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Fig.1.1 Flow chart of this study
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Method utilizing organic
[~ materials

Epoxide
Vinyle acetate etc.
Alkali silicate

Organic adhesives '{:

Inorganic adh951ves

Phosphete
Noncrystalline solder
| Method utilizing inorganic Oxide solder Crystélline solder
materials Ceramic frit sealing
Copper sulfide and Copper oxide

Indirect bonding ]
method

silver carbonate

Sintering bonding

Evaporating method
Ion plating method
Metallizing Sputtering method

Flame spraying

CvD, PVD
Brazing
Bonding method of gctive alloying method
ceramics to metals ydride method
| Method utilizing Precious metals method
metal materials Brazing I“ and In alloy
Sintered metal _E Mo-Mn process Pb-Sn alloy
powder process Mo process Carbon flux method

Pressured bonding Supersonic bonding

High pressure bonding, HIP

Gas-metal eutectic method
Reaction bonding —{: 5iC powder method

|- Direct bonding method Flame spraying Direct contact bonding -—15 Active alloying method

Diffusion bondi
Field assisted bonding iffusion bonding

Friction bonding
Laser welding

. . Bolting, Clamping, Inlaying
— Mech: 1 joini —-——4
echanical Joining Shrinkage fitting, Casting

Fig.2.1 Bonding method for ceramics to metals
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Table 2.1 Reaction products in oxide ceramics to metal joints

Ceramics Hetal Method Bonding conditions Results Reference
FeQ+Fe S 1450K, 3. 6ks, 29. 3MPa Fe(Fe, A1) 204 Spinel [XRD, TEM] 38)
CuStKaolin L 1273-1673K, 600s CuAl204, Cu0, Cuz0 [XRD] 39)

1503K, 0-2. 4ks, in vacuum CuAl0z [XRD] 40) -
Cu20 L 1503k, 1. 2-2. 4ks CuA10z, Cu0-A1205 Spinel [XRD]
1343K, 120s, in Ar CuAl0z [TEM] 41)
Al203 Ti S 1273-1473K, 3. 6-32. 4ks, TiAl,TisAl, TizAl [XRD) 42)
3.1MPa, in vacuum
Nb S 1773-2073K, 28. 8ks, 3-15. 2MPa | Nb0Ox [TEM] 43)
CutSteel L 1473K, 1. 8ks FeAl20, [XRD] 44)
CusoTiso L 1323K, 1. 8ks, in vacuum Ti0x, (AL, Ti)20s [XPS] 45)
25Ti-25Zr-Cu L | 1143K 1.2ks, 1. 2MPa, in 8mPa | Ti0z, Tia0s, Ti0, Tiz0s, Zr0z, Cudl, 46)
AlCuq4, ZrzAls [XRD]
Ni S 1573K, 3. 6ks, 41. 44Pa NiO [TEM] 47)
+1173K. 3. 6-36ks, in air
Al S 2600rpm, 2-40MPa, 2-60s Al20s [XRD) 48)
(Friction welding)
Zr0;
Pt S 1773K, 7. 2ks, in 02 Pt-2r-0 [XPS] 49)
Fe,Ni S 1573-1723K, 60-900s Pe0,Ni0 [EPMA] 50)
(Field assisted bonding)
Ni S 1473-1673K, 7. 2-144ks NiQ [XRD] 51)
g0 Cu L 1333-1413K, 0. 6-3. 6ks Cu0. Cuz0 [XRD) 52)
Co S 1273-1573K, 7. 2-90ks, in air | Co0 [EPMA] 53)

8:8olid state bonding L:Solid(Ceramics)-Luquid(Metal) bonding [

EDX:Energy dispersive X-ray spectroscopy
EPMA:Electron prove micro analyzer

XRD:X-ray diffraction analysis
TEM:Transmission electron microscopy
STEM:Scanning transmission electron microscopy
XPS:X-ray photoelectron spectroscopy

J:Analyzer




Table 2.2 Reaction products in nitride ceramics to metal joints

Ceramics Metal Method Bonding conditions Results Reference
Ti4Ni S 1423-1623K, 1. 8-7. 2ks, in Ar TiN [EPMA] 54)
Mo S 1823K, 324ks Mo3sSi, Mo3Siz MosSis, MoSiz [EPMA] 55)
Al S 2600rpm, 2-404Pa, 2-60s AIN [XRD] 48)

(Friction welding)
Ni S 1503K, 720s, in vacuum NisSi [XRD] 56)
Tisoluso L 1273K, 300s, in vacuum TiN, TisSis [XRD] 5T
CusoTizo, 1293K, 1. 8ks TiN, & -CuysSi. [XRD]
CUsoZY‘so L 1373K, 1. 8ks ZrN, ZrsSis, 2rSiz, € -CuisSia, 58)
7-(Cu-8i) [XRD]
Al-10%Si L 883K, 1. 8ks, 9. 8MPa AIN [XRD] 27
Cr S 1273K, 9-90ks, in vacuum CrSiz, CrsSi [XRD] 59)
SUS304, S 1493-1593K. 1. 8ks FesSi, n-FesSis [XRD] 60)
X40 Co2Si [XRD]
1273, in N TaN [XRD]
1673K, in Ne TaN, TaC [XRD]
Ta S 1873K, in Nz TaN, TaC, TasSis [XRD]
61
1273K. in Ar TazN, TazSi [XRD]
1673K, in Ar TasSis [XRD]
SisNg
1473K WsSiz [XRD]
¥ 1673K WSiz [XRD)
S 1873K WSi. [XRD] 62)
Ta 1473K TaN [XRD]
1673K TaN, TaSi> [XRD]
NiCrAl S 1273-1373K, 360s AIN,Ni2Si [XRD] 63)
Ti S 1173-1373K, 32. 4-230. 4ks, TiN, TisSis [XRD] 64)
in vacuum
Al L 1273K, 3. 6ks, in vacuum AIN,Si [XRD]
65)66)
Fe S 1673K FeSi [XRD]
Cu-Ag-Ti L 1173K, 1. 8ks TiN, TisSiz {XPS] 67
Fe, Ni, S 1573K. 1. 8ks, 100MPa FesSis, NisSis, NizSi, 68)
Ti,Nb TisSia, TiN, NosSis, NooN [XRD]
Cu-Ag-Ti L 1153K, 420s, in 1. 3mPa TiN, TisSis [STEM] 69)70)
Al-Si L 1073K.v900s Sialon [TEM] 71)
Al L 1470-1970K, 1. 8ks, 0-20MPa, AlN-polytype Sialon [TEM] 72)
in Nz
Nb S 1573K, 7. 2ks, 3. 43kN, in 1mPa | NbsSi [XRD] 73)




Table 2.2 Continued

Ceramics Metal Method Bonding conditions Results Reference

Ta S 1473-2073K, 7. 2ks TaN - [XRD] 61)
Ti-Cu 1253K, 360s AIN [XRD]

AIN Zr-Cu, ) : 2rN [XRD}
Ti-Ag-Cu, L TiN [XRD] 55)71)72)
Zr-Ag-Cu, 1103K, 180s ZrN [XRD}
Hf-Ag-Cu, HEN [XRD]
V-AgCu Vo. 3«N [XRD]
Mo ) 1573-2173K, 1. 8-360ks Mo2B.HoB [EPMA, XRD] 54)

BN
¥, S 1373-2273K, 7. Zks W2B, ¥B, #2Bs, 4B« [XAD] 61)
Ta 1473-2073K, 7. 2ks TazB, TaB, TaN [XRD]

8:S0lid state bonding L:Solid(Ceramics)-Luquid(Metal) bonding [ ]:Analyzer
EDX:Energy dispersive X-ray spectroscopy
"~ EPMA:Electron prove micro analyzer
XRD:X-ray diffraction analysis
TEM:Transmission electron microscopy
STEM:Scanning transmission electron microscopy
XPS:X-ray photoelectron spectroscopy

2. 3. 3 HAREME

Tr A5y 7 RELBOBESRABELTHOHICTSHI LB, REMBHOES
BEORFEOAL LT, BFREAMTEULETIBEAMF LRI LT, EHICEHER
BEB-TVWS, BE. COLSBEROb LI, BETHMBC L EAREDOEHERE
FEHI-HSX EAREEBECOVLVTHENTELNB LS ICE sk, ThETHESN
TVWARERBIZ 7747397 REEBHAIVRIKIGERMOFNBEFREZ LD
TTable 2.5 KR T. BEARABERBLALDEE,. BEREHVLEMEEAILKSD
DIDPVTRHINTED., S VY- FEBESCLIZHEKROERL>VWTIRE
LAFRFINTVEL, RIBBEROVWHAIROOLDL ST, REKBVTEHZRER
LR BRSNS B EHRENTVEA, Sis Ny /NioflOoXSic, Rfmic
BOWTEHENEAHMBEZRIRVHE RV EORE ' bbb, —KRic. HARARIBEHD
FVWILEYF VP VREERABANBVIELWMEINTVLAA 107 BAREIC
PIABRAMIEDVTOFMERFTIRELALEBINTLERL,

—F. BIEARGORTEFIORIEREb LI, 7714087 I v 7 REGRBRES
REOEAREEZBETFRABRTCIOBELEIS L T3RAAbITRbATED 18112
BILMET 74T I v 7 REBBEEBORACEIZBTHEERC DLV TIRFAVED S
hTws,

PED&Sic, 774053y /7 REGBOBABRI. FERIE. KIGEO K&
B LCEARABEOHEAL O, DEVHEShTLEA, E—HEEEBCEE-> TV
B\, £, EOEABBII DLV THLRLZIBEIN->DH 50, ZOFMT>VTIE
ERFTRTHL, SRORTBETHI L VWA B,



Table 2.3 Reaction products in carbide ceramics to metal joints

Ceramics Metal Method Bonding conditions Results Reference
Nimonic 804 S 973-1173K, 3. 6ks, 58. 84Pa NisSiz (XRD],C [Laser Raman] 76)
Cu-35%Mn L 1143K, 1-180s MnsSi, Mn23Cs [XRD] 70

1375K, 3. 6ks, in 1. 33mPa TiCx, TisSiC2 [EPMA, XRD] 78)
CusoTise
L 1373K, 1. 8ks TiSi2, TiSi [XRD] )
79
Niz{. sTi7s. s 1298K, 1. 8ks TiSi.TiSiz,NEQSiz [XRD]
Ni+30mol%ZrHz L 1773-1873K, 1. 8ks, 0. 094Pa ZrC, NisSiz [XRD] 80)
Nb S 1373-1773K, 1. 8-21. 6ks, NbsSis, NbSi [EDX] 81
0. 494Pa, in 13.3nPa
Mo S 1773-2113K, 1. 8~14. 4ks, Mo2C. MosSi s, MosSisC [XRD] 82)
100MPa-3GPa
SiC
1223-1423K Cr3Si, CrSiz, CrqeCs, CraCz [XRD] 83)
Cr S
1273K, 57. 6-360ks Crs-xSis-zCxsz.CrsSis, CrqCs, 84)
_ CrsC.. [XRD]
Mo S 873K, 60s, in 3mPa MnsSis [XRD, XPS) 85)
Fe, S 1123K, §0. 4-160, 2ks, 13Pa, NizSi, NisSiz, NiaSi,C [XRD) 86)
Ni in 0. lnPa (Fe, Si)+C [XRD]
Ti, S 1773k, 3. 6ks. 0. 34MPa, TiaSiC, [TEM] 87
Ir in ImPa 2rSi, ZrC {TEM)
Al, L 1008-1093K Al4Cs [XRD) 88)
A1-20%Si 1173k Al4Cs [XRD]
(Ag-28%Cu) + L 1223K, 1. 8ks, in 3mPa TiC,TisSis [TEM] 89)
20T .
C.Ni2Si [XRD]
Ni, Nissiz. Cr-;Cs. Crscz. Cl"aNizSic,
Ni-10%Cr, S 1173-1373K, 36-360ks, Ni2Si [XRD] 90)
Ni-10%Mo, in 0.5mPa NisSi2 C,NizSi [XRD]
Hastelloy C NisSiz, CrsNizSiC, CrsSi, Ni2Si,C,

(Cr.Si) aNiSi, Crs-xSi3-yCuiy [XrD]

BC Al L 1000K, 10-1800s AIBz, Al4Cs [XRD] 91)

8:So0lid state bonding L:Solid(Ceramics)-Luquid(Metal) bonding [ J:Analyzer
EDX:Energy dispersive X-ray spectroscopy

EPMA:Electron prove micro analyzer

XRD:X-ray diffraction analysis

TEM:Transmission electron microscopy

STEM:Scanning transmission electron microscopy

XPS:X~ray photoelectron spectroscopy




Table 2.4 Kinetics of the growth of reaction layer in ceramics to metal

joints
Results
Ceramics| - Metal Reference
Reaction layer Growth law Activation energy
Fe+Cu FeAl.04 layer - Q=269kJ/mol 44)
(Diffusion-contro! of Fe in FeAl;04)
Ti TisAl(TizAl) layer Parabolic law Q=142kJ/mol 42)
+TiAl layer (W=Kt %)
Al20s | Ti TisAl layer Parabolic faw Q=216kJ/mol ;
Ti-6A1-4V | +(Ti,Al)203 layer Parabolic law Q=211kJ/mol 96)97)
v (Diffusion-control of Al in TisAl)
Zr0z+ZrAlz layer  Parabolic law 0=334kJ/uo!
ZrzAls layer Parabolic law Q=287kJ/mol
ir IriAls layer Parabolic law Q=207kJ/mol 98)
B8 (Zr-Al) layer Parabolic law Q=242kJ/mol
a (Zr-0) layer Parabolic law 0=121kJ/mo!
Cu-Ti TiN layer Parabolic law Q=206kJ/mo! 50
SisNs -| (Liquid) (Diffusion-control of N in TiN)
Ni Ni+8i layer Parabolic law 0=436kJ/mo!l 99)
Mo MoB+Mo.B layer Parabolic law Q=377kJ/mol 55)
BN
W W.B layer - Q=365kJ/mol 61)
(Interfacial reaction-control)
Nimonic80A} ~— Parabolic law - . 76)
14Cr-9.5Co| Silicide
-4Mo-4W- | +Carbide layer - Q=227kJ/mol 100)
5Ti-3A1-Ni
TONi-20Cr-{ Silicide Parabolic law 0=184kJ/mol 101)
10A1 tCarbide layer
Ti-6A1-4V | TiC layer Parabolic law Q=307kJ/mol 102)
SiC -
Mo MozC layer Parabolic law: Q=531kJ/mo! 47)
Mo MozCtMosSiz layer Parabolic law Q=477kJ/mol 82)
Nb NbsSis layer Parabolic law Q=456kJ/mo! 103)
Carbidet Parabolic law . - 81)
Silicide layer
Cr
CrqaC3tCrsCz+CrSiz  W=Kt!/2-5 Q=103kJ/mo!
+CrsSi layer 83)104)
(Diffusion-contro! of Si and C in Cr)
(0. 2% Free C) Parabolic law Q=393kJ/mol
Yo Mo.C layer 103)
(<0.01% Free C) Linear law (W=Kt) Q=219kJ/mol
TiC
Mo Ho=C layer Parabolic law Q=332kJ/mol 82)
Ti TiCx layer Parabolic law Q=368kJ/mo! 105)
B4C Mo MozC layer Parabolic law Q=138kJ/mo!
HEC Mo MozC layer Parabolic law Q=210kJ/mol 82)
TaC Mo MozC layer Parabolic law Q=336kJ/mol




Table 2.5 Orientation relationships at interfaces between ceramics and

metals
Ceramics| Metal Method Bonding conditions Orientation relationships Reference
Al203(1010) -Nb{poly) A1203(0001) //Nb0x (012),
1073K, 3. 6ks, 6. 4MPa, in 1mPa A1203[2110]//Nb0x [521] )
S 106
A1203{0001) -Nb{poly) A1203(2110) //Nb0x (311),
1973K, 3. 6ks, 6. 4MPa, in 10mPa #1203 {0330)//Nb0x [121]
A1203(1012) [2201]-Nb (100) [001] Al120s (1012) //Nb(100),
1873K, 3. 6ks, 1176N, in 0. 1nPa 41205[2201]//Nb [001],
41203{1210]//Nb[031]

Nb S 107)108)
A1203(1012) -Nb (poly) A1203(1012)//Ca0" 6A1204(0001),
1873K, 3. 6ks, 1176N, in 0. lmPa A1.02(12101//Ca0" 6A1203[1230],

A1:02[10111//Ca0" 64120210107
Al20s S | Al203(0001)-Nb(110) Al205(0001) //Nb (110) 3" tilt 109)110)
1973K, 7. 2ks, 10MPa, in 0. 1mPa
S A1203(0001) -Nb(110) A1203(1700)//Nb(110) 111)
1973K, 7. 2ks, 10MPa, in 0. ImPa )

Cu A1205(0001) -Cu(poly) A1205(0001)//Cu(111),

1270K, 900s, 20MPa, in Hz/H0=2X10% | A1:0s[1120] rot. 11" Cu[Z20] ;
S 112

Pt A1205(0001) -Pt{poly) 41205(0001) //P£(111),
1373K, 900s, 20MPa, in H2/H-0=10% A120s[1120] rot.11°,18° Pt[220]

v S | Alz0s(poly)-V(poly) 1,05 (1120)//V(T1T), 113)
1873K, 3. 6ks, 6. 1MPa A1:05(1012) //V(112)

Zr0z | Pt S | Zr0z(+10mo1%Y20s] (001)-Pt (poly) 2r0.{0011//Pt[110], 114)
1623K, 130ks, 1MPa, in Air 7r02<010>//Pt<113>

Y20s Fe S | Composite material Y203<011>//Fe<011>, 115)
1523K, 29. 3MPa, in lmPa Y203¢200>//Fe<011>

Ti S $iC(0001)-Ti (poly) 8iC{0001)//Ti1SiC2(0001), 1))
1773K, 3. 6ks, 0. 34MPa, in 1mPa Sic{1010}//Ti3SiC2 {1010}

SiC Ag—Cu-Ti L SiC(0001)- (Ag-Cu-Ti) $iC(0001)//TiC(111), 89)
1223K, 1. 8ks, in 3mPa sicf1610)//TiCcT121] |

Al L | Composite material A1.Ls(0001) /781 (111), 116)
1373K, 3. 6ks, in 10mPa A14C3[10701//A1[170]

TiC Ti 8. | TiC(100)-Ti (0001) TiC[110]//Ti-CL100], 105)
1623-1798K, 5. 4-14. 4ks, in 30mPa TiC[1113//Ti.CL001]

Mo:C | Mo S | Mo(poly)~C(poly) Mo2C(0001) //Mo {110}, 103)
1373-2223K, 360ks, in vacuum Mo2C<1120>//Mo<111>

S:Solid state bonding

L:Solid (Ceramics)-Liquid(Metal) bonding

poly:Polycrystal
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Table 2.6 Bonding strength of oxide ceramics to metal joints

i Bonding
Ceramics Metal . Bonding conditions Results Reference
method
Ni: (1373K, 7. 2ks, 0. 098MPa) {To 7. 35Nm]
Ni, Pt, Au S Pt: (1328K, 57. 6ks. 0. 098MPa} {To 11.76Nm] 120)
Au: (1273K, 14. 4ks, 0. 098MPa) {To 7. 74Nm)
Pt: (1823K, 100s, 0. 034Pa) {FB 250MPa)
Fe: (1647K, 100s, 0. 07MPa) [FB 220MPa)
Pt. Fe, Ni. Cu, S Ni: (1623K, 1. 2ks, 0. 148MPa) {FB 200MPal 121)
Al Pb &1: (873K, 100s, 0. 736MPa) [FB 95MPa]
Cu: {1298K. 900s. 0. 148MPa) {FB 153MPa)
Pb: (563K, 120s, 0. 98MPa) [FB 56MPal
Pt S (1973K, 36ks, 1. 96MPa) [B 220MPal 122)
Fe H (1683K, 1. 8ks, 100~300MPa) [Te 76MPa) n
{Cu-0 alloy} (1338-1358K.in Ar) {78 19.6MPa] 123)
Ni B
{Ti-Ni-Ag} (1273K, 420s) (B 14MPa] 94)
Kovar ] {CuStKaolin} (1273-1673K, 600s) [Te 47M¥Pa]} 39)
+{Ag2(0s} (1073K)
{CusoTiso} (1323K, 1.8ks) (Sh 1384Pa] 45)
{Zn-5%A1} (673-773K, 0-90s) [Sh 20-80MPa]
{Zn-10%A1, Zn-15%A1} (723K, 60s) [Sh 32MPa, 22MPal
lltrasonic brazing
[Sh 124Pa (R.1.)]
(Sh 20MPa (323K)]
Al203 B {Zn} (723K, 60s) [Sh 16MPa (373K)]
Ultrasonic brazing [Sh 204Pa (473K)] 124)
[Sh 17MPa (523K)]
{Sh BMPa (573K)]
[Sh 37MPa (R.T.)]
{Zn-5%A1} (723, 60s) [Sh 22MPa (373K)]
Ultrasonic brazing [Sh 30MPa (473K)]
{Sh 15MPa (573K)]
[Sh 16MPa (623K)]
Cu
S (973-1273K, 1. 8-21. 6ks, 1-8MPa, in Ar) | [Sh 20-50MPa]
[Te 16MPa (0.3um)]
[Te 30MPa (0. Tum)]
Pre-oxidizing: (1273K, in 133mPa 0z) [Te 80MPa (2um}]
{Cu20 on Cu:t=0.3-70um} | [Te 140MPa (5um)]
Bonding: (1343K. 120s, in Ar) [Te 135MPa (10um)]
[Te 50MPa (20um)]
[Te 30MPa (40um)]
[Te 25MPa (70um)] 41)
L
(Ko 1.2MPam'<2 (0. 3um)]
{Kzc 1.5MPan’% (0. Tum)]
Pre-oxidizing: (1273K, in 133uPa 02) Kre 2.5MPam*/? (2um)]
{Cuz0 on Cu:t=0.3-70um} | [K:c 3.5MPam*/Z (5um)]
Bonding: (1343K, 120s, in Ar) [Krc 3.5MPan®~% (10um)]
[Kxe 2.0MPam!”? (20um)]
Ky 0.5MPam®/2 (40um)]
(Kze 0.5MPam/2 (70um)]
A1-Mg (A5052) S (823K, 1. 2ks, 0. 98MPa) [Te 25MPal 125)




