 X 50pm) 12, JES 250 um, 3 5 mm/sec

T®ILL, BLT7 4V h% RT77 FNT 10 SR, H2EBRICIRA L, BUET,
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100 °C T 20 73fHl, B AE T o7, it — &2 28 AV A I F7 4 L L% 5Mil
IZLCERAGDE, SUSEOT L ARICEATS, Eil SUS {7 L ARICEATE S — M
FZEMET L 2 (e BUERT 7 L A8%) THRJE T, 20 MPa T 200 °C, 120 73fkF55 5 2 &
T, Ml AMERSE — AR LT,

B TR S — N OBMAEER K ORI ) & HE L7z, BMAEE (W/m - K,
BYLEER (mYs) X B (kg/ m®) X WEL (J/kg « K) O TROOND, BIEEERIT, 74
7 A O E R BT E CHIE Lz, — MBI, I E RSt A8k
FERELEE VIBRA DMA-220H # W CHIE L7z, HEUEL, h-BN=0.81 J/kg - K, =AF
BiiE=1.43 J/kg - K & LT, BFRELDO T — NEHEHSFLFITRD 7, BILBERRIEIX, 25
°C, HIE 12 BIDFIEZT LTz, #xiit/11%, e st ot SR YPAD-0225 %
L., BWiet: 77 25 v 7 — xR 75 (JISK6911) [ZHE U CHllE Lz, #ulkAd A vk
TEMMICRB 2, EEZ | KVA OB T LT 7208 bR EE 2 JE L, 3B
F Tl L CHERRITN /1 22 SR 8D 72, #ERRITE 1 IRRIE 6 [l D5 ME & LTz, Mg — b OiE
AT IE, Rigaku fhoo4EHEIACERZ B X #RIEYTEERE SmartLab 2/ L CTotr L7z, Ml
ERIMFIZAF ¥ A — R : 20deg/min, A7 > 7 : 0.02deg, AF ¥ > HifH : 10-90 deg &
L7z, i — b oW SEM BlE21%, AU A & - B EE ISM-7000F (A A
AR EAE LT LT, BRVE: h-BN KL T OEREMER D= D SEM Bl521%, B

T BT T-AMEE S-5500( B oA T 7 ) &2 L CobT L=,

75



Raw materials Nitridation Acid treatment
H,BO, Powder Remove
Ca0 — | Raw Intermediate reaction residue
C Mix | materials temperature:

1400°C-4 h Powder
Dehydration of analysis
H;BO,at300°C 8 h Maximum
temperature: Particle size
Dehydrated 1840°C-2 h distribution
Bulk body
Raw in N, atmosphere Surface area
materials
XRF
FE-SEM

Fig. 4.2.1 Experimental procedure of this study
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422 RERLEE

Fig. 42212, #®IcELAOG Tl L7z 2 FE D h-BN B3R K TN 60 vol% FetE = AR % S5
v— FOWiE SEM B DFER %77, Fig4.2.2 (AL 4.2.1 EIZERHEHO@FEHLE (BR1th
N AEFIOERE T2/ THR L2 DT, —R A 7 I A TR S U h-
BN BT & [EERIZ, W7 - ik EOBRIT-TH Y | K EBAITH DB /0> D LOEIN
BRRNRELTWDLTED, +0RIEHF R ~ORALE D T2 D> 72, SEM BIEERER LV |
h-BN Kz 100 fHDORE/NES TRHAIT 27 A7 FHIE 14.0(R R ZE 7.0)ThH o7,
—J5C, 421 FHEEOOFEHLK £ TRL ALY T AOTMEEZEMEE D2 LIk Y,
JE I IF ) ~ORLAL R DMIEHE S v, R HURL 1 (Fig4.2.2 (B)) ZiETE(LIGD 1 BeBERk T
1552 LWABETH D, SEM BIEHER L V. h-BN K1 100 O RA/IEA THEIT 5 FH
T AN ML SO(EHERZE 2.)Th Y, WIERBRL T2 mHE CHETLIZ N TE
(Fig.4.2.3), Ui, AFZEIZ X0 L SRR 70k - CTd 5, Figd.2.4 12, EILEILK
J& TR U7z B30 2 D h-BN ¥y K Ok A AAHERS R4~ 7, Figd.24 X0, 25D h-BN
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Fig. 4.2.2 SEM images of boron nitride powder (A) High aspect ratio h-BN primary particles (B) Low
aspect ratio h-BN primary particles and cross section of an epoxy resin sheet filled at 60 vol% with

(C)high and (D)low h-BN aspect ratio primary particles
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Fig. 4.2.3 Results of aspect ratio distribution of high and low h-BN aspect ratio primary particles
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Fig. 4.2.4 Results of particle size distribution of high and low h-BN aspect ratio primary particles
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Fig. 4.2.5 Results of viscosity of silicone resin filled with high and low h-BN aspect ratio primary

particles
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Fig. 4.2.6 Results of thermal conductivity of epoxy resin sheet filled with high and low h-BN aspect
ratio primary particles
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Fig. 4.2.7 Results of dielectric strength of epoxy resin sheet filled with high and low h-BN aspect ratio

primary particles
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Fig. 4.2.8 XRD results of epoxy resin sheet 60 vol% filled with high and low h-BN aspect ratio primary

particles
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Fig. 4.2.9 Results of XRD peak intensity ratio (002) / (100) of epoxy resin sheet filled with high and

low h-BN aspect ratio primary particles
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Fig. 4.2.11 SEM images of cross section of epoxy resin sheet filled with high and low h-BN aspect

ratio primary particles
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-BN(60W/m=K):Calculated value by Bruggemen's equation
@Experimental values from this study (Low aspect BN)
A Experimental values from this study (High aspect BN)

Bruggeman'’s equation -
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1—p,= ,K_}.r. 3 L4
g K-1 Ae A
pa - Volume fraction of dispersion 75

K Ratio of thermal conductivity (= A,/4¢)

A4 + Thermal conductivity of the particle[W/m * K]

Ac ! Thernal conductivity of epoxy resin [W/m * K]

Ae @ Thermal conductivity of the resin sheet{W/m - K]
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Fig. 4.2.12 The relationship between thermal conductivity and volume fraction of two types of h-BN

particles.
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