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Table 1-1 Application, function and material relations table of main fine ceramics.

Application Function Material
Engine peripheral part  Electronic functions Oxide : Al,Os, SiO,, etc.
Insulation Mechanical functions Carbide : SiC, B4C, etc.
Cutting tool Optical functions Nitride : SizNy, AIN, etc.
Substrate Termal functions Complex: Sialon, etc.

Table 1-2 Target field of this research.

Technology Material
1. Manufacturing technology SisNy AIN
1-1. Raw material synthsis technology O O
1-2. Molding and sintering technology O
1-3. Processing and joinig technology O

2. Evaluation technology
3. Applied technology
(O:Target field of this research.
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Table 1-3 Properties of typical SisN, powders.

Property Silicon metal nitidation method Silicon chloride and
(Industrial Si) (Single crystal scrap Si) ammonia method
Specific surface area / mz'g_1 11 3.5~4.5 9~13
Mean particle diameter / pm 0.7 1.0~1.5 0.6
o —phase content / % 91 <10 >95
Total oxygen / mass% 0.8 <1.0 <2.0
Total carbon / mass% 0.1 <1.0 <100 mass ppm
Metallic impurities / mass ppm Fe 160 <50 10
Al 900 <50 1
Ca 1000 - <1
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Table 1-4 Properties of typical AIN powders.

Property Aluminum metal nitridation method ~Alumina reduction method
Specific surface area / m”+g | — 3.4
Mean particle diameter / pm 1.8 1.0
Total oxygen / mass% 1.0 0.8
Total carbon / mass% — 200
Metallic impurities / mass ppm Fe 300 6
Si 10
Ca — 10

Table 1-5 Properties of AIN bodies sintered by Y,Os 4 mass% addition as a

sintering aid.

) Bending strength  Thermal conductivity
Synthetic process of AIN powder

/ Mpa / Wem K
Alumina reduction method 441 180
Aluminum metal nitridation method 294 130
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Fig. 1-1 Illustration of preformed copper pattern method.



1-6 AFFENE

SNy MEHZOWTIE, @8 Si EEZEETHELILE SEN, ERITeE A i)
20, B o REREEL, BEENSZV, MR O, REFRENEL Ve
EORBEEAZTVD, KR, &8 Si ERE(MEITHHEE 0T, BHEE, K
K F, R IANEMRRELE 2 WD, &8 S ESELERESK S THD
2, Si—O-N RO Si &H K[AED T, B FRE RA~—Z(T Si0(G), Si(G)
2 LT SAEBUG T SN, DR REZ LS 52 L128D SiN RO m s B, Fr
(Z, RIRBER, SIREBEXISO SEN, MIROIMEREMBE L, £z, ¥IIv72AD
R THLEIER LD, KiF4yEc L8 M B2 B BIcL — Y —&MiEICE
DRI R D TIN B3R, SLN,~TIN G RO B AL - BEFE M S R ETL 7=,

AINBFBHZDOWTIE, @8 AlIE#EZE(RIEICLD AIN B RETBHIBER, #4, F
BALECO—BAET mERAE M LTz, ZOFE, AIN BEREBFEICRIE 6B Al
ERZE(LEL ALOEITIED AIN ¥ROFFEDE Y, BEEROMEEE AIN Fiko
SREES L, SHEIRE AIN EAROEERE OFEL &GO TREL, BIZ, U —
FV 2L ORI, IEERBREE T COBEEMEICHIT 2 TIo 7608, Bl
MOREIDAEED, SHEIEE Si;N, HAR, Al BIEE AIN E:tRk7p & 2 R8T 172,

B, EEEMEZRD T AIN BEFE RO~ A7 ik, B R B 721
I 2EEYRE D AIN whisker DERBFFEDNIGEST-ZLEXZT T, IbEEMELR
% AIFN, SR TD AIN whisker DOARHERE, TEREHIENE N m T A7 LD AIN
whisker DYERISGAELRETLT-,

HARRY R FEDOBETN AL LL T DD THD,

1-6-1 Si;N, M EIOBFFENE

(1) &8 Si EEZBEICIVEREINTZ SN, RO R
& B S EHEE, VBB, ~ar A A BIENLELIE SEN B ED
R T ZATUVRDD, FRIS, @R St EEELIENDEDIZ SN, By RO BERS
R IC B A R E R E S A L7,

(2) TERE&R Si DEME/LIFER
&E Si BEZ(LIEORBESRO— 2> THIEMEIZ OV TUIHERERO&R

10



Si DHMENREFET LD T, TEHERE S OEmMlEAREL,

() &8 Si DELEIGDIFF
&JB St EEEEICLDECRIS I RERFEEE LT, & a 57RO SN
REFHZENHEEL, —REIIZIX Fe 7ol ORBEATRINL, & o 532 ZRL
TW5, TohTik, TEMER SilZ CaF, OfEATIIL, & o 5 RILZER
LTCWeD T, 2OZEILKISERAALL, LD R AN — R L C R
@J& Si O a BRI ERETLI

(4) SiN, By RO® B ALRFFE(1)
-~ BT A REEEMIE LR FERBHIEIL e Eb7 A RiBEMR D ERL-
& B Si BEEETERESNTE SN IXBERIG TH 7280, E(LEIT SN, 31
ARELIRTIUTR BT, ZORE, KLFREORFINELI, BEREAFREIZ D720
LT RELRIFL Qe F, 77 A0 BT AFEEL TUTNANAR=—X
[CEZDLENRDY, SN, B ROFHELIEBICE B CEXLEIRNMLETHDH, A&
BT, EMEAR S ZHREFREL, Si-0-N &0 Si &8 KO F#E /Y E,
B2 SSEMISE I Z T2 LA B ST EEZE(LIEICED Si,N R
kb, Kok, EEE b REL I

(5) Si;N, By RO ®E d: B ALAF%E (1)
-SRI AREBEZMETHERLZZAEZE A RR~ORIERELE S REBE
R N 2
RN L7428 Si EEEZEAIEICED SEN RO & S E(LAFSE LY, break down %
RO EJE S EHEZEETH-Th, Si-O-N R0 Si & H KABTED M4y E LB
FAICE ST IIZHERISZTIA T ZENFREL 72D, SN, By R ORLEEREE | B2
BREREZHIETELZENDoT, FDIEAEL T 1450°C TE/LE AT SN,
&5 &fix 1550°CLL EOEIRE CEMLIR 352 L1085 Si-O-N RO EEEE O
ZERMR, BIIFICE S SN, DIFREE(IZED SiN, MROKLIRIL, (K2R
&Rt L7,

(6) L—V—&HBIEIZ LD SiN,-TiN RBHIG K DS ERAFFE
SisN, BERE ADOHFZE Lo L, EIIVvIAD R K THLENEDE ELTET, SLN,
TV T, [FEMEOR BIT#SLWEE X, L — KB DR Tk

11



R DB AR D TiN, Si;N,~TiN HEMKEERKL, KFoiEL TORRERHE
L7

1-6-2 AIN P EIOBFSERE
(1) AIN BERS R4S I RIS+ &8 Al BEZE ik AIN R gD B8
&8 Al EEZEEIZLD AIN IR ERIZIRWT, RE, &R A, BRRies
DEI2D AIN IREFEL, KR, AIN B ROBMRER|ZE X 52 B RFIL
77,
(2) AIN BR DR FREE{LAFZE
T TIv I ADFEE TR ERIFL, RiT13/h, RFAIT DR > =EA
(BT HENEBTHHIEEBEEZ, V,0,-ALO; ROSFEIABIRHATH T
DRIFFEE AIN HHR (BT E OFIRZFFD AIN O BEREK) OFRE OBIREMRET LT,
(3)AIN Bk D & E=BALAF2E
AIN BERERO @ BVRE TR NAOIT T2 AIN R ICEWE T 2488 Ry,
BRI DR NWZENEBTH D, FIZ, BROZEITIRELS, —RITITBERE
BhA Y,0, X0 AIN KINDOEEFEEZNT7 Y7 L, BEVRELZ K> TWDHD T, Y,0,-
ALO, DA FEIRABAR DT T DR AR L BYRE SR O BIR AR FT L7,
R, BRI EEL L TO AIN Bl O &R ELAFZE TR LRI RO &
AT BB OFE RAN—RACERE Al EFEZEES ALO, BILIEM 7 mEAD
AIN B3R Z N, AIN By R OB EE RIT T IREHE S, AR, BiAE, BEfEsc
HEBYRE RO RARERTI LI,
(4) #REIEE AIN EARDERE({LATE
REEY 2—/VTEERBRE T CHEASIL TS ELHY, HER AIN K
RO EFEELNE RSN, $EE AIN ER O &L, AN BEHBEOE
SREEALIIZER CHDHDY, AIN BEfERE Cu IROBEERHIBIIEZ TR 3 257%
BSOS BEE THDH, AL TIL, HEROT—M O Ag DILHEERELE
IS DBERERRF LT,
(5) SAEIEE AIN ERDOEE S 0RO
RENEY 2—MCHAWLNLERITEEENERSN, REIS BN NTHS

12



TGS BIEIC IV ELNT-SREIRE AIN BN ZERAENN, FAEIEE AlLO, 2

WOBIETHOOIVTWAIEEE B IED NZ — U H A TR E 0O R
Wbol-, RETIE, IEEEBIEOT—M TEALILBLTOROEMMLE

LIy T o 7Rt , BREMEICE TosEl R AIN EARDOFH LWEE 7 1t

AZfREt LT,

(6) BfSHEMEETIV I ERDOBEZ

T, Brfe S EH, L _X—2—REDOKE ) - EHEOA L N—H—

OHEERBANEORERECT Db, BBV, BEERBRREDIBREFSH,

TEROFAEFE ALO, EMITMADD,  #REIF AIN Eilk, Al B AIN EiR, #HE

& SioN, FARZREDME S A 51070 o7, 2B & REEAMR A [F— R oo [a] 5 3

R CHBHRET L2 3D R B Ty 7 R O RS E4T 072,

(7) AI-N, % TP AIN whisker DA ERAFE
—AI-N, & T AIN whisker D RE3£8h &4 pisE-

BT, B RBEWM O3 BT W TEF SR O SR ERIZERD Si0,, ALO; XY

BEVMRE THD AIN 747 —DRFFEPEANATHONIED T, AIN (X225 H T

KGEETHDT, MK FEIEDE U AIN #K, AIN whisker DBFFEH4THT

W5, Al-N, RIZED AIN whisker DOBFFETIL AL RIZAMEEEL T Fe, Si 230

SRR L, #iEEe AI-N, R TD AIN whisker D& FHFFEIL D720, AR
TIX, 2L C Al HIREZEEIOND 1650 CET—ELT N, 2L, i

1550 CLL EO®IR TIZHIT5H Al ERE Ny, OTMERKINIZEIVERKT 5 AIN

whisker O REZEE) & A U IE A TR LT,

1-7 2E 30

1) BLE 8, FEEME, 48, 1143-1149 (1982).

2) KBWEA, J Japan Inst. Metals, 40, 486-487 (2001).

3) “HETZ7 A BTIvIAFEEOEA 2019 F <IFHEE>" —RtEFEA B
K774 8TIv I AWM, (BR) & L%,

4) BFER, MEREZ, MIREITE, 21, 36-46 (1989).

5 Z, REF B, MHAE, BIIv/A, 22, 34-39(1987).

6) FAETRE, BRFES, SFRE, “BrAFETIIVIRT NEEEHR, 27-42

13



(1987).
) TvIT WAL (BE),
https://www.ipros.jp/product/detail /2000555362 (2022.01.10).

8) [EIREXFES (BF) ,http://www.shinano—sic.co.jp/pdf/SSN_j.pdf (2022.01.10).
9) FERELPE (BR),

https://www.ube.com/contents/jp/chemical/ceramics/ceramics.html
(2022.01.10).

10) 771 (8%),
https://www.denka.co.jp/pdf/product/detail/00037/Silicon Nitride.pdf
(2022.01.10).

11) EARRE, &Y B, ZEBER, & %88, J ceram. Soc. Jpn., 100, 652-656
(1992).

12) RANI, MR T3, 21, 27-35 (1989).

13) (k) hov=,
https://www.tokuyama.co.jp/.../aln_powder _granules.html (2023.02.02)

14) #ARPEZE (BR),

https://www.matsuo—sangyo.co.jp/products/aluminum... (2023.02.02).

15) (Bf)U-MAP, https://umap—corp.com/technology/thermalnite (2023.02.02)
16) BEIIvIRAT—NAT R, BIIv IR, 41, 1044-1046 (2006).

17) 2% (BR), https://www.denka.co.jp/product/detail 00041/(2022.01.10)
18) Jiajun Wang, Xiao—Su Yi, /. Appl. Polym. Sci., 89, 3913-3917 (2003).

19) Jung—Pyo Hong, Sung-Woon Yoon, Taeseon Hwang, Joon—Suk Oh, Seung Chul
Hong, Youngkwan, Jae—Do Nam, 7Thermochimica Acta, 537, 70-75 (2012).
20) Y. Morisada, T. Sakurai, Y. Miyamoto, /nt. J. Appl. Ceram., 1, 374-380 (2005).
21) /IR, BAZEZ, BERKE, = bwt, O, J Soc. Powder Technol.,
Japan, 53, 820-823 (2016)

14



2. SigN, A1

2-1 &8 Si EEELEICIVE Iz SN, By ROKE

2-1-1 1ILBIT

1970 RN BFREZNR O\ La BIELI- T AZ —E T L — R X O & iREEM k
ELT, SisNy, SiC Wb D T 7 A TIv 7 AN OE B 28w, & )5 H C
MRS ED HIVTE T, TORER, HEVEZEFICHWT, SEN, "Hor/m—77
7, AR F =T —a—ZERERLEINZ Y, L)L, ZhbDETIv AL 3
RHNZIIMEEM B CHLOT, BEMEOME _ IOV T, BELHFZE TSI T
W2,

INBEIIVIAOEGET a e AL, — IS, BIROE -7 — 2 R -BERS -
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RETIE, &8 Si BEEEAE, VUBERTE, ~al AL ARIENELI
Si;Ny IR DR EZ FHE D LIS, FRIS, A D &R S EEE(LIEICIDE S
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B LT,

2-1-2 SizN, D¥pitk

SizN, I3 FHEEPEDTRN AN THH TR 2-1-1 (TR T IO a BE S HD 2 FED
FERENH S, ATE KRR, #%EFILEIBE LI TS, SN, BIED O K Fa1E
BT D, AT O FENG RITBER OB, NG EIRALD BRI OFER 35
EL, TNPREEZFEmOLIEHIZEY, o BOLOBRHANLRTND 2,
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Table 2—1-1 Physical properties of SisNy4

Crystal system o :Trigonal B :Hexagonal

[attice constant o :a=7.7520 / X10 'm
¢=5.6198 / X10 '’ m

B :a=7.608 / X10 ''m

¢=2.911 / x10'm

True density a:3.168 gecm °
B:3.192 g-cm °

Color Grey~thin yellow brown

Sublimation point ~ 1870°C

Specific heat 0.26 cal-g '-°C™!
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ICEEL, BILELBE T L, EKH 600CLL ETHIEVL TR T 2R F4E
{fELT CO ELTHET D,

(3) ~NuF A AR

RABELAIRB B @ SiIREL T, WU L 715 (SiCly) D X5 7 xmr
IbrA5%, N JRELTUIT =T 2R T2, MBEBLHRHRL s Abr A5/E
ERESZELHD,

SAAIGEDOHEIE, B 2-1-2 (ORLIZISNICEMAOF RS 2% & iR CRs St
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DWEIEL, "o A r 4B 2RI EIIE N EICE ST ALKk FEERI £
T2,

B RRRILEE, WO 7 A FERAEZIEBOT =T 2GS
HRIEREL CTEER IV VALEY S Va VAR (SINH),), v VarThI 73R
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Table 2-1-2 Synthetic method of SisN, powders.

Synthetic method of SisN, powder Reaction
Silicon metal nitridation method 3Si+2N,=SisN,
Silica reduction method 3Si0,+6C+2N,=Si3N,+6CO

Silicon chloride and ammonia method  Gas 3SiCly+4NH3=Si3N(amorphous)+12HCI
SisN,(amorphous)=SisN,(crystal)

Liquid  3SiCl+16NH;=3Si(NH),+12NH,CI
38i(NH)22813N4+N2+3H2
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Si ingot

Crushing—Milling

Acidizing

Nitridization
1200°C~1500C
Crushing—Milling

Acidizing

Defloccurating

SisN, powder

Fig. 2-1-1 Fundamental method of silicon metal nitridation
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SiCl, NH,

Low temp.gaseous reaction

Precursor

Sublimation NH,Cl

Crystallizing

Defloccurating

SisN, powder

Fig. 2-1-2 Fundamental method of silicon chloride and ammonia reaction (Gaseous

phase reaction) .
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DOV THD,

2-1-5 &R Si BEEZE BTV ARSI SEN MERDORME VY

SLN YR D EE TR 2-1-5 1R XKL T, (1) K+, 2) fb2Rksy, (3) &
Tt R NI NS A DY s
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Sicl, ﬁ NH,

Liquid phase reaction

Filtration

Si(NH),

Temporary firing 1000°C

Amorphous SisNy

Crystallizing 1400~1450°C

Defloccurating

SigN4 pOWder

Fig. 2-1-3 Fundamental method of silicon chloride and ammonia reaction (Liquid

phase reaction) .