Table 2.6 Continued

Bonding
Ceramics Metal Bonding conditions Results Reference
method
5841 B {Cu} (1523, 1. 8ks) {Sh 92MPa] 44)
A1 (A1050) M Metallizing: {A1-4%Cu} (1373K,3.6ks) | [Sh 75MPa] 126)
Brazing: {BA4004} (883K, 180s)
SME0B g* {Cu} (1173K, 600s, 20MPa) {Te 33MPa) 127)
{Ni} (1373K, 300s, 20MPa) [Te 20MPa]
Steel, {96%Ag-4%Cu0} (1273K, 80s, in air) {To 48Nm]
NiCr20TiAl, B {96%Ag-4%Cu0} (1273K,60s, in air) {To 12Nm) 128)
Ag {v20s} (1053K,60s, in air) {To 10Nm]
Al0s | 18%Ni-9%Cr- s* {Ag} (1173K, 1.8ks) [Te 3.4MPa] 129)
14Ti-Fe fCu} (1073%, 1. 8ks) [Te 9MPa]
Nb S (1873K, 3. 6ks, 8. 8MPa) [Te 125MPa] 106)
Ti, S (1173K, 3. 6ks, 3. 1MPa+820K, 7. 2ks) [Te 13MPa) 42)
SUS316L {Ti+Mo} (1273K, 10.8Kks, 9. 4MPa) [Te 47MPa)
Kovar, B {Cu+Cu-0tAg-Cu-Ti} (1113K,600s) [Sh 53MPa] [Te 6OMPal 95)
SUS4108 {CutCuz0+Ag-Cu-Ti} (1113K, 600s) {Sh 654Pal
SUs3zl S TiC precipitation treatnent [Te 22MPa] 130
(1200K, 3. 6ks, 7. 4MPa)
Ni S (1173K, 900s, 30MPa, in air) {Sh 90MPa] 131)
SUS405 S {ri} (1273K, 900s, 100MPa) [FB 260MPe] 132)
Al-Mg (A5052), S (773K, 1. 2ks, 4. 94Pa) [Te 59MPal 125)
Al (A1050) (773K, 7. 2ks, 0. 98MPa) [Te 39MPa)
Field-assisted bonding Fe:[FB 9-94MPa]
Pe,Ni, Al, S.L Pe, Ni, Fe-Ni : (1673-1723K, 60-500s) Ni:[FB 327MPa) 50)
Fe-33%Ni ALD(UI73K, 1. 8ks) Al:[FB 73¥Pa)
Fe-Ni:[FB 160MPal
Fe B 0. 5unTi coating, {Ag-30%Cu-10%Sn} {Sh 136MPa) 133)
(1008K, 600s, in 0, 3mPa)
AB:[FB 67MPa (Omm)]
AB:[FB 624Pa (0. 3mm)]
2r0. AB:[FB 91MPa (0. 5um)]
{BAg-8+Ti} (1123K,420s, in 1mPa) AB:[FB 96MPa (0. 7mm)]
B* <Ni (t=0-1.8mm)> AB:[FB 117MPa (0. 9mm)]
As bonded:AB, AB:[FB 102MPa (1. 2mm)]
Surface polished (0. 2mn) :SP AB: [FB 100MPa (1. 4mm)]
AB: [FB 76MPa (1.8mm)]
SP:[FB 110MPa (0. 5mm)]
SP:[FB 120MPa (0. 9mm)]
Kovar SP:[FB 127MPa (l.5mm)] 134)
Chromic-oxide vapor treatmeht: AB: [FB 116MPa (0. 5mm)]
(1173, 0. 9ks) AB: [FB 155MPa (0. 9mm)]
Brazing: {BAg-8+Ti} (1123K, 420s, AB:[FB 91MPa (1.5mm)]
in ImPa) <Ni (t=0.5-1,5mm)> SP:{FB 137MPa (0.5mm)]
As bonded:AB, SP: [FB 140MPa (0. 9mm)]
M -Surface polished (0. 2mm) :SP SP:[FB 145MPa (1. 5mm)]}

Mn vapor treatment: (1673K, in air)
Brazing: {BAg-8+Ti} (1123K, 420ks,
in 1mPa) <Ni (t=0.5-1.5mm)>
Surface polished(0. 2mm) :SP

SP:[FB 125MPa (0.5mm)]
SP:[FB 135MPa (0.9mm)]
SP:[FB 113MPa (1.5mm)]




Table 2.6 Continued

Bonding
Ceramics Metal . Bonding conditions Results Reference
method :
Pt S (1363K, 7. Zks, 0. 098MPa) [To 5. 2Nm] 120)
(1673K, 900s, in air) (TB 34MPa) 51)
Ni S +(1473-1673K, 7. 2-144ks)
(1473-1673K, 14. 4-90ks) [TB 58MPa) 135)
Al-Mg (A5052) ) (823K, 1. 2ks, 0. 98MPa) [Te 18MPa) 125)
Mg0
Cu S (1353K, 1. 2ks) ) [Te 59M4Pa)
- ; 52)136)
Ni B {Cu} (1373K.1.8ks) [Sh 28%Pa] (FB 98MPa)
[TB 39MPa]
Cu M {Ag2C03+BAg} (1223K) [Te 35MPa) 137
Fe Pre-oxidizing: (1073K, 3. 6ks) [TB 20MPal )
S (1473K, 9-21. Bks, in vacuum) 53)
Co {1273-1573K. 7. 2-90ks. in vacuum) [TB 10MPal

S:Solid state bonding B:Brazing M:Metallizing H:HIP or Sintering
{ }:lnsert Metal < >:Interlayer ( ):Bonding conditions
[ ]:Bonding strength #*:Using solid soft metal
Te:Tensile test Sh:Shear test Pe:Peel test To:Torsion test
B:Bending test TB:Three point bending test FB:Four point bending test
Kzc:Fracture toughness

Ny WSO DOMENBLINTVE, 2DE R, BEARICRITEARE. 1 V¥ —
FEBHRBLXUCPHBEREOEEBILDVWTHELLZLDOTH S, ThoDERICE S
L, BARSOXEERDOERSDLELT. D774 v EF7Iv I/ RESBORBEREK
ZRIBZEEILN. Q77405 v 7 ADKRERN (EAREFEOREHRKE) « O
BRAHKCBITRICBERE. OBEARTMORANH. OBAREOEREENEL SN 5,
QL TR, REICHFMICBRBES IR NTOREIBEARIBETORERERD D
EOTHY, FHIBREZAVAILECIDBIENEZET IR LRFLEARINEDS
NI EBFMEIhTNWS2T 1437140 CnFTRBRINEEREBEEAEME L F
LHBLE, AFMESERC,A VRN -AEBEOEABEEMSZPRBICHV S HE, b
BEBBEOSBUZEEMBEZPRBBICHVA AL (V7 FAFIVEPS 15D ) | ¢)
BERBEMEZDHBICEVWEHE Y DXV EEBTEATIHE (FRES) . )R
HICEEIHEILs Sy 7BERATIHE. DEAROBRELZLIEBENBEICT S
Hik, BERD B, 3ok, ThoDW >0 EMAEDEB I EICED, X AXWEG
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UM THE o, RARMBEOHNRBMOBEEICID ZOBIBZIKRELKTT
B, LED>T, 7740853 v 7 RELBOBEAMFILBVTH, 7740253 v
7 ADERHARUNPEEGHRIZRELELL. BAREHEORAEWEBL L+ 5L E4BX



Table 2.7 Bonding strength of nitride ceramics to metal joints

Bonding
Ceramics Metal Bonding conditions Results Reference
method :
Fe H (1083K, 1. 8ks, 10-3000KPa) [Te 76MPal 3D
Invar, Kovar, [Sh 98MPa] ([Sh 196MPa]
Super Invar, B {TisoCuso} (1273K, 300s) (Sh 39MPa] [Sh 20MPa) 138)
Cu, Fe, SUS304 [Sh 137MPa] [Sh 8B8MPa)
Nb:[Sh 100MPa (R.T.)]
Nb:[Sh 110MPa (373K)]
Nb:{Sh 50MPa (573K)]
Nb, Ti B {A1} (1373K, 3.6ks, in 1. 33mPa) Nb:{Sh 30MPa (773K)] 139)
Ti:{Sh 100MPa (R.T.)]
Ti:[Sh 95MPa (373K))
Ti:[Sh 50MPa (573K))
Ti:[SH 20MPa (773K)]
{A1-4%Cu} (1073K, 300s) Ti:(Sh 151MPa)}
{A1-4%Cu} (1273K, 300s) Nb:{Sh 162MPa)
{A1-4%Cu} (973K, 300s) Ni:{Sh 130MPa)
Ti. Nb, Ni, {A1-4%Cu},Ni Plating SUS304: [Sh 90MPa) )
B 71
SUS304 {A1-10%Si} (1073K, 300s) Ti:{Sh 121MPa)
{a1-10%Si} (1173, 300s) Nb:[Sh 101MPa)
{A1-10%8i} (873K, 300s) Ni:[Sh 40MPa]
{A1-10%Si}, Ni Plating SUS304: (Sh 40MPal
[FB 206MPa (R.T.)]
[FB 216MPa (373K))
{(A1-10%8i) - (A1) - (A1-10%Si) CLAD} [FB 216MPa (473K)]}
<HC-6%Co> (883K, 1. 8ks, 9. 8MPa) (FB 206MPa (573K)]
(FB 98MPa (673K)]
SisNe | Cr-Mo steel [FB 49MPa (723K)]
(SCH435)
[FB 90MPa (0. imm)}
{(A1-10%Si)-(A1)~(A1-10%Si) CLAD} (FB 150MPa (0.5mm)}
Kovar (t=0.1-5.0mm)> [FB 180MPa (1.5mm)]
B* (883K, 1. 8ks, 9. 8¥Pa) [FB 2004Pa (3.0mm)] 27
(FB 200MPa (5. 0mm)]
(FB 200MPa (R.T.)]
{(A1-10%Si)-(Al)-(AL-10%Si) CLAD} [FB 210MPa (400K)]
¥C-6%Co (883K, 1. 8ks, 9. 8MPa) {FB 220MPa (500K)]
(FB 200MPa (600K)]
{FB 75MPa (700K)]
Kovar {(AL-10%Si)- (A1) - (A1-10%8i) CLAD} [FB 170MPal
(883K, 1. 8ks, 9. 84Pa)
SACM645 B {A1-12%8i-1. S%Mg} {Sh 120MPa] [Te 180HPal 140)
(843-873K, 0. 3-1. 8ks, 0-0. 4MPa, in Ar) | [FB 200MPa)
S {Ti fitler+Ni plate+(Tillz, Ni)powder}| [TB 36MPal 141)
(1523K, 1. 8ks, in He)
Fe-26%Cr
S {Ti+Ni+Ti} (1423-1623K, 1.8-T7. 2ks, in | [TB 120MPa) 54)
Ar) After grinding [Te 50MPa]
Fe-46%Ni {SiC powder} (1473K, 0. 6ks, 34Pa) [Te 94MPa]
{SiC powder+Ni} (1523K, 0. 3ks, 0. 34Pa) | [Te 4MPa]
Invar S {SiC powder+Ni} (1503K, 1.8ks,0.3MPa)} [Te 4.3MPa) 142)
Al Friction pressure bonding [Te 1724Pa)

(2600rpm, 2-60s, 2-40MPa)




Table 2.7 Continued

Bonding
Ceramics Metal . Bonding conditions Results Reference
mnethod
[Sh 145MPa (R.T.)]
[Sh 160MPa (573K)]
{Ti~Ag-Cu} <Cu> (1103K, 360s, in Ar) {Sh 125MPa (673K)]
[Sh 85MPa  (773K)]
[Sh 35MPa  (873K)]
[Te 90MPa (R.T.)] 74)
[Te 130MPa (573K)]
[Te 170MPa (673K)]
{Ti-Ag-Cu} <Cu> (1153K, 360s, in Ar) [Te 95MPa  (773K)]
B* : [Te 90MPa (823K)]
[Te 80MPa (873K)]
Steel (845C) [Te 60MPa  (973K)]
[FB 320MPa (0. imm)]
[FB 330MPa (0. 2mm)]
{2.2%Ti-Ag-Cu} <Cu (t=0.1-1.0mm)> {FB 280MPa (0. 3mm)] 143)
(1103K, 360s) [FB 220MPa (0. 5mm)]
[FB 200MPa (0. 7mm)]}
(FB 150MPa (1.0mm)]
{Ti-Cu} <Cu-6.5Vol%Al202> {Sh 80MPa (873K)] 144)
B {Ii-Cu} <Ni-8.54Vol%Al203> {Sh 90MPa (873K)]
{Ti-Cu} <Ni-6.48Voi%Al-03> {Sh 100MPa (873K)] 145)
{Ti-Cu} <Ni-4.38Vol%Al1-03> [Sh 100MPa (873K)]
[Sh 200MPa (573K)]
[Sh 180MPa (673K)]
{Cu-AL-Ti} <Ni-3wt%Al203> [Sh 160MPa (773K)]
[Sh 150MPa (873K)]
SisNa [Sh 140MPa (973K)1
Hastelloy C B 146)
[Sh 200MPa (573K)]
(Sh 180MPa (673K)]
{Cu-Ti} <Ni-3wt¥Al.0s> [Sh 160MPa (773K)]
(Sh 100MPa (873K)]
[Sh 90MPa (973K)]
1 Metallizing: {Ni-20%Cr} (1573K,720s) | [Sh 1634Pal 147)
Brazing: {Ag-Cu} (1123K, 300s)
B {TisAgs1Cuss} (1153K, 360s, in 3mPa) [Sh 195MPal
Mo {TissCuss} (1153K, 360s, in 3uPa) [Sh 83MPal )
75
Metallizing: {Ti+Cu}, {Ti+Ag+Cu} {Sh 125MPa (Ti+Cu)]
il Brazing: {BAg-8}+Ni foil [Sh 150MPa (Ti+Ag+Cu)]
(1153K, 600s, in 3uPa)
Nimomic 80A s* {Ni+Kovar+Cu} (1073-1273K, 7. 2ks. HP:{Te 103MPa) 148)
54MPa, in vacuum) NS: [Te 40MPal
Hastelloy C, S (1493-1593K, 1. 8ks) Hast. :[Sh 158-230MPa] 60)
SUS304 SUS304: [Sh 13-40MPa)
Super Invar B {A1} (1073K,420s. in Ar) [FB 160-200MPa] 149)
{BAg8+Ti} (Te 44MPal
{BAg8+Ti} <1.OmmNi> [Te 103MPal
SNCH439 B* {BAgB+Ti} <0.5mmNi+1. OmmKovar> {Te 108MPa] 150)

{BAg8+Ti} <1.OummNi+0. 5SmmKovar>
{BAgB+Ti} <O0.5maNi+0. SmmKovar
+0. SmmNi>

{Te 148MPa)}
[Te 206MPa)




Table 2.7 Continued

Bonding
Cerdnics Metal Bonding conditions Results Reference
method :
Mn pre-diffusion
(1273K, 9-90ks, in vacuum) [Te 28.5MPa)
Cu plating, {Ni filler(MBF65)}
SUS304 M (873K, 0. 9ks, in Ar) 59)
SiaNg Cr pre-diffusion [Te 66.9MPa]
(1273K, 9-90ks, in vacuum)
{A1} (873K.0.%s, in Ar) [FB 229MPa)
Al S (723-873K, 0-10. 8ks, 0-350MPa) [Te 118MPa)- 151)
Al-12%8i (823K, 600s, 100MPa) [Te 78MPal
{Tishge:Cuss} (1153K,360s, in 3uPa) | [Sh 192MPa]
B {Ti42Cuss} (1373K.360s, in 3nPa) [Sh 167MPal
{Ti+.Nize} (1373K, 360s, in 3mPa) [Sh 494Pa]
{TissNiss} (1373K, 360s, in 3mPa) [Sh 18MPa]
Metallizing: {Ti (t=0-10um)} [Sh 30MPa (lum)]
(1253K, 360s) [Sh 100MPa (3um)]
Brazing: {BAg-8}4Ni foil [Sh 110MPa (10um)]
(1153K, 600s, in 3mPa)
Metallizing: {Ti (t=0-10um)} {Sh OMPa (lum)] -
(1253K, 360s) {Sh 180MPa (3um)] 75)
AIN Ho Brazing: [15%Cr-4%B-Ni} [Sh 150MPa (Sum)]
(1373K, 180s, in 3mPa) [Sh 150MPa (10um)]
M
Metallizing: {Ti+Cu} (1293K,360s),
{Ti+Ag+Cu} (1153K,360s) | [Sh 100MPa (CutTi)]
Brazing: {BAg-8}+Ni foil [Sh 60MPa (Ti+Ag+Cu)]
(1153K, 600s, in 3mPa)
[Sh 140MP2 (R.T.)]
Metallizing: {Ti+Ag+Cu} (1153K.360s) | [Sh 145MPa (673K)]
Brazing: {15%Cr-4%B-Ni} [Sh 140MPa (873K)]
(1373K, 180s, in 3umPa) [Sh 130MPa (973K)]
{Sh 130MPa (1073K)]

S:Solid state bonding B:Brazing M:Metallizing H:HIP or Sintering

{  }:Insert Metal ¢

>:Interlayer (

[ ):Bonding strength #:Using solid soft metal
Te:Tensile test Sh:iShear test Pe:Peel test To:Torsion test
B:Bending test TB:Three point bending test FB:Four point bending test

) :Bonding conditions

BHRo ERTHIENAMONATVS Y, @BIL TR, Fig. 26"V ic—H#lE2/RT &
HiIT, BABE (FANHRY) IREBHEORES SR RIGBENEMT B3IV R
THRRLBIHOERBEL IV RIGBEOEMCAVHFIETTIHRKROBLREDE
KEOFPEI N, DIRIGBETCEARIPRRELERTIHREN D 5, L4 ->T. K
BEREEZRBICHEATAZLICIVBRFREABINEONEILOLEEZONS, Tk,
AIS5AXBERCBVTH. AZSAXBEPELBBEEAISA XBhBEIOET I v
ZHICENEREL, A Y74 XBELEABILARZIUEBEZRIEILTVAI LB DL
210 QrBELTE. Al, Os /NbZROBEHEADEBAD XS It, BAHO LV
(0001) sapphire//(l 10) non [11217] savenire /11071 no?8BH0E8
REFOBEAMFORAMBELRANF -3, BEENDOMOLMNBIVEHERND OB



Table 2.8 Bonding strength of carbide ceramics to metal joints

Bonding
Ceramics Metal Bonding conditions Results Reference
nethod
{Cu-35%Mn} [Pe 20N/mm) i)
Cu B (1133-1173K. 1~100s, 0. 49MPa)
{CusoTise} (1273K, 1. 8ks) [Sh 64MPa] 79)
RB: {59%Ag-23%Cu-18%Ti} (1223K, 300s) | [Sh 45MPa]
PLS: {70. 9%Ag-27. 6%Cu-1. 5%Ti} {Sh 65MPal 152)
(1223K, 300s)
{70, 9%Ag-27. 6%Cu-1. 5%Ti} [Sh 30-140MPa]
(1073-1223K, 0-3. 6ks, in 2. 6mPa)
SUs316 B
[Sh 30-50MPa]
SiC (Ti:0. 5mm, Mo: 0. Sam) 153)
{BAg-8} (1083K,0s, in 2. 6mPa) [Sh 10-42HPa}
+(773K, 3. 6ks, in 2. 6mPa) (Ti:0. Sam, Mo: 1. Onm)
<Ti (t=0.5-2.0mm)+Mo (t=0.5,1.0mm)> | (Sh QMPal
(Ti:1. Omm, Mo:0. 5nm)
{Sh 15-45MPa)
(Ti:1.Onm, Mo: 1. Omm)
. Cr metallizing: (1173-1473K, 1. 8ks, [FB 280MPa (R.T.)]
¥C-Co M in Ar)#Ni plating (FB 320MPa (673K)] 104}
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Table 2.9 Residual stress analyses of ceramics to metal joints

Analysis Method Matters for investigation of residual stress Reference
Stress or strain distribution " 166) 167)
E " Effect of interlayer - 168)
Relation between occurrence of crack and residual stress 169)
Analytical
calculation Stress or strain distribution 170)171)
EP Relation between occurrence of crack and residual stress 171)
Rediual stress reducing 170)
Stress or strain distribution 172-175)
Effect of interlayer 173-175)
E
Effect of controlled compositional gradient interlayer 173)
Effect of material size 172)
Stress or strain distribution 127) 176-180}
Relation between occurrence of crack and residual stress 127)180)
Numerical
calculation Relation between joint strength and residual stress 150) 176)
(FEM) EP
Effect of material size 150)176)177)
Effect of buffer layer 176)
For joint design 178)
Stress or strain distribution 181-185)
Effect of material size 181-185)
TEP
Effect of buffer layer 181)
For joint design 181)
Strain | Stress distribution, 186) 187)
gauge Effect of buffer layer
Laser Strain distribution 188)
speckle
Measurement
Stress distribution 179) 187) 189)
X-ray
Stress distribution (X-ray microdiffraction method) 190)
Supersonic| Stress distribution 191)
| microscopy