22



Table 2-1-3 Typical properties of SisN, powders.

Silica reduction method ~ Silicon metal nitridation method Silicon chloride and ammonia method

Specific surface area / mz'g_1 8.7 12.1 10.0
Mean particle diameter / zm 0.90 0.65 0.81
a phase content / mass’ 98.5 91.4 97.0
Total oxygen / mass% 2.00 0.89 1.0
Total carbon / mass’ 0.90 0.24 0.1
Metallic impurities / mass ppm Fe 70 280 30
Al 2000 1230 10
Ca 100 1030 5

Sum

Silicon chloride and ammonia method (needle crystal)  Silicon chloride and ammonia method (granular cryvstal)

Fig. 2-1-4 SEM images of SisN, powders synthesized by various method.
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1. Particle

mean particle size specific surface area
particle size distribution particle shape
top size

Properties of SisN, powder

2. Chemical composition 3. Crystallinity

oxygen, carbon lattice strain

metallic impurities crystallic size
a/ B ratio

Fig. 2-1-5 Characterization of SisN, powders.

15um bum

primary coarse particle aggregaled particle
Fig. 2-1-6 SEM images of primary coarse particle and aggregated particle of SisN,
powders synthesized by silicon metal nitridation method.

24



Si EEEZE(EOSE, Mk B - 5208 RO TRARDLT-D, —UCHLIRL T,
BRI DRV T WMEMIZH B,
@ TEM FI| 1

Break down (3R £ 7 2B ADRERR) IZHED SisN, ) KOREIE, MIFEORE,
BB EIZEVEMECTHD, 1HI1EL T, BRIz SN, MR OB ALEE FHFIED
EWER 2-1-7 (-7, oD, & Si BEEEEOEAE, BOAEFIEICLY,
[F—RIE CHE R MBI RS, 2R 2-1-T (ORTERERD SO, BDEL K
MR L TODDO TN EE ZTND.
@ ESCA F] A

ATRC break down %9 Si;N, 3D ESCA 74 #k A 2-1-4 (R, BIIRO@EY,
SN, KT Si-O FEH (SI0,) BNEIEET D, LL, 20 Si-O FEAITh+ PHED
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0.3um 0.3um
HCI treatment (HCI+HF) treatment

Fig. 2-1-7 TEM images of SisN, powders synthesized by silicon metal nitridation
method.

Table 2-1-4 The surface atomic ratio of Si;N, powders synthesized by silicon
metal nitridation method.

Total oxygen  Ratio of surface atoms / mass%

/ mass% N O
HCI treat ment 1.45 60.7 39.3
(HCIH+HF) treatment 0.79 77.8 2.2
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Fig. 2-1-8 The bending strength of SisN, sintered by HP method with MgO 5 mass%

addition as a sintering aid at each temperature”.

Table 2—-1-5 The crystallinity of Si;N, powders synthesized by various methods.

Silicon metal nitridation method Silicon chloride and ammonia method

Crystallite size / X10 ' m 530 650

Lattice strain / X 10~ 2.4 1.9
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20nm
Fig. 2-1-9 TEM image of SisN, powder synthesized by silicon metal nitridation method.
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Thermocouple Carbon tube

High frequency furnace

Carbon | Heater
Crucible
8kg
< Carbon pipe
< Kryptol grain

[ Refractory material -‘

Turning unit

Fig. 2-2-1 Schematic diagram of the unidirectionally solidification apparatus for

purification of the industrial Si.
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Industrial Si—ingot

Fusion—Solidification

Crushing—Milling

Acidizing

Refined Si powders

Fig. 2-2-2 The Fusion—Solidification—Acidization Method for purification of the

industrial Si.
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Fig. 2—2-3 Effect of the solidification rate on the metallic impurity of Al.
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Fig. 2—-2—-4 Effect of the revolution rate on the metallic impurity of Al.

36



Table 2-2—-1 Metal impurities of the industrial Si—ingot refined by unidirectionally
solidification method.

Metal impurities / mass ppm

Fe Al Ca Mg
Industrial Si-ingot 2700 1300 400 200
Refined Si—ingot 8 53 26 3

Fig. 2-2-5 Photographic image of the ingot texture refined by unidirectionally
solidification method.
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Table 2—-2-2 Relationship between the size of Si crystal grains and Fe and Al impurities

in the industrial Si refined by various Fusion—Solidification—Acidization Method.

Size of Si crystal grains Fe Al
Sample No. Solidification conditions / mm Acid treatment condition Before  After Before  After
/ mass ppm / mass ppm
Si—ingot
. 0.5~1 5650 550 3200 560
(raw material)
1 o Si bkg
at 1400°C for 1 hour 5~8 5700 15 3200 150
35% HCI 10 kg + 7% HF 3.2 kg
2 . at 90°C for 1 hour
at 1400°C for 1 hour
and 7~10 5460 5 3100 122
at 1200°C for 1 hour
without holding temperature <2 5300 350 3200 550

15 m

Fig. 2-2-6 SEM images of grain boundary and Fe distribution in the industrial Si
refined by the Fusion—Solidification—Acidization. (a) is SEM image. (b) is EPMA image.
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Fig. 2-3—1 Schematic diagram of the small trial nitriding furnace.
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Fig. 2-3-2 The shape of raw material specimen.
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Table 2—-3—-1 Composition of the starting materials.

Starting material

/ mass%

Si 94.69
Impurities 1.93
Cal’, 0.48
Methyl cellulose 2.90
Total 100.00
Ny
—_—
Thermocouple
r——
H,
Header Nitriding tubular furnace

Pressure gauge

_l_

gui

Quartz tube

Exhaust gas

Fig. 2—3-3 Schematic diagram of the nitriding tubular furnace.
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Table 2—-3-2 Properties of starting materials.

Average particle size of Si powder Cushioning material Bulk density
(SisN, powder)

/ um / weight parts
3.5
1.9
18 0.7
1.3
1.0

Table 2—3-3 Nitriding atmosphere.

Ny,—H, atmosphere

N, / vol% Hy / vol% O, / vol%
75 25
50 50 10°
25 75
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Table 2—3—4 Relationship between Si nitridation rate and various temperature and time.

Added Cal Temperature Calculated reaction rate / mass%
/ weight parts /C Oh 1h 2.5h 5h 10h 15h
1100 5.37 - 8.07 10.32 13.30 15.96
0.5 1200 11.44 16.40 21.12 0.75 34.16 35.31
' 1300 20.14 31.34 46.10 53.15 63.83 74.25
1380 33.51 93.98 94.24 99.57 99.95 -
1100 5.82 - 9.51 12.18 14.33 19.38
0.8 1200 13.56 19.75 26.25 39.44 45.89 46.15
' 1300 24.07 38.66 58.61 66.17 75.95 85.90
1380 41.03 97.05 98.41 99.46  101.93 -
100
=2
7]
é :Surface part
~ :Inner part
)
+
<
[
5
= 50 —
3]
)
)
Sy
e
o)
+—
=
=S
o
<
@)
0
No.1 No.2 No.3
Sample

Fig. 2-3-4 Relationship between Si nitridation rate of the surface part and Si

nitridation rate of the inner part.
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Table 2—3-5 The reaction rate order and reaction rate constant of Si and N, reaction
equation obtained from this experiment with CaF, 0.5 weight parts addition as a

catalyst at various temperature.

Temperature Time Reaction rate {1—(1—y)1’/3} Reaction rate order Reaction rate constant
/C / h y m k
2.5 0.0270 0.00910
1100 5 0.0495 0.01680 -0.303 6.03%x107*
10 0.0793 0.02720
15 0.1059 0.03680
1 0.0495 0.01680
2.5 0.0968 0.03330
1200 5 0.1552 0.05470 -0.380 2.09%10°°
10 0.2272 0.08240
15 0.2387 0.08690
1 0.1120 0.03880
2.5 0.2596 0.09530 -0.380 6.01x107°
1300 5 0.3301 0.12500
10 0.4309 0.17420
15 0.5411 0.22870
2.5 0.6074 0.26780
1380 5 0.6607 0.30250 -0.853 1.34x1072
10 0.6645 0.30510
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Table 2-3-6 The reaction rate order and reaction rate constant of Si and N, reaction
equation obtained from this experiment with CaF, 0.8 weight parts addition as a

catalyst at various temperature.

Temperature Time Nitriding rate {1—(1—y)1/’3} Reaction rate order Reaction rate constant
/h y m k
2.5 0.0368 0.01240
1100 5 0.0635 0.02170 -0.520 1.32x107°
10 0.0851 0.02920
15 0.1356 0.04740
1 0.0675 0.02300
2.5 0.1325 0.04630 -0.380 3.44%10°
1900 5 0.2644 0.09730
10 0.3289 0.12450
15 0.3950 0.15420
1 0.1495 0.05120
2.5 0.3453 0.13170
1300 5 0.4210 0.16650 -0.380 8.04X10 "
10 0.5188 0.21640
15 0.6183 0.27460
1380 1 0.3786 0.14660 -0.833 1.46X107*
2.5 0.5739 0.24740
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Table 2-3-7 The frequency factor and activation energy of Arrhenius

equation calculated from the experimental data in various nitriding

conditions.
CaF, Frequency factor Activation energy
/ weigth parts /h! / keal*mol !
0.5 5.6 %10 50
0.8 2.0%10* 39
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Fig. 2—3-5 Relationship between standard free energy of formation per mol of oxygen

and temperature.
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Fig. 2-3-6 The simulation results of Si nitridation rate with CaF, 0.5 weight parts

addition as a catalyst at each temperature and time under a N, atmosphere.
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Table 2-3-8 The frequency factor and activation of Arrhenius equation calculated

from the experimental data in various nitriding conditions.

Si Nitriding atomosphere Average particle size CaF, Cushioning material Frequncy factor Activation energy
Atomosphere N, / vol% / um / weight parts /ht / keal*mol *
25 3.5 0 18 1.4x10° 80
Ny—H, -
75 3.5 0 18 3.8X10 80
High-purity Si 1.9 0 18 2.8%10° 19
1.3 0 18 4.7x10°* 18
N, 100 1.0 0 18 5.5X10 2 16
3.5 0.5 18 6x10" 50
Industrial Si 5.6x10
3.5 0.8 18 2.0x10" 39

Fig.2-3-7 SEM image of SisN, obtained under N,—H, atmosphere.
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Fig. 2-3-8 The simulation results of Si nitridation rate with the high pure Si of
average particle size 3.5 u m at each temperature and time under 75 vol% N, and 25

vol% H; atmospheres.
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Fig. 2-3-9 The simulation results of Si nitridation rate with the high pure Si of
average particle size 3.5 u m at each temperature and time under 25 vol% N, and 75

vol% H, atmospheres.
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Fig. 2-3-10 The simulation results of Si nitridation rate with the high pure Si of

average particle size 1.9 p m at each temperature and time under a N, atmosphere.
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Fig. 2-3-11 The heating pattern of high purity silicon metal nitridation (One case).
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2-4-1 1ILBIT

SN, B3Iy 7 RIHEEM B L L T D DT a—T75 7 B— R Ty — % —
0—X =72 ENBRETN A EY, ITETIEART VT AR — v, P IRE T ER Y
IChER SN, ZOIEHAEEITE 2> TS Y, —J5, SiN, DRFSEIE 1970 400
Rk A FMZEEEY, BARTIE 1978 FICEOME T ny =/ L THRY EiF b,
RERREZZT, BHEOENEETHERIN TS 7,

SN, BEIIv I ADFERE AT AT aE AT B S| EEEELE, SI0 B ITiEEN
17 AT AFTIER DIV TND, N T AT AFRIEDNDELND SN, HIRITZAE
FOGTHHIERD, RUROFEMR THY, BEfEARREICZEE KIT T mME, & a5y
L, WEIRRIERFENES ThD VY, TOMEER, ~al AL AR ET SN, IR
VI ADFEEHERICII EE R F IR0z, — 05, & Si BEE(LENLELNLD
SEN, My RIZ@ R Si 12 N, PIEET DER S THDT2D, AT D SN, IS bE
FEDINTHLIREZ2D DT, SN, M RZER T HITITAR — VIR E THT D E
WD, ZDTD, MFHERIZB W ORI ORA, KK, Bkl OFR-EN
AU, SN, B30/ AOFEMERIZBIT 54 S BEEEEOMEMTIZE) >
Too ZOFIETHERILTZ SN, 1E N ICHDIEECCAER T A7, R¥DVINSIe i o

DEE KL ESTND,

Bailr, Hibdh-2hbEd S Ba BRI ELEEME D SN, B K IRFES LIRS
7= 99 &E S BEEET e AT AFREOT o AL KL, —EIZRKED
SN, ZAEPETEALDT, aAMIZEHRRTaEATHLEE DI TS, 65T, &
U C7 R B S - 208 dh Si B A b LT @i SioN, ¥y K&~ — R B L,
b E SRR e E R S NAUE, N A A RIEOTEO— AT 5]
REMEL EIV,

&J& St DEALIZHOWNWTE, Z<OFENMESN TS, ERHDELT, &8 Si
FEIER S SN, RO B FIBEIZ LD N, JEBOEE, &8 R ousin
X8R Si OIRFEAAET Ny IEEMEE T 5708 OZEA L RISHEE N H A ST
% 00 &g Si OFUGBERE ICR VT, &8 Si BE O Si0, & H, ThRETHILICE
LHEEE, &8 Si RED SiO, &R T T SiO(@b L TRV LI LI D ZE/L
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(RHEZREDRESN TS 210,

ZD4&JE Si RED SiO, 73 SiO (g) ELTREIL CUKEAIZEBL, 2O Sig AR
AERA I L= SRR RY, SiFEMIERR IR 00 220 S 072 1 T SiN, 2 2 RS
FHEELILNTENT, 28 S| EHEEEOR A CHOMTEBRE TAELHHA
Bif, BRAL7aE OREDEHES L, BRREOR B 2GSRI LEE X7,
ZIUE, Si JFBMERAA D ZERRIHM R EHIR 2T 95 L, Bt Rz & AT
Si,N, BUA MR 22 LI DB, S, BOAEDIR BT T 5L, Btk
B EE IR G, MR B A R L LT build up BI7RR SR N R T X D
L 2T, SARENOIT T BB RO LB AT I R BEZ 50T, Si0@%
SNZIETT T DI ENTEIUIHTH SisN, OFEREL B LT 5D Tlidiau & 7= 1Y,
HE, @ S EEZEWEICIDOTMEENTERE St OBAN =X LOMFFEITH W
T, SiO(g), Si(g)k N, ORISIZEDEH R EPHTHH T2 ELH D 2,

ARFETHL, ZOSIOEICIERL, &8 St EEZEEOE TG Sio(@E AL
ISR A 58872 SN, OB R A R L0, ZOL57 KM EEZ B AfL
e @ St EEE(LEOMZRIRIZEAERESN TV RN, €5 T, St JEEHERARIZ
SiO, ZFEMAIIZHANL, SiO (g) DAERK, FIZIE SiO(@)1b Sig) ~DiETTie &b it
T, Si JFURHEERR MR D 22 BT SRR IC LA MOM A B IR B SRR & DTF B2 1 0
SizN, HOE R N ENHZIVE SN, AT DL LB O SN, £
R OHLRALS NI SEN R A BB 5 2L a A LIz 0199,

2-4-2 EBRGIE
(1) SiO(g)-N,-NH; BEFIR T D ZFLE SisN, HLO/ERIZER Ly ik - Bt (S 5E 0
@ LILE Si;N, BROIERIEER

4 J& Si ML 99.98 massh, KL 88 um FO&JE Si kK 100 BEHICHL, oby
2R 90% THFREME 20 m?-g ' D Si;N, iR 15~18 EEES, HEEMAE 200 m®g' D
SIO. K% 1~5 EHEHDOEIEN LD E MR a HRREIE Uz, SiTRAHEED
I FEIE No-NH, OYE#, Si [REDBERER IEE SiO(@ DR BL LA BHHIIZ 1.0 g-
em ™ LUFIZRAZEL, Si EBMIERIADTAIRIT 150 X 150X 20 t &LT-, A b5MFi% 2-3
BEOEME St OEAFINCEDIRE -FERBOELFE DT 22— al fRES
B2 NH; OFERGRATREL H, ZFZF 25 vol%? N,-NH,; ZRPHX T, 1150~
1450 COIREEIR CHARH E 2R 10°CUL T IZHIEEL, 28 SLN, SAERL,

NI SIUE SN, S XARIET, SEM CERMORE, o 3 RORELTIER
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BE1To7,

F7, HEFEHZ SN, R AR 52 B ILE LN T D247 SO %30
T 2ZLICED a— BHDOEBEZL LT 2720 ThD, £/-, FIREEZERF 10°C
PLTIZHIEE T 2B HS 2R SIS ED o — BHHOEBZR LT 5720 Thd, I,
EBRIEEIL 2-3 FEOK 2-3-1 OFFTUFE A=,

@ BrfcEH

FDt%, SHE Si;N, BLITHFE - H 2L 0.2 mm FISBWFELTZ, 0.2 mm FO
T CHOW TR EEZRE L, VT, 1 L OR—/L3LIC 0.2 mm T O
i 50 g, 10 ¢ @D SisN,AR—/1 0.5 L, 1,1,1-R) 7L 100 g 2 A, 20 B
L, A, Hoitk, 1 R OREIREZATV, BERETREHH SLN R E G 72, 560072 SipN,
MRIT o m=R, LEEEEZEIEL,
@ BERE(AFTAR

WIZ, ZD SiN, B RICEHRI A 1.3 um D Y,0, LR F4E 1.4 1 m D ALO,
ZZIF 4L 5 mass%h, 2 masshZIRAL, 1,1,1-Fra/L X 2Nz C, 4 BfElAR—1
VL TIRIE A LT, Folf2, 100 kgecm® DAJEET 6 X 10X60 mm IRIZ T AL
L=, 2700 kg-cm* OSFEHET CIP lFEL, ZNHDRIEERE I —AR L VY RIC
AT, N, HAFEHR, SRR TRERE LT, BT BERE RIIHEI%, X
FELER 3 R R E AR E LT,
(2) SiO(g)-CaFy(g)-N,~NH; FRFHR T D% FLE Si;N, O VERL FZER Ly 4 - BEfE &

Al

O %ILE Si;N, HO/ERIEE

& J& Si #E 99.98 massh, KiBE 88 pm FOEJE Si 7R 100 EEIICKL, o
53R 90% CEL R AR 20 m*+ g ' D SEN, K 10 EEEHOIREG MR L HIFEE LT,
St JFUBHILERR D 7 48 BE 1T N,-NH, OFEHL, Si[REDBERERT 1EE SiO(@) DA # B 1k
ZHMIZ 1.0 grem® LATFICHAEEL, Si EBHMEEROTEIRIT 150X 150X 20 t &L7-,
ELEMT 2-3 EOEME Si OZBALKIZLDIRE BB OELRDT 232 —
Al fERESEINH, OFELGREZTEE L Hy 82 10~50 vol%? N,~NH, 55
FST, 1150~1450"C DR EE I CRRHE 2R 10°CLA T ITHIEIL, Z4LE SN,
HWAaaRLT,

F72, BAUIZEL, SITVLBERM N DK THIERBEE TN A, FlZX CaF,(s)
Z 1200°CIZTRRESILTCWDRIDESIFICTIEL, Ar HAZ[FESE T CaFy(g)é LT
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ZALIFICEAL2ND SiIckdE B ELZZE SLN, 2 &L=, 1,
CaPF,(@) &8 A4 53 E T 2-3 EDOK 2-3-3 DE IR & AV, BN LUK SisN,
BT X BRET, SEM TARRPIORE, o RORIELEBIELAToT,
@ M

D%, ZHE SiuN, BRI FRHEICIY 0.2 mm FIH#ELZ, B2, 1 Lo
R—/LUZ 0.2 mm FORREE 50 g, 4 ¢ O Fe 7R—/L 0.5 L, 7K 100 g & A#L, 20
RERIE A FEE%, HCL & HE CERALERL, Aiff -5z ST\, BEREEUELA SN,
MREGT, /BoI SEN I RITEESR, FIRLF4E, 0.2 pm TOEE, FetAl+Ca
DEfREZRELE,
@ BEfE AREAR

WIZ, ZO SN RICFELTR 1.3 um D Y,0, S ERF2E 1.4 1 m D ALO,
CYFRIFEE 1.2 pm D MgO ZZ3F 11 5 mass%h, 2 mass%, 3 masshzaisiiL, 1,1,1-
M7 2z T, 4 BRR— AL TIRAIES LT, E#%, 100 kg-cm® @
FXIEE T 6 X 10 X 60 mm FERIZ BRI AL IZ LT-1%, 2700 kg-cm * DFLIZET CIP 5
L, ZNODRIERE T —R VY RIZAI, Ny FAFRRRH, SRS TRERL
720 B BERE RIS HIT, FHXHE L FR 3 R TREZIE LT,

W, SRR EMEIIRDO T EICE-T,
(1) B2 (mass%):LECO #H TC-136 B O/N R 43HrEt
(2) WRmEEM g ) BGET A=A &2 —Y—7 Jr BET1 A1k
(3) RLFE(u m): RGN ERTR CAP-700
(4) ERRMORIE: HEERAERD AT —T7F0 7 ARAD- B BLD X #REI1Hr
(5) a M%) BELBHAERS A D —T7F 7 A RAD- 1B B> X &=
(6) &)@~ #i# (Fe, Al, Ca) :JIS-G-1322
(7) FAXHEBEE(): 7 /LX AT Ak
(8) 3 SHNITIREE (MPa) : BEEWERT A —RF7  AG-2000A H

2-4-3 FERLEEBE

(1) SiO(g)-N,~NH, B & T TERS =S TLE SiaN, SLOMMA - BERE (434
BATOBEKREEROERE Si BEHEE(LED SN, BRIZBMR SR 525

2B SipN, SA L TERISND DS, Mt ot A bIZ R mE O

ECREIE 10 m? g RRENRA CTHE, AFIETITABRLIZELMIC &R Si KR

D Si0, 78 SiO (g) EL TR L CUWKEHARICERL, 20 Si A KIEEAFI ALK
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FABUSIZ LIRS D SN, 2 2 EHT IS T A LN TEIUE, ZOMD stk A%
G AT SNy B R D LI KB IT R SN A EE 2 T,

X 2-4-1@)21E 48 Si HMEE 99.98 masshD & @ Si MR E o 493 90 % CHR EE
20 m’g "' @ SiN, iR OIRE M RICLLREFE 200 m*-g ' O SiO, MEKREZE AL, Si /R
BHEREDO VB EE 0.7 g-om ICFHEEL, No-NH, FHEK T (NH, D522 55518
ELZ H, 8 H 8 25 vol%), O, & H & 10° vols CIERLL 7= 24L& Si;N, BEOFRAT72
SEM BEE %717, 2 TOFRENT SHERO LT, ZEOFHRBIERE SO SLN, 238
BXTe, ZOFTHORIEHEIX(DRUTRT Si OKFEFRE SiO(g)hy NH, (g) ERIGL
T=bDEHEERL TD, <D Si B HKHEED FHTZO SO (g) BMEFE T2 HIL Si-
O-N D Si & HKAFED 5y £ 4K 2-4-2 (2 1 B9, E{LfEliciBnT
Pso DB ENENIEITED 7, F72, Pso, DFEHESELEWD, (2) KotE#HEH
B =R —DOZE LB ZORISTR I SHWN T LT,

W, BAJFEE 20T JANAF ORI T —4 Wb B UL B OREHEA: Ak
HHET LY —(AG)) DEEAVEHELEZS KGROERE R B rLX—D%1k
B (AG)DHHERRL-,

3Si0(g)+4NH,(g) = SisN,(s)+3/20,(g)+6H,(g)

A G,° =39 kJ+mol ™ (1600K) (1)
3Si0,(g)+4NH;(g) = SizN,(s)+ 304(g)+6H,(g)
A G’ =+1134 kJ+mol '(1600K) (2)

F72, SIO(@DAERUTDOUVNTIE NH; 7 OAEREL 72 Hy (22588 St KD SiO, DiF
TLER BN IFNIZIFEIET D 0,128H& )8 Si OERED(3), (4) AEZHNDHA,
HROEEA B RLX — DB ENOE X DLEWORDOFTREIDZ VO TN
MEEZTND,

SiO,(s)+H,(g) = SiO(g)+H,0(g)

AG.°=+233 kJ+mol " (1600K) (3)
Si(s)+1/20,(g) = SiO(g)
AG,°=-235kJ+mol* (1600K) (4)

SIO, DIANTHNTIE, B 2-4-2 ITTRSIVTWD I3 E Pyo D Ev Z& &
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Fig. 2-4-1 SEM images of porous SisN, ingots. (a) is porous Si;N, ingots obtained
by nitriding with SiO, in the temperature of 1150°C to 1450°C under N,—NH,
atmosphere. (b) is porous Si;N, ingots obtained by introducing CaF2 gas into Ny~
NH, atmosphere in the temperature of 1150°C to 1450°C.
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1600K Po,=10"*%atm

B Si0,(s)
2 | 813\4(‘3)
B - | SiO(g)
3
& 6
Z = Si(g)
=
'-_;\ 8 —
% i SiN(g)
® g0 | SiOde)
Siy(g) e,
12 [
| Si3(§-{)
14
| | | | | ] | | ]
8 6 4 2 0 +2
logPy; (atm)

Fig. 2—-4-2 Equilibrium partial pressure of Si—containing gas phase species in Si—-O—

N system.
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v, ZALEC Si JFERMERIEROZERIC SiO(@E L BICRAESELI LN REARBT
b5, ERLT2EI1T SiO(@)-Ny-NH; TR T O Si JFEHIEERR O ZZRIZ VT
NH;(@ D %5212, O, ZBERIH72035 SiO (g) DAERLE SiO(g)& NH; (g) DK
JRIZEDERRAED SN, 3T HIL THDEE R TV D,

R 2-4-1 |1 TSR BAIAS i SiaN, 23 AT FLVE Si,N, BRA kL TS 172 SigN,
MR EFFMEZ AT, 0.2 mm FOLREETH RGO LERmELBZ T,
S-SR G D SLN, s R AR EIZKESEEL TWDHEB X T
Do BTOFET 25 m* g ' LA LD HREELH T 28N O SLN, MRPELNT,

# 2-4-2 (I SLN, B D Y,0,-ALO, RBEREBhEIZ - BEfs (A et AR
T B SN, B RICE LM EEID Si;N, By R AMEIR CRERS B AIFE 27
L, ZNDEE7e0BERE DA, 1550°C THBER FIREL 72D F IRFEE D 800 MPa LAk
ERBL,

(2) SiO(g)-CaFy(g)-N,~NH; FXHK T TR =L FE SLN, SOk - BEiE 4

FEAfh

SizNy My AR DL EE FEE X RTR U 72 S8 RO I L D RIS &2 D SN, 260K s D

SREICEALS A ENTEIIE, BRSO ERE T3/, holkiE EMAREL
77 build up BY7RL EEFREE N E R CEAHEE 2T,

X 2-4-1(b)IZ1F 4 )& Si M 99.98 masshDEJE Si FyRE o 435 90 % CE R EiE
20 m’g!' DIREMKREAV, St FEHEEREO IV EEE 0.7 g-em® IZFTHEER, No-
NH,; FHR T (NH; 0252 BE LT H, §H & 25~50 vol%), O, &F = 107
volb DA TEAVIZERL, Si IVBEBEFBM NN K THD Ca JROH ATE, iz
CaF, (s) % 1200°CIZER ESIVTWDEIRIFIZTRIEL , Ar T AZ[RIFESH T CaFy(g)bL
TEFIEALRNSER LT IE Si,N, ORFER SEM BEEZ R, £ T
DOFELT SHTFROOILT, ZEDORLRBGIRE S D SN, BB,

], CaF, T AIZG) DO KIEEAE Si(g)l mol 1Z%FL CaFy(g)1 mol NMHETHDHN,
ZIT—ETITONRNWOT, ZNLL T T Tho, %+ 5755, CaF, TR Si
JFEHIEEA D ZERR CIEERL TV D EEDNAD T, DTN RETRVO TRV
EEZ TN,

BOREGHRS i SiaNy O H BOSHE L TRl T FOn R A B E LT, (5)ZNod
FOSIFEERE B =X —DE L ENOLE X TEIVOHWEE X 203, FEEE, HEH
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Table 2-4-1 The powder properties of SisN, obtained by milling porous SisN, ingots
with fine needle Si;N, crystals.

Sample  Particle size of Si  SigNy SiO, Nitriding atmosphere Morphology Specific surface area @ -phase content

um /weight part  H, /vol% 0, /vol% meg! %
1 <44 8 3 25 107 needle 27 %0
4 <88 15 3 25 10°  needle 28 9
7 <88 18 45 25 107 needle 27 93
SN-9FWS (Commercial SNy powder: Si metal nitridation method) 11 91
SN-E10 (Cmmmercial SisN, powder: Si imide decomposition method) 9~13 >95

Bulk density of porous Si raw material specimen : 0.7.

Table 2-4-2 The properties of sintered SizN, made from SisN, powders obtained by
milling porous SisN, ingots with fine needle SisN, crystals.

Sample  Specific surface area  « —phase content  Sintering Temperature Relative dennsity 0 RT
/m’g’! /% /C /% / Mpa

27 90 1550 94 820

4 28 91 1550 93 900

7 21 93 1600 96 950

0 rr: Bending strength at room temperature.
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ZOEERPIC HE AL DB E DL X0 ~ORSITEA TWAHLEE
QAN

SiO(g)+CaF,(g)+H,(g) = Si(g)+CaO(s)+2HF(g)

AG,°=+238 kJ+mol " (1600K) (5)
381(8>+4NH3(g) = Si3N4(S)+6H2(g)

AG,°=-1386 kJ+mol ! (1600K) (6)
CaO(s)+2HF(g) = CaF,(g)+H.(2)+1/20,(g)

AG,=+211 kJ+mol " (1600K) (7)

Fiz, ZFVE SN, BRIC CaO ST ZEdD, SiO(g)-CaF,(g)-N,~NHs
FHKT @ Si FEMEREOZERICHE W TIE, NHy(@Dffax= 1722, O,
HF(g), CaFy(g), Hy(e)ZMEERSH723 SiO(g), Si(g) ARk E Silg)d NH; (g) DT
F0, BOIREED SN, AT HHL THHEB X TWD,

F 2-4-3 ITITRORBGIIRE fB D SN, 28 72 SEN, AL THROITZ SN, )
ROEEZTR T, ZORLIRBHIE & SiaN, 25 T SisN, BLIXERFE A5 F72\0 > Si(g)-NH,
FHER T T SN, ZHHL TWAZEW N ClEZefiEi CThHH I ELVIKEEE T
IR DDIRUNBLIR D SN IR DFHINTZEHELZ L TD,

F 2-4-4 |IHEEL T R DD 722 VBLR D Si;N, By D MgO-ALOs-Y, 0, R BEfE
B & W RS R R A R 37, ZOREESE TR R DD 7 WKRDRD SEN, iR %
MgO-Al,04-Y,0, REEREBIFI T CHER L 7=b DI 1200°C CREEFRE 800 MPa LAk
ZEBLIZ, ZOBEBICOWTIHMEREE R DS BUCBEREBIAI DAL T DI~ SN,
MEDOEMEMETL, RY—EBRAERKRL, ZO/RR, BELLEbIETARIR
Eo@E BRERE AR LIREZEDIZEE 2 TD,

(3) ZRARICL DI RERI

VI EDIoiz&E Si BEEEMEDEKINT SO (g) & X —AIZL KRS %
M EFDTENTEI, [ABRISIZEOHTH 92 SLN, DOFZREIE SiO(g)-N,~NH, FRF =
T CIIEHR MRS 5, SiO(g)-CaF,(8)-N,-NH, FHR T CIRRRRHRE fa Th o7,
ZOFRERIERED AT Si FEMIEE AN D ZER D SiO(g)& Si(g) D4y EIZEEEL T
HDOTIFRONEE Z TS, R 2-4-5 IZHFEHINLEESNLD SiO(g), Silge
NHy(g)& Ny(IZ X DIERDE )T — 25 R TODH, ZOFERND SiO(g)-
CaF,(g)-N,-NH; 5P T ORISR DO T A Si(g), SiO(@)D 43 EMNEWIENHEERSN
%, $E-7C, SiO(g)-CaF,(g)-No— NH; FXFHS T Tl SizN, O fafn 235 <720, SiJR
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Table 2-4-3 The powder properties of SisN, obtained by milling porous SisN, ingots
with fine granular Si;N, crystals.

Sample  Particle size of Si SiaNy Nitriding atmosphere ~ Morphology Oxygen  FetAl+Ca Specific surface area a—phase content
/um / Weighpart ~ Hy /vol% Oy /vol% / mass% / mass ppm / mz-g'l %
1 <88 10 3 107 Granuwlar 042 315 8 90
2 <88 10 50 10°  Granurlr  0.60 305 12 91
4 <88 10 25 107 Granurlar — 0.40 300 7 90
5 <88 10 10 1% Granurlar — 0.40 305 7 91
SN-9FWS (Commercial SisN, powder: Si metal nitridation method) 0.80 2060 11 91
SN-E10(Cmmmercial Si;N, powder:Si imide decomposition method) <2.0 <12 9~13 >95

Bulk density of porous Si raw material specimen : 0.7.

Table 2—-4—4 The properties of sintered SisN, made from Si;N, powders obtained by
milling porous SisN, ingots with fine granular SisN, crystals.

Sample  Oxygen  Particle  Specific surface area  FetAl+Ca o —phase content Sintered body properties
diameter Relative density ORT 0 1200
/% /um /g / mass ppm /% /% / Mpa
1 0.42 0.55 8 315 90 98 980 890
2 0.60 0.53 12 305 91 98 950 820
4 0.40 0.72 7 300 90 98 900 805

Sintering condition : at 1750°C temperature for 4h under pressureless sintering.
0y . Bending strength at room temperature.

0 1990 Bending strength at 1200°C temperature.
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Table 2—-4-5 Standard free energy of SisN, produced by the reaction of Si—containing
gas phase species and NH; or N, gas phases.