E:Elastic analysis
EP:Elasto-plastic analysis
TEP:Thermo-elasto-plastic analysis
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Table 4.1 Physical and mechanical properties of Si;N,

Tensile strength
(¥Pa)

Bending strength
(¥Pa)

Young’ s modulus
(GPa)

Poisson’s ratio

Coefficient of thermal expansion
(x107¢/K 313-1073K)

360

600

300

0.27

3.2

Table 4.2 Physical and mechanical properties of refractory metals

Naterial Coefficient of thermal expansion | Tensile strength | Young's modulus | Poisson’s ratio
(X107%/K at 293K) - (MPa at 293K) (GPa. at 293K)

L 4.6 980 412 0. 29
¥o 4.9 833 323 0. 38
Nb 1.31 461 103* 0.39
Ta 6.5 324 186 0.35

% at 298K
Table 4.3 Chemical compositions and mechanical
properties of SCM435
Chemical compositions (mass%)
C Si Mn P S Cr Xo Fe
0.33 0.24 0.68 0.013 0.011 0.95 0.17 Bal.
Mechanical properties
Yield stress Tensile strength Elongation
(¥Pa) (¥Pa) [¢3)
2785 2932 215
Leak Valve Specimen Furnance
" Aluming. Dipex \ Thermocouple
.y ///
WX 7 1 .
To vacuum
; r—gﬁ system
;é;;;/’ {1{ 2
/// Water
7
L 1

Fig.4.3 Schematic diagram of the vacuum furnace for bonding



BEARBIIFig 4 5ICRTRY A I NVICKVEAL K, BAFZHFIEICu—-Cr, Cu-
NbBLUFCu—-VArH—rE&BEHVEES. BARE XRFERHEZ1473~1623K X
0~ 3.6ksé Ly Cu—TibB&UCu—2ZrAv¥4—1br2BZHVWVEEBAERZLEN
1323~1423K 5 L U'1373~1473K X 0~ 3.6ks& L7z, T . —POEATRIEAROE
%4&#—bE@@%—ﬁmﬁokb\0J~04m¢®wz&—#%ﬁmbto4y#
—FEBOERIHODVTRERRIBAEKLRBLEL. EXRAR—FZHHALBVEHEEIC
3% 0.8mBEIURAR—HFZHATIBEICRIAR-FE+ (.2m& L 1,

EAMXIEFig 46K RTIEEZAVTHAMBIERRICXDFML 2, Kb, 5k
B 4.2%x10* n/s& L1,

4. 4 BERAVY—I2EBORE

4. 4. 1 Sis N, EtWOESBEILRETA /Y-t EEEROXE
RECuEA VY —PL2BEHVT, Sis Ny EWEAR—FEZHVEBVLTHEEALL
BAOEARILRETA V- BHBROREBEZRF LR EFia. 4 TICRY,
Cu—-Ti2BRL VTSV H -+ EBRBLVTHEABIBCr. Nb, VBLU
ZrDESBFEROEMICEVW—EHENL 2%, BUBDYT S, Cu-TiA¥—-FERT
BRTiSEBRVEMT 2 LEABIIHMT S5, 6 nasskDlETREARTHIcHID
REFNBD oNi, T, WTFHOA V¥ — BBV THRSEARIOB WA
vH— P RBHMBE TR, BAPBICREBEARMOREDIEALEADONTRIFLESHRT
LTV, ThHDIEEEZEREL, UTORFIKCBVTR, 1 Y- PEBELTSE
FicBVLWTEFNWENESEARIPBONEZCu—5%Cr, Cu—1%Nb, Cu—3
%BV. Cu—-5%TiBLUCu—-10%Zr (WL d mass¥) ZHWB Z Lzl 1z,

4. 4. 2 EESRMBREICETIRE ,
EAFECHRALLEZASNEIC LI BATREARMEL T, HicKRM FORENE
HEINB, AL FORERBEBEARICEAREEELES A, BOBIDET25|&EIT
tRE<HONTVSESY , KFETHVEA Y —FEBIK>VTH, BARMKORE
REZBEITAILB, 57 Iv 7 RELELSBOBEAHEZFMET 5 LTEEREHOV LD
ThHBEVZ B, 22T, FBEAERLBIBCuBEAN VY- EEBEAVWLEAD
Si3N4&ﬁﬁﬁé%mswéﬁ4F@%iﬁ%ucmfﬁﬁbko01m¢®wx&
—HEAVWTEA LR 2 EAWICETICIRE. 1> — FBERRE T THEL.
FOWMBm LI ED 3 KA FEOREBEREZRA FRE LK,
(1) BERBREICRIBTEARHEOESE

Cu—5%CrAv4—Fr2BIKOVT, BAFIOA VY- I BELXE(IERSF
EEREL I, Fig. 48R3 ZDOHERERLILLDOTH S, NhoMBREIEZSA V- &R
EOBADORA FARELBVEROBEARGERLLDOTHY ., SR L O SEER
MAIOBARBFICBVTERS FORENRBD LN, 1 V- E2BEEDELSTEER
4 FRRET ZEROBEARBEREREMNCBET 5, Kic. AX—FEAVRVE
BIBEEMETS 0.8mEDA VY — FEBOBA T, 15T3K X 3. 6ksDBAERHICH



Load

Weight

L——;:1 ////;:zr"J ////Sleeve
N
\\ metal w< |_—Specimen

| _—SisNe

\; ,
\\\ ——Alumina cup \

Fig.4.4 Configuration of the specimen and
insert metal in bonding 1

Load

N

21

22 K
R

Insert metal

A

V.

Fig.4.6 Jig used for tensile shear test

T : Bonding temperature
t : Holding time
z T xt(s) -
(3 T ———————————————————— f 1
| S ; :
o 1 : |
45 ; i Furnace
b ! | cooling
8 ! !
& : |
D | !
— I !
473K |- | |
R.T, ' :
0 1
Time (s)

Fig.4.5 Thermal cycle pattern in bonding



Shear strength (MPa)

Cu - Cr Cu - Nb Cu -V Cu - Ti Cu - Zr
Bonding condition Bonding condition Bonding condition Bonding condition Bonding condition
:1573K x 1.8ks :1573K x 1.8ks 11573K x 1.8ks :1373K x 1.8ks :1423K x 1.8ks
i
200f 1 ] P y
1
iCrack ~_
150+ o] L ; 4 4 r 4 é 4
— 1
/ =l ?
100F ¢ + % + T . .
/ d
sof & | LRt o ]
E 50
0 I I 1 1 1 1 1 L. 1 1 | 1 L 1 1 1 1 C»_‘
1 3 5 7 6 1 3 5 1 3 5 3 5 7 0 10 20

Alloying element

in insert metal (massz)

Fig.4.7 Shear strength of Si;N,-W joints bonded using Cu-base binary
alloys as the insert metal
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Fig.4.9 Area fraction of the void in Si,N,-W joints bonded using
Cu-base insert metals
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Fig.4.11 EDX analysis pattern and microphotographs of the void surface in
Si;N,-W joint bonded using Cu-5%Cr insert metal
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Fig.4.12 Microphotographs of the surface perpendicular to void(Type I) in
Si,N,-W joints
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Fig.4.14 Effects of bonding temperature and holding time on shear strength
of Si;N,-W joint bonded using Cu-5%Cr insert metal
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Fig.4.15 Effects of bonding temperature and holding time on shear strength
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Fig.4.16 Effects of bonding temperature and holding time on shear strength
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Fig.4.22 Macro and microphotographs of the fractured surface of Si;N,-W
joint bonded using Cu-5%Cr insert metal
(a) Macrophotograph of the fractured surface (Si;N, side)
(b) Macrophotograph of the fractured surface (W side)
(c) Microphotograph of the surface fractured in Si;N,
(d) Microphotograph of the surface fractured near bonding interface
(e) Microphotograph of the surface fractured in insert metal
(f) Schematic illustration of the fractured surface
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Fig.4.23 Macro and microphotographs of the fractured surface of Si;N,-W
joint bonded using Cu-1%Nb insert metal
(a) Macrophotograph of the fractured surface (Si;N, side)
(b) Macrophotograph of the fractured surface (W side)
(c) Microphotograph of the surface fractured in Si;N,
(d) Microphotograph of the surface fractured near bonding interface
(e) Microphotograph of the surface fractured in insert metal
(f) Schematic illustration of the fractured surface
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Fig.4.24 Macro and microphotographs of the fractured surface of Si,N,-W
joint bonded using Cu-3%V insert metal
(a) Macrophotograph of the fractured surface (Si;N, side)
(b) Macrophotograph of the fractured surface (W side)
(c) Microphotograph of the surface fractured in Si;N,
(d) Microphotograph of the surface fractured near bonding interface
(e) Microphotograph of the surface fractured in insert metal
(f) Schematic illustration of the fractured surface
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Fig.4.25 Macro and microphotographs of the fractured surface of Si;N,-W
joint bonded using Cu-5%Ti insert metal
(a) Macrophotograph of the fractured surface (Si;N, side)
(b) Macrophotograph of the fractured surface (W side)
(c) Microphotograph of the surface fractured in Si;N,
(d) Microphotograph of the surface fractured near bonding interface
(e) Microphotograph of the surface fractured in insert metal
(f) Schematic illustration of the fractured surface
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Fig.4.26 Macro and microphotographs of the fractured surface of Si;N,-W
joint bonded using Cu-10%Zr insert metal
(a) Macrophotograph of the fractured surface (Si;N, side)
(b) Macrophotograph of the fractured surface (W side)
(c) Microphotograph of the surface fractured in Si;N,
(d) Microphotograph of the surface fractured near bonding interface
(e) Microphotograph of the surface fractured in insert metal
(f) Schematic illustration of the fractured surface
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Fig.4.27 Macro and microphotographs of the fractured surface of Si;N,-Mo
joint bonded using Cu-5%Cr insert metal
(a) Macrophotograph of the fractured surface (Si;N, side)
(b) Macrophotograph of the fractured surface (Mo side)
(c) Microphotograph of the surface fractured in Si;N,
(d) Microphotograph of the surface fractured near bonding interface
(e) Microphotograph of the surface fractured in insert metal
(f) Schematic illustration of the fractured surface
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Reaction layer —-=-- -*b\
)‘/ Specimen
Cu enriched layer —f—-J---.__

SiaNe

Reaction layer — 1= ssoss s Specimen

Cu enriched layer —=---—=-~-_

(b)

Fig.5.1 Schematic diagrams of the specimens for HYEM
observation
(a) Specimen for the observation of reaction
layer
(b) Specimens for the observation of
interfaces



FOMBILLTER L, A4 VIV V7BV TRE—-LHEHEAEIRI CTHHBER
S5kVE L. EAoRDLEEbIIMEELE%: 2.5~ 3kVITET S E 7,
HEASNOBERIMEBE 2WOREEZRAMNEFHEME (HVEM) 2HVWCTITH -
oo BB, BRIV BEABCRERELBL o, BVEORRFENT -5 %
Table 5.2 % & H TR,

5. 3 BEEHOBEBEIUTESHN

5. 3. 1 A#%

Cu—-5%Cr, Cu—1%Nb, Cu—3%V,. Cu—-5%TiHBLUCu—-10%
ZrA4 vy —breBEHWVWKLSis Ny, EWEAROWmMHEFig. 5.2 K UFig. 5.3
IKRT o Fig. 5.2Ik/RL7Cu—5%Cr, Cu—1%NbBLXUCu—-3%VAUH—
FPEBEHAVESEESBECLIESGOREGICRIEATOMBIRIBEAMUL TV S, T
Bbb, Siz Ny RECEHHIBMARR SN, BAWIA - FBOBEICXY
BIcETOERS B2, RBICRT &5 MBI 2 >OEBICAET 22 LN TE 5,
FNEFhOHEBEWALSHEB I BXOODEHT 5, BRI IWIKELLIEBEOLWHNEY
GLELONRBLALZDONTBVETH S, HEIILENEOHRVWS i N, KEE
L:EBTH 5,

Cu-5%TiHBIUCu—-10%ZrM 94— breBEAVEEESBREICLZESAD
B&b. Fig 5.3CRTLKIREBEARIZS i Ny RAKCHOBMLMHPRONBEIZLEHEE
HEBEOBRALLBRALED O, HAMONPIKRT LI 200K (HHKI B
SUN) KRB TBEIENTELI LB DS, LML, BHEIE< MY v 7 XdRITER
VOBETIERTBLEL->THED, BEHESBELRIRUIREEZEL TV, HEKT
B4V —FEBIRIXVDBIIIETEZENLS S, WFhbSis Ny KEHESLALBBOBRL
BTdh 5, ,

—H. Cu—-5%CrAvd—1+2BERHVAZS i N, EMo b X USCHIEAZD
Mt ZzhZThFig 5. 4B K UFig. 5.5Ic/Rd, 1B, Sis Ny &SCHA3DEAIIES
%FAF—VICTRBABBE L, Sis Ny EMoEBEAROMBRWEOEARLELL
RIR SRR E R L. SRS 2 DO HRICHEITE B, Sis Ny ESCMAEATIcH L

Table 5.2 Crystallographic data of Si;N,, Cr,N and Cu

Substance | Crystal system | Space group | Lattice parameters®
SisNg Hexagonal P6s/m a=0. 7608, c¢=0.29109
Cr2N Hexagonal P31m a=0. 4805, c=0. 4479
Cu Cubic Fu3m a=0.36148
¥ : (nm)
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Fig.5.2 Microphotographs of the surfaces and distribution profiles of
elements perpendicular to the bonding interfaces of Si;N,-W
joints bonded using Cu-5%Cr, Cu-1%Nb and Cu-3%V insert metals
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Fig.5.3 Microphotographs of the surfaces and distribution profiles of
elements perpendicular to the bonding interfaces of Si;N,-W
joints bonded using Cu-5%Ti and Cu-10%Zr insert metals

Tid, SCMABICHEE LAcFc @ (K1) pRBH OB EDOHERRH B0, £hll
ADOBEATAMM (BRI BLON) IWEOEARMA (EhEhFH I BLTD) &g
BEMUMLTWBEWVWZ 5,

5. 3. 2 RSB

FNFEhOCuEA v —bPERBEHOVILBADS i3 Ny, —~WEARKKBITEA v H
— M BERTEOANHIRELZEDXICXDHE ALK, Fig. 5.2Cu—-5%Cr, Cu



—1%NbBXUFCu—-3%VAUyH—FrE&BERAVKLEAD, Fig. 53IcCu—-5%
TiBXUCu-10%ZrA Y- breRBREAVCEAOEAROLELIMINEEZLDE
ThRdo Cu—5%Cr, Cu—-1%NbB&LUCu—-3%VA 4 —FrE&BTIR. VT
NHFERIKBVTR, BEALECUDALELL, HEITE. Cri NbHsHLRV
NELLEILTVE I EDDN B,

Cu—-5%TiBLUCu—-10%ZrA 49— br2BOBAIKODVWTHSE, fAKI T
B, WFhb CunEitpr@Evohnsd, TibBLUZr bRRIEHN, Fic. Cu—-10%
Zr4A VY —bPEBTROMEDORBDZ rELELTWVWS, fEETICHVWTIE, Fig. 5.2
DBALRAKICT i 30V ZrAFLLBILLLTVS,

X5k, Cu—-5%CraA4 9 —br42RBICLBS i3 Ni EMo B XUSCNAISEATRIC
b nESHIREEZENENFig 5.4B K UFig. 5.5ICbDETRT, Sis Ny &
MoEBARICELWTREKI CRCud, ARITEIC r E{LTWVWS, Sis N4 &
SCMA35EAHIcHE VTR, HEIICBVLWTCrogEkrEHons b0, fAKI TR
Cudsad, BN TRC rRAKICELTVWEI b0 D, i, Feldf 49—
FEHPTREBEAEZBDONEB VW, LR ->T, COBADOHBKIBLIUMIE. Mo X
URELHOEAIO. FNEMWHBEVIEMo EDEAROHEK I BX T TG L TW
5LWVWZ 5,

D&\ Na, VadbsLwidViafkixnE2a8CCulA(A v ¥—-bEBZHVL
Sis Ny t&BOoBEARICB, WFhdbSis Ny OFRmMAHEICIEICr, Nb, V.
Tidd2VWRZrOELEBREETSLEVIHUSARDE, ChoDEIFS is N

 @p@S 25K To+4HM

-

cusaicr _100um

Fig.5.4 Microphotographs of the surfaces and distribution profiles of
elements perpendicular to the bonding interface of Si;N,-Mo
joint bonded using Cu-5%Cr insert metal
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Fig.5.5 Microphotographs of the surfaces and distribution profiles of
elements perpendicular to the bonding interface of Si;N,-SCM435
joint bonded using Cu-5%Cr insert metal

LAV — P EBORIBIKEVIERTHEZIONBIEOSUT, RICBEHT 5, &
o EABPICRVWITNOAS VY- ERBICBVWTHLCuD—REABKENSLSE CuFft
BOERINWTOWEN, ZOMBRA V- EBIRKIDEBETRE-TVWE, ThoD
LEHEA,UTF, CuEA ¥ —r2BIcLBSis Ny EWOEAKEZRICED, &
DFMIERT 2T - 1o,

5. 4 BEAMICHEITIRKERD
5. 4. 1 REEREEFEORKERYODRE
BEAMICERT aRIGE P TR, A1 v —Fr2BESis N, ORIBERYVERET S



CEMFHEING, 22T, 2. CHOORBERMICOWTEEERTE - 1,
BMABTRRIESIE, CuA v —1r&BEHVWLS i Ny EWOBEAMTFOE
ABRBREOBEMEOATANS i Ny ERIBDVEORALBLOBEMETH S Z LICEH
L. ChooElmio LY H%2MEL. TEMicK20H%ET8-%k, TEMMBES
XOEHFNRS — v O—FIRAFRES A, 1IRTH. RIBERY E L TIE, Table 5.3 ITF
EWTRTEIIR. Cu—5%CrAvd—rEBEHVIEEAIIECr, N, CrNE
FUCrSi.», Cu—1%NbA V49— F2BEHAVALEAIKENDN, Nbs Si
By Cu—3%VA U9 - EBEHVELBAIKRVN, Ve Sis PREESIN, T/,
Cu—-5%TiA vy —r2BE2HAVAEBAIKETIN, Tis Sis 2, Cu—-10%
ZrAVH—+2RBEAVEBAKBZIN, Zrs Sis RIESKRT,

5. 4. 2 EABCEIZERDOSH

£V —F2BESis Ny ORBIREBBRIGERMIC >V TXBREFEEZAV, #
ABWHIcBFENHRELZHAEL o XBREFERISBOMLZERPOE -7 i L
T. AFBREIBLBOYELERLOBVWE—I2ZFh PO EORBEL. 8F v — T
LIRINODBABEEZRD Iz, TNSOBABEILODVT, ThEhOoERPY LT
DEKEEBEIBABRELOLEZEHN L, MEicZh oD%, #cEAEPICE
FAEAREOMBE L VEM L, 8SBCuES VY- F2BEZRAVEBAOERMOD S
k%2 ZhEhFig. 5.6~Fig. 5.10 iKR”do Cu—5%CrA V- rERBEMVR
BA. HEITRCuD—REKKDS VBRI W, FRI (RIHE) TRCro—&K
Bk, CtNBLUCr, NHFELEL, Sis Ny REARLDEVBITEIIASDRE
PicCrSi, bAEXNE, Cu—1%NbA VY — F&BOBA., HE I IRAKKC
Cun—REBEDOLPHERIN, BRI (KB CTRNDNHSLELEL. Sis Ny
REIREIDEVESTEND; SibREEL, Cu—-3%VA - rEBOBAT
by BRI TR CuD—REBEKDOAHN, HEI (RIEE) TRVNIEEL., &b

Table 5.3 Reaction products in the reaction layers of Si,N,-W joints bonded
using Cu-base insert metals -

Bonding conditions
Insert metal Reaction products
Temp. (K) | Time (ks)
Cu-5%Cr 1573 1.8 Cr.N, CrN, CrSi.
Cu-1%Nb 1573 1.8 NbN, NbsSi
Cu-3%V 1573 1.8 VN, VeSis
Cu-5%Ti 1373 1.8 TiN, TisSis
Cu-10%Zr 1423 1.8 ZrN, ZrsSis
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Sis Ns REEVHTREV, Sis bRESN,
Cu-5%TibBXUCu—-1%ZrAr¥—r2BEHVLBACSL, BEHSRERE
DEALEHMLLBERER L, T§bLE, B I TR CuD—KREBFKGSFEL. HIE
I (KE) CETiN, Tis Sis dB5VWEZrN, Zrs Sis PREELTHBYD,
Tis Sis ®dBVWiEZrs Sis 3&WSis Ny RAREVRHATEELTVWAELDST
5o

Xoie. RIGBRORERYOBIKSHENBERICOVWTHEL 2o XREFHERK D
REFREI. RIEERNOZSERDICO>VT, RFRENBRSMOYELELRSTWE -7
AVEORBEL. FAEFNOHELBEETXTOF v — MbDREL 2o BEBRY T
LI NS DOEABEOHTHRAMERD, Cro Ny NbN, VN, TiNBLT
Zr NOBRAEABEICNT 2O ERDOBKAESIBREDL (%) ZFFHEL Kk, Table
5.4 34 VY —F2BI LI, CNOOBE2TLEDLIDTHD, RiICEEELILE -
S DEEEB XTI CPDSH— Fick b OE— 7 D®ER (%) bbb TRLK.
Cu—1%NbA v 9 —Fr2RBZRE, WFhoA U F—FEBIKBVTH., EHLY
(Cr, N, VN, TiNBLUFZrN) BEVE—Z7ZRLTVBDICHLT, Dk
BB EEOMIEIDEVE -7 EE->TVWBRIERNDIE, Ric, BTERBVTR
TRIGEBTOEPMARHERLEIEX, RIBEHRFDCr, Nb, V. TidbdWVWidZr
LS iDFEHEEROLEZEERMNIZRD., SiBIFXRTCr. Nb, V, TisXT
ZrOEMELTELEL. BYVDOCr. Nb, V, TiBXUZr@IRTELMEFR
BLTVWBERELZEXOHMBOENY (Cr, N, NDN, VN, TiNBBXU
ZrN) ¢B{®W (CrSiz« Nbs Si, Ve Sis. Tis Sis; BV
Zrs Sis) OFHEHE (EIVH) 23HE LK, Table 5.5 3T hSDERZSA VY
— BT EIREEFRDNOSiECry Nb, V. Ti®»30WRBZroFETH (%) Bk
CHALM EZMOSNFH (%) ELTELEHDTRLEDDTHD, WThOA ¥ —F
SBICBVTH, RIGBETOFEES i GFRIEL . EUcH T 3R LWOELEHEG D
WU TONEDIEWEE L > TWVWE, LER->T, ThoOfEREBETEE. WTH
ORIBBbLZOEL2EEMIIZENEFNCr, N, NbN, VN, TiNBHBXTFZrN&
o TVWAHELDEWHETXE S,

5. 5 REBERWMICET3RNFENRE

RIGEBWMIES i Ny REOEHBKELETEIIEELD. Sis Ny &AMV —FERD
BEACEERHEENS S LEELZONS, £ C. INODEBRYIK DL TREANFENRE %
Mmi. Sis Ny &4V F—PEBORARIBICO>VTEEREL I,

Table 5.3 WRLABECuEA V- E&BEAVEEAORIEEHICELET 5 KIE
ERYODAFHERL D, EABRBICETFS5S i Ny LHEHEREDOS V¥ — FE&RBORIG
BRADEIRLEDLTIENTEEHDEEZL OGNS,

Cu—-5%CrA4¥%—F&BOEA.