Atmosphere Chemical reaction equations AGrO(kj-molfl, at 1600K)
3S10(g)+4NH;(g)=Si3N,(s)+3/20,(g)+6H- -39
SiO(g)—Nz—NHS ' (g) 3(8) ' 3 4(5) z(g) z(g)
3Si0(g)+2N,(2)=SisN,(s)+3/20,(g) 490
3Si(g)+4NH;(g)=Si3N,(s)+6H,(g) -1386
Si0(g)-CaFy(g)- N, NH - 0 88 Pl SRR
351(g)+4N2(g)2513N4(S) -860
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BHIEER AR D ZE BN O KR FIHRL T 23 5 A L, ZDOH O ERRIZKVRLR &R
L7 D TIIRWDNEHEREL T D, — 77, SiO(g)-N,~NH; FREHS T Tl SiO(g)?d
SEMMEL, SisN, Oi@BEaFIE LRI ENFTREEN, KRG Si OEERE EIZEIR
e T L7ZO TIHRWINEB X TWD, 5%, ZOBRBELIZOWTUIEmEED
TUVKRENHD, RIFFED SiO (g) Z#_X—AE UK KIS E M 5 LIZ#T L& R Si
E#EZ(EOBAK LR 2-4-3 (7T, 4%, €8 Si BEEZEEICB W TR
2D SisN, O RERIE DOBFFE N E D IE, Si,N, DA N E I 52 E2 T
W2,

2-4-4 £
&8 Si éﬂ%%{tiﬁ IRWT, mMEeR St AFEEL, SiREHERIED Y5

FEA 1.0 geom® LATICHEETE, No-NH, HEK T (NHy O &N Ba2 B ELZ Hy &

HH 25~50 vol%), 1150~1450°C D &AL EE D FIEHEE 2R 10°CLL T ¢&E/bT

BHITEEL, 1) &J& SilZ SiO, DEI XL 2) Ny-NH; ZRFHSIC CaFy gz 8 A 352 <E

120, Si FEHERIRDZERRIC SiOo(e) 721 Si()d NH,(e), N2(@) DK RGIC L

Si;N, D BB AT HESE2H LWA R Si B LIEEB R L, SigNﬁZﬁé@i:éw:

DR L BERE R LA TR T,

(1) SiO(g)-N,-NH; ZEFER T THERIN =2 AL Si;N, JLo¥d - BEfS ARt
GBS EEEMEICBWT, @R S REICHFEET S8, BINLT- Sio,, 47
WIZR BEERCAEE T D 0, IZLD 488 Si OERLZEIRE T2 SiO(g)e NH, (g) D
SABSSIZEOBRRAE D SEN, 25 ST JFREMEREROZEBRITAT HH L T2, Z Offize St
WiaZ e UE Si,N, AL, 25 myg ! L EDOHREEL A T 2BHARE
D SiyN, By REET=, ZD Si;N, Rl Y,05-ALO, REBEFEIHFIT 1550°CTHBERK
AIHEE72D, 0 SN, BEfs RO F IR E 1% 820 MPa &3 LT,

(2) SiO(g)-CaFy(g)-N,-NH; FRHAK T RS =L FLE SLN, Ok - BEiE 4
etk
EFESiO(g) % Si LVERFEH N K THHEIE Ca i CaF,(g) 12V, SiO(g) %
Si(g) (Il HEV T NH; (g) EDRAR S TR D SiyN, 23 Si JFUEHER AR D
ZERRIAHT LT, ZORDIREEE BT FUE SN, AL L RDIRBHIRE &6 C 0.5
massFEEE DIEEESE Si,N, ¥ KA 1E7-, 2D Si;N, ¥y K% MgO-AlLO,-Y,0, R ek
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Reaction stage Reaction formura
—

Void space of porous 5i raw

material specimen

Fine neadle crystal

~

1.Formation of SIO(G) l -510,(s)=810(g)+1/20,(g) ?
2.Formation of fine needle crystal '\ «Si(s)+1/204(g)=5i0(g) 1
3.Circulation of O, \\ +35i0(g+4NH ;(2)=5i:N, (needle+2/30,(2)+6H,(g) :

| |

 |LFormation of SIOG) [ -SisH1/20,@=S5i0(0) dmmmm——————— o

2 Formation of Si(G) : «5i0(g+CaF (g +H,(g)=5i(g )+Ca0(s)+2HF(g)
3.Formation of fine granular crystal : - 35i(g+4NH,(2)=Si;N (granular)+6H,(g) ,'
4 Circulation of O,,H,, CaF,,HF % - CaO(s)+2HF(g)=CaF,(g)+H(g)+1/20,(g)

N~ | Circulation of 0,H,,CaF, HF | ¢

------------->

—

Fite grantla crystal

Fig. 2-4-3 Schematic diagram of morphology control in new silicon metal nitridation

method with gas — phase reaction in addition to solid — gas reaction.
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BhAI T 1750°C CHERK L 7= Si;N, BEFE (R 1200°C D & IRIEFE 1L 800 MPa LI %R,
L7
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2-5 Si;N RO & B LArZE (1)
- B AREEZ{LIETERLEZZAE BT AR ~D BRI N RE
BRI R -

2-5-1 IILBIZ

1970 FERNOEENREBIFELIEH AX—E 7L — RS ICEERE, MEERE
PEZRE DB FEEED D SN, SIC REDBEFEEPHMOFEEZED, HIROAE
A, BEASIR, AN, FREAM, ERan{b7el OMFRBEANATON, BEESEFICBWNT
SN, D/ 0—TFF7, F—RFv—Trv—pENERbENZ Y,

SENy 3RO ERAFIEITIE, ©8 Si EHEEE, YUBETE, XINSE, R
BEVE7e EDRIGIVTODDS, Bl SR 23> CTOD B R DAIR D RIED ) K
WEFEHREL TIENRTODLEE DTS 279, AIREVRIEI SICL & NH; 205
A VAR (SINH),) &AL, BV L T SEN R ESD FIETHD, Z0D Si;N,
MARIFADROFERETHY, EME, & o w3, BURRERENES THLHD,
AINGIEEIT SN, BIIy 7 ADFEEHER CIXEE R F Loz, —F, @& Si
EHZELETEBAMMEZLERTHTEM Si 22HZFEHK T TNE- 2%
To7-1%, ML TSN RKEBLFIETHHDOT, Bhi Si,N M RIZE&E R
WLlEFEEZ<ETIEERY, EROMITHREDKN L) R EDHY, SN, I
V7 ADJFERHERNZ B BALE TR~ T,

BT, PEARRLESBICRWTEES S BRZEICEAEL TWDHIEIZIERL,
ZOEMEDOERER St BEFEHI AV, EHE, & o200 SN, HERNEESH
HROTND PO ZOMRICEEFEEH S LSO AIR 3 fRED L7 build up
HI7R0L B L DS AT RE SR AUTAIN B RE D —H 2 R TEHDTIREE R T2, 24
=TI, BmEO&RE S BEEEMEOESMISIC SiO(g), Si(g) A& ALK
JEATANL, SisN, DT RRAZEAL S DL LD, build up HIZR E IR LEESE Si(LE
M(SIO) DK CE DRI BEME AR E LT,

ARETIL, SiyN, B AOREIRERLEBRIZIBWT, SiyN, BERSAIZ Si,ON, DA KD
fil, Ny, NOy, CO, 728 DHANPEHEINTND VZEICEBRL, £T48 Si BEEAL
ETHBONLBRFEEH S LAY (SIO) & Te % ILE SN, SLA/ERIL, 5l&fEs
1550 C LA LD EHRIE T TRV A T o7z, ZOEIE TOBLFEIZLY Si;N,, SiO, [H
OMEBENZIEL, SN, OFEEBZEILEELNT SN, ByROM A - BEAE AR A 18
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ﬁbf: 10),11)o

2-5-2 EB
(1) ZAERME & o —SHE SLN,HOIER

&8 SiFEE 99.98 mass%h, KIFE 88 um FOERE Si ¥R 100 EEEICHL, o
43R 90% CELFE TS 20 m’+g ' @ SL,N, ¥R 15 BEOFERIEZDFEE 100 EE
ETeL, HeFRmEFE 200 m*+g ' @ SiO, R 4 EEH AT e HIE AL
2o Si JFRHIERR A O B985 B 1% N,-NH, OHLEL, Si [FEOBERRG1EE SiO(g) DAL
5 1% HEIZ 0.7 gecm™® LA FICFREEL, Si REMIEEARDO IR IE 150 X150 X 20 t L
oo AT 2-3 EOEME St OZEALFUSEHEREZS B2 NH, DFER 5 fRE 18
ELTZ Hy B A 3 15, 25 vol%® N,~NH, ZZFHA T C 1150~1450°C DR I C 5H- IR H
A 1 BRI 70 10°CICHIEIL, 298 SiuN, BRA/ERIL 7=, 3 FUEHT Si,N, ¥R
AT 2B ITZAHENCR T2 8B RS EIET 5281085 o — BHHOER
BEh LT 5720 Thod, £, FIREEZ 1 B4 7-0 10°CICHET 2B B S 20
IR OGCED o — BARDEEREZ S 1L 35720 Thd, SiO, Z I3 HEEH 1% SiO(g) D
DEZEERD RIS RESE D720 THDH, M, EBRERERIT2-3FEOH 2-3-1D
FAF A R,
(2) ZEEME B o —Si;N, OB BB EER

(VR TEECERLESN -2 FUE SioN, BRI EGRE A R E, BIE X RUEMA
[T CHEIESLER (1550°CT 20 BER, 1600°CT 30 BEf) 21T7-o72%, HBHIL, %
LA Si,N, 8151572, BN 7= SisN, BT X #REIPT, SEM CERBDOFTE, o
SEOPE L REBEAIT o7,
(3) EEBVAUE L7227 SisN, LB - Bais (A 3L

(2) CIE#IL 72 25L& SLN, SRAAHME - HREEIZ Y 0.2 mm TITHREL 72, VT,
1 L ®R—/L31{Z2 0.2 mm FOFFES 50 g, 4 mm ¢ O Fe n—/1 0.5 L, H,0100 g
AL, 20 FEfIMAEL, HEERL T VR CERMERS., A, HoMEL, 1 REE OfERAAT
VY, BEFREEEHA SN, K&, BOz SN, M RITRsR, LLREME, o 0FEE
HIELZ,
WIZ, ZO SiN B RICEHRIFEE 1.3 um D Y,0, EIEHRIFE 1.4 nm D ALO,
LRI 1.2 pm D MgO ZF3E4L 5, 2, 3 masshZiRiiL, 1,1,1-K)7mar o
ZowMZ T, 4 Bl — VL CIRAIR G LTS, #2§f%, 100 kgrem® ORIEET 6
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X 10X 60 mm FEARICETURRIE L=, 2700 kg-cm 2 OREIEET CIP L, Zhb
DEETEARE T — R Y RICAI, Ny HAFER S, 1700°C, 4 BRI TR LT,
BONT- BRI, BELEIR, 12000CTo 3 S RELAEIELE,
2-5-3 fERLEE
(1) BIRBVLEL-ZFE Si;N, SLDOFRE

EOLEE STYARIZ SIO (g) D4y EZ @O 5 HBYT SiO, ZHsnL, No-NH; XK T
Z{LL THELNT=ZLE SN, 38D SEM BEE X 2-5-1(a) 5] Zfix 1600°C TEL
HLTHELNT=ZIE SN, 30 SEM BEEAK 2-5-10)IRT, 2B OLILE
SisN, IZIZ L DOSHRBARE LD Si,N, 2SFROLNZN, Bl & & E IR THLFL
72 27U SizN, BRICITIF LA EFHRBGHIR s B S~ T,
(2) FIERBLEL -2 AE Si,N, O ARt

EEE Si YR % N,-NH; RS T CE(L LIz # RIS sk 2 & A 72 2 FLE SisN,
BEEME Si BRI SiO(g) DY EEE DD BEYT SiO, ZIRML THELNT-ZED
SHIRIBAAE S 2 B TS AU SN, SREME 25| S =ik CEVLEEL, $HIRMGHE
it % 2 A CUVVRWEFLUE SN, BEA L THROALT SN, Iy R O IR REHE AR
RIZ2TR IR PPN B T#R 2-5-1, & 2-5-2 (T, SRIRBIGIRE A& AT SisN,
MR LEEREIT 20 m* g ' 2B 7208, BRI - $HIRBHRE e & F o
72 SiN, 3 RO LR EFEIL 12 m*-g ! &E{iﬂﬁ_&TLko F77, SLN, YR T OMeHEE
IXEIEAVLEE 3 A2 L1200, 1.6 mass%)>5 0.5 masshfeE EF TR T L7
[H, & 2-5-1, & 2-5-2 [TRLTWD X MREHFIVEH LI o 0 RICKREREZEN
IRPNZE XD ERRBVLER IS SN, D o — B EEREIT0 -T2,
(3) BIBBAERL 725 FLUE SisN, B BaiE R AT

£ 2-5-LITRTEME Si HRE N,-NH; FHHK T CEILL SRR A S
ATEZFUVE SN, LB S mIRBVAEEL , $HIRBGIAS A3 A TV WEILE
Si;N, BiA L TIEDZ SN, B R A Y,0,-ALO,~MgO RBEHSBIA 2 FAV 7= S
IREFMEAER 2-5-3 | T, BIR CAVLHE L - KA O SizN, MR 1T 1200°C O & iR #h
FHREE/S 800 MPa iz, ERD&E Si E#EE{LETELNT, Bz, & 2-5-

IR TEHIRBVULEEZ L TR W LGB O IR R DL UWVERD SN, iREVED
Bt e KB 1) ESE AL k-, ZOBMIMERREE IS IVEER B AINTER T 5
AR ~D SLN, M ROBEFREMETL, NN EMRLIZZEIZLD, ZEESED
NDTAXTRELO B BHERENERML, SR REN LR L-EEbND,
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, > 4
Fig. 2-5-1 SEM images of porous Si;N, ingots. (a) is porous Si;N, ingots obtained
by nitriding with SiO, in the temperature range of 1150°C to 1450°C under N,—
NH; atmosphere. (b) is porous Si;N, ingots obtained by further heat— treating at
1550°C for 30 hours after nitridation.
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Table 2-5—1 The morphology and powder properties of SisN, in porous SisN, ingots
obtained by nitriding at 1450°C and further heat—treating at 1550°C and 1600°C

Nitriding conditions Heat- treating conditions Morphology and poweder properties

Samle Atomosphere Temperature Temperature ~ Time Morphology Oxygen Specific surface area phase content
Na/volts Hy/volt Opfvols /T /C /h /mass’h mteg ! /%
Comparison 1450 — — Needle 1.25 20 88
1 & 15 10" 1550 30 Granular 058 12 93
2 1600 20 Granular 055 11 92
SN-9FWS (Commercial SisN, powder : Si metal nitridatiion method) 1 91

SN-E10(Commercial SisN, powder : Si imide decomposition method) 9~13 >93

Bulk density of the porous Si raw material specimen : 0.7 g-cm_3

Table 2-5—-2 The morphology and powder properties of SisN, in porous SisN, ingots
obtained by nitriding with SiO, at 1450°C and further heat-treating at 1550°C and
1600°C.

Nitriding conditions Heat- treating conditions Morphology and poweder properties

Samle Atomosphere Temperature Temparature ~ Time ~ Morphology Oxygen Specific surface area o phase content
Ny/volh Hy/volh Op/vols /T /T /h /massh fnfeg! /%
Comparison 1450 - — Needle 1.6 2 87
3 75 %10 1550 30 Granular ~ 0.54 12 93
4 1600 2 Granular ~ 0.52 11 92
SN-9FWS (Commercial SisN, powder : Si metal nitridatiion method) 1 91

SN-E10(Commercial SiN; powder : Si imide decomposition method) 9~13 >9%

Bulk density of porous Si raw material specimen : (.7 g'cnf3
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Table 2—-5—3 Properties of sintered SisN, made from porous SisN, ingots obtained by
nitriding at 1450°C and further heat—treating at 1500°C and 1600°C.

Heat-treatng conditions Morphology and poweder properties Sintered body properties

sample Temperature  time  Morphology  Owxvgen Specific swface area q phase coment Density  ogpp 0w
/€ b 'massh oyt L (geem™) (MP)  (MPa)

Comparison = Neede 1.25 20 88 318 220 450
l 1530 30 Granular 0.58 12 93 317 800 710

2 1600 20 Granuler 0.3 1l 52 3l 870 800

Sintering condition ; & 1750°C for 4 hours under pressursless sintering.
7 gy - Bending strength at room temperature,
T 150 ; Banding strength ar 12000C

1200
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2-5-4 Si-O-N ROEEAEHE DL E BFEMOHERIND SN, OILRRE(L LM et

Si Y RDOEACICEEL, SIUMEREOEE(LY, FWNICARFBIIIEATHEED
W, BERERWZZBLEE R TOILTE L, /6o, Si MEOELERITTT DI
1% Si-O-N ROEEHEFE DR ERRA BRI D303 %, Si-O-N K OEEMEFRIL Si,
Si0,, Si;N, EZEHEASHIHAL TUVRUY Si,ON, @ 4 FEBTETET 5, ZHIUHDEEREIZD
%, JANAF'E Guisheng Yao HORFOES)FERT —4 W% T Si-O-N RODEE
MEFEDZ ERRARTIL, SLN, OFEREELEMIRRE, R, EREEEBREED
RTIZOEBLEL,
(1) ZLREFIR T D Si-O-N ROEENH DL ERR

Si-O-N SROEEMEFEIX JANAF O ZHT —4 WIS CODILEWIT Si,
SiO,, SLN, THY, ZDAEWDAERISIZ)~B)RDEBY THLH, ZNHDOHDND
TERLL7= 1600K @ Si-O-N RO EEMEHE DX EBR AR 2-5-2 1T~ 2-4 ETHH
HELID, BRRORFL SIO@DAERIAFEHSNADSD T, SiO, 13 Po, 73 107" atm 72
FEDIRFE RIS T SN, EHAFL TS (B 2-5-2 DHLEDN D TIZZRWNEHELEL T
D

Si(s) + O2(g) = SiOQ(S)

logKp = 20.5 (1600K) (1)
3Si(s) + 2Ny(g) = SizN,(s)

logKp = 7.1 (1600K) (2)
SizNy(s) + 30,(g) = 3Si0,(s) + 2N,(g)

logKp = 54.4 (1600K) (3)

(2) BRI T D Si—-O-N RDEAEFE DZ E R

Si,ON, 1% 1350°CUTi N BARL, SizN, DEE{LIRFIZFRE O SiO, ENEROD Si;N, DRIC
TR ESNDRE DWENHD P, ZDZ kD, Si,ON IZZLDOSMITH BB 5,
Si MARDEALHE T T 5 1450 CEBENLRBHTADTIFRVNEEZ TS, OF
D, 1450°C LV EIR TIE, Si-O-N R DOEEHEHH D% E BIFRIZITHT 7 /e ke H Si,ON, %
IMA AR 3R DHND, Ak LIZ(1), ()& FEEO@D)~6)RDHIERH S 172 1900K
? Si-O-N R D=l A OREfE M D% ERBRZR 2-5-3 12~ ¥, B 2-5-2 T Si;N, &
SO, M IHFFL TV FEIRIE SL,ON, DFEIR /2D DT EiREVLFRAEEL T T SN, &
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1600K

_l |
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= =4 B
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=25 —24 =23 =22 —Z1 —20 -19

logPos (atm)
Fig. 2-5-2 Equilibrium phase diagram of the condensed phases under nitriding

temperature range of 1150°C to 1450°C in Si—O-N system.
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1900K

: O
2 ; .
= SIQO\Q(S)
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Fig. 2-5-3 Equilibrium phase diagram of the condensed phases under higher heat—
treating temperature range of 1550°C to 1600°C in Si-O-N system.
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SiO, 1 ZEFE R T LD Si,ON, IZZBEL TV EE X BILD,

2Si(s) + NQ(g) + 1/202(8) = Si2ON2<S>

logKp = 15.7 (1600K) 4)
2SisN,(s) + 3/20,(g) = 3Si,ON,(s) +Ny(g)

logKp = 32.9 (1600K) (5)
Si,ONy(s) + 3/20,(g) = 2S5i04(s) +Ny(g)

logKp = 25.3 (1600K) (6)

(3) Si;N, DFEREZALIZDOVNT

FIRUTE2EIIT Si-O-N ROEEHEFE THD SizN, & SiO, 1TZ AL TIRE 1450°C
136 1600°C O ENR S OBLIIZ LY, ZAE SN, ST TRMAUCEY L
SizNy & SiO, DA DFEAH « KAH IS EY SiyONy 23 RLL, SisN, JF 7D FE-ELF 3
AU, FREDEHRENBRLR R~ L LT R L TS, TORER, SN, RO
FEELETLEZEEZ TS,

DSizN,(s) + SiO4(s) = 2Si,ONy(s) D
AG.=-121 kJ+mol™ (1600K)
@5Si5(0,N), = SizNy(s) + Si,ONy(s) (E¥EEAF A3 Si,ON, 1IZZ4k) — (7)
@SisN,(s) + 0,(g) = Si,ON,(s) + SiO(g) + Ny(g)
A G’ =-500 kJ+mol™" (1600K) -

(4) SN R DOEER BAX T 12OV T

Si,ON, DBV FRDOAFZE 13D 7203, 1630°CLL ETTRR@)RIc Lo il D
L (SiO(R) NEESN VD Y, 2, (B)RUTIT Si,ON, DA RZE R TAL G
CEHERHT XL OB ELADETERRLTEY, HoNIZ SioB RS
PEH SN 2T ZVED D3, SEM BLEERE R0 DIE %  ORLIRPIRE S AR
STV HZELVETE L FRRICAR N R LI AT Z DAL LB 2 TV D,

SizoNz(S) = Si3N4(S) + 3SiO(g) + Nz(g)
A Gr® = +522 kJ+mol™ (1600K) ®)
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ERLTE&R Si EREETIERUEZE SN, SEO SR IZHD
SisN; DIEREZEAL L SizN, My RO LR EFEL R SR B O TS OR[N 2-5-4 12
Y,

2-5-5 F£i¥
ERLE Si R AEREEEL, No-NH, FER T T a DRSO IEFIEE
FEIZT 1450 CETMEEALZITV, ZILE SiuN, BBZERIL, 2%, BHEETIC
FlEfHEE 1550°C, 1600°C TRIRBVLEEAATVY, FEIT SN, DEREE(LEELIL
SN, 3R DOEREE, FFIZ, BEEOKR FTIZ ORI LR, ROZENDD->
77
(1) 2 THDOZIE SN, BITIZZ B OSHRBGIIFE RO Si;N, BEEINTZ,
5t 1550°C, 1600°C DO EIR CELEEL 7= 27L& Si;N, BRICIE, 1ZEA EEHIK
RIS Bl DSRS0 T, TORER, SHIRUIREdb S & F /=2 FLE SLN,
BNBELINT SN, B KD LR EAEIL 20 m*- g ' 2 7203, SRV L 7= 8t
RS f 2 S FRWEILE SN, 305572 SN, RO LR EEIL 10
m’ g ' FRETHY, ¥t TldZe< build up BYZRI EFHEE N CTXH A REMEZ ST,
(2) ZALE THOEHRBHIFE A B ATELILE SEN DALV SEN, R D
FEIT 1.5 massWFREE L @M o728, S1EHeE 15650°C, 1600°C oD & iR TELEE
AZEIZED 0.5 masshfEEF TR T L=,
(3) Si;N, DIFREZ LI 1450°CETIZAERK LT SN, LEEEE A Si kA Sio, DX
JEIZ D SiyON, DAERIZED SN, OFFERF], SizN, ¥y K DEE 58 B AR T IR
& em D FRIAR EE DIZ U RAIZ K DB LS (L 2MBN N =D TIFZ2 W EHERE L T
Do
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After nitriding Expected chemical reaction at higher heat—treating temperature After heat- treating
Products and powder properties Products and powder properties

Sig N, whisker 1. §iyN; (st SiOyfs) = 251,0Nfs) SiyN, granular

o

S0, Si,0N,
2 = ‘ —

Specific surface area : High Specific surface area : Low

Oxygen content : High 2. 381,0N,(s) = Si;N,(5) + 35i0(g) T + Ny(g) 1 Oxygen content : Low

Fig. 2-5-4 Schematic diagram of SisN, crystal morphology and powder properties in
porous SisN, ingots obtained by silicon metal nitriding and subsequent heat

treatment at higher temperatures under N,—NH; atmosphere.
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2-6 V—HF —KHBEIZLD SisN,~TiN RBEEYFR DB RS

2-6-1 IZUHIT

SN, VLR B L TR S CODHEL D —DTh D, LinL, BIEDMENEN
IETIV I AKBEO R FILHHH, YIHI TR, BEEREOHMMBICERIESILTERT
W5, BIZ, B A B YIS SEN, BEREIRIZ SIC whisker X2 SIC, ZrO, %05y HUhL
FE T PEBRA LA BHZ B 3 ARFZE RSB A AT TS Y, LL, EORFSE
DKRH:7N whisker 58LTHY, K- Bz L2800 A _EORFIEITED 72K, ki1
OFEfE, RES, INE, BIJTRER, HEHOEBVREIZIOEEITIILA LR
BTN 2

ARETIE, CO, L —P—KHEICIV BRI FEL T TIN Z&IRL, /U v 7D
SizNy, TIN ORI AR SEN,-TIN ZEAM KO A REZTRA, ER RO R,
B B U CHRIIL 7z SigN,~TiN REEFEIROTREE, B2 S IZ OV TRFTL
7

2-6-2 EBRTHE Y
(1) L—PF—KFEEITED SizN,TiN RBBE KOS RER

2-6-1 | T L —PF—KAEEB L AV, E /U2 v 7 RITHOUN T SICLE NH,
TALD SigN, B AR, TiClyk NHy B ALY TIN B R, BE ROV T SICL,
TiCl,, NHy A2 Si,N,~TIN REESH RO E AR, L —F —BREOH D
Wi aB 2-5-2 129, £z, SiCly, NH, 228 Ot &S0 1 flaFk 2-6-1 (TRT,
BONT-HRIT L FEE, XRETT, TEMBIZEEITo7-, M, EHR 7213 TEM
BRIVRDT-,
(2) TiN BBHK RIS SisN, BErE AR DA S8R

TIN BB R A BAILTZ SN, BEAE R OFEAT 7 = — XA B 2-6-3 |27~ ¥, B:AH SizN,
MR (hFRERE=12 m?-g", B2F=1.2 mass%) IZ 5Y,0,-2AL,0, RDBEREBHAILILIC
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Fig. 2-6-1 Schematic diagram of the reactor for laser synthesis.

Fig. 2-6-2 State in the laser reactor.
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Table 2—6—1 Experimental conditions of the laser synthesis.

L—HF—H71(W) 500
SiCl,/ mLemin 100
NH;/ mL+min 1000

Sintering aid

SisN, matrix (RB) Y5045=5 mass% and Al,O3;= 2 mass% Dispered particle

Wet milling

Filtration and drying

Molding

Sintering 1750°C X6 h

Evaluation

Fig. 2-6-3 Fundamental process of the SizN, “TiN composite ceramics.
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Fig. 2-6—4 Relationship between N/Si atomic ratio of Si;N, powders synthesized with
and without the laser irradiation and NHs/SiCl, molar ratio under SiCl, and NH; gas

phases.

Laser irradiation
(500 W)

No laser irradiation

N A Lum

Fig. 2-6-5 SEM images of the Si;N, powders synthesized with laser irradiation at
1000°C (a), 1450°C (b), 1550°C (c) and without laser irradiation at 1550°C (d) for 4

h under SiCl, and NH; gas phases.
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Fig. 2-6—6 Relationship between specific surface area of TiN powders synthesized with
and without the laser irradiation and NH;/TiCl, molar ratio under TiCl, and NH; gas

phases.
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Fig. 2-6-7 TEM images of SisN,~TiN composite powders synthesized with laser
irradiation at 1000°C (a), 1450°C (b) for 4 h under SiCl,, TiCl, and NH, gas phases.
Spot 1, 2, 3 and 4 are the intensity of element analyzed by EDS.
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Table 2-6—2 Powder properties of starting materials.

SisNy matrix (SisN, powder synthesized by gaseous phase reaction method of DENK)

O/mass% C/mass%)  BET/m’-g”’ «-phase content/mass%

RB 0.8 <0.1 8.5 97.0
Dispersed particles (TiN powder)

Ti/mass% N/mass% O/mass% BET/m*+g” Average particle size/ um
A 76.2 21.5 2.0 4 1.5
B 73.0 21.2 4.2 44 0.05
C 72.8 20.8 4.0 35 0.02

Dispersed particles (SizN,~TiN powder)
SisN,/TiN mass ratio N/mass% O/mass% BET/m’+g "

D 2/1(Mixed powder) 30.1 2.9 34.8
E  2/1(Composite powder) 31.5 2.6 21.0

A,B:Commercial powders

C,D,E:Various powders synthesized by this experiment

0.5um
Fig. 2-6-8 TEM images of various TiN powders.
(A) is TiN powder obtained by titanium metal nitridation method.

(B) is TiN powder obtained by plasma method.
(C) is TiN powder obtained by laser method.
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Fig. 2-6-9 Dependence of the relative density of SisNs —TiN composite ceramics
sintered by Y,0; 5 mass% and Al,O; 2 mass% as a sintering aid on adding various TiN

powders to SizN, powders at 1750°C for 6 h under N, atmosphere.
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Fig. 2-6-10 Dependence of the fracture toughness of SisN,—TiN composite ceramics
sintered with Y,O; bmass% and Al,O; 2 mass% as a sintering aid on adding various

TiN powders to SisN, powders at 1750°C for 6h under N, atmosphere.
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Fig. 2-6-11 Propagation crack induced by indentation in SisN,~TiN composite

ceramics.
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Table 2-6—3 Properties of SizN4 ceramics sintered by adding various SizN,—TiN

powders to SisN, powders as a dispersion particle.

SisN,~TiN powder Pre-mixed powder(D) Composite powder (E)
Sintering aid 5Y-2A 5Y-2A 4Y-1.6A
Sintered density / mass% 92.2 94.0 92.8
0 rr/ MPa 720 710 740

o 1000 / Mpa 570 570 720
K, / MPa-m"’ 8.7 8.7 8.7

Addition amount of SisN,~TiN powers as a dispertion particle : 1.5 mass%

Fig. 2-6-12 SEM images of SizN, ceramics sintered by adding pre—mixed SizN,~TiN
powders (D) and SizN,~TiN composite powders (E) respectively.
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Table 3—1-1 Synthetic process of AIN powder.

Synthetic process of AIN powder

Reaction

Alumina reduction method

AlyO4+3CHN,=2AIN+3CO

Alminum metal nitridation method

Al+1/2N,=AIN

Alminum chloride and ammonia method

AICI;(G)+NH,=AIN+3HCI

Al powder

N,

v

N,

_\H3

Nitridation

Cushing— Milling

:800~1500C

AIN powder

Fig. 3—1-1 Fundamental process of aluminum metal nitridation.
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Al powder

Fe+Si |:> for metallic impurities

Mixing
¢ Py
Catalyst
Nitridation [A,B,C : under Ny atmsphere |::> for internal oxygen contents
and crystallinity
D : under Ny~NH; atmosphere ! !
E : under Ny=NH; atmosphere with catalyst(NH,F)
Crushing
and A,B : Milling in N, atmosphere |:>
e e e for surface oxygen contents
Milling C : Milling in air atmosphere e
(Classification Elimination
of finer powders
(Sedimentation method) |:> for particle size
AIN powder AB,C : for mettalic impurities and surface oxgen contents

D,E : for internal, surface oxygen contents and crystallinity

Fig. 3-1-2 Experimental procedure for preparation of various AIN powders.
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Fig. 3—1-3 Method of analyzing surface and internal oxygen contents of AIN powders
by thermal decomposition of AIN powders from low temperature to high temperature.
S-0 : surface oxygen content, [-O : internal oxygen content, T—O : total oxygen

content, T-O = S-O + I-0O.
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Table 3—1-2 Analytical data of prepared AIN powders.

Metallic impuriies Oxygen content / mass% Mean particle diameter

Fe+Si /mass ppm  S-O*'  [-0™*  1-0™ FSSS/ um
A-1 3000 0.3 0.4 0.7 1.8
A-2 300 0.3 0.4 0.7 1.8
A-3 150 0.3 0.4 0.7 1.8
B-1 3000 0.6 0.4 1.0 1.8
B-2 300 0.6 0.4 1.0 1.8
B-3 150 0.6 0.4 1.0 1.8
C-1 3000 0.9 0.4 1.3 1.8
C-2 300 0.9 0.4 1.3 1.8
C-3 150 0.9 0.4 1.3 1.8

21 :Surface oxygen content
%2 :Internal oxygen content

$3:Total oxygen content

Table 3—1-3 Analytical data of band sized AIN powders obtained by the sedimentation

classification.
Mean particle diameter Oxygen content / mass%
FSSS/ um 5-0 -0 T-0
B-2-1 1.0 2.0 0.4 2.4
B-2-2 1.5 0.9 0.4 1.3
B-2-3 2.8 0.6 0.4 1.0
B-2-4 8.2 0.4 0.4 0.8

1~4:Band sized AIN powders
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Table 3—-1-4 Analytical data of AIN powders synthesized by various nitrogen

pressures.
Oxygen content / mass% Mean particle diameter
Pyo / atm  Catlyst
S-O [-O T-0 FSSS / um
B-2 1 not added 0.6 0.4 1.0 1.8
B-2-5 1 not added 0.3 0.4 0.7 2.4
D-2 0.6 not added 0.6 0.2 0.8 1.8
D-2-5 0.6 not added 0.5 0.2 0.7 2.4
E-2 0.6 added 0.3 0.2 0.5 1.0

5:Excluded ultrafine powders
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Fig. 3—1-4 Particle distribution of classified AIN powders.
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Fig. 3-1-5 SEM images of AIN ingots synthesized by various nitriding

conditions.
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Fig. 3—1-6 Effect of AIN powders synthesized by various nitriding conditions on lattice
strain.  Lattice straine :Bcos§/A=0.89/L+2¢ *sinsf /A
B :Half widh of each diffraction line

L : Average size of crystallite
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Fig. 3—1-7 Effect of mean particle diameter of AIN powders adjusted by various milling

conditions on intensity of d (100).