Sis Ng(s) +11/2Cr(¢-sol) =4CrN (s)+ 3/2CrSi, (s) (5. 1)
Sijs; Ny (s) +19/2Cr(-sol) =4Cr. N (s)+ 3/2CrSi, (s) (5. 2)



Table 5.4 Maximum integrated intensity of reaction products in the reaction
layer

Reaction products
Insert metal Intensity** | Ratio (%)
Phase{ Plane| Int.*
croN | atn | 100 0. 280 100
cu-5%cr  |ceN | (2000 | 100 0. 020 7
crsiz | i | 100 0. 017 6
] NbN 0od) | 100 0. 037 100
Cu-1¥Nb  fyysi | (2290 170 0. 034 o4
) VN @0 | 100 0. 339 100
Cu-3%V VeSis | 033 100 0. 037 11
. TiN 200) | 100 0.178 100
Cu-5XTi | pisis | C030) | 40 0.014 8
] ZrN (200) 14 0. 122 100
Cu-10%Zr {7 sis | (21D 80 0. 010 8

% : By JCPDS. card (%)
%% : Maximum integrated intensity of each reaction product in
all charts (abs. scale)

Table 5.5 Molar ratio of silicides to nitrides in the reaction layer
analyzed by EPMA

Insert metal A?omic ratio of Cal.‘mglgr ratio
Si by EPHA (%) | of silicide (%)

Cu-5%Cr Si/Cr=1. 43 CrSi./Cr.N=1. 44
Cu-1%Nb Si/Nb=2. 73 NbsSi/NbN=2, 97
Cu-3%V Si/V=4.07 VeSis/VN=0. 86

Cu-5%Ti Si/Ti=1.90 TisSis/TiN=0. 68

Cu-10%Zr Si/Zr=4. 60 ZrsSis/ZrN=1. 56




Sis Ny (s) +13Nb(f-sol) =4NDbN (s)+3Nbs Si(s)

C u— 3%V®}%é\

Sis; Ny (s) +38/5V({f-sol) =4 VN (s)+ 3/5Vs Sis (s)

Cu—-5%Tioza.

Sis Ns(s) +9Ti(-sol) =4TiN ()+Tis Sis (s)

Cu—-10%Z r@i%é\

Sis; Ns(s) +9Zr(-sol) =4ZrN (s)+Zrs Sis (s)

BE. R (s) ZEME
KX, (I-sol) REMCu
FICBA LB ERETH S
CEERT, TN DRIGH
ERIEL e EHET
L1 ThoRE0 HH
TRVF-ZL (AG) %3t
B, FHEICH - TR,
AP RLASRIGMESL &
CHBRYMBEOREEZZRL 2,
HH. AGOFEAFEHEDOFM
BAERSA. 2189, #6
NAGERIGEEDORFEE
Fig. 5.11 iZ/R9, T I TR
BAMCude&hicadET S
Cr. Nb, V., TiB&t
ZrE&*zhThaA4 ¥ —F
& B TH %6.0atk.
0. 7Tat%. 3.Tat%. 6.bat¥dF X
U7, 2at% & L to, BXIho Bl
(A) ~ (F) 3. £2hzTh

(5. 1) ~ (5. 6) XD
RIGDAGZRLIHDTH
D, B4 V- ESBOMMA
(BEHBREE) DT OREIR
BEBCERLTWS, Cu—
5%CrAv¥—brERBICD
WTHBE, KFRTOES
BE#E1523~1623K T

(5. 2) RORIEDAGH
Aic?l-THY, Cro NB
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Fig.5.11 Free energy-temperature diagrams of the
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SisNe+ 11/2Cr = 4CrN + 3/2CrSi-
SisNu+ 19/2Cr = 4Cr2N + 3/2CrSi-
SisNs+ 13Nb = 4NDN + 3NbsSi
SisNu+ 38/5V = 4VN + 3/5VeSis
SisNe+ 9Ti = 4TiIN + TisSis
SisNe+ 9Zr = 4ZrN + ZrsSis

3)

4)

5)

6)

reactions between Si,N, and insert metals



XUCrSi., ERTIAEENSEEELONSE, Ll (5. 1) XRORIED
AGRIEEB->THH, CrNRERT BafEHER TV L b0, EEICCr N0 &
RLTWADIR. (5. 1) RUAOPZFEERIEBEICEIDER LI LD EHRES N
2, (5. 3) LU (5. 4) RicR&ENB3Cu—-1%BNbBXUFCu—-3%BVA Y
— [ BOBA. RIEBOAGREABRKEH#HI4T3~1623KTRVWFh A LED, NDN,
Nbs SiBLUVN, Ve Sis 2ERTAA/EHLH B EEZOND, £/, Cu-—
5%TiBLUCu—10%2ZrA 94— rE&BOBA&ICIE. (5. 5) XU (5. 6)

RORIBDAGRZFNFhOBEABE®A1323~1423K B L U1313~14T3Kickb W TH E
By, ZOBADLBTiIN, Tis Sis BXKUZrN, Zrs Sis ZHERKT3AHEHEN
brrEIZIONE, —H. AGODIcOVWTABE, Cry Nb, V. TiBXXUFZrD
JEic A GOMH DN AZL B, —BICHEIN TV AEMERKEICEIFSS 15 Ny &2
NoDEBORIBICEBHB T RVF—F[20O- 212 LEXIHIGELTWS,

5. 6 EAFRHOEEEBR

S5 Iv I RAESEBOBEACHBVTR., FOEARBORELXEE TSI LIIERICE
ERLBELINTWS, 22T, Cu—5%CrAvy—reBEAVEEARTFIOEK
AREZSUCHEAPZAERL. HVEMICKVEARAOBEEBRERITN - 1o, 1o,
BohKBFHREFERELZOELLATUVARKBIUC—HmBITEEZAVI bV - AR E
FRVWVEAREBEICETIERES I,

5. 6. 1 HESFEOMEE
Fig. 5.12 (a) &Y (b) B, Sis Ny ERIEBORAMEFEOHARFRKERL I

Cu enriched
layer Layer A

Y
A

(@)

Fig.5.12 Microphotographs near the bonding interface in Si,N,-W joint
bonded using Cu-5%Cr insert metal
(a) Reaction layer
(b) Si,N,-reaction layer interface
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bDTH b, M (b) KEAMBERT LSS is Ny LORBREHICAVMATS
D, HBVOMMBBDONE, f V¥ —FB (CuBtE HORGE (AB) DR
REROTOAREWIOMEBETHD K (a) 1. Sis N, HlORIGE (BE) Ok
EiZSis Ny, BHMOEHEENEELRZRABEON 1L mTH S, UT. Sis Na —K
BEBEXUCuBEE-RICERARIC S W THMICBEEL .,

Si; N, —RIBBREBOEEERESFig 513 (a) ~ (¢) BKRT. M (a) BR
HOHBEHEARLELDTHE, MARCESRORASEEL. BROREHOHPRE
BRSNS —VERLELONK (b) TH3B, ChiD2o0HWESis Ny XU
Cr: N2ARETE, CORMmMIESis Ny —RIEBFRATHEI LD DB, B K
(a) Tid. BARHBS is Ny TEMACr, NThHO, REIFEFCHTFCHEINS
SEDS. ANEACBEEACHLIEABTIENTE S, BRNFLAEF—F1V 7
SLBXUHEEFREIEH Y - OMOEGAZER L RAAAEN (c) KdbE
TRTo

Sis Ny —RISBRELAZCCuESLE-RICBRAAZEZHE L. ZOKREFig.
5.14 (a) ~ (c) iiRdo M (a) RRAOHHBELERLLLDTH 5, MRBHIC
HohicRE3 2o0HEBABD >N S, BROBHOHBHEFEF <y -2 (b)
KRTo CutCr, NOREESH, CuBLtE-RIEBRATHEZL4bh3, K
(a) DEMOBL RAZMBACuTHy. ARHOBVHBHMPCr. NTh3, Rl
Bickss, CORMOLABMEEICH L TEERB>TVELREEZ, B (¢) ¥ —
FYA4¥ 75 LB ICRAHEESDE TR

5. 6. 2 EAREICHITIZHHMKEHE

Sis Ny —RIEBBLUCuEE-RIBBEERAEIICODVT, AT VABHRBITH
V—xBiric kb REicBiF 3 HMBEKREHEL 7o,

Fig. 513 (c) ic&k3d&, Sis Ny (100) @FRmAMEICH LTI RiiH
MicEWTED, Cro N (101) BSis Ny (100) kLT, ¥5i8° RI
HARICEVTVWA I Edbhot, ChEHEIATUAREEITBEVL, L — X@EHF
LI7zi5E %Fig. 5.15 iKRdo CHidSis Ny BXUCr, NOZhZhEEXROEE
MICOWTAFLAREL, BEhaberlboThd, ARESis Ny 2, BAE
Cr, N2&ZbLTWV3, HEKITREBELLLONCr. NOLDTH5, HUME
KRB AhE 20BN ETBEKISEIEND, Sis Ny (211) /Cr2 N
(201) . SisNs (111) /Cr, N(101) BXTSis N, (221) /
Cr, N (212) Thaledibh-k, £, BBRXRAIH L TRANBEETH S &
BRELTC L —RBIETRHokER, Sis Ny (711) £ECr. N (203) =
yuBREACEHBRICE I Ehbh ot TNODEOSNIETIIAAMBKZTable
5.6 KE LB TRT, MMRICLTHMDOS is Ny —Cr. NRRIXOBONFEITEREE
FDO—E%Table 5.7 IcRT, KL HEUCHEERE LS X UCSMEEDMOETEEKR
Boh TRV, VT b EERANERZEHOFTHEKIFONTYL S,

wic, CuEftB-RIGEBREIC>WTE., Fig. 5.14 (c) ks &, RmAmicx
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Fig.5.13 Microphotograph and diffraction patterns of Si;N,-Cr,N interface
(a) Bright field image
(b) Diffraction patterns
(c) Key diagrams
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Fig.5.14 Microphotograph and diffraction patterns of Cu-Cr,N interface
(a) Bright field image
(b) Diffraction patterns
(c) Key diagrams
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Fig.5.15 Stereographic projection for Si;N,-Cr,N interface

Table 5.6 Orientation relationships at Si,N,-Cr,N interface

SisNy Cr.N
@11 QoD
Plane ain aomn
@21 Q12
Interface 71D 203
Specimen surface | (10 20 3) azon

Table 5.7 Summary for orientation relationships at Si;N,-Cr,N interfaces

SiaN4 Cl'.'zN Si 3N4 Cer Si 3N4 Cer

@10 a2n a2 A1 QoD a2
aiteo a1 airn az200 Q1 az
aon aoo @11 az2mn a2 Q1D




LTCu (111) #26° REgAEicEHVWTED, Cr, N (110) @REAHE—
BLTWAIEPbh B, Sis Ny HIORmMEBRICAT UABITB XU ML — X
LIk %Fig. 5.16 IoRd, AASCu%, BANCr. NERDLTWS, i,
Cr, NOEHERICRTEIELTH2, ChEOEFLEBEFELT,. Cu (011)
/Cr, N (001). Cu (011) /Cr, N (120) 8XU¥Cu (100) /
Cr.N(100) PEETBZI Db -T, REHFABNKREICEETH B LHET S
. ZhZhoYBEO< /7 ulRERBCuN (233) . Cr, N&#¥ (110) T3,
BonhikHABEREZT LD CTable 5.8 IT/RT, /o, thdCu—-Cr, NAHKDES
N ETRHEBERO—EATable 5.9 IR T, CuDEREBENLER. Cro. NOWKREH
BTHBHILLD, Table 5.9 DA 2 0DHicB WV CHEMAR LDOMAEGDENEFELEL T
WABIENDLE, ThitH LT, —BFEORERICr, NORFROERTH 3
Cro N (001) »EHEXALBIFKRILTBATHD, ABRREP B ThOF LR
BAEREL TV,

5. 7 BAREMECHTIER

B TORBMERICKLSE, RIBBPBICECr, NOflicVDETRH B0, CrNB
XUCrSi, BELELTWVWE, LHLEARS, AFEOHVEMIZLAHETRRIEE
OX-BZEBEMTHECr, NIEFEINLH, HOoEERBIc>VWTRRAETET. KIS
BRSOMMEZSE L UBELZ TR OHICTEI LN TEL Loz, Cu—TiH
EAIMEHVILS i Ny, OBRBAREAEFOMBHEERICLSE. Sis Ny REK
REAMBZTiIiNOENGIEE 0.5mEREORIGENERINTED, ChicBELTA
SBAEITRTis Sis PEELLFABIEET S LAMEIATVE ™ , KPR
DEEBEHERIZOMELBPPRE-TLAN, RIEBRVWTFLLEYHLoBRENT
WERELWIHBELBD SN, 2T ARETRRIGBROERME LT, ZDEL
BEBRMTHECr, NOAERFICRNTZZ &L,

Sis Ny —Cr, N8XUCu—Cr, NHRAIRBVWT, Bohik0 200 &
D, TNFhORARDIBEDHMBEAREFE - LBEE2ELTVWEEEL SN SB, DT,
ChSDOAMBRICODVWTHMICHEL., BARTARBBEII>DVLWTEEL I,

5. 7. 1 ESREICEIBZIBFIoFVY

Table 5.6 2b &1L TS is Ny &ECr, NOBARBOBEAKZH W bDHFig.
5171 Th 3, E—LhFEBEmMIcH L CEEIAN L, REIARXZRICN LEETH
%2, Sis Ny —Cr, NREHEICEESSis N, (211) 3XUCr, N (201)
HTRARBEUN LI L XORARBIER Ty F U7 %Fig. 5.18 KRT, JD&E X,
Sis N, [011] /Cr, N [010] B3B%EIEH5, REICHVTIES i3 N,
OBFIBMAIHLTCr, NOBFSHEAPBIRERLEXEB-TWVWS, ¥/, RET
bBSis Ny (711) &Cr, N (203) BhEGbEIBTF~<yF 7 %Fig.
519 KR T, MKW ABEBETR~y F Uy 7 LABTFREILASFEL TV S,

wic, Cu—Cr, NARAEIKSWTTable 5.8 DBFR LV EAREOERNEZM W /-4
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Fig.5.16 Stereographic projection for Cu-Cr,N interface

Table 5.8 Orientation relationships at Cu-Cr,N interface

Cu Cr2N
01D 00D
Plane 01D azo
aoom (100m
Interface Q33 airo
Specimen surface| (01 1) 001

Table 5.9 Summary for orientation relationships at Cu-Cr,N interfaces

Cu Cr.N Cu Cr.N Cu Cr.N
011 oD Q22 Q12| @10 01D
01 d2m @1 GoD | A0 A0
ao00 A00 ain eipjadrn arn
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Fig.5.17 Schematic illustration of the structure of Si,N,-Cr,N interface
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Fig.5.18 Schematic illustration of the lattice matching of Si,N,-Cr,N
interface

BAFig. 5.20 iRd, Cu—Cr: NEHIKEVTR., A7 UABELVEBREINE
ROBMERLELTHEON/DOT, E—2hE»oRABBEZRORBICHF IR F<y F
Y7 %Fig. 5.21 IT/Rd, ¥rBFkicdsHmMiECu [311] /Cro N[110] T
b, CuDEF2MMAICHLTCr,: NOEBTFLMAPBERLEIICE > TV 5,

Cu (233) &Cr, N (110) 2FBhabEhBF<yF o/ %Fig 522 iKRT,
Mb7ZZ 3 TImPy F 7L THED, DRIy FUTIRETHBEENVE B,
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5. 7. 2 ZEFEBEDETN

Sis Ny —Cr: NBXUPCu—-Cr, NHAAEICEIBZEFLNLTDOR Yy F 5
REZREFT L, FlAIE. AHRTHSSis Ny, OBAKRFICBEVT, SiBIUNE
FOBRFHOELEMBELZEL, Sis Ny (T11) THRFRUNLALE XL, 2O
b BEETAERTFEHAE L, Sis Ns (711) LOFEFRAEE, Cr N (203)
LTORFANBZERGDE <y F U 7 IRE%Fig. 5.23 IK/RT, Sis Ny DS ibk
UNBEFRAKLT, Cro. NOCrBLXUNEFREATRLE, BETHEHESZEREL T,
SiBLUCTHEFRINEFIRENKELHE VTS S, CORBMEFVIcL B &,
Sis Ny —Cr, NRETES i LCralBmMIi<cyF 7L THh, Si&NB
FUCreiNowvFUrbBHoNGE, ABEOKFET. Cu (233) BLUCr, N
(110) KOVWTHRAKBIBRERFI v F UV EFNERABELER%Fig 5.24 1T
7o CuBFRAAT. Cro. NOCrBLUNEFREATR LK, Cu—Cr. N
REATRCuULCrABNLS<yF U7 LTVWEELSTH B,

IOESKR. WTNORAOEABIELENBRFSRECSZ b0 LERINEA, R
HicB T3 HMBERETDCHHTELZEZIVVEL, EARMAEICE T 2 BAHOFEMIT
ASBORNBEERZEZLZON S,

5. 8 Sis N, L2BOEARARICMTIEER

BECuHA VY~ FBEHVAEBAORIBBENOEBRYOSHICEL TRIKRDO XS
KEZONS, BTECBOVTHEMERTY, RIBBRICBITSS i 05/ RELHET
Br. WENOA VY — FEBOBARBV TS, SiRSis N, LOREEHCBL
TOABRELEL. RIBBHICIPbEVDEREET. CuBLLBREIMIOBALTVWES, 20
e, RIBBOX 258 Th 22 tMIRIEBLBIcb > THEEL. B{EtHIES i
BEOGEWVWS i Ny REARAVEGEBVWTHTIHMREELTWVWERLDEELI NS,
¥, Cu—5%CrAV¥—rEBEZAVEEA. RIEBRIZISDTHLDOC rD—K
BEESBD SN, Thid. Sis Ny LORIBICHKBERC r HHRA 4 — L2 BA
DOMBINBEILEZRETHE, RIEERNRKEELL—HBORREDCrTHiEEL
bbb, tho4 V- rE&BZHAVAEEAICE. RICBOBE M & WD, XREH
TRCroXkHIBERSBO—REBAROHFEEISERTEXR LD, WTFhORIGE I
BOLWTH, —BRRIGOFHESBIBELTCWE LD LHERINS,

BECuEASA VY —rE&BERHVWTEALLS i Ny EWOBARICEL 28R E T
EHBELVTHDOA U —FEBIRBVTH, BARIEBNICCuEbtBERIEEI
RBTED, RIBBPOEBRMIcEHT 2L, WFhoBAKHCr, Nb, V., Tid
Z20VIRZ r OE{Y LEBYIBEINTED., BARPICB T 52 RIGERY O 7R E
BREAERICHEHZRLTVWS, £, BAOENLTREBERID. ChoDERMO A
BREIGOEMUL T 2agEENKEVEVWL S, —4, CugB tEicBL Tid. Cu-5
%Cr. Cu—1%NbBXUCu—-3%VA ¥ —rESBTRCuSLBRICRIZEA
FEBRYIBDONTTVOIRM LT, Cu—-5%TiBXUFCu—-10%ZrAr49—+&
BTRCuELLBRIENSD OEBRMARBD SNz, ARFED XBREIFEIC X 3500 TR,



souerd (QIT)NUD pue (€£7)0D USIMIdq Bulyorew wWoly 76 3L

wuee6T" T
TECH@.OHA souerd (E0ZINPID Pue (ITL)'NFIS UsomIaq Sulyoew WOl €7°C 3L
TGO Lt e
_ i wuTeh' o WUST8 0
R | Y TR > B - : : \ \
141040 @ T \ PR
P o o @ ¥
L B ) M F
S N 7 Y W S\ S v ~ A B

N3 [0TT]

3

e
o o o ¢

S q

®

Y

N*2[0T0]

mITTe] !