116



Sintering condition
B *Pressureless sintering process
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Fig. 3—1-8 Relationship between thermal conductivity of sintered AIN bodies and total

oxygen content of AIN powders.
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Fig. 3-1-9 Relationship between density of sintered AIN bodies and mean particle
diameter of AIN powders.
Sintering conditions

*Pressureless sintering process

*Y,05 = 4 mass%h

O : at 1700°C for 2 h. @ : at 1900°C for 2 h.
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Fig. 3-1-10 Relationship between thermal conductivity of sintered AIN bodies and
mean particle diameter of AIN powders.
Sintering conditions

*Pressureless sintering process

*Y,03 = 4 mass%

at 1900°C for 2 h
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Sintering conditions

«Pressureless sintering process

*Y,05 =4 mass%

-at 1900°C for 2 h
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Fig. 3-1-12 SEM images of microfracture of sintered AIN bodies.
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Table 3-1-5 Desired properties of AIN powders for high thermal conductive AIN

bodies.
for 240W-m K" for 150W+m "-K '

Oxygen T-0O = 0.7 =1.3
content / mass% [-O = 0.2 =04
Mean =3

particle diameter / um

Crystallinity Strong Week
Lattice defect Little Much
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Large amount of liquid phase

S _-#4- Small amount of liquid

s |

|
3Y203+5Al04

Y,0,  2Y503°AlL0O;  Y203-AlO;

ALO4

Fig. 3-2-1 Phase diagram of Y,0;—Al,O; system and the amount of liquid phase.
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AIN powder

Y, 0, powder

Mixed grinding

Sheet molding

Degreasing

Sintering

Fig. 3—-2-2 Production method for AIN substrate.

Table 3—-2—1 Effect of oxygen content of AIN powders after degresing on bending

strength and grain boundary phase obtained by various sintering conditions.

Y,0;  Added amount Mixed time Oxygen content after degreasing Sintering condition Bending strength ~ Grain boundary phase

Granularity ~ / mass% /h / massh Tem. /C Time/h / MPa 21 L1 35

A2 Coarse 4.0 1 2.8 1900 0.7 294 x 0 O
(AP-50)  Fine 4.0 1 2.8 1850 4 363 x 0 0
B-2 Fine 4.0 4 3.2 1900 4 294 x 0 0
(AP-10)  Fine 40 4 3.2 1850 4 294 x 0 O
Fine 4.0 4 3.2 1850 4 214 x 0 O

Fine 2.5 4 2.6 1850 4 265 x 0 0

T-CO  Fine 4.0 4 2.2 1800 2 392 O 0O X

2:1;2Y203'A1203, lil;YQOg'[‘\lQOg, 3:5;3Y203'5A1203

X :Not detected, O, ©:Detected
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Fig. 3—2-3 The calculated bulk composition in Y,03;—Al,O; system.
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Temperature / °C

1300 1400 1500 1600 1700 1800 1900
I I I I I I
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Al, O, ALOy,
Y303 Y,04
2:1 21
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3:5 3:5 Eutectic | <«—— Precipitated 3:5

Fig. 3-2-4 Schematic diagram of generation and precipitation behavior of grain

boundary phases in Y,03-Al,O; system (aluminum metal nitridation method).

Temperature / °C
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AIN | <«—— Precipitated AIN
Al,O4 Al Oy
Y504 Y,0,
2:1 /2;1 <— Precipitated 2:1
1:1 %Pwdpitamd 1:1

3:5

Fig. 3-2-5 Schematic diagram of generation and precipitation behavior of grain

boundary phases in Y,03-AL,O; system (alumina reduction method).
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Table 3—-2-2 Relationship between the density and grain boundary phase of AIN

substrate obtained by Y,0; and Al,O; addition to AIN powders as sintering aids at

1850°C for 4 h.

: Y504 Al,O4 Density o
B-2/AP-10 Grain boundary phase
/ massh / mass% / mass%h / %
96 4 0 Large Large Small
95 - |
94 + 2 x 339
94 + 3 Small
92 - - Small

Sintering condition :at 1850°C for 4h
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AlNingot 1 Crushing Primary milling [ Secondary milling

A-2 (AP-50) B-2 (AP-10)

Y504 powder

(AIN+Y,04) powder

Mixed grinding

Sheet molding

Degreasing

o *Heating rate from 1000C (2 levels)
Sintering

*Sintering temperature (2 levels)

Fig. 3—2-6 Production method for high strength AIN substrate.

Table 3-2-3 Effect of the heating rate from 1000°C on bending strength of AIN

substrates. n=50

Bending strength / Mpa

Heating rate from 1000°C / °C+h™" Sintering condition Average ~ Max. Min.

Improved process 10 1860C X 1h 392 431 362
Conventional process 2.7 1900CX4h 294
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High bending strength (392 MPa) Low bending strength (265 MPa)

Texture
Mother phase +Crystal ridge is clarity. +Crystal looks like floting in the liquid phase.
Grain boudary phase ’Y203'A1203 >3Y203'5A1203 'YzOg'A1203<3Y203'5A1203

Fig. 3-2-7 Typical texture of the high and low bending strength of AIN substrates.
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Cooling rate 15°C+h’! 5C-h"!
Bending strength / MPa 431 392

Texture

Fig. 3—2-8 Effect of the cooling rate on bending strength and texture of AIN substrates.
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240 Wem 'K '(E-2) 150 Wem "-K™'(C-2)

Total oxygen content / mass% 0.5 1.3
Internal oxygen content /mass% 0.2 0.4

Crystallinity Strong Week

SEM

Grain boundary phase N.D. Y503+Al, 04

Fig. 3-3-1 The typical texture and powder properties for high thermal conductivity
AIN bodies ( Fig. 3-1-12).

. :Intenal oxygen / as small as possible

. :Grain boundary phase located in AIN tricrystals

Fig. 3-3-2 Ideal texture for high thermal conductivity AIN substrate.
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Fig.3—-3—-3 Three liquidus line for sintering AIN powders in Y,0;—Al,05 system.
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AIN ingot

Crushing

Primary milling

Secondary milling

Y503 powder

A-2

AIN,Y,05 powder

B-2, T-CO

(AIN+Y,03) powder

Mixed grinding

Sheet molding

Degreasing

Sintering

*Heating rate from 1000°C (2 levels)

+Sintering temperature (2 levels)

Fig. 3-3—-4 Production method for high thermal conductivity AIN substrate.

Table 3—-3-1 Bending strength and thermal conductivity of AIN substrates obtained

by various sintering conditions.

Oxygen content

Heating rate from 1000C  Sintering condition

Bending strength Termal conductivity

/ mass% /Coh! / Mpa /Wem K
A-2 0.7 15 at 1860°C for 4 h 392 150
B-2 1.0 5 at 1900°C for 4 h 294 130
15 D 392 200
T-CO 1.4 at 1860°C for 4 h
5 441 180

A-2, B-2 : Aluminum metal nitridation method

T-CO : Alumina reduction method
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Heating rate from 1000°C )
. B Grain boudary phase Texture
/C+h
A-2 15 I (1:1>3:5)
B-2 5 I(3:5>1:1)
T-CO 15 Mm(2:1+1:1)
T-CO 5 o(1:1>3:5)

mlliquid phase Lype
A

/ 1 liquid phase type

./ 1 liquid phase type

1
3Y,05-5A1,0,
Y,04-Al0;

f

Y,0, 2Y,05+AL0,

Al,Oy

Fig. 3-3-5 Effect of heating rate from 1000°C on grain boundary phases and texture
of AIN substrates.
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Fig. 3—4-1 Cross section of test sample.
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Fig. 3—-4-2 Circuit pattern shape of test sample.
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Fig. 3—4-3 Method of sample setting.
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Fig. 3-4-4 Measurement of Ag diffusion distance (EPMA image).

Table 3—4-1 Results of the model experiment.

No. Bare substate Bonding method Bonding substrate
Bending strength / Mpa  (Bonding temperature) Bending strength / Mpa
1 270 Active method 243
2 366 (High) 266
3 270 Epoxy resin adhesive agent 375
4 366 (R.T.) 465
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Cooling down
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Fig. 3-4-5 Warp of the bonding substrate.
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Fig.3—-4-5 Relationship between bonding temperature and bending strength and the

thermal stress.
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Table 3-4-2 The measure results of Ag diffusion distance at some bonding

conditions.
No. Bonding temperature Time Ag diffusion distance
/ C / min. /pnm

1 800 30 20
2 800 60 30
3 800 180 11
1 800 240 15
5 820 30 30
6 820 180 16
7 840 30 40
8 840 60 43
9 840 180 50
10 840 240 51
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Fig. 3—4-6 Relationship between Ag diffusion distance and bonding temperature.
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Fig. 3—-4-7 Relationship between bonding strength and Ag diffusion distance into the
Cu plate.
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: Copper pattern
: Active metal brazing material

: AIN substrate
Fig. 3-5-1 Illustration of preformed copper pattern method.

163



OCu FHEERHIEA U — M2/~ — b3 A T,
OCu A FTEDMELV T ID,
OCuRIEEDRERINE N,

3-5-3 7Ny F LS aERDHES Y

LR CIHRAT-MEERR T 5720, [EHEBIEOR R THLE R L, B
2, DBC IEOH S THLEEMEEEDOERF OB LW RE Y v R MFLT-, Z0#H
TR AOE S L TIRT,

OAIN BROEFEME ITIEES B AL & DA M2 BREE B T2,

OWIZ, AIN BRREFRICAME DEFIR Z326 35,

OFDO%, RER Cu IEEAT—M7REER LI HEEBICHE L BiRIZLs—
v F U TREL, SRIEEE KT D,

ZDOHEETNTT 7 TR T, B 3-5-2 IZHAEIEE L~ DR AX 2R
L7z,

DTNy F L7 T ADOBEER SIE AIN BIRESRE OB B ThHhIRIGE
R & DFEE BUGAE R DI T DR E 2 BT 528 Th D, —RICIEM
BIBIEICLAEA T —M ORI Ag, Cu LIEMALARBEL T Ti AMEASHTWA,
LY, ZOMBEOR—HZHWTWED, #EETHD TIN ORI HEfEE )
NS, T OBMENRESIL, IRINENKROSGE, ORI AROIE A CBL 5)
FITHRY, AR EMEAR RZIAESE LR BT,

ZZT, KB 3-5-3 \TRTEAYOIEEA AL B B LF—"10 AIN JVEFRH
AL, Ti LRV EPHFINLERE Zr KICE B LT, Zr miIdA 5 IZZ1k
L, BRICX I DIRREL K Cholz, 2T, IEMA&RLEL T Ti &3 Zr LI 5
BAn—MEREEL, HAREARLSTICESBLE Ty F L/ CHRERERY
Ny F 7 T AL T HICE ST,

T 2RI E L, OFRER Cu REET oy F 7 TIREQAEL Ag-Ti
A& TIN, ZIN BB ETy T 735 TREST, Kx OEERBIZXIS LT
Ty F UV RETERTLHZEN KOOIz, B 3-5-4 12 Ag-Cu-Ti FDEHEEFUCAE
A DRI T DU R EOBRO 1H 2R, ,EJZIKE’J (B H DT 7K CuCly

164



" IHI1
S

Copper pattern Etching resist Copper pattern
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: Copper pattern
: Active metal brazing material
: AIN substrate

- :Etching resist

Fig. 3—5-2 Illustration of whole bonding—full etching method.
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Fig. 3-5-3 Standard free energy of formation of nitrides *.
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DSolubility of Cu and Ag—Cu alloy
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Fig. 3-5—4 Solubility of the brazed Ag—Cu-Ti layer materials in various acids.
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AIN substrate
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Fig.3-5-5 Cross section of AIN substrate with copper circuit.
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Fig. 3-6-1 Cross section of the power module.
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Table 3—6—1 Mechanical properties of various materials.

Thermal conductivity Coefficient of thermal expansion Bending strength

/ WemK™! /K / MPa
AlL,O, 20~30 7.0X10°° 300
Ceramic BeO 260 7.5x107° 200
materials  AIN 130~200 4.0x10°8 300~500
Si;N, 60~100 3.5%107° 600~900
Circuit Cu 413 16.5X10°° —
materials Al 224 24.5%107 —

Table 3-6-2 Required properties for ceramic substrates with copper circuit.

Required property
when assembling » Bending stength
the power module + Heat-resistant
» Solder wettability
» Wire bondability
+ Peel strength
* Bending stength
+ Peel strength
when using it « Heat cycle resistance
* Solder crack resistance
= Electrical insulation
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Mlustration of preformed copper pattern method

Active barazing

AIN

Active brazing materials printing step  Copper stacking step  Cppper bonding step —_— Cppper etching step
psist

[lustration of whole bonding — full etching method

Fig. 3-6-2 Illustration of how to make AIN substrates with copper circuit.
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DSolubility of Cu and Ag—Cu alloy
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Fig. 3-6—3 Solubility of the brazed Ag—Cu-Ti layer materials in various acids.

177



Ag diffusion layer

100 il
80 Bonding layer
60
40
20
(Count AIN
Ag
Measurement of Ag diffusion distance
120

100

[e]
o
T

N B
o o
T T

Residual stress / MPa
o
o

10 20 30 40 50
Ag diffusion distance into the Cu plate / pm

o

Fig. 3-6—4 Relationship between residual stress and Ag diffusion distance into the Cu

plate.
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Fig. 3-6-5 Thermal stress caused by heat cycle in ceramic substrate with copper

circuit.
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Table 3—6—3 Influence of the shape of copper circuit pattern edge on maximum stress.

End shape of AIN sustrate
with copper circuit Cu

AIN AIN
Etching factor a/b=4 a/b=8
Maximum stress /relative value 100 88

Table 3—6—4 Comparison of Fracture toughness in ceramic materials.

Material Fracture toughness / MPa-m'’?
Al Oy Py
AIN 203
SisNy 6~7
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Fig. 3-6-6 Durability of various ceramic substrates with various metal circuit.
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Table 3-6-5 Properties of various ceramic substrate with metal circuit made from

DENKA.

AlNsubustrate with copper circuit AlNsubustrate with aluminum circuit ~ SisN,subustrate with copper circuit

1.Constitution

Circuit side Cu/0.3 mm Al/0.4 mm t Cu/0.3 mm t

Ceramic substrate 0.635 mmt, 150 Wem 'K 0.635 mmt, 180 Wem K™ 0.635 mmt, 70 Wem 'K

Radiation side Cu/0.15 mm Al/0.4 mm Cu/0.15 mm
2.Mechanical properties

Bending strength MPa 560 630 920

Peel strength Necm™! 180 Al material failure 190

Flatness mm 0.02 0.01 0.02

Surface rougtness wim 3 3 3

Wire bondability (¢ 300 2 m) Al wire material failure Al wire material failure Al wire material failure

Coefficient of linear expansion K’ 45X10° 46x10° 4.0x10°
3.Electrical properties

Dielectric strength (front and back) kV >2.5 >2.5 >2.5

(pattern and pattern) kV >7.0 >T7.0 >7.0

Insulation resistance (at 125°C) >1x10° >1x10° >1x10°

Dielectric constant 8.6 8.7 9

Dielectric loss (IMHz) 9.0x10™ 9.0x10™ 2.3%10™

Volume resistance Qem >0t >10! >10"
4 .Others

Heat cycle resistance
(-40°C©125°C/in air)
Thermal resistance oW 0.37 0.4 0.44

detected after H/C 100[A] times  not detected after H/C 2000 times  not detected after H/C 2000 times
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AREL, $RIZ, Al ZKDEATHEIE T T Al ZRE N, EOKFEKIGIZESD AIN
whisker DIEBEZEAL & A RS AR L7219,

3-7-2 EBRFGE
HEE 95 masshD T /LINTXZ —1.5 g ZJFEHI RV, 1 B 2%47-0 200°CTHIEL,
IEE 1300~1650°C, {REFHER] 2~10 B, N, 7ii&E 0.2~0.7 L-min ! TEBREZIT-
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7=, Fig. 3-7-1 [ZI3EXA R EREEL R T, ERIT0—X) —R 7 TEKE R
(ZHEHIL72%%, MIEE 99.95%D N, ZE AL, AIN DA RFEEREZIT -7,

- EA VY ARORERS (FIBERMAX BOARD 1700°C)

WIRN :99.5 mass%up alumina crucible (SSA-S)
ESRIER RS v H—

NIPAS/P N, 2/ VY AR R S 570

BONTVYRNOAERITHE X SREPTCRIE L, £, WYRNERY K
OV AIN whisker [ZFSEMEIZE K& N EDAX (ZXD 0 Tb 772,

3-7-3 FERLEE
(1) WIRANDOERRY

Fig. 3-7-2 (2 1300°C, 1550°C, 1600°C, 1650°C &1 D/ R0 i R4 D
FHEERONBIA A—, Fig. 3-T-3 IZKIEE F COEBMD X fREPr & —> DfE
Rarmd, WYARAOERRDIL 1300°CH T E#(Fig. 3-7-3 ()T Al BBIEIL-LL
SMIETARTTE AIN ThoTe,

1300°CONY AR TECEE Al DHERINIZZ 8L, TR AL 660°CTHDHT
LHEBETHEEIREZETHD, Z0 Al BiROFRAFIL, Al BiEERE T AIN OERE
A A AL Al iR OZRFZIHIL T2 ZENR R EZ Z HND,

Al Bk £ AIN FEIZZ R AT AN Al B OWNE~MEATHZLICIVELITE L%
HAL, 1300°CEVEIRTIT Al ZZRRUTZD AN EEZIZ T LI F501F L AN FEDO %
ORI CER T ALKIGL, Fig. 3-T-2 T/RUERIZEED AIN ZBH IO R fa~
HfaD AIN Z24ER% 75 (Fig. 3-7-2 (b)—(c)) . IRENRELLDITHE, HfE AIN D3
e, ARELE 2 W AH(Fig. 3-7-2 (b)-(d)),