O 0 e O
L S R S - \
! ! AR . o )

\% fw:mb\\zmom

25.28; m [T10]

—100—



INSOEEYMRTARETELO -2, TOFMEATRIETEICBVIRT,
AFEICBVWTHE-NVa, VadbdWidVialixEZ 28 Culs ¥ - &E%
HWwizSis Ny LLBOBEABRHRICR. ThoDTROEMMBE X ULBOE/ALYD S
BaRILE LRI, BEABRICudBI/LL 2BIEHEMEN /n site TIERIN B &
VWO EBOKMAGLTVWS, ChoDRIBBROXL2ERYMTHBE/LYIT.
Sis Ny BLUCuBhBLEAKOBITF RN AGHEELZELTVREELGN,
Sis Ny LSBOBACEERRHZRLLTVWELDLEVAS, CuglbBERNIZAEL
ZERICHLTRELOHAER RSB DD, Sis; Ny LEBOEBEABHKNBEIHEMUL
bDTHBZ LR, BEABBLEANCREYUTHIEIIEERBLTVWEIHDEVR B,

5. 9 #&E

AETEH, NVa, VabiUVIakreRki2SUC Cu naei A v/ —FE&RBICAV
72Sis Ny LEBOEABHRIC VLW THBAEN BRI ZTE -, DT, Bonikk
BEBEKNT B,

(1) Cu-5%Cr. Cu—1%Nb, Cu—3%V, Cu—-5%TiBLtrCu—10
BZrDODWThOA V¥ —FESRBICBVWTH, Sis Ny EWOEARTHBNIZ2>0D
FBICRBTEEI b ol WREBLEZEEIRZ, 19— 2Bt X RIS
FRuBHMN, CuBltETH. Sis Ny RHEESLALHEKIZ, Cr. Nb, V.
TiddzVRZrOEMLIRIGETH S, £/, Sis Na EMoH3\IISCHL3ES
WicbWVWThH, TRODHRBREIZEAGEULEMNZRL T,

(2) Sis Ny EWEARORBEPCHEETIERWETEMICKDEELEI A,
zhEhoA v —1+2BIckWCr, N, CrN&CrSi;. NbN&Nbs Si.
VNEVe Sis  TiN&ETis Sis BEKFZrN&Zrs Sis dREINK,
(3) WFhoA v —F2BIcBOVTH, Sis Ny EWEABHNTOERYO NG IR
BEEULERERLZ, HEI (RIGEB) BTld. Cr. Nb, V. Tids0Wid
Zr OB EBPPELEL TV, BtHES i; Ny RACEVEL TZOELEN
MZINZ0IH LT, EPEIRIEBLRICbl > THEEL TV, WEFROBAI S,
RIBBO L5 EBEMIEYTH I EBbh T, BRI TR, WFhbCud—K&
FEEEDA PRI NI,

(4) IR ELET 2RI T 28N FENRFTOMRE. Sis Ny LEMS V3
— e BHhOCr. Nb, V. Tid30WRZrdRELT. h¥FhCr. N&
CrSi.~ NbN&Nbs Si, VN&V, Sis, TiN&Tis Sis »Hz0\id
ZrN&Zrs Sis 2ERIBRBOAGRVWTFN AL Sk, 2O EMS, VT
hoA4 v —beRBicbVwTh, BECA VY —F2BESis Ny ORAEARIBICLD, &
b L B2 AR LEZ bbb - 1o,

(5) Sis Ny —Cr,. N (RKitE) AEAOHVEMBEBXUREERITICED.
Sis Ns (211) /Cr.N(201).SisNs (111) /Cr>N(101)
BFXU'Sis Ny (221) /Cr, N (212) BAETHMBRIEELEL TV, &
oo BRI L TREANEETHS EHETSE. Sis Ny (711) &Cr. N
(203) YAEOEBERICBEI Lbh -1,

—101—



() Cu-Cr, N (RIHE) REI>VTI. Cu (011) /Cr. N (001) .
Cu(011) /Cr.N(120) 8XtCu (100) /Cr> N (100) T&0b.
ZFRNFhOYEOREIEICud (233) . Cro NAH (110) TH- 1o

(7) Sis Na —Cr, NBXUCu-Cr, NfiRBEIKBI 2B F<y F v/ RES
JUBARAEREIC DLV THABELLER, WThoRELBE Ty F U 7V IRENLKRN K
(. BARAEREIBRSGULRIFURETH 2 LPHEEI NI,

(8) Va, VadbaLwidVlaknEZi2&aL Cu/s ¥ —-1r2BE2HWVWHLS 15 N, &
SRBOEABRICE., INoDORHEROEIMB LU DLPEOEALY D 5785 KIGRE & RIKIC.
EABHIZCuNBL L -B8UEHEMBL /7 site TEREhB3EVH L BOREHEFL
TWiho 1. RIBBHROE/LYIZS i Ny ELBOBACEERRIAZREILTVAS
b LRI, '

f@5A. 1 REERBOTEMRAERER

Cu—-5%Cr. Cu—1%Nb, Cu—-3%V, Cu—-5%TisXUCu-—-10%
ZrA4A v —breBEAVES i Ny EWEARKBT 3RIGERDICHNT 2T EME
ERRO—HEZNETNFig. 5A 1 ~Fig. 5A.5 IZRY,

fE5A. 2 AGOHHEAER

CuticEBELTVWACTr. Nb, V. Tib*trZr&Si; N, ORIGICKBHH
IRANE-BLOHBEICHVI#MHETF — % %Table 5A. 1212 218 jziRg, RBOEI
MBEIUOHAYWOEREBET RIVF—Z{iZ. AHzos —TAS,0s (AH.es : 298K
TOERE, ASios : 208KTOERT Y o) ICXDEML K, MFICHES HHE
ITRVF-EIZ, BEMAH, BXUBNT. 5. AH, —T (AHn /Ta) iZ&
DRDI, 72 Cr . Nb, V, Tid30WRZrHNCurhicBE T3 ¢Iick3HH
IRVFEF-ZIHE. CutlhoDLBORACESISHHIALVF —ELOBREA G

XOEHELK,
ChonfEizAVWE e, KDBARIGRDAGIIHessOFER LY., (5. 1) ROKIBIC
2S2WVWTlE.

— (A1) +4x (A2) +3/2 X (A4) —11/2%x (A13) —11/2% (A18)
(5. 2) KoRBIT>2VWTHE,

~ (A1) +4%x (A3) +3/2 X (A4) —19/2%x (A13) —19/2x (A18)
(5. 3) KORIBI>WVWTR.

— (A1) +4%x (Ab5) +3x (A6) —13X (A1H) —13x (A1D
(5. 4) KORBIZH>VTIE,

— (A1) +4x (AT) +3/5 X (A8) —38/5x (A15) —38/5X (A20)
(5. 5) RORBIc2VWTiE,

— (A1) +4x (A9) + (A10) —9x (A16) —9Xx (A2D)
(5. 6) ROV T, ‘

— (A1) +4x (A1D + (A12) —9Xx (A1D —9X (A22)
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Beam // [7561] Beam // [011]
(a-3) (b-3)

CroN CrN

Fig.5A.1 TEM microphotographs and electron diffraction patterns of products
near the bonding interface of Si;N,-W joint bonded using Cu-5%Cr
insert metal
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Beam // [111]
(c-3)

CrSis,

Fig.5A.1 Continued
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Beam // [0101]

Beam // [0011]
(a-3) (b-3)

NbN Nb5Si

Fig.5A.2 TEM microphotographs and electron diffraction patterns of products
near the bonding interface of Si;N,-W joint bonded using Cu-1%Nb
insert metal
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(b-1)

0.5um

—

(a-2) (b-2)
015
1I4
000,
101
ol 11d
I3 015

Beam // [110]
(a-3)

Beam //[1511]

(b-3)

VN

Vedis

Fig.5A.3 TEM microphotographs and electron diffraction patterns of products
near the bonding interface of Si;N,-W joint bonded using Cu-3%V

insert metal
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(a-2) (b-2)

) Beam //[210]
Beam //[111]

(a-3) (b-3)

TiN TisSi3

Fig.5A.4 TEM microphotographs and electron diffraction patterns of products
near the bonding interface of Si,N,-W joint bonded using Cu-5%Ti

insert metal
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222 311
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MO 3 557

Beam // [112]

Beam // [011]

(a=3) (b-3)

ZrN ZrsSis

Fig.5A.5 TEM microphotographs and electron diffraction patterns of products

near the bonding interface of Si,N,-W joint bonded using Cu-10%Zr
insert metal
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KEokvons,

Table 5A.1 Thermodynamic data used

No. Reaction Free energy (J/mol)
(A1) 13Si(e) +2N, (@ =Sis Ny (s AG=—-T744800+326. 5T
(A2) | Cr(s) + 1/2N2 (® =C rN(s) AG=—-106T700+70. OT
(A3) |2Cr(e) + 1/2N2 (@ =Cr; N(s AG=-98700+47. 1T
(A4) |Cr(s) +281i(s) =CrSi. (s AG=-79900+2. 72T
(A5) |Nb() + 1/2N2 (@ =NDbN() AG=-233900+94. 6T
(A6) | 3Nb(s) +Si(s) =Nbs Si(s) AG=-39700-2. 09T
(AT) [ V() + 1/2N; (@ =VN() AG=—-113300+45. 6T
(A8) [|BV(E) +5Si(s) =V Sis (8 AG=-288500+22. 9T
(A9) |Ti(e) + 1/2N2 (® =TiN(s® AG=-336400+96. 1T
(A1) | 5Ti(Gs) +3Si(s) =Tis Sis (8 |AG=—579500—-8. 37T
(A1) | Zr(s) + 1/2N2 (® =2Z r N(s) AG=-368200+95. 9T
(A1) | 5Zr(s) +3Si(s) =Zrs Sis(s) |AG=—613800+31. 8T
(A1®) [Cr() =Cr () AG=20880—-9. 87T
(A14) | Nb(s) =Nb() AG=26690-9. 54T
(A1) | V() =V AG=10960—-5. 20T
(A16) [ Ti(s) =Ti() AG=20840-10. 67T
AID | Zr() =21 () AG=22890-10. 50T
(A1®) | Cr{) =Cr(-sol) AG=AG®+RT (Xerl nXer+Xeul nXew)
AGEX=AHEX-TA SEX
AH*=Xc Xeu {Xcu (1032150—-0. 83956T?
+2. 83276%X10™*T2) +67780Xecs}
ASE*=Xc, Xcu {Xcu (1613, 6—1. 87912T
+4. 24914%x10™4T2) +16. 736Xecs}
(Alg) Nb(t) =Nb(“501) AG=AGEX+RT (Xubl nXNb+Xcul an..)
AGEX=AH®*—TA SEX
AH™=111294XmXce
AS®*=41, 84 XwwXca
(A20) [ VW) =V({-soD) AG=AGE*+RT (Xv I nXy +Xcul nXco)
AGEX=AHEX—TA SEX
AH*™*=84000Xv Xca
AS®=21. 0Xv Xcu
(A2D) | TiQ) =Ti{-soD) AG=AGE*+RT (Xl nXri+Xcul nXew)
AGEX=AHBX—TA 88X
AHE*=X1Xco (—17573X:s—11715Xcw
ASE=(
(A22) | Zr{) =Z r(-sol) AG=AG®™+RT (Xzrl nXz,+Xcul nXeca)
AGEX=AHBX—~TA SE*
AHR*=X7.Xco (-65000Xz,—T70000Xcw
AST=X7 Xcu (—3. 96Xz—T. 92Xcw)

(s) :Slid, () :Liquid, (g :6as, ({I-sol) :MNixed with liquid Cu
T : Temperature (K) , R :Gas constant,

Xue : e content (Atomic ratio, 0<Xue<1)
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BOE Cu=ElBICL3RICHEGHDR

6. 1 #E

BIBRBVT, 771 V85I v I REGBOBEARIIVEIEAHMTFRECEED
YELERETREENRELDVTRH L, ZOKE. BAKHOROIHVA VH— |
BREEENOERCEELYEAREITRTOVEOTHEILBHOOENE 5Tz, —
. BABBLUESETR. Va, VabiUVIalkxtE 2280 CuE_wAe&%E 1 v
H—brLRBIcAVEZ ik, Sis Ny, LEBOBIFLHEALTEETHY .. BAKK
in situ TCuBilbtBMN RIS Z 2R,

ZITAHAETH. NVa, VabikUVIalknRZEZ2SCCuEESAN Vv~ FEBEZHVT
Sis Ny EL2BE2EALEBAICEARIC /7 situ TEREINBCuElLBIoVT,
FOWIICEHL. MEHEHEHRE D

BIRIC DWW TR Z1TH - o Table 6.1 Bonding conditions of Si,N,-W
joint -

6. 2 HEHMBELIUERAE

6. 2. 1 #ERXSHE Bonding conditions

- - Q3 - < Insert metal

ERICHEHALA-Sis Ny, Iohzxc Tenp. (K | Time (ks)
CRBEZEpCTEMERERSIC X > TRIYE
ENELDTHB. BEASBEEMA Cu-5%Cr 1573 1.8
EBELTWR, EFHASMLELLTCr — Cu-1%Nb 1573 1.8
Mo #DSCH435 2 H W ThoDHRF Cu-3%V 1573 1.8
DERBZEXH»10mm T, EEHL10~20nn
D Hﬁzﬁ.—éaﬁ 6 o CU_S%TI 1373 1. 8

Cu-10%Zr 1423 1.8

6. 2. 2 EBRAEK

Sis Ny LSBRIEAZEFZAVT
6. 5nPaD ERPFTEA L o AWV A ¥
- L2BRCu-5%Cr,. Cu—1
%Nb, Cu—3%V. Cu—5%Ti

Table 6.2 Bonding conditions of Si,N,-
SCM435 joint

BXUCu—-10%Zr<cdhbb, Cu—5 Bonding conditions
%TibItvCu—-10%Zra4H%—1 Insert metal :
SRECUBELEOBE B/ bOEE Temp. (K) | Time (ks)
BBicfEHLE, CThoDAf ¥ — b Cu-5%Cr 1523 0.6
SRBRAAVWVEBAOBEALHEEL TR, Cu-1%Nb 1593 0.6
WEDEAICBWTIETable 6.1 I2/R7

X5 EASED X OSCH435E DBEA I Cu-3%V 1523 0.6
HFUWTidTable 6.2 IC/RT & 5 BEASK Cu-5%Ti 1373 1.8
#HE LT, Cu—-585%Cr. Cu—1% Cu-10%Zr 14923 1.8

NbB&LUCu—-3%VS ¥4 — &R

—110 -




PHOWEBAR., WThERIGBORENEILL. CuBILBOBINKHESLEESE
ZohaEaEHEE L, ThitH LT, Cu—5%TiBLXFCu—-10%Zr 19—
FeRBEAVEBAR. RIDBORENELELTEST. CugB/tBOBINHE DL
BBEIBBAEZHEL L, —HOBATIEAROERE I VY- NEOBEE{LTES
tbu\01~1Jm¢@wx&—#%mmto4y#~bﬁE®%ﬁncmruE@m
BEAELAELEL. BEXRAR—HYZHOVWEVEAEEK 0. B X TAXR—HVEZHWEE5
BB AR—HE+ 0.2mm& L7,

6. 3 CuEBktEDOEZ

Cu—-5%Cr. Cu—1%Nb, Cu—-3%V., Cu—-5%TiHBLUTCu—-10%
ZrA4vH—breBEHVKES i Ny EWEAREFOX - THISHEZT LT hFig,
6. 1~Fig. B6.51c/RT, HP., HPiciZSis Ny . WU ZOWZhOA V- &R
B&e0X—THIEMHELELL, Cu—-5%CrA4v¥—r2BE2AVEEBA. Cugit
B (EEI) CRERMLVBIZKE->TVEY, Sis Ny REAEFIIERINWARIEE (H
BI) cRHOLBOELLTVWEI LIS, Cu—1%Nb, Cu—-3%V, Cu—5
%TiBEVCCu-10BZrA o —FEBICBVTH, BAPEFOX —THEISHE
Cu—-5%Cr4 49— rERBOBALBEALABELHERBERLTVWSE, Cu—-5%
TivIUPCu—-10%ZrA ¥ —r2BTR. CUuBILBRIEZ DEBMNELET S
bOD, CugtBHNOBEIDHIKIAELFEIOZRZIBD LT, BIF—ELKE->TVL
fzo Fig. 6.6 BBECuHA V- SBEZHAVEBADOCuEBOEHX -THWIZ
RLEbDTH3, CuBMBOEHEIRSA V- 2BV RB-EEZRL.
Cu-5%Cr=Cu—1%¥Nb<Cu—-3%VA ¥ —FrEBOIRICE K>TW5,
Cu—5%TidBIUCu—-10%ZrA 94— r2BEHVAEEBAIECuELtERICE
BRYIPNEZLLEETEIENIS, Cu—-5%Cr, Cu—1%¥NbBXTFCu—-3%VA v
Y- P eBEHBLTEL L >TWVS,

6. 4 EBNREICRIZFICuUBILEORE

6. 4. 1 EEMFIRETIEhOHE ‘
BEABZOS bEYEIBNHICERT 2000 E2E LTHWORELRELION S, 1V
H— FSBELTCU—5%CrAaAAL, 10mPDS i, Ny &SCHA35ER—HEH L
BOWTEALKLEIA, Fig, 6.TRBAMBEEZRT L BERPRRIWEOEAKLE
BCuZELBAEERLTWAN, Sis Ny dglhd@Hoht, COHhIEASRE
pobehicliniy VEEENSS i Ny BMBREL TV, BAKTICEY
ZENOREMBLIOZMIcHET 2710, ShORE L L EASELRFIBRET S B3R
HEBHE LI, TORKR, BHmEIVIFhdI~TSis Ny, BMENE LS -THD,
BAKRAE (MEFEORLHE) 2B b2, RIGBEHECOHRIRAARKIEEI L
h-t,
HNOREMBICRIIGDHIREBOEINS i s Ny BMORKRKM., Hic, ZERMEHIPIES LT
WBIELRASICEBINS, E8BICEVWTARRBE LI, ZBAKDS i N, BH
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1
Insert layver

(Cr-Mo)
steel

Fig.6.7 Macrophotograph of the crack initiated in Si;N, of Si,N,-SCM435
joint

fiEic 3RARMOPFELTVE I Lo, AEAKICEL T LI RA I IRARMED
HEBLTVWALDLHEEINSG, LHMLENS, WFhOEINOREMBELIZEALER U
Thh, Ty VHABEIDREEL., Sis Ny BB L TV, —BiIc, Slhofz
BAHRBERERLNOAMICH L TRIFEEBL AR THEEEZOND, Fig. 6.TIKARL
rxgEAKOB O AR, 3. 3. 2Lk Sis Ny LeBEAKPDS i; Ny
FOFRKEIRHOHRICH L TRIFEEE L ->-TWS, T, ShoREMNEEEZEZI SN
2y V. Sis Ny BITHREEICHDARbBGVERICHBELTWS, TheDl
ED S, KEAKDTOINIEALHIOAKESBES L. Sis Ny BHOREXRKGIE K
HREEBLERIFLTVWALDETFHEINS,

6. 4. 2 EBEhRECRIIHERFOXE

Sis N4 ESCHAB/OEAEKIIOWVWTS i3 Ny HoEhREICRIETERFOREIC
DWTKET L 12,

(1) 4vy—rEaRO¥E

BEEHN10mmD S i35 N, &SCH435%Cu—-5%Cr, Cu—1%Nb, Cu—3%V.
Cu—-5%TiBXUCu—-10%ZrA - r2BEHVWTEAL. Sis N, hoF
NAEERBICRIEFTCuBLBOBEIDOEEIIDLWTHEL K, Fig. 6.8 ZDERER
LebDTHBE, WTHhOA Y- b@BEAVIEBATLCuE{LEBEN/NIVEAIC
BRENDRET S0, CuBILEELX2KESTAILICLDENRELPIETE S, Cu
~-5%CrukUCu—1%NbA UH—FERBEAVABAICRIINRELEORACUE
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1 1 1 H
\% Spacer (mmé) %Fggk Crack
Free 0 ¢
s 1.5} R O | ® [
>
5 0.2 v v
— 0.3 A A
9 <o 0.5 O m
N
: ety
o—t 1.2 »
= 1.0}
(D]
[ (o) o
(D) 0o O o O
O,
8 ®
o O
(]
Yo
o 015 i D . .
A
w
A
n
2 5 5 3
v v v
V4 v v
< o s
- ® L L
= : .