(2) WYAREEERD AIN whisker

1550°C, 1600°C, 1650°CKIRE DN Y RKRBHITFET HHETD XRD ffF 4
Fig. 3-7-4 {27797, 1550°C, 1600°C, 1650°CA&IRE DLV Y REKEE D SEM BIELDfE
H% Fig. 3-7-5 |2/, 1550, 1600°COFEITIE, BEERIE AIN BEAHTRERSNT
W5, —J7, 1650°COFREFCTIE AIN DI EDO T A3 ST,

AIN whisker O REITIR E IR ERO B REA 7R 77, 1550 CTiL 2 DDERE, 7
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Al powder ALO; tube  AIN substrate

Fumace ring

g Crucible N
_ —(ALO;) _J —
Carbon
powder -1
[ ———  l«4— Heat ﬂ,_'"‘ Imsulation

Fig. 3-7-1 Schematic diagram of the experimental setup for AIN synthesis.
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5cm

Fig. 3-7-2 Photographs of the surfaces of the reaction products in the crucible at (a)
1300°C for 2 h under a N, flow rate of 0.2 dm®*min, (b) 1550°C for 2 h under a N,
flow rate of 0.3 dm*+min’, (c) 1600°C for 10 h under a N, flow rate of 0.2 dm®+min
and (d) 1650°C for 10 h under a N, flow rate of 0.2 dm®+min™".
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Fig. 3-7-3 XRD patterns of the black to gray products, excluding the white areas,
obtained at each temperature: (a) lower and (b) upper parts of the product
obtained at 1300°C for 2 h under a N, flow rate of 0.3 dm®+min”’, (c) product
obtained at 1550°C for 2 h under a N, flow rate of 0.3 dm®+min™, and (d) product
obtained at 1650°C for 10 h under a N, flow rate of 0.3 dm®+min".
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Fig. 3-7-4 XRD patterns of the white areas on the product surfaces at (a) 1550°C for

10 h under a N, flow rate of 0.3 dm®+min?, (b) 1600°C for 10 h under a N, flow rate of
0.3 dm®*min, and (c) 1650°C for 10 h under a N, flow rate of 0.3 dm®*min".
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Fig. 3-7-5 SEM images of the product surfaces at (a) 1550°C, (b) and (c) 1600°C, and
(d) 1650°C. SEM image (c) is the magnified image from SEM image (b).
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7Y MEIZNSWHT P 30T HE L TV 5 whisker(Fig. 3-7-5 (a) A) & zigzag shape
whisker (Fig. 3-7-5 (a) B)3MBIEE I V=, 77 b whisker, ¥ A% whisker EH 127N
AR DT, whisker DAIXIE <0001 > LHEFESND, TV LE O BRITH Y
IZEDAX 38T LD AIN ThoTo, F7o, EHiL7c whisker [IZ 5 THHEE X HND,
1600°C CIIMD N ZEL DRI S da 2 B ZE S 4172 (Fig. 3-7-5 (b—) ), ZORIEGHN
43% EDAX THOHT95E AIN Tholz, ZOBELR whisker (% 1550°CTR.OHN
whisker (Fig. 3-7-5 (a) A) 77ty N LD EIRHT OB D EH LU CARKR L
EEZOLND,

1650°C Tt 7 7 & b33 L 7= whisker(Fig. 3-7-5 (d) D) K& OSKLIR#E fi (Fig. 3-7-5
(d) E)@lEESTz, 1550 C TSI BRI BB SN o7, £z, AIN
whisker DT 1600°CLA T TIX 3 pm LATF THEMRIIL TV, 1650CTIL S um
FTAREL TV, 1, BoRFES T ALO, Th-o7- (Fig. 3-7-5 (d) E),

3-7-4 AIN whisker DFEREE/LDIRKA

TP AIN whisker [ZAVWT, VLS BiER A DRy 7Ly MIBIES o722
L&, AI-N, ZD AIN whisker DEFE L VS gL E 2 S5,

whisker DFFZREITHIRE TR EL B> T%, whisker TR ETHHDT, £
DR/ NTA—H—[JREME THD ¥ o RERTIE N, TARI—EROT, D
FIEE IR Al AR DD EICRKEURTTF T 5, 76T, Al @R LD Al ZK &)Y whisker
FEREICRESHET D,

IREZKRIRT 5 Al RO 57 G gafn i) o722k % Fig. 3-7-6 (Z7RL T
W5 W, REBRD 1550°C Tl AARRROZT VX AR I AIN #LR AR BT H
MBS BESNIZ, ZO BRI 7V X LHE ETO R TEEERICIVAERL
12bBEZOND Y, ZOIORERIT ORI, TR AR CEARAEZSTIC
R—PVEHOKEZTEL LT MR EIVD, REERD 1550°C ORI A &
W EERLTWA(Fig.3-7-6 (a), Wil W ghz R U7 7 kS e th i -7- 2 ik
@ whisker HIBEAFIE N E WS T CHRELIZZEZRL TV, 612, @mAaFnE»
FRI DL, REORLEENSEL, RE CIE IR AREEN ERL, 2SR
ORBECRFE R ER T 25512705 19, REERD 1600°CTOR/BLRIZEED whisker
(Fig. 3-7-5 (0)-(0)O)F, ZDOIHRRZEEIRBIERFE S THY, 1600°CD Al ZHZ D5y
JEAY 1550°C I &<, BmfafiEd R L-LHEESNDFig.3-7-6 (b)), —7F, X
HIIZ 1650 CTlE, 77y hDFRZELIANAHRO AIN whisker(Fig. 3-7-5(d) D)3
BIEZXNT-, 2D whisker DIFREIX, VA LE TO ZIRITTEAERKITRL, Al ZZZD
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Fig. 3-7-6 Relationship between the morphology of whiskers and the degree of

supersaturation depending on the partial pressure of Al vapor.
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S EIE 1550 C LB RS, WARFEL IR T L2 %R T4 (Fig. 3-7-6 (d), 7V
A LH _ETZRITTEERPBESNRNIEND, BFELZ Al 1TEIT whisker DX
—HILVE DR DI, whisker DEEIT R ELARDETHEEND, FEREIC, tholEE
THR LT whisker &EE, 1650°C D whisker OEITRE VN, ZOBIERFERNDE
1650°C TlLi@ AN BE DR ST AIN whisker 2R E L7222 R/ TS, Al KR
Doy EXIRE BT, 1650°CO Al ZRKD 43 EMMEWERLH 1T Al @3 D 72<
Ppotzzld Al fliGEB> TCODERAD AN EREL AR -7=Z LR R Tl e
EZ N5,

3-7-5 £L¥
ALY R E I 2L CRem IR (1650°C) £T N, T, AR T D AIN whisker DT

R L Z DR RBE AT, LT OZENHLNIRo7,

(1) AIN whisker DFZREZ V.
SV IRRBENCAERK T D AIN whisker [X5EERIEE TR~ 7P REZ 7~ 97, 1550°C
TIE, ZVALEFREIZERO/NEZ: AN FEGL%EFF> Whisker, A7 SO
whisker, 235722 HE gL D whisker, 1600°C TlX, #fHLR whisker 28 R.biL77, —
¥, 1650°CTIZ <0001 > 2 O=7 71 v ME SRR/ S AR O AIN whisker
MAGNTz, ZD X572 AIN whisker OFZREZLITIBEAFIE DAL, DFD, Al &
K[RDZFEDEATHATET,

(2) AIN whisker D FRE &
¥k % 72 whisker OBIEZE)S, Ry Ly N B0 -7-2 L 50 AIN whisker 1%
VS HEEIZ L0 A AR L, 1550°CH 5 1600°C ClI@aafnE 23 B L Q< T Cak
L, 1650 C TIHME umfafnfE CRE LT LHEE STz,

(3) BBV EM:T 15 —AIN whisker fER 7 =&
AR EME T T — TR AIN whisker I3 AR 2220V E T AT D
whisker Coh5b, KEBRFERNOHETE T 5L, EFEOEEZR whisker 1%, ZIRITEZD
FAETDH Al ZBRD G EIVIRSIN A 72 & CThIVUIER TR Bbind, 76>,
Al-N, R CEET D121, OKIRIKTIE Al & N, OKIRSGZ R D720 RS
T, OQFBIE T —ED Al ZBRE R EST2RBLIRN S EICHIBEL, AIN HIZ Al
KEE N, OFIGIZED AN whisker 241 HH 457 02083 E 2 55,
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4. W&

KRENLGFR L DOFEBHBITHD (1) SN, BT SN, I RO = s E Ak, F7l2, &8
Si EHEEAVIEIC I DRI E R DN (2) AIN M CIIZEMO BBV EME 7 45— C
&2 AN whisker DIERUZHSX, R EZ TRRICR T,
(1) SisN, #4356+
TEROERE S EHEZEED SEN, HRITEIISHEETHLOT, Ebi%,
SEN, SR L TR 2B NS 5, 1E- T, IR EOIEK, KT DIRTF,
RIBED K70 B N SR e EOBREN S - T, RIFFETIL, ZLEFIC
FAETD SIOQZTEMANITIE HLICKARIELAINT 528 K ONE LI &R TEL
RLERL, Si,ONy ZERIZPED SipN, OIZREZALATE 352 8128 build up BYZRLE
TR TEDLIONTARY, ERIRBERE 23 FTREZ MU SiaN, A 7R K OV I i o BE R
IRBSAKEESE Si,N, By K& BRI Tz,
(2) AN #1%}
NU—E2— VORBIER, & THIROEEERIIHEY, mEEENRDLR,
RO & i BAL RN E TR TR TWD, ABFSETIE, AIN BEfE RO~ A 7wk
i, SEYREMET 47— LU ChF@E R & T A7 R AIN whisker DYERIA B
FHEEL2D AN, R THRETL T2, EORESR, AIN whisker |3 VS ###& (2 L0 ARKL, %
DOFBEILRAIFE, OFY, Al RO L CEETEI, AIN A~ 7ol
e, mEVRENET 1T — LU T e 7 A7 D AIN whisker 13 Al 785
DIRWGE T CERITE 5262 AL,

LLFICAZE CELNT-E DD RS &b CTFERIRT,

4-1 SisN, £}
4-1-1 &8 Si EEZMEIC IV A BRENTZ SN, By RO feE:

&8 St BEHEEE, JUMBRTLE, T AT ARIENLELIVE SN, RO
RN T A L2030, KRS, @8 St EREELIEDN DGOV SN B R DN BER (R FFE
(CEEAE KT RIS AR L, TOREER. IROZENbh-oT2,

(1) &R Si EZEEORE
&8 St EEZLIETE RSN ERTHY, RERBASEEIDOT, FEalr

D SiN, KRB BBITTIEL A LT D, £, OB A Ay
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NI BR LR, , £ T30 7 ADFENIHT B0, BLED/3AG AL RH,
FLRLF-ROBREERL T DFRAF, IERE BN Z D, EREMEIMENRE D FF
HMAEHL TS,

(2) NaFT AT ARE/AINBGFRIEDRE
N AT AFBIEEIRE WS THHOT, FFEN S LS, L, KA
RIS THHOT, EME, REIRI>TND, ERIENEWRE DR EEFL T
W2,

() TVIBITTIED R
TUIETTIES WES CTHBIEN S, [IERIGTLHLDT, mfllE, kB
PRI TWDREDRFMERL WD, L, BICICERATLRENED, 1
ZRRET DRIV LEITRDRED DD,

(4) &8 Si EEEMECLENE SN MRIERA~DERE
SLN, MR OB ARFMME o 5521 SN, BEFE RO SRR E I RE R 8% 5.
ZHZENG, &R ST EEEEICILIEME SLN, BIRICITE B A M O Rk
EE o (LIINATHD, RETIE, TOMBLESH, — YRR T, BREMRL
T, BB, FERMERE OFENBEHERIC S X 2 BIZ OV TIIRFL T,
NHORHEITI A TRA R CURE R8BS BEEEEORFOBTERN
2R THAIEE 2 TD,

4-1-2 TER&R Si OFME (L
& B St EEEEORBERO— 2> ThomMEIZ O W T HREIF RO & & Si
OWIENKRESFRET 0T, TERAER S ORMELERFTLL, ZORE, Kk
DZEHFER LT,
(1) TEMAER Si o—FRtEEEEICLIFR
MR 98 mass%D LB R Si & — HmEEREIEICLOBREROFR R, &R Si
HORMA% 100 mass ppm FEEEINARIH T HI LN TET, RICKIZTERIC
DN, BEEHEDOEEN K THoTz, UL, ZOHEIZ R O HELES
ERD 10~30 massh% (5HDHDT, THEAFE~OB A IXELWEHHTLZ,
(2) TERAER Si DR - BEE - Ok
— T AMEEEE R CEMEL LB Si OMBEERETLIZEZA, &8 Si Dt
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KR DN BMGEL CWAZEE RHL, mEMIChbEA cE ¥R Si
DOYEFR - e E - BRLERVEZBRFE LT, 2O FEICRWTH, TEHR4RE Si 104
B Nli¥ A 300 mass ppm B2 E F CHEZ M ESEAHTENTET,

4-1-3 &8 Si DZBLR LD
&8 S BEEEEICIAEISIIRE R LT, & a 0RO SN, B
REB/BHIENEEL, — AN Fe 728 OfEAIIIL, & a 53R A AL TV
%o TYATIE, TEMER SilZ CaF, OfEEZIRINL, & o 73REEHRL THOZ0
T, ZOECIGHEZRIALL, O RKISHEEROENT 2~ — ATl CF
FMESR S O/ a fb~DEI AT —ZRET LT, TORER, IROZER DT,
(1) TEAER Si DZE(LRIG
TERER St 02X, 1100 CHENBIEED, TRZERITIE 1400°CETME
THMEND STz, £z, il CaF, EN K THHEEMHL R =KL
fEACHY, BALEREL -, RIER TORBIRINIIIER TN THY, fEk
DOHFFEREFIE@Y, Sikhi 2B -> CD SiO, FIENE L2 EL Tz,
(2) BMESR Si OE/LIG
EAESRE Si OZITRWTHELICHT A8 Si ORmEE-> TS SIO,
BREDNRIRIT N, SRR T, K P 23 =TT (B121F, N,=25 vol%, H,=75 volh) T,
ZITEE R o7, UL, @72 Py, FEST (FI2IX. N=75 vol%, H,=25
vol%) THAUE, HonN& B Si DREEE - CD SiO, KIEOBREIEE, ENK
IS, F72, No-H, BHHA T CARSNT SN, ATy MR D
SN DIELSEEN TV,
UEZY, £t T2 TR Si, miESR SimEsh, €& St ORMEIZ
BT SiO, RIEDBRENEAITIZEE Th-o7z,

4-1-4 SN Y RO B LB (1)
~& B AREBEZ(BC LR TR 722k A R D rER-
&8 St EHEELETAERSNE SN, ZERSTHH20, ZEb#, ElLE
SN, JAMFEL 2T AT G T, 2O, R FRE DR F23ELI, BEREIERMEIC
DIRNOTRELRITTEESbN T\, £2, 774873y 7R FEEL T
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ANAHIR=—REZDMENRDHY, Si)N, By ROFFEE SR B B CE MW

EThbd, KETIE, SMESR SiZHBFELEL, Si-O-N R0 Si &/ K[EED

Wt oy e, BAFEICEE S W SN, OB L 2R LA bR TR RIS E A -

HLWER S| BEEEEEEL, SN EROBHmL, hokil, KiEELER

FLTc. TORER, IROTED DI >T,

(1) &R Si DEfL
B 48 St DZEALRIG THRLIVZE RAEY, miliESRE St OZIZEEL, Ny-
H,, No-NH; B T C&8 Si Rl OB b#ENGAELS SiO(g)é Ny(g)+H.(g),
NoNHy (@) DKAFUGATE AL, 2-3 BETHOLNIZELRICNORE S Z
B BRRETDHIEICKY, TREE o 53R 0% EFEfE T,

(2) ABHHE SisN, R D1ER
@J& S EEEETE St RrOLHIE (SI0,) LE L FHAKR F ORER &R
£7°% Si0 (g) & Ny(@+NH;(g)& DZAR RIS L EHR S S D SN, Z 2R T 5
ZEMTET, BT, SIO, ZEMAYIZHRIIL, SiO(g) D EEEOIUX, SHiRkHH
FEmmONREITHTHIL, 30 m*-g ' REE DB KD SLN, fERITET, F72, HBbh
TERBISHIR R SisN, 1 MgO-ALO,~Y,0, R BEAEBHAI T TIE 1550°C T BERS AT HE
THY, FIRFRED 800 MPa f2E RIS WA ENTET,

(3) BIARMGHA SiN, By K DERL
FiZ, SiO(e% Si JUEEFRLOHM OB WE&REEH 750 AMLEM, FlxiZ,
CaF, HATEILTIUL, Si(g) DERKL, K[AEDBHTHT 5 SiN, OFERENEHIRM
S R ORDIRBAIAS S I B L T2 2 2R LT, OFD, &/ Si EEE(LIE
THRUREED Si,N, 3 REBLZEMATREL 2R o7, T2, BHNTRDIRE D SisN,
MRITBAIELDY, [KEFECTHBIBELZELHMB D RNIELY MgO-
AlLOs=Y,05 RBEREBIE T OBEAERIHNT, TIMNEOEW B RN Z< A
L, EOREENEEITHEIL, BIRTHRENME T LRV L2 HER
L7,