Cu-5%Cr Cu-1%Nb Cu-3%V  Cu-5%Ti Cu-10%Zr
Insert metal

Fig.6.8 Effect of the Cu enriched layer thickness on the crack initiation
in Si,N,-SCM435 joints bonded using Cu-base insert metals

EEBERH 0.2mThHH, Cu—3%BVA 34— reBEAVEBADOZNIEHN 0.3me
BoTWb, Tt LT, Cu—-5%TiHBLUVCu—-10%Zr4r¥—roETIRY
NEERBRILBZOEVHICEESHL. Cu—-5%TifA 44— r2BTRY 0.5mbB LT
Cu—-10%ZrA 9 —1+EBTRY 0.8mEL->TVWE, TOLSH5IE. CuZ{tBOFE
HEINMBOUESIZE. ENRESHBTOMBEIINTVE I b - T,
(2) BHEHELUCUELLBREODEE

BECuA VY- EBOHRT. NP ELRELEVCuU-HE%CrA ¥ —1 &
BZHWS i;5 Ny ESCHMBBESGEPOFNRECKZTANEB LIV CuE/LBED
HBILOVWTHEL 2, TOHKRE%EFig. 6.9 7, BEL B X 13mOEAK TR
CuBltBEM N ZhZTIhH 0.28X 0. 4mPl T TEILRET ZH, Choll ELOEX
ZHRTHEHANOREIBDOSNLLLZ, Thict LT, EEN ISP EOBEAKT
BCugtBEZHEMIETCHENRERIHIETELBTEL L 1,

6. 5 CuBILBICL3#MEHBEHEDR

BIEI TRz S i3 Ny LSCHMA350EA BT 2 BEAEKPOHNREERA EBNFRED
REBERTH2BRBFIGHOBKIc>VWT, FREREEZH OV EMEHEIC XV EERN
z:&ﬁbf:o
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T
E S1,N,- SCM435
= Insert metal | Cu-5%Cr
(LD. 1.5¢ : Bonding temp.| 1523K |
> ‘Holding time 0.6ks
O
- L
=)
o o
] ®
ot
s l.0f
5
[ @
(a8
Q. O O S ( Crack C K
8_ pacer. (mme) | grec” | Crac
© - Free @) ®
Y
S 0.5¢ o O 0.1 O | @
o 0.2 v v
1544 A 0.3 A A
< 0.5 a ]
S Y L 0.8 O| e
B ™y :
= ® 1.2 Cl1le
0 i 1 L
10 15 20

Diameter of specimen (mm)

Fig.6.9 Effects of the diameter of specimen and Cu enriched layer thickness
on the crack initiation in Si,N,-SCM435 joint bonded using Cu-5%Cr
insert metal

6. 5. 1 BEBACRETCuE(LBOKE

4V H— FSBOREAEIL S T & X OBAKDOBEIE /BN £ > 7o 100 ?
DS is N, £SCH435%Cu—5%Cr. Cu—1%Nb, Cu—3%V, Cu—5%
TiBLUCu—-10%ZrAvH—F2BOVWTHAEHVWTEALEBESILBVTH, 8
BWcRCuBLLBOIER L TWE, 22T, BAKTOREIEHREEZEIELLBWVWT
AU R BB ERERBICK OB L AVERSEIARIALERKEL
Tzo BITICBVWTE., BARPITORESHRRIBTVLOEEEL. HBRETIITBKH,H S
293K CHRHM L BAEHE L, FEICHVAES i; Ny ESCH35OMEEHDBRE
WEMR 3. 2IERTHDEE—THb, B - FrEBZHVWKEBADOCuE{ED
MERERRRDODLIKEL 1o BRIENZR thoM B ER (BBRER. ¥ /g,
RT7Y v HBIXCOTAHAELR) OBREBEEHREITTI. 2KR"TCu—-5%Cr1 v
P—r2BEAVKEEZDOCUuBENBOMBEREFL EL 2. —#RIc. EBMEBOBR
BHEBEE EXVEHABEREDZ ZEXAMEINTVBE I LS. KBFICBIT %
CugiltEoBRIEhbZzoP X IckflTrbDE LI, CuBEA VY- E&EEZH
WTSis Ny ESCMAZEALBEACERENECug{btBOFEEEX i3, Fig. 6.6
KRLES is No EWAEALLBAL RITRRSENERT EZL, Fig. 6.6IKLD
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Sis Ny :SCMA3ZEALILEZDCuELBOBRRENIZ2Cu—5%Cra4 ¥ —F
SBEHAVEBAOCuEILBOBRIBHCESVTRELL, B4 vy —FE&RBREZHL
RBADCuBELtBOMBEROBEKEE%2Fig. 6.10 I EHTRT,

Fig. 6.11 @10mm® DS is N4 ESCHBEAKICBEVT, SMCuk( V¥ — &8
Z2HAVEEBEADS i3 Ny FOBRKERACRETCuENLBEOEBIIODVWTIRLELD
DTH5b, AR TR. Sis Ny, FOBERFRAIEAEROEAREI S (2) A
Michbdhic#lnsz 9 0.1~ 0.5mn) BRTREL. A Y- rE&RBIKXB3ERRELA
Favohihote Cu—-5%Cr. Cu—1%¥NbBIXUCu-3%VAr4—1Fr&
BTl CuE{tEBEOHmMIcA VY, Sis Ny FORKERNINEHETL. Cugit
BOFEHBINEVBACR, HBESREGNIOBESRSZDOSNE, —H. Cu—5
%TiAvy—bEBTRCuELBEOH M WS is Ny FORKRERHOETFD
ETFTRRvohsdbon, Cu—-10%ZrA4 4 —FEBTR. CugtBENNXL
BBV T, RAEEHN—EHEML &, BLTERAVIBH SN EBECuE(LE
OEEBPEIFNBFEVEEGICR. BEIENOBERDBRIPHETERIV LBDL B, 1 V¥ —
FeBOBEICEEHTSES i Ny HOERERNE,. Cu—-5%Cr=Cu—1%
Nb<Cu—-3%V<Cu—-5%Ti<Cu—-10%ZroEickEx{#uLh, CugltEo
EHEINEMT EIBES i Ny dOBREEDOEML TV 3,

B, Cu—10%ZrAvH—Fr2RBIcbBVT,. CugitBEOMMIcEVEARTILS
R—EEmMLEE, BROPTE3ERCODVTRUTOXIKEZLBZILENTES, 2O~
- b EBEAVEBAOCuBLEOMBERDS b, BRIEAHICODVWTABE, W
ATBKPL L O SRR T, HEALSBOSCMISICXHME D /PNIVH, FRMETRYIC
SCH435 L D KELK -T2, LW >T. CugtBENMNIVHERKIZBVWTE, Cu
FBRAZRNBENEEZT. SEBTOBEHOBMA+ATEF, ZhicmiA T
BB 2ERRIENDID, CuBLBENKELLSITHEVS i Ny hDKEK
FIHEDREMT 2, LHALEHS, XS5 CuZEBENAXLLZ L, ERNEOER
RGN XD BIENBEMT 3HRIZELEV 0D, CuBtBEOBH AR/ B
NEI &tk BRECBVWTHEHORESHZDME X NE 1D, BRERHHH
KETETTALDEEZ OGNS, .

6. 5. 2 BIhREBRREBBILCHOBEE

A - EBOBRICL 2N REBTROER LEBFIL N OXIGREKRICOWVWTRI L
7zo Fig. 6.8iCkB &, &M v —FrERBEHAVAS i3 Ny ESCNIDEAEITE VT,
Sis Ny FOENRERRADOCuELLBER. ThZhCu—-5%CrBXTFCu-—-1
%YNbA VY —F2BTEH 0.2mm, Cu—3%VA ¥4 —b2BEBTIEIK0.25m, Cu-—
5%TiAvH—rEBTRERHN0.65mm, Cu—10%Zr A4 ¥ —b2BTERK. TOmE R
BEs, NS DFNRERRAOCuEILEBEZET28AKDS i Ny PORELH
oW THBE, Fig. 6.11 HOKHIOMNBTRT KD CEKBITFHIESCHERKRT
. Sis Ny fOBAEEHIVTIhOL U9 - b E&BIcBVLTHHI 350~400¥PaiB &
TREALERLME LTV S,
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(MPa)

SisNu - SCMU35

500t
: D = 10m°

1400 “tttjg \\\\\\\\\\\\50__
]\ f
350 | \\\\\33:::::::1::::A_.

300 ¢

f\

Insert metal
250 Cu-5%Cr, Cu-1ZNb
Cu-3z2v
Cu-5%T1
Cu-10%Zr

0 0.2 0.4 0.6 0.8

f: Crack-crack free J
thickness L

200}

o(>{afo

Maximum principal stress in SisNs

Thickness of copper enriched.
layer (mm)

Fig.6.11 Effect of the Cu enriched layer thickness on maximum principal
stress in Si,N, of Si;N,-SCM435 joints bonded using Cu-base
insert metals

Ric,a. Cu—-5%CrA Y —rFEBEZHWVWKEADS i35 Ny ESCHA3ESETDE
BN EENREDBEBICOVWTRIF L, Fig. 6.12 12 3. 4. 2 itV TRLERER
BBEUCuEtBEAZ(LXEHEXDS i N, HOBAEBH EFig. 6.9IRLE
NBERKEZNESETRT, SINWORETIHRRI. XMEFrickbSis Ny hoR
KEBHH350MPat L 2R & BIFIELTHED ., BEIE IR Z N FICE 2B TH
NRENFIEEIN TV S,

6. 5. 3 EREREERBCLITNREONH

Fig. 6.12 ic& 3 &, ARENISmPL LD & S5 B AROEAKICEV TR, CugltE
BEE2ZEIETHHNREEZYILTEIENTERVIENDISE, COXSBREDOE
AEOoFNREOCHWHIHT 2EHABRESBEELMHHL BAOHRIT>VTRE L 7,
BRaEESBE LTWEHWLEA. 3. 4. 3KRLAELESIESis Ny FORKEIR
HEIRARRELEREESBEEICXD, Fig. 6.13 DXS>kZEILT 2, bbb, KEOD
BEAKIcBWTH, BARERESEREELZMMIESE, Sis N, BORARERTEING
DINSBHEECTETT 5, Licd->T, ANV RETIRAOKRAERNE ($93508Pa)
DBk BEMERSBEELZRETILICLD, REOEAKICBVLWTHEA
RENBHILETESL DD EMMFEINS, Fig. 6.14 F—H & L THEABEEN20mDOBFAHITOV
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Fig.6.14 Effect of the interlayer thickness on maximum principal stress
in Si,N, and the crack initiation in Si;N,-SCM435 joint

T. BREESE (W) BELINARERAOMEERLLLOTE S, Kb, Mho M
BMiES i Ny POBRKERNOHERRTH 2, BHREESEBEN2~3mTi
Sis Ny HREINARET 24, 5mBEICT2EANBHIETER, T, SO
DS is Ni HOBRAEIGHZHMPaBI FER>THD, HhHBRET 2RAEOBRAE
IBHELTICE>TWABI ERbh B,

6. 5. 4 BhREPLERARCETIEZER

ChETORREELHELE, AWK INZROMPVWCuE/EIRIS iz Ny th
ODREBNEBERIEIHENHD, ANRENHILTEIRFOEKRELNHE . F#
FOEETTR, VFNOEA L 350~400PaBETIRIZ—HL TV, BhRER
Sis Ny OWEEBHEEBRCHEBLTVWEIN, TOWERELAFRIHLT L LHK TR
Vo FLIBETOIBRREKIIK. ABHITHONLEBERNOBHEZO LD RIERS BRI
EORPFEHICKELKETIN, KBTIV BONLENWREOBRARAEILHEIRZ
Sis N, OFEHEIES (FW360HPa) ciBIRELLB-TWE, DI Eh 5. KB
THWIEEREZESFOR/NEHR ( 0.1% 0.5mm) BEOHBEANOLEEIHHOKKMEIR
0, FNREBRKHIPEEBNIIBETELIHD0EELONSE, /2. CuELtEBE:H
MTBZEXDENREDNPIETELDIR. BEIEANS i3 Ny OFRBEBIEAUT
WETLEEDTHEEHERIN S,
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—F4. Cug{tBOoBEENBEMEIL>VWTASE, CuB{tBOEHFEINMEVIIRLE
Si; Ny dOBREINHOBMEIRZVWIENHOMERK sz, LHOLEXS, RBFRE
DREVESEKICBVTR., Cug{tBEOHMMICL > THHENDORENPHIETER W
LEEETDHE,. BA VY- SBOBHICIVEEOER D 20, KEAKICEIT 3
CuEtEORERNBEYRICIBRISGZIEbHONEL -, Th, 2DEHK
BARCRCuBBELEREERESBEXMHATAIILICXD, XY REBEBHILHERHN
HEETHD . BNREFILELYPHTEII L1,

BB, BEERBVTHFMER<ED., Sis Ny EtMoDEAMFOSRRI IHK
TH140PaTH D, WWR S i N, EREBORAHEFETELTVWE, COBAKT
DS is Ny FOEEIENEZ 100~140¥PaiRETH D, FEOWHEIELEL T, lHED
MD280MPafEETCHEU B &LIci B, Sis Ny, HOENFEEDRRAIL /D 350~4008Pa
THEILEZET AL, BRERNENLKRELTBSEES 15 Ny FEALRET BHjIC,
REAPWET B LICBE, LoLERS, FEARFIBOV TR, EBICREHMIBEL
Tz o< BYonBBdhostc, COBHIRODVWTRROEIRKEZBZIENTE S,
—fic. AMEARFICEOTRIAFHENNEING E, 2y VRIZBVWTRAERNE
Ca1P9 7190 | REGEILEVWTH, COBRNERCLXVEROL y DHMAEDIGSIE
BROBOKRESBEICBEHOEHEEI N, REOHWERNHNS i Ny, FOBLRERR
HEEE->TVWERDEZZONSE, TOI DS, KEAAKTR, BEIEHILXST
EBRICBAMPBEEFTICS i Ny PREWSREL LD ETFHINSE, LHLEY
O, AEARICBI AN NETORBEREANPLTRALE . FMLTBHISHRORTHE
E LWV,

6. 6 ¥
AETIE. Sis Ny LEBOBAICBEVWT, BAWIC iz situ TEHKT 3 CuEiLE
KER2BIENBEHRICODVTRF Lz, UTiR, BonEBRE2ENT 5, ‘
(1) Cu—-5%Cr, Cu—1%NLBXUFCu—-3%VA 94— rEEZHAV. Kk
BORENTET TE2LIBBEARXYTEALILEIA, WTHhOoBALRLHMCuE1L
BAERL T, £, ZOEHFEXRCu—-5%Cr=Cu—1%¥Nb<Cu-3%
VORIt K& ot THIEHLT, Cu—-5%TiHBXFCu—-10%ZrAH—F
SRTRER. VTN CuBtBPIERMILZEEL. ZTOHBX bt 1 v 4 —
FERBERAWABAICHNBE BTV,

(2) Sis Ny &SCM435%EEA/L-ETA, CUEILBEZ/NELTBHESi; Ny
KBIEHICERT3EEZA OB NRENBD O, BNWRERROCuE/LEBRER
ZhEFNCu—-5%CrbiUCu—1%NbA Y —F+2BTREH 0.2om, Cu—3%
VAU~ F2BTEHN0.256mTHA08, Cu—5%TiAr¥—b2ETIEHN0.65mm,
Cu—10%ZrAv4—F2RBTIEHN0. T5anTH Y | CuakE@WﬁEé#ﬁh%Ak
BENRENSHBOMIEINTVWE I b - T2,

(3) Cu—-5%CrA 44— rL&BE2HVTS i N, ESCHA3ZBAL-EES. BRE
PUBETI3mOESETICuELBEEXZNZNK 0.28X 0 0. immll FHERT 3 &

i
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HNRENHIETEZH, BEEN IS LOBEAETRICuE/LBEZEMSIETLHNRE
K3k TcEEh - 1,

(4) Sis N, &SCMA350EERAICBWVWT, Sis Ny HOBRFEILAHCKRIZETCuELE
BizoWTHi L, OB, Sis Ny HoRAREENIZ. CuBELEOFEGES N
ELBBEEMLE, B4V —2BEAVLEBAOHNCWRERREO CuELBELRA
TEHEEABEDS i Ny FTORATHBNCOVWTAHASBE, ZBEFTOZHET TR, WTh
DAY —PEeBIcBVWTH. B 350~400PaBE TR EALRI LM LT > TV,

(5) Cu—-5%CrAvH—reBA2HAVIABNRB LU CuELEBEEXE(IET
SCM435% A L7-B4A. Sis Ny ho#BhREZPILTESLDII. Sis Ny HOKK
FIREHHH350MPall T & B AR TH D . FNREBRREBRBIGNBRHERS L —BT
MR INT,

(6) BAPIERTIROMVWCuE/BIES i Ny FOEREIEAHZERIELHR
BHo, BEIBNZES i Ny OFEBERALUTICETIEIESIZERT LI LK
D, ANRENPILTELbDOEMBEINL, I35, CuBLBOEHFEINEVWERE
Sis; Ny HOBEIBHOBHOBELREVWI Ehbhofk, LHL. KEDESKT
BCuBtEBEDHEMIX > CHHNRENPIETERVWILEZERTEE, &1 v —
FBOBEIKIVEEDXRHE0., CuENEBORIAICHEEYRICIBRLSS
EbHOoMEE - T,

(7)) KBOEAK TR, WEHHEBICAVWABACEHISYIETESEI 06, CUE
LB RO ICEMEESBEEZHHETIZEICED, BHIE IO XD RELENSPF/T
B ENDIho T,
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FETE Si; N, LEREOEEHE

7. 1 #%S

CuEA VY —FrERBZEZHVWKLS i3 Ny LEBOEABER IR T I DIC. BHE
TR, Cu—5%Cr, Cu—1%Nb, Cu—3%V. Cu—-5%TiHBLTCu—10
BZrA o —r2BIcksSis Ny EWOBEASHOMBICOVWTHEL -, ZORRE.
WTFhOA V- b2 BEHAVEBAICBVWTS., Sis Ny EWEARICRRIGEE
CugitEdrERL b, RIEEOELZ2EEMEICr. Nb, V. TidBVwWRZr
DEAYTHE I ENPLHEL - 1,

ZIT.AETE., Sis Ny LeBOBEABEEHOHICTEILEZHNE L. Rib
BHELXUCuBBORKREREFHFMICHAL v, RIBBEEICKH L THERNARN 2N
ZBEEbit, CuBILBOEEKBRICBL TR L, ¥oik. ThEcBohk
HREZBRAELT, ABALICB T3S iz N, E2BOEARE L LT, RIBER ST
CugltBoEBRBRBIc O VWTERL I,

7. 2 HERPHEEIURRAGE

7. 2. 1 H#E#&HH

EAMBLL TR, ChETLRAKEZEEMERSICIOREINILS i Ny &AL
HEROWEH WL, HVkSis Ny BEBEDHRELTAL, 05 &Y, 05 ¥
passkZAKX D TH b, TNSOHEABOREKRIE. EE10m, EXH Sund GiRIKE L i,
EHLIA V- F2BRECu—-5%Cr. Cu—1%Nb, Cu—3%V, Cu—5%
TiHBLPCu—-10%ZrThHb, BB, 1V —-rE&BREZ10mm, EX (. 4ond M
BARICMLI LTSIV,

7. 2. 2 XBAX

Sis; N, EWOEGRBFEICFig T.HIERXNICRTEEESEEEZHOVTITRL, —
BAFKHALRVBAICR I TLERREEF LAV, EEEAZEBEZHVIEAT
&\ ¥WomPaic EEEEK . 0. 5MPad ME 1% MA . Fig. 7.2ic/R9 & 9 i22. 5K/sD
BETMRALI, . BEEFEHAVEEATE. MBASEEZH0.1K/s—E L L, 2D
DHMBEAHEIFTLELERE L, HBAFHFE. Cu-5%Cr, Cu—1%Nb
BIUOCU—-3%VA U —PEBTE. VThEARE X FERKE%1448~1573K X
0~ 1.8ks, Cu—5%TiA/#—=F+E&ETIE. 1323~1398K X 0~ T7.2ksB5 LU Cu
—10%ZrA4 > Y —FL2BTIE, 1373~1448K X 0 ~ 176. dksD I T BB I (L X & 1,
AV -+ EBER. BABTRLERS FHPBEAERELEBEV LS 0.3~ 0.8md
HEATHEHEELESE L, ¥/, K. RIBBERBEREFHET 2845 1CBL TR, #AT
DERA VY — FBORE—F ROk, 0.2m2 OWRR—FEH . £ v H—
FERBE%Z 0. dmn—E & L, BB, COELERSA FRBELBEON, HEVWEZ—HRE
LTHDLITMTHD I EEEAL I,
RIGBEDOHEISEMEHVWTITE >z, RINBER1ABIC2EZEED S HOTY
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Fig.7.1 Schematic diagram of the vacuum chamber for bonding

T;Bonding temperature

t;Holding time
T(K) X t(s) 9

(K)

zfj 2.5 K/s

Temperature

R.T.

(oo}

Time (s)

Fig.7.2 Thermal cycle pattern in bonding
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EL. BAIE LTREOARKIR 2 AL L,

EAROMBEEIC ALY ERBEB LS EMAEA L, SEMBETE., BEEK
REREEMB L, —MOMBBERICEVWTR, NH, OH+H, 0, BAl» 5V
Cu (NHs) » Cl, +NH, OHBRILVEARERA L, MBEHHL s ¢,

BEAROTEINICBEDXBLUVEPMAXAH WV, £/, CugltBhIcELET S
EEMIc o WTRHENO, HlEHVTHEEEEZ LD, XEEFIKLVEELL, AV
EHXBIICoDKaTh b,

7. 3 REBOERRR

7. 3. 1 REBOHERK

RIBBEREARICOVWTRFAT2icdbich, £9, RISEOMBEMNKHEEREL I
Fig. 7.3Ic&BCu/ V¥ —r&BE2HVALS is Ny EWEAKDTORIEEOMEN

Insert : -
metdl Reaction layer

Cu-5%Cr

Cu-1%Nb

Cu-37%V

Cu-5%T1

Cu-10%Zr

Cu enriched layer

Fig.7.3 Microphotographs of reaction layers of Si;N,-W joints
bonded using Cu-base insert metals
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BH%ERT, RICER2MEZ2ELCRI—HKEEIE2FAL. Sis Ny ARICBETD
MMhssSsh3, Cu—5%Cr, Cu—1%NbBLIUFCu-3%VArH—FreR%E
AVWEBAICERIGERMENIC2 ORI NETES, §8bbL, Fig. T.AIRT X
SiIc. CuEtEMOBAROYWENEELBZVHSES i3 Ny lloBRAKDOYHEDG <
Y w7 RICBETBHATH B, LT, ZhThoPA%2ABLTEBELEHT S, £
ZhoA4 v —+2BOBEBICH L TED XA ETE > RO —FI%2Fig. 1.41CH
bETERT, RIBEBOERAIZENENCr, N, NbNHBZLWRIVNTHEH, wih
DA H—FEBOBACEVWTHBETORAKOYHE (bR) o, RIBED < b
JwZ7Z (af) KRRSOKABVALIIZLWRYBEMKRIHEINL, TOTEHLSL, TOD
HEROYEBEIZS is Ny KEFENB3A1, 05 Y., O BEOHEHHTHEEE
Zbhsd,

—H. Cu—5%TiHBbLVPCu—-10%ZrA v —FrE&BOBAEIKE. WIhd
SEMAZRHVAFMEBEEICL-> T, RIBBRMABMICHBEL2BIC205 L3 TE
o T,

Insert metal : Cu-5%Cr
' Layer A , Layer B ;

Bonding conditions
1573K X 1.8ks

(a)

Fig.7.4 EDX analysis patterns in reaction layers of Si;N,-W joints bonded
using Cu-5%Cr, Cu-1%Nb and Cu-3%V insert metals
(a) Cu-5%Cr insert metal
(b) Cu-1%Nb insert metal
(c) Cu-3%V insert metal
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Insert metal : Cu-1%Nb

layer A layer B

Bonding conditions
1573K X 1.8ks

(b)
Insert metal : Cu-37ZV
. layer A ' layver B .
a
b
Bonding conditions
1573K X 1.8ks
©

Fig.7.4 Continued
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7. 3. 2 RERBORE .
BEABEB LI UREREEE(LIETEAL. RIEBEZAEL 2, RIEBIZRWVTH
DAL vH—FE2BIcBWTH, BB LXUCVBOBILYLELEL TVEH, 5. 41ITR
LItk S KB RIBBO X2 EBRMTHE L6, RIBBRRZIHEMETHSEE
A, RIGBEOHIFECELTR, ABXUBE.2XAETRICBLEEZAEL .
Cu—-5%Cr. Cu—1%¥NbBXUCu—-3%VA ¥ —1r2BEZHVTHREER”
20s —EELT, BAEBEEZELIETRIEBOERKNE.X FHRAICKRE L, ZOK
8. Fig. 1.5~Fig. T.TIRART LI, ThH5DA P —bEETR. FXTUBK KD
BVBAEBEICPLVTIRIGEOERLERIN, 2O L6, RIVBRERSOHAA
Tid. ThZPNBEAEE%£1523~1573K & L CEA %178 > /2, Fig. 1.8~Fig. 7.10 i
ZFhZEhCu—-5%Cr. Cu—1%NbBXUOCu-3%VArH—r&REZHAVEE
SORIGEREOMERLRERT, WFhoA VY- FERBIEBVTH, RINEEREAR
EblUREEMoEmicfguEmLTVwS, LHLl. BEABRENIST3K THREFEN
540 s LETRIIGBRERIFBZLALEELE T, BE—EDOHELIE->TWVW3E, AT, TD&
XORIGBEZEHRICBE LFERI LT 5,
Cu—-5%TibB&UCu-10%ZrAr¥—rE&BBEAVEEA. RIGEERRHIC
T BERETHARTOER, Fig. .11 BXUFig. 1.12 kxR T &I, RIBERZ
NZNI3BKBEITIIBK LDV BOEABEIRBLVTERL TV, Lid->T, AR
E( Cu—-5%TifA v¥4—Fr2BTIR1348~1398K, Cu—-10%Zr A ¥4 —+&RBT
131398~1448K & L T, BREHEE2ERGHME CEILIETEAZITE -7, Cu—-5%
TiBLUCu—-W%BZrAVH—+EBEAVEBAORIMBEORAIEERZZLEN
Fig. .13 B3XUFig. 1.14 IZ/RT, Cu—5%TiA Y- ERBOBADL. HARKE
BIUBRERMOMEMCE- T, RBBREIEMLTVWS, FHERIGBEEZRD 5725,
1398K X 3.6~ T.2ksDEHTEAZTR-LEIA, RIBBERBLAEELRET.
T.2ksDFRFICEFVWTRELHERIGBECELLLDEEZ SN B, Fig. 1.13 it D
HREXPDETERT, Cu—10%Zr A v —rEBORIGBOKRES., ho 1 ¥ — |
SBOBE LA RBERERZEZRLTWVWS, 1448K T 176. 4ksE THRFEFZITE S & BAE
TE2CutZrofERHERAL. RIBBOKRERELL TEERIGBEICEZL TW3,

7. 3. 3 REBYPORTESH

Fig. 715 3—f& LT Cu—5%CrA v —rE&B2ZHVWTEARELINTZK., &
BEMO~ 960s ORUTEALEKEEAEHEOCr, SiBLUNOLEAIMmERL I
bOTH B, WTFHOEAFHFIKBVTH, REEPFCRBCrO@INrINRELET 5,
CricBiLTA5&, Sis Ny RARESSEHEVDLTOHTRIIP/BOT 5EMHNR
HYohdad, NIKBELTRBIE—ELB->-TWE, SiDEEHFEHITHE. Sis Ny
RESSEBTELETAUA. CugEltBhicb@BDoh, RERHEIEKLESE, Cu
ELEFDOS i 0OEFERB/HEMLTVWE I EPDH 5,

—#4H.Cu—1%Nb, Cu—3%V., Cu—-5%TiBLUCu—10%ZrA>H—
FEBERAVEBAICOWVWTDH, Fig. 7.16 KRT LI, RIGEB TS i Ny FH
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= = : - .
Z SI,N,- W = ST,N,- W
Insert metal | Cu-52T1 0.4 | [tnsert metal | cu-lozzr
C 0.6
.
© © o
> >
E 0-5 - O b o
- — 0.3} o
2out : §
R
| ©0,2°F
L 0.3 / el P
Y O
© 0.2 8 T q-o—
. g0l |
Lo.1} L
[y
N4 AV
(&) (@)
ool 2l
— 1323 1348 1373 1398 1373 1398 1423 1448
Bonding temp.,  (K) Bonding temp.,  (K)

Fig.7.'11 Effect of temperature on the formation
of reaction layer in Si;N,-W joint
bonded using Cu-5%T1i insert metal

Fig.7.12 Effect of temperature on the formation
of reaction layer in Si;N,-W joint
bonded using Cu-10%Zr insert metal

25

,-E\ LA | T LS T E R T T T T

= SIN.- W & 2% = | SIN,- W ]
‘ Insert metal | cu-53Ti (B.éksfoo—: Insert metal | Cu-10%Zr %

= o0l O [ 1398k - | [ B ]ussx é/ )
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e Q/ / o8 /
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sl s
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Fig.7.14 Growth of reaction layer thickness as
a function of temperature and time
using Cu-10%Zr insert metal

Fig.7.13 Growth of reaction layer thickness as
a function of temperature and time
using Cu-5%Ti insert metal
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Cu enriched
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240s
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8um

Fig.7.15 Effect of holding time on distribution of elements
' analyzed by EPMA, perpendicular to the reaction
layer bonded using Cu-5%Cr insert metal

—134 -



layer

Cu enriched JReaction

layer

Cu enriched Reaction
layer

layer

(b

(@)
Cu enriched | Reaction SLN
layer layer 2374

Cu enriched
layer

Reaction layer

SI,N,

(©)

(d)

Fig.7.16 Distribution profiles of elements analyzed by EPMA, perpendicular

to the reaction layers

(a) Cu-1%NDb insert metal
(b) Cu-3%V insert metal
(c) Cu-5%Ti insert metal
(d) Cu-10%Zr insert metal




CEMND, V. Tid30WRZ r PBLT3EAASD. NRBRE—-ELE > TV 5,

7. 4 REEBREICETIRERORS

7. 4. 1 EEERROEER

RIEBRECHL CEERNRIEZTRE L2, KIGCEREERDLTHERXZEH
L. Zo#BEHEZEZREL 7

(1) ZEEXOHEHE

Sis Ny LABEARAORKIGBOBRENRIGE PO LHROEHMBETH S LKET
2L, RIGHEHICE2MBOATAEICLEEEIOND, £I T, Gibbs ?V B XY
Natano2?V O FEAFA L TRIGBORERR I L TRIBIEHOMFEWETE > 1o
Fig. T.1T WRT &I, BRIt =0&D. bELORAOHBMKBENEET 2556%
EiZ. KOS BREE L,

[1] Co~ Ci C2 Cs jSJiU‘C4 LiﬁFEﬁJi‘,of“‘i"f‘ﬁéo

(2] BT ATHKIRISis Ny LORBICEVTXTHEIN, Sis Ny FOLHE
OHHIF B WV,

(3] D; B&LUD, BEEIEKELIIL,

FickDHB2EMKD,

oC 0?2 C
=D (7. 1
ot 0 x?
22U C - B, t : B, D : mEAK. x : A&
C C
| l:*j
| EC
Dy \Dz
Co Co
Cy c) ~~c, Cy
0 X Xa 0  Xg X
t=0 t=t

I.M.: Insert metal

R.L.: Reaction layer

Co : Initial concentration in insert metal

C, : Concentration at interface x, in insert metal
C, : Concentration at interface x, in reaction layer
C, : Concentration at interface xg in reaction layer
C, @ Initial concentration in Si3N, (%0)

D, : Interdiffusion coefficient in insert metal

D, : Interdiffusion coefficient In reaction layer

Fig.7.17 Schematic representation of the concentration-distance curve in
reaction layer having two moving interfaces
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CORDRIT—RIT,

C=a+berf( * ) (7. 2)
2v Dt

X 2 Y_2
tﬁb\a\buﬁﬁ\erf(y)=?:fezdz (Ao ADBEEBE]

4 )

THZoh3, £, RIGBHAR (x=x1 BLUx=x5 ) KBFEWHNZI.

dxa oC : oC
(Cz _Cl) = (_Dl ) - (_Dz )
dt 0x —x. —0 0x x=%x. +0
(7. 3
dxs aC
(Cs ‘04) = (—Dz ) (7. 4)
dt ox

x=xp — 0
tEDESE, 22Ty (7. 2) ROBECHE—-RSXA—F 2 (=x/Vt) OADH
BTERDLITIENTEDLETH L22D

o0C 1 dC

Gx_w/_t. da
DRI L, RIGEBHAHRxA» BLUxs KBWTEBEC, . Cs N—ETHEHh6, A
BLXPAdC/dARRARBVWT—EER B, LW -T. (7. 3) + (7. 4) K&

rhZh,
dXA D1 oC Dz 60
(C, —C1) q = 2 +‘/_’ _X—
t ‘/—T 0 x=xa —0 t\o x=xs +0
D1 Kl D2 K2
=— + (7. 5)
vt vt
(C C ) dXB_ D2 Ké (7 6)
’ Ydt Vi )

rfEl. Ko Kz o Ks DB
&%%Eéh\ Eﬁbftzowt§XA =XB :0&3—5&_\
2Vt

XA = (Dz K; =D, Kl) (7. 7)
C, —C,
-2V T
xp = ——D, K3 (7. 8
C;s —C,
L1385,

LIz -C. BRIt L EORIGBEWE (7. 8) — (7. 7)) Rk&-TKHoh
%o

7. 9

D, Ks D, K, —D: K,
W=2/T |- -
Cs —C4 C. —C,
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ZnEE, (7. 9) K.

D2 K3 D2 K2 K3 K2
e BIL N LT T R T
C3 _C4 Cz ““Cl C3 _C4 C2 _Cl
=KD, yt (7. 10
7L, K:EH

LEDTIENTES, TRHRVOBIHPBRAEFENTHED, F2HICBVTARNL
XHic. BELI I v I/ XRLEGBREARORBBREICKCHEETEEINTWVS,
o, AFETCHVIA V- RBRIRILBZ2ERT 2EBAEIVERLIEGE N
TVWRWIENSL, (7. 10 RED LI, BRATHALEOMBEZEZZERL - HERXZRET
Lico ZRFE TR, MRIT 2SBLEOHEBERREZHFENRLELTEAL. REEBOKE
HENEMA VY- FEBHIKERETSS i Ny ERIBTELSETROBD 1 XU 2
RICHATEIBEAOFEER >V TRFA Lz, RIERY %
y=W/W. (7. 1D
EEL.W BEt=t0:XOREEE,. W. : FERIGEE
5L, (7.10 « (7.1 K&b,

dy 1 dw KD 1

= . = . (7. 12)
dt W. dt 2W. Vvt

7c#ZL. D=D;,
LB, TEOKBIESE LIREBOREREVEET 28BEERO 1 RickHT 3
BAKR., HEYRI (1-y) EEDIRBIENS. (7. 12 ROLHDIHRHE
(1-vy) #hiF 3L, | |

dy KD 1

dt—zwe-fT<1 ¥) (7. 13)
BALT. t=0D&EXy=0&d3&.

1 KD
I n = eV t
1—Y We
MNEEEB &
1 KD
lnln =—1lnt+1n (7. 140
]__Y 2 We

D, n=1/2 ®Johnson-MehlBDHEEX L 78> TW3B,

Tl TEOMBRFZL L TIREBOREREENRETIEBLRED 2 RICHHIT S
BAE. mEHPRI (1 -vy) 2 LEzEDLIBIEho, BEHRELT (1 -vy) 2
ZHEAL. RIRBFTEZITEDS &

y 1 KD
=—]1lnt+1ln
1_Y 2 We

L, n=1/2 OAustin-RickettBOBER 755,

I n (7. 19
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BB TREN, AT A LRONBEREZZET 5L n=1/2 O Johnson-Neh1& & 3
WidAustin-RickettM B EOBMERELE I LN TFHIN S,

(2) =2ERXDBESH

BECuEA VY- 2BEHVIBAORGEBEOHEHEEZ L. RIBEBREKR
HUTREHAEROBAEELAEL 72,

ARETCHOIEXIBAROBBEHREM > TRIBEBEERT 24 - FE&RBICBL
THHEBRMKRERFEAORIGEREOPIHEREICBE L Tid. MBICX 23BNV,
BYBUNBHCTELEEZONE, 22T Cu—5%CrA v —Fr&BEHVTR
BEREOHMBREEEZEL NI UBKIKTEAZITR -1z, MR LERIGEE & £151
MOEHIREDOBFR%EFig 1.18 IR T, RIFKHEP0 s DL TRRIGBOERKIIHERT
XD ot RIBEIMHWABUTOBRBICBVWTRIVESEENBOhTED., BIZK
WBALBI L TWB I &b 3,

Kic, Cu—5%CrA4 49— r2BEZHVTISIIKCEALLEBAZMAICED., Y
#HI. Johnson-Meh1¥ 3 X fAustin-RickettB D FHEROBAH2HEL /-, Fig. 1.8%
blic, BNBKILBYAREEHREZEZRFEREt OLHEIXTEUL. RIEEH99. 8% D#
B TcHRBL TR LIER%E2Fig. 1.19 KRT, KD (a) . (b)) BXY (¢) &

Cum)

12 ¢ SiN,- W
Insert metal | Cu-5%Cr
Bonding temp.| 1473K O/
10 } V4
~(y=30%) /O

| /
6 [To-2m /O

Thickness of reaction layer

O
b r O/
4(y=1oz)0/
2
0&

01 2 3 4 5 6 7 8
Square root of holding
time (s1/2)

Fig.7.18 Effect of holding time on the formation of reaction layer bonded
at 1473K using Cu-5%Cr insert metal
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FzhENHEYER [(t2 WoOR{&] . Johnson-Mehl1® [1n t& Inln{l/(1-y)} DBIFK]
B & DAustin-RickettB O#HER [In t&1In{y/A-V)OBEEK] TRELLBEAZRALTL
o BB, WVFNLEBHERIPBRITHEZOEERIRILTZI LB, K (b)) &
U (¢) TiR. BHOME XK ZhZhJohnson-Nehl® 5 & Austin-RickettRUHE X D
BEEEn 252 5%, BB VWTAZ L, BRIt =0BVTRIGEENO L& -
TWHEVWOR., BEAERET TOMBABREBICEVTTI CRRIBENERINTVWILILDTH
%5, HEBHIEERER TIEFig 7.18 SEBRICEGREGEERD . BIEBRYEBNINEKRILL TV
. TEOKBHERIBEFICLBZ LEZ SN IEEMMA (Fric. v 25%80% 2L Lo i)
TREIGERERERBER» ST, BUBRUR LV LESBE-2TWV3E, Zhic
LT TEOHERSE2ZELLEERICDVWTAB E, BB (1-v) 2 OfF
R LA L f-Austin-Rickett B OME R TR EIERITVH (v 25897% 2L E o fHi)
CTHEBBERICE->TE5F, BEOMEZED 1.1EHB->TVWEDIXLT, (1—-y) OF
EHE A A L - Johnson-HehlHOBER TR ZL2BEBBERTREVWIOOD, GRIGH
B (y29%EE) T TRFTEHBBARIEONT, X6, COHKROEXI0.82TH
D, &0 12IREVEEE->-TVWE, ThoDIEERANICHET5E. Cu—5%
Cr4v4—1r42BE2HAVTIHBKTHEALLBAORIGERKRE I n =1/2 @ Johnson-
HehlIHOFEERICBEHEALTVWEILDEEZ OGNS,

Cu—-5%Cr, Cu—1%Nb, Cu—3%V. Cu—-5%TiHBLUTCu-—-10%
Zr AV - EBOBAIOVWT, FSEABREICH T 5 RINEHKEBKR % Johnson-Hehl
ROBERTHELEREE LD TFig 1.20 ITRT. WTHhOoA ¥ — FEBORIE
BRELZREBEABECSVWITHBNBHFZERBARIEGONTVE, ThoDEHROMES
BREVESHIcE B &, Table 7.1 KART EHROESDHAZREX 0.4~ 1LIEBETHD,
12X 0 RRKRENRMER->TVE, LOLERS, RIBEBELEOVKIGBREDDNIED
VIR ERX, RIBBRERVWTN bFig 7.20 hic/Rm LB Zx 1/ 20BEKRICIRITER
LTWBIERDbI B, —F. Austin-RickettRIDBHERTEHEL 2BAICR. KIBEBRK
BEHZFRIVWFNbERERMZRE, BIERBEEKIBONLI OO, ZOoHXR 1/2X
DHBYREBPEERL > TV, ThOoDIEA2EETHE. AFETHWAZECuHE
A Y-+ 2BORIGBREERE., BHEERLZERICE 1/2TEVE, WwihbdiE
n=1/2 ®Johnson-MehlHDEERICHAL TV A LD UM TE 3,

7. 4. 2 EREBREOJREATRIF—
RIGEBREDY (7. 1) RicRT n=1/2 ®Johnson-NehlB D HEX TEXbE B &L Lk
Ba. RIGEEEHRK I

K
Ilnk=21n

+21nD (7. 16)

€

155, HBEHKD N
D=Do exp (-Q/RT) (7. 1D
7z72L. Do : EH. R:SEER. T BE. Q : HBOEH{LIRILF -
TERDLEBLZEEZEZERTEE, (7. 1) XOFEEATRINBFBEROFERIL X IVF—
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-4t Al 1523 A| 1523K
-6 Insert metal : cu-sxcr | | Insert metal : Cu-1ZN0 |
— ] 5 6 7 8 4 5 6 7 8
~~ 2 . ¥ 1 1 ] T t T 7]
N Insert metal : Cu-5%T1
| O -0O=—
0 - o/g aa——— - . - 1
—t — - - —_
= ==8" ?@E@:ﬁf
~ -2 % w2 [O]s57x] 1 o_,éﬁ/ .
:: O 1548K E/_éll/z O | 1398K
— -4t Al 1523 0 [1373K
— A [ 1348K
c -6} Insert metal : Cu-3ZV J
— 4 5 6 7 8 4 5 6 7
2 | T T LS J
-O7 =
il Bfﬁjﬂ‘gﬂ/ :
/ — - -
21 — A 4
1112 O | 1448K
O | 1423k
-4t Al13esk] T
-6 Insert metol : Cu-102Zr
9 10 I1 12 13
Int (s)

Table 7.1 Time exponent 'n’ of Johnson-Mehl type equation for the growth of

Fig.7.20 Inin[1/(1-y)] as a function of Int

reaction layer bonded using Cu-base insert metals

Insert metal { Temp. (X) n | Insert metal | Temp. (XD n
1523 0.44 1348 0. 81
Cu-5%Cr 1548 0. 62 Cu-5%Ti 1373 0. 81
1573 0. 82 1398 0.73
1523 1 1.00 1398 1. 02
Cu-1%Nb 1548 1. 07 Cu-10%Zr 1423 0.93
1573 0. 86 1448 1.32
1523 0. 88
Cu-3%V 1548 0. 86
1573 1. 04

—142 —




REIGBHOTROLHOE LI RN E~LHE L BB DI B, FIT. RILE
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Lo ZD¥ER%EFig. 1.21 iR T, ChoDNEDIn k&1/T ODEBONR L D EHE{LT
FNE—-ZERKDI, Cu—5%Cr. Cu—1%NbBLUCu—3%VASH4— 2R
TR RIEBEREDORNMNFOFERILI XA LEF—-R. FhEFN 460. 5538 & U 332k]/mol
LB oTWVWB, £, Cu—-5%TiBLFCu—-1W0%ZrA oY —reBTR. The
h 281 KT 395k]/mol& 75 » T\ B,

7. 5 CuEEOEBRRR

7. 5. 1 CuE{tEOEREBE

BECulEA VY- PEBZAVIEAOEABRICEIT2 CugBtBOEREARICS
WTRHT 5700, #A4BE (INMBEBIURFBER) KB 38BAXRHLIE

-2 . .
—O—] cu-Sucr
2T —--| Cu-1%Nb
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Fig.7.21 Arrhenius plots of Ink against reciprocal of temperature