4-1-5 Si;N, ¥y RO B SEALAFZE (1)
-SRI AREEZMETIERLEZAEZ T AR~ DOFERBLE T RE
e Rt RIE T -
ZOFED BHLATELFIL T build-up B7eRIEFHEEZ AT HEL T2 SisN, HyR DB
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¥ Thb, BIETIL SIOZEIEALIEKMRIEE 5352 THMEZER LN, R

B TIL Si-O-N ROEMEHEOZERBARLET)FICESE, BB 5ISHEIVEIR

TEUHE T 5281285 SN, OB L2 E1ZXY, SN, RORLIRIL, KEEFEL

ERRELT, TORER, IROZENDI-T,

(1) BIARMGHA SisN, By R DERL
Si—O-N FROEEMEARIZIE Si, SizN,, Si0, EBSIZEHT —F 4431 THi> TV
Si,ON, D 4 ABNTEAET Do 20D Si,ON, I Si;N, BEfE AR D SR e b EBREE T L
TWDLIENS, —EAERLE-ZHED SN, iz s X FUFEFS T e
FE 1450°CLL_EDOIRE CTEVLERL 72, ZDOFRER, Si,N, OFFREZEAL (SRR —RLIR
b)) ZRERR LT, FIZ, SO TRDIRIH SN, #r KT RbdHY, (KEEE T
FeF 2 <& b DAz ) MgO-ALO,-Y,0, REEREBIAI T DBEREIEIC
ANWT, TAXRIMNO@E W BHERE D ZAERKL, ZORETENRENTITE
BibL, mIRREME T LW SRR,

4-1-6 L —F—&HIEIZIS SisN,~TiN RBHH R OB ERIFFE
Si;Ny BEFE RO ZEN T e L, BIIV T AD R H THHENE N F B L TE7=, Si;N,
EB/ VO TIHMEEEOR RN EE X, L —Y —RRIEICL DR BB O
B RO TIN B3R, SEN,-TIN EE&HRE AL, FLF0BEL TOMREBmEFIL
77o FOFER, IROZEN DT,
(1) L—YP—K BB I IBBHRDOE K
CO, L —HW —ZHMEEELH Y, SiCl, TiCl, NH; T AIZIOBEKI R D SizN,
K, TIN =K, SiLN,-TIN #HEH ARG TET, SiN,~TIN #H#EHRTIE, 1um
F—H—TC Si;N, & TiN 23 —12 458 Tz,
(2) L—V—SKAEETE U R D BEks (3
B SN, B RIZ TIN By R AN 72BEf RIX TR OB+ K D TN R, 7
FA< TINREZBILI=b D LY, AlEl, L—Y—ZFEETE R LI/~
TINFS RO T IS BERE (AT B, Bk L b B MBS T, £, IIMER SIS
FE, BERERERE, SIMELm EL F, L— KB TA LTS SN,
TIN A RIMBERS 1T SN, & TiIN DR A SMEZTRMLT-b D XY, BEREERO
MM ELT, TOREER, BIFIEZRD S EAZENTE, HiRMENKE TE,
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4-2 AIN %1%}
4-2-1 AN BERE A RHEICRIZ TR Al BB LIE AIN RO RFERF R
wE Al BEEZEETELILL AIN BRICRWT, R, R, REEEER, N
FasR, fEMEICE BL, BREREEOBYRER~DEELRFILI, TO/REE, K
DZENP)>T,
(1) BYRERIZRITTRERREOHE
&8 Al EFEE(LIETHEDLND AIN RIS RHEFRZ 2 <& T
(1 pm F)PFIEL, BEfEEROBYRER|ICEZEL RIF LT,
(2) BYER|ZRITTNEBRRORE
AIN ¥y RO EFEFE T LB R Z0II DB RO BYRER DK T I 8%
KIET, Evbit, NEEESE (BEAERESE) 1T 200 Wem-K' DL EOBVRE(IZIZE
ETHY, NEEEFE, 2fEFEE2F 40.2 massh, 0.5 masshETEFEL, ittt s
WHZEITED, 240 Wem K DEIEHIT-,
(3) BVRER|IZRITIREREDORE
AIN ByROFE G TN EBEE SR & RESBEIRT 525, KD F RIaD DIk
paPEDEV Y AIN FZR28 200 Wem K ' BL EO S BMRE(KIZITEE Th o7z,
VI EDOREREEVELD - &R Al BHEZE(LIETHELND AIN KO EmEMEE I
BRSO R EIZLL T O LBV TH D,
O 2EERIIDFRDOIE, WEERFED HRDIZT D72V R GFELY,
@ K1 um L TOREHEDOZVIRE S FRVIRPLFELL,
@ FERLFRITEELEBEL, 3 um LN CTHOTHA,
@ FEEMETELS, LT RIEE S EROHDRPFELN,

4-2-2 AIN AIRDEIREILHFZE
T IIv I ADRE TR K EURIFL, B3/, R FARIIDR< B> ZE A
(BT HIENHFELNWIEZIEEZ, AIN-Y,0,-Al,0; D& FEIE IR ST H
T oML AIN BERERDTREE DRIREMRFTL T2, ZDRER, IROZEN DI Tz,
(1) BEREAD =R A
Y05 ZBERGBIAIL L TR AIN OBERE X FIBRH R AR Z 4R L, 1700°CH
WAPBEDORIFARDY AIN #5 RH OBesE (ALOS) EFUS UIRABZAED | BEFREL TV
ZENDINoT, Y,05-AL0; BT 2Y,0,0ALO; ZHT H DI FEHRR )N B E 72 e he
202



MK CTHDH EE R L,

(2) RIREE AIN BRIVER DI B BEms S~

O AIN BRROFRE [ FIZiE AIN OIRFEBER OIS KB RN BEE THH L
RERR LT,

@ AN ByRFOEEFHE D72, BAREHCHERLEN D72 ALO, B ITHED AIN 5
RIIESITERED AIN BEEENELNLD, B Al BEZE(LENLELN
TR D\ AIN IR T, Y,0,-ALO, ROIREXK ZHEAREL , @Ytz T
BeAs L2z aud, m9RE AIN BRGSOV, BRI, HRD7ZTERSR
D7 AIN B R A, Y,0, K E AIN R e (ALO,) LRISELLT
WINZEANZ Y05 RARAEL, FIZ, FIRFFIZILY,0,-ALO; RIKEER D
3Y,05+5Y,05 3HRATZT AR L 72 WIS I FIREE 231D T Y,05+AlL,Oy ZHT
DU FEHRRE CRER 3 4UE, ®IRED AIN BRDMELD,

(3) WFREE AIN HR DA

O EIRE D AIN HROFERRIIFER AR NS AIN fE iR B b TEY, K
BEEED AIN AR ORI R CR X7 AIN fE R RS IL T2,

4-2-3 AIN ARDO B B=E(LIF R
AN BEREROEmBVRELIINT T 5 AIN RIFICEE T B, BiHEv4E

(DTN ERBEIRTHD, FrIZ, BRBEDREITIRELS, —KIT Y,0; BEREBIFNTIY

AIN RINOEEFEZ N7 7L, BEMRELEZ K> T\D, 3-2 B TR EEN—A

TO AIN B O & 58 AL 58 C R U 72RL R AE O A2 R - AT HHZE B O X — &I

& B Al BEEZELIEL ALO, B ILIER 71t 20 AIN BFRA AV, EFEKL L TE

BVRE AIN FAARICRKROLND AIN B ROFEELBERE SR 2R LT, TORER, K

DZENPOIoT,

(1) AIN By R DEEFR (ALO;) EEINT HBERTBIF V.05 23MEV T Y,0,-ALO; KD
RN EETHD,

(2) Fim 7RI BERE OREIIL 2Y,0, ALOs 24T D IRARM R CH kD72 &
MENZENEE THD,

(3) ALO;EITCIEED AIN By RKZ Y, 2Y,05-ALO; 24T 9 DI F#R ClEfs 5%
HIs2, BEEIREICETAETIC AN BRFTONEEIEEL NI v 715
Y,0; 27T ZEMBEETHD, HE-7C, 1000°CHLDOFIREEE D, AIN KD

203



FHETE O R GZINIE TEIUEEEL LT 200 Wem K X RA[EETH D,

(4) AIN By R OBESE (TRPICHRILSNIZLOLETe) NE VAR Al BHEZELED
AIN By R TIE, FIETFIZ 2Y,05-ALO;. Y,04+AlL O, Z#% T 3Y,0,+5A1L,0, 73%< A
K95, TORER, BERERIZIE Y05 3HKL, AIN IRFONEIEZEZ T
VI FHIERNIIRY, BEMRE(LAER T HIENEELL, 1000CH5H0 58
2D T ALO; BITIE AIN M ROBYRERITIT KT,

(65) EaFZE V7L, THERALIEIZEN TS ALO, RITIED AIN BRI EmmE, &EL
LENBEBL G EE 2D,

(6) BeENEL, Bk W a&E Al EFEZEE AIN BHETH, flziE, 3-1 %
D E-2, D-2 OBRTHIUZX, RWFFEDOFIR - BEfE A =X L N — AR
AUX 200 Wem =K AIBELE 2 DD, & TR TERE T REANEL, BEVE
BOHRERKREAELEOHEES 25,

4-2-4 SRAEIEE AIN EAR OB 5RE(LAFS
RENEY 2—/VTBEERBRE T CHERAIN OB ELHY, HEIRE AIN HAR
DEIRELNESREN T, SR AIN R OEREICIE, AN BEREARO TR
FEARIZ R THDHAY, AN BERERE Cu tROBES R BV IE 2 IR 3 25% 8 )
DIREHEE ThHD, RETIL, #EEROR—M D Ag DYLBERREL R I O BEIfR
EIRETLTZ, TORER., IROZED Dol
(1) Cuti& AIN B EZ TARF BB RNCLVBES LI #EIE AIN ZEAROFIHTR
FEMGERAEIRE AIN AR OTHTRE X TR TREINAHZEE AL,
o (ANP)=¢ (BS)+ ¢ (CR)- ¢ (RS)
o (ANP) : #[E]I#E AIN AR D58 EE
o (BS) : AIN EMRDIREE
0 (CR) : CutROMHTRENF
o (RS) : HEETETOEREISN

(2) AL Cu RO FEOTHTRE DX 501 XAEIEE D/ F— N AT
575, 100 MPa B2 1% 5,

(3) Cuti& AIN EMROEEG SRAEITLY, v—M 5D Ag D Cu R ~OFEEFEHE
WAL, EDOEBENRKELAeDE CutkDFELL, SRR AIN R OFLHTHERE
MET 528087z, ©FD, AIN ARE Cu IROBEEIIKIEE  FHEERC

204



MRS HZENMBETHD,
4-2-5 $REIRE AIN EARDOBE S m v ADBEZE
RENEY 2—/WZHWONDERIT L], $HEE ALO, EkOBELIETHWON
TGS BIEO N F— B R AL, SR FIRENRERH T, K
BT, EEEBEO— M THEELIBLEEOB~DOBEREEERE Loy T
THIZREL, RFMEICEHER AIN EROFLWEEL S a2 BRI,
(1) FrEgEgn—MLRRl—yTF 7 D%
—XAYIZE S TS Ag-Cu-Ti G R — M LRI B E 2R OB~ DOV R
ENKTHD Zr 2T 58E0—ME R LT, £, BICIDREY OVER
(ZiX, NEE CutkEARE R Ag-Ti-Zr 55 E4, TiN, ZiN #2688 1253 1T TRt/ 3
WERAW 2 BEOTyF L7 (TN F o780, eI B EE RIFE T
EEMEARNS L T RITRETIHIENTE -, AR L-EBE S 0 AZ T LTy T
LT ak AL AT T,
2) INToF o TS avRAOHFE
LRIV F TR, #BETREOES—MDILAHL, (EX
L, BERBOMBENRIES, Y — B at AT, AEENKIE
WA B LTz, F2, m—MHIRI TRICB VT, 227V —HIjobhicr—/1ra
—Z—=PMERTELIOITRY, AIN BR~Ou—FEBAEE 1% KIBIZ R ESH
77

4-2-6 BWIEEMEETIVI7EROBER
HAEIEE AIN ERpSHEOFTE RIigd oL, dilEE AlLO,; itk KO EWE /& 6E

TELD, SREERIREREIX A DN D> TEZ, DY, BVERLOBERIZLY
AIN BPBHZZ Zo D338, ED%, 777 DER -MREDNEIZE A, FHEME
RONDZENDNoTe, ZOXINEEL T, TRREEEEOEIIv I EREBFHEL
7
(1) =yF 7778 —%HHEL ISR B AIN iR DB

BAERH DOy TF T HIZRFE LIZZEXD, BIEEEROFEE 2T D8

Ly, BOIRLOEBIEDOEIE N AFEFT 5L HFRT,

205



(2) Al B AIN ZEAROBEZ
IR DEUSFTITERL, by Al OZE TR TRAIS NAFERT 58 L Al |
# AIN Btz BAFE LT,

(3) SREIHE AIN EARDBER
EEMEHCAE S, AIN O 2 (S FEE OB N RIAEND SN, M EHZIEB L
FRAETHE AIN AR A B LT, BAOMSREIC DWW CIE A TR A TR LT,

4-2-7 AI-N, % ® AIN whisker D&
— AI-N, & @ AIN whisker DI BB &A= R EAE -

AL R AR ChemiEE (1650°C) EC—EBL TN &L, 712, miRTICE
7% Al ZERE N, OKARRISIZEV AR T2 AIN whisker O RLEES), FEREZSE LA
BB A TRET LT, ZORER., RO ZEN DT,

(1) AN whisker DR BN
AIN whisker |% Al ZRKFEAEGFTOEEIZHLEERITHT LT, 5 EIOFEER T
Al DIRIEPIVY REFZEDEIZFEHS TNZD T, WVR FEEDNS Al R T
HEA~BEIL2NBE O N, ERUGL, AIN whisker 23 LS U7,

(2) AIN whisker DT RE25E)
JVYRREET 1550°CH 5 1650 CDORHIC 4 FEEHDTIREZH % AIN whisker &
TR LTz, 1550°CTIXP 77 D AIN whisker, 7V X LEIZEROIT HBZHL
7z AIN whisker, 1600°C CIIBIECIRFE&aD AIN whisker, 1600°C Tl —H /L E N
%6372 AIN whisker T2, ZNHDIEEEDZEIL Al ZRR D5 EITHEFET 518
AN CRLA T& T,

(3) AIN whisker D4 piiiE

Al FRZE N, EOKHAR AT LD AIN whisker 1K G2ME T 9% 1550°C T

MHEEED, 1650°C FTRERE AR L 7=, AIN whisker DRI IZ 2 ToD AN

whisker |Z VLS #B45H ORay 7Ly MR RLNR) -T2 880, VS #BIZLD

AL TV,

(4) 5% DEE
Al-N, R TET ARIZRED AIN whisker Z&FE/LT5121%, ORI TO Al &
N, ORI HR AT TR, @QFIRIZRNT, —ED Al BREHAEIE

206



NG Al FREREARWSEICHIEIL, AIN #IC Al 8K E N, OFGIZED AN
whisker ZATHXEA7 2 AN E X HNA,

4-3 5%

A%, WAL, KMIEREICED BTy ZFEL ORI ONCEERE SR O TR AE
BERS (T REHIEE AT 2 RBAL, EIIv 7 ANFFOAROREZ ISV,

207



i

AAFFEDERR, BRI, PR SERICERL, 2 RARTHRELZTEEELZ LA
RFERFFERIRR B A ZE R E TR B MAFE— B D XV R LT
75

F7o, FAERROBMTHVETILR HAEEITITARELEL T LMELE
TEXFLTZ, RBIZHVNREHTZNELT,

AIN ML OMFFETIE, AIN whiskser DR EREZ —FIT51 52T TIURIR L2
HEWRIFE BLSFo TN EBARBRBICEHRL BT ET, 72, il LFEHE=E
DOEELIEN<SEL QWZEE, TR STbhEL,

FAFR X DFEEICBETEL UL, THRELE, AFE. MBS TRIAEZGIEZITT
WeEE ORI E R W EEL T AT R B, B EAER, BRRE
e, BIREBBERICIT, LDEVBILHL ETET,

FLDS SNy, AIN MEORFFRICHE D ILo & >2NTIXHEFN 56 4F 10 A ICEMEEES
TERMTBEA R SL LT TR AR EE 36 EAE AR BTS2 B FE 1l B | I Sl ) DB B T & T
ZETHYET, GRFORA R LIHOH BHFFEMIEHR (RORIHR) IJEH B F
T, Fiz, BROMREEARIITEAEE TN EEELT, HVREITINET,

TN BSERED LR THOET B RE =S A L/IMRE— S A3 E T J03
hE IR THEETRONIZIEO RERF ARV EL T, BEOETFE. INEE.
JREERE AIAR A REICITERZREL TTHEEL, F2, BRORPH TS
M NS RBFFERT D SE % - B ITH REBSHERIT/RDE LT, REITHIALHITI W
FLo,

BBICBTEONRYa ORNIEAMENELRD, B, RITICHENLTITIT,
MIVEZEATRNDTHEATHELOSE LR O TN F IR L £,

208