—143 -



ZDOEAEMOMBEREL 72,

Fig. 7.22 ~Fig. 7.24 3ZzhZhCu—-5%Cr. Cu—-1%¥NbBXUICu—-3%
VA Y- &BEAVEEAOBEAGHOZRMBTH . NHhOZEAMF I 7V EDR
A (DO~®) LLEAROZRMBENIGIETH S, HAEOMPRBEICBVWTR, CuE
{tEhcRROMELIBD OND, LRANICLEE, COPHRBCr. NbHH0RYV
O—REABEKTHY, AHBBIC BV TRBLALBDTH S, CONRIERZEABED
EITICEVRIBENER LED S ERAICBOL, REBETRRLALEDONLELR
%, Fig. 1.25 3L UFig. 1.26 BZhZhCu—-5%TiBBXTFCu—-10%Zr 1Y
— I &BEAVAEBAOCuBLBOEREREZRLLbDOTH S, NPICREGBED
BEIDAHLELEABORAMBERL TS, Cu—-5%Ti4f ¥ —r&BOBS.
EABBROMYMBREBVTRONIKBICRAZHER., RIBBOBRKEICHVWEDLT
W3, CORBIRABFEBICECusTIiNFELELTVWAILEZEDXICXDREEL I,
¥, REBEHIERBAUTCRICuEBLBRICERNOEELBD NS, Cu—10%
ZrA Y- bEREAVEBAICR, BAVHBRETRT Y F5 4 PREBELIKBOIK
BREGNrEON S, ABBARICBV T, RIGEORESEC IV, HEKEBRORS
BB BRRACEBREBRIHFEERL TVEI LD I 5,

7. 5. 2 CuEtEBOHEE

zhzhof4 ¥ —r2&BEAL. BEEHRY LksOBAR>VWTOCug{tEOR
AHBBLUVCED XuEaER%EZFig. 1.27 ~Fig. 1.31 &xRT, Cu-5%Cr.
Cu—1%¥NbBLUCu—3%Var¥9—rE&BOBAICIR. CuBEfEhiciEn>
DOESNANBEIh, BN (a &) roRVIFhbCunspRiEIni, Cu—1
%YNbBIUCu—-3%VSryH—r&BTR. NALICEBMOLEDDEIED SN
WH, Cu—5%CrA4 49 —Fr&BTR NRLIKCreSi2SUERYPDLTHIC
Z¥ohiz, Fig. .32 B3O CuFtEomMmBERE YL T, XREIFZTE - R
ARLEbOTHD, EBEMELTCrs SidEEENK, Cu—-5%TiAfArH¥—F
SRBIKOWVWTAHBE, BN (af) KR CutbFHIRTiHBEHON, MALIKTi &
Si2B8ULEBRYLLBOELELTVWEI LIS, COCuEBOMBEES LD,
XBEIHFEITE - fER%Fig. 1.33 "9, Ch&b, Tis Siszs BLXUBTiCuq
PEIEX NI, LER-T, BRI Tis Sis THH, Fig. 1.28 DIKBICRA 5%
B, 4. 3. TERLECuU—Ti¥HRENZ2BRE IS L. Cuo—REEKLE
BTiCu, OfFTHBEFHEINB, . Cu—-10%Zr A —bEBTE. 7
VES A PRME (a ) SR CudnsH, HERHERE (b)) o3 CudZ ri'ik
Haht, COXFREBIc OV THHEELZ LD XREFICEDHWLILET A, Fia
1.34 L RTX9512ZrCus BLUZrCus PREEEN, 4. 3. 1 icR”LKECu
—Zr EHRENIcXS L, RERPBEEL TRV IHHE LE#EVDY, HERHERE
CuD—RkEmEkEZrCus (B8) $50wWidZrCu, (7)) ODXBTHBEEZGH
%o
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Insert metal Cu - 5%Cr

Macrostructure of Cu enritched layer

Microstructure of Cu enritched layer
Si3Ny Grain boundary

B Grain boundary

. 4805 25K

Fig.7.27 Microphotographs and EDX analysis patterns of the Cu enriched
layer of Si;N,-W joint bonded using Cu-5%Cr insert metal
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Insert metal

Cu - 1%ZNb

Macrostructure of Cu enritched layer

‘00083 25K

28um

20um

Fig.7.28 Microphotographs and EDX analysis patterns of the Cu enriched
layer of Si;N,-W joint bonded using Cu-1%Nb insert metal
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Insert metal Cu - 3%V

Macrostructure of Cu enritched layer

Fig.7.29 Microphotographs and EDX analysis patterns of the Cu enriched
layer of Si,N,-W joint bonded using Cu-3%V insert metal
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Insert metal Cu - 57Ti

Macrostructure of Cu enritched layer

Microstructure of Cu enritched layer

e

Result of EDX analysis

Fig.7.30 Microphotographs and EDX analysis patterns of the Cu enriched
layer of Si;N,-W joint bonded using Cu-5%Ti insert metal
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Insert metal

Cu - 10%Zr

Macrostructure of Cu enritched laver

Microstructure of Cu enritched layer

Result of EDX analysis

Fig.7.31 Microphotographs and EDX analysis patterns of the Cu enriched
layer of Si,N,-W joint bonded using Cu-10%Zr insert metal
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Intensity

Intensity

Intensity

CrySi (110)

CryS1 (200)
CrySt (210)

CrySt (211)

CrySt (310)
Cryst (3200
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]

} o cryst oo

Ran oty Apdyn gt Ao
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e i z
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Fig.7.32 X-ray diffraction pattern of products in Cu enriched layer of
Si,N,-W joint bonded using Cu-5%Cr insert metal
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Fig.7.33 X-ray diffraction p

26 (deg.)

attern of products in Cu enriched layer of

Si,N,-W joint bonded using Cu-5%Ti insert metal
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Fig.7.34 X-ray diffraction pattern of products in Cu enriched layer of
Si;N,-W joint bonded using Cu-10%Zr insert metal
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7.6 Sis N, SEEBOEACHBICREHATIZESR

7. 6. 1 REEOERKE

ChEcoRERICEEE, RIBEHRICECr, Nb, V. Ti»d5VWiEZ r0ZE{t
WHLUB{MPELEL. ZUHPRIBBOYXL3EEMTH B L. b, ThdHOD
S EEAWIES is Ny LIERMA Y —FEBHOCTr, Nb, V. TidaWLid
ZrORERIBICIDERLEBAZIEEZRLE, ChoDORIBERMIEAMEOELSBE
BECRERTHZI LIS, RICBEROXOLD THMBEMETIE. Sis N, EEda
VH— FEBORBIREDEMEIRN ETEEMORIGBHERIN S b D & HE X
s,

Cu—5%Cr. Cu—-1%¥NbBLUCu—-3%VA 94— rLBIck3EATHE.
ChoDA VY — BV EEBARZEOBRMMCIFRETRVI &0 6. RIBE K
PICkRIGOBEZEDHNZECBEE I NESERVABICSEIING, /-0 COAELE
BEORAEIRIGHIOS is Ny ORAEICBE—-HRLTWVWAILZHALKL, 0D
5. BERBEARNS i: Ny PEELTVWABACERL TV b0 LHHTES, Ih
LT Cu—-5%TiBIUCu—10%ZrA VY —rERBRICLDIEATIE., BEZED
BAERRBD, ThooA v — M BRBEEPRALZEORILY E SRIFRRIGHEZRT
kb, RRIGOFEEPDFAOERICIORIGBZMBIC2BICAHTEIERIATHTSD
stie LHOLEBAS, RIGBZHMICHETSE. Sis Ny EREEBOFREICMYMDH
BOBELTED, RIGBO—HMIZEAFICS i3 Ny PEELTVWABAOERLT
WaeEEZONS,

RIGEREBBIC D VWTRRDEIKEZABIENTE S, Fig. 1.35 KBERAMNITRT
IO RRIBBIRCuE/LEMNICREMSA VY —r&BPOCr, Nb, V. TidsWik
Zr (T, BHELSELHT ) LRIGBFONORIBICED, Sis Ny HEANR
Sis N, ¢RIGEFOERSBOBENRKBIKIVERET %, RIGEO X /2 5 KIGERD

ML) +N(s)=M-nitride(s)

Insert e : 3
metal (1) we|S13N, (5)
M Si3N4(S’ +M(S)
—_ =M-nitride(s)
Si

+(M-silicide(s))+Si+N

Original interface
M-nitride(s)+(M-silicide(s))

Fig.7.35 Schematic illustration of the growth mechanism of reaction layer
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3Cr: N NbN, VN, TiNHBZVWRZr NBEDE{HTHD, SiIREED
AROSFTCUuBLLBRCOLELELTVWE I END, Sis Ny RETOEMERIETIR. K
WEHOENSRBES i Ny KKDEIYMBLODVBOBLYEHERT 5 LAkic, N
BXUSiZ2BHELTVIEILDLEEZONE, COLIAEYBEHRAATHS
Sis Ny ORIFHERNMIERLEBRHANEREL B LS ICHEAMZELSHLEN SR
ET2b0LFHING, £/, CuBILBANDODE/NYOREI—BEORBRIETHY |
BEHOELYEREERE L TREALEREFMZELIEFTICRET 2 TEENSH S5 DO
LEEINDE, CRLOORIGEBEREORMTOFEMILL RILF —I3, Table 1.2 it & ¥
TRT I, $ 280~ 550k]/mol BEDM LB > TWB, ELWHhD N OB D EHAL
IRXNVF—IZOVWTHSBE, Table 7.3 222 i/RT&LHIKTiIiN, Zr NBXUNDb N
BEBEPAORENH BT XS, Cr; NPVNBITOFRIRBBEIA TRV, BEZ
NoEEULNIL (BEKk]/mol) Kb B TFHING, AHAORIGERED RH T
OEMAEZALNF—B, Cu—->Ls%TiA Y —FE&BOKSicTable 1.3 OFEH & 1E
BEUCUVRNVOEZRLTVSEHDHH

50, L THEFO 1.FEEOEE

RLTHY, RIEBOHRKEEZ/LBHFD  Table 7.2 Activation energy for the growth
NOESHBEETHZ EFVVEEL, —ik of reaction layer bonded using

i LI O & BAKOEMOE LT Cu-base insert metals
FIVF—RBENICHEDPBOEWVWELNLS
ENEZONBE I LMD, RIBFE DR

BRSO ERBRT 2EHESR Insert metal Actizi}}:glgnergy
HB50VIRS i OUEBBETH B LI
BXhz, &4/ — FEBIKBVTHE Cu-5%Cr 460
BEBEES i OVThO MM RIEER Cu-1%Nb 553
EOREBRETHENERET L LR Cu-3%V 332
FEIHETH B0, BlEA T, Figa Cu-5%T1 281

7.35 PICHERMICRT LSS 15 Ny Cu-10%Zr 395

Table 7.3 Activation energy for the diffusion of nitrogen in nitrides

Nitride | Temp. (K) ACtlzi}}ggl§“ergy Nitride | Temp. (K) Actlgi}};gl§“ergy
TiN 1173-1843 218 ZrN 1533-1993 995
TiN 1573-1873 306 ZeN 1073-1373 186
TiN 1623-1973 378 ZrN 1473-1773 333
TiN 1473-1723 280 NN 1783-2308 470
TiN 1573-1943 210 FeqN 853-1003 114
Ti,N | 1223-1773 200 ThN 2173-2673 17
ZrN 923-1123 150 ON 1773-2173 231
ZrN 1623-1973 252 UN 2073-2673 504
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BREIBOVTERSBANS i Ny ERIBTBIEBIVURIGOEREREL 2SS i IH
DA VY — FeBPIEKBALTVWBE I EEZETEE. Sis Ny ABANORIBED
BRER. KIGBh A& v — MBS S i3 Ny, REACBH T 2EHESBOIE
PREBELTVELDEEIOND, £/, CuBLBUNOREEBOKER. Sis Ny
REIBFSZSis Ny LEHSBORIGOERECZNOTHHIC K » TEITTHH. K
BERONOHEI OB OEN LZEETSLE, Sis Ny FETO/UESREORIE.
TRbbL, BHSBOS i N, RANOHHELC uBLBAUNORIGE DK% b A
LTWwWabDEEZOGNS,

7. 6. 2 CuE{tEOERKE

Fig. 7.36 IcBRMICRT I C0ThoA V- PRIV TH. HAKOMER
B, A9 — 1 2BREEBEED LB, LERCEARL, H—REEICE S,
AoRBENERTACHVRIEEBIERS N, B - bEBBDOCr, Nb, V.
TidaVWRBZr3HEBIh, LEVWEEDLED S, REFEBEICKSELE, JOBHRIE
1925, EREERETR., CuoBRRIEILETILEEZONS, CTORELHSHHBE
KAZECUPBRELCMKBBEEL. RRHICECr. Nb. V. Tids50RZ A
bEMCEEBELECUZI/LLEEERT 3, COEEXCulBEHOERSBOZE /LY (RIE
B) tBAHOIVWHMBRERDUEIFIOCBERETIODEEL LN S,

Cu—-5%Cr. Cu—1%NbBIXUCu—-3%VAr¥4—r£&BTIE. KEHCu
DERFIZEHEBTRETT AN, oA v —FE&BTRCuDBMIEL, Kic, Cu-—

Bonding
temp,
Liquidus
Solidus }

SN || W

R.T

Mark Elements O— O—
o Active metal o

® Si (3)

.o—
Cu-active O~ o s
metal O-0—- N 01121
W SN W Si,N W |soiutlo Si.N
l1auid 34 '6’—-0‘ 3 of Cu e
0o

solution

(N (4) (7)

Fig.7.36 Schematic illustration of the formation mechanism of Cu enriched
layer
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WHZrArH—r2RBTR. CUDBRICHEBELERERZELTVS, Lid->T, 8
BREFICE- TR, CUDBBEIAREET O TEANETINIHEALHDLLEEZLS
ha, 7. BIGEBREICKEY, BHLAEZS idXS v —F2BHIcbTHOTRS 3055
AL 1 v —FEBOBEHICE > TR, CuZtEhicB bt B EDERYME L THEE
TEBELD B, COXIBERMA VY — P ERBANOKREOEWIZ, BAETCEEREINS
CuEtEOBHMIRHICKIHEL, AT OB NIEMEOEZRO ERREKICK
STWVWBbDEEZ LN D,

7. 7T ®E

AETIR. Sis Ny LEBOBRABBEZHOMMCTAIIELEZHMEL. Sis Ny &
SEREABICBIIRBES LUV CuBLBOERARICOVWTHEL oo RIBEREKIC
XU CHEEROIRTZMASE L b, RIBBBXUCugBtBERBEBICDVWTEEL
fzo AT, BoNKREENT 3,

(1) Cu—-5%Cr, Cu—1%¥NLBXUFCu—-3%VA ¥4 —rE&BEZHVEEA.
RitBREAROREHHOFRIC L VHBMIC2BIcadTcEl, ThitLT. Cu
—5%TiHBITCCu—10BZrA Y —rSBTRRIGBRI\AEL2BICAITAI LI
TEh - T,

(2) RIEBOEREKEHEL LA, WTFTho s U —FE&BIRBLTHRIBLME
HERL. BAREBIURNERMOEMICAEVWRIEBEIBEML 7z, UL, HREREH
DEREATRRIGBRERBEALEMAET. REBRESEILT 5 E8bh - 1,
(3) RIGBEFDOLREAMRBIBELURTEEARD D, WTFhoA v —FE&BIKBVT
b, RIEEHPTRECr, Nb, V. Ti»3WwWidZridSis N, REKBELIVEDT S
BHEPHEH5. NIRBE—ELB TV, ¥/, SiBRIGBPICHIZOELEET. »
B CugltEhIEHAL TV,

(4) RIGBREHRZIOE L Tl Al. Johnson-Meh1® 35 X tFAustin-Rickett® o B
ROBEHEEZHEL o, RICBBRE DB TR ZITHYRUNIPEILT 25, RIGBOD
BRECHEOVEBANLEZVIRERII LB B3, Thice LT, BT 3 cRoBHR
ZEELIE-EERDOS B, n=1/2 ®Johnson-Mehl WO HERIRIGERERERZICED &
CBALTWB I EBHONMNELR S 1,

(5) RIGBHREBRS A n=1/2 ®Johnson-Nehl WD FEERIcHATEEHELEZD
RIGBREDORMFTOFERILLALF-BCu—-5%Cr, Cu—1%NbBLKCu-—
3%VA Y- bR TIE. ThTh 460, H53HB KT 332k]/molTH -7, ¥/, Cu
- 5%TiHLXUTCCu-1U%ZrA - r2BTRZNTH 281HB KT 395k]/m0l TH
2 f:o

(6) RIBBOX 253 EHESBOZBYMTH S5, Sis N HINORIGE DK
B, RIEEHE2HEHLCXA-ERELRBES is Ny ORHERBIKIOEREL. 1 V¥ —
PERIANDEEIR. Sis N, AATCERSBOZILYPERT 5 ICHEVWNIERIGE R Z
LR L. B V- SBRTOFERSRBERIBTAILELIXVERET IO LMHEEIN
2o ¥ ChoDOREEBRER. PhZhoRIGETOERESBOHLRBICL D REX L
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TVBEbDETFHENT, |

(7) BABRICHTECuBtBOBRRARICOVWIRNT 21D, BABRICET 3
BEMEOBH L EOBEAROMMAEEE L, Cu—-5%Cr. Cu—1%Nbb
XUCu—3%VA U4 —rEBEAVEBAERE. CugEtBPICBRIROCTr, Nb
535V VO—REBESED SN, RIBBOERICHEV I NOOMERR SN -
7o Cu—5%TiBIXTCu—-10%ZrA 94— r2BEZAVERAICIE. CuElE
BIZCuD—REBHEKEBTiIiCus DERHFLZVECud—RKREHKEEZrCus 5
WRZrCus OERPELEL. ChOORBEIRKBBOREICHVIERT 22 &dbd
27,

(8) CuBMBRRIEEOKRE CHEVEMS VY — F2BHNSCr. Nb, V. Ti
HBVERZ rBBOLT, HNMICCuBR LA kDR LEDDEEL SN,
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F8E Siz; N, tERDODEEHTIOXIEEHRA

8. 1 ®E

HET 740257 Iv 7 AEGBOEAICEALTE. BEKOHENBINTEY., £
ORICRBFLENFLZPOICTENCERLLEFEALBRESINTVS, LDL. 2
MicA 3 e, HRBFAICHBEL TEAERKPIERLLI N LbORDEL, Bio. TEAHRB
EMBOABICR-THEE, 7740253 v 7 R ELBOBEABRKNERILI LS
PR IDRVOLRBERTH 5, EORROVESE LT, HEHMOS BV TE
AT, BItBEARIPTATRVWI LB TOoNE, THbL, 774 vE5 3y
JRAEGBOBEAGHTFFEEZZIR T AERNCOVWTORHRZ +4THEL. BT
WETEIRALITEDOLDNATRVBELDOD, ZORBLREN>TVBE LR VVELDOHBIR
Th5b,

IhECT. NVa, VablkUVIalkRK 28U Cuagets vy —r&BIcHVWE
Sis Ny :E8BOBABRRBLIVEABBEZDLICRRTE, AETR. FTETR
LIcBARBK B ARIBBRERICHT 2 EERNSRTERELLICLT. Sis Ny
EEBOBEABRICREITRIGBOREBIIDWITHET S L biIc, BEABIOXEER
WKOVWTHREET Lo BOBRBVWIRLAEERICEBEE, CuEA v 4 —-r2BEEZHLV
72Sis Ny EMoDEABRRBIUVEAEMBIE. Sis N, EWOBRBAOBEALEML
TVWBEVAD, LEti> Ty ThETORFIBVTE, EicSis Ny EWOBEAR
FEMFELTELY, BHEASBOMTHEEZERL T, LITSis Ny EMoDEARK
FROVWTHEZTES> &I L,

8. 2 HHAPMHBEIURRBRAE

8. 2. 1 #HE#MHM

BAICHERALLSis Ny B, ThETLEaKROELEMERSICLXOBEINLLOD
(U F, PLS—Sis N, &B-T3) kv b L RickDBEIREZLD (BT,
HP—-Sis N4 &H95) O2EETH S, UTORICE. FEHSBTVEROPLS
~Sis Ns 2V, HP-Sis N, RECRKIGEBRORMBEXHZRT 3D
Ao, B, Sis Ny BHBLWOERAMEY K, FR (HAR) . PL S —
Sis Ny D 0LT¥BXTHP-Si; Ny, 0% TH3, HEALBIMTHELLEN
BFLSMEAEBOMoZ2HHALL, ThooWENHEEL S CIcBMAEE % Table
8.1 Khbb¥TmRTe Sis Ne BEUMo DK IRZNZN100m® x 10m b 5 X k10
m® x15~20m 't c5 %5, BAHOA v HF—FLBELTHE. Cu~5%Cr. Cu—1
%YNbBEUFCu—3%VERALI, |

8. 2. 2 REBAHK

BAWEFICFig B ICARITMBERFEZH O, HonPaD EXRTITR -1, HEFICX
HEAICBVTIE. Fig. 8.2IcRT Loy Sis Ny OfifllicMo2EEL. H&EL %
itk g3 NhZE22T7 NI+t Yy—ZARICAN. B 250g0B b 2B, RIGBED
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Table 8.1 Physical and mechanical properties of Si,N, and Mo

PLS-SisN, HP-Si3N4 ¥o
Bulk density (g/cm®) 3.20 3.26 10.2
Bending strength (MPa) 990 690 -
Tensile strength (MPa) 360 - 700
Young’ s modulus (GPa) 290 290 320
Poisson’ s ratio 0.28 0.27 0. 38
e S| 32 3.1 1.9

= = Water
~— Weight
"~~— Alumina pipe ] —
\ '
— Specimen | ;
: / =iy Insert
\« Furnace Metal Si5N, ? metal
X\ i’
| /
Thermocouple ;
/ /

== Water

— To vacuum system  Fig.8.2 Configuration of the specimen
and insert metal in bonding

Fig.8.1 Schematic diagram of the vacuum
furnace for bonding
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EHCHEOVABOERIS > TR, EEEAKEZHVWOmPa0 EEGTTHEA L 1o, #
ARFICRYW 0.5NOMEAEMA o, BARTFPIORICEELZEILIE S D, RO K
SBHEZHVWE, BELALIVWITHORIBBEREICEWT b, #aKTbOoBREINIIRE
PREF-EWHEOLD, 3. 4. 20HRcEITE, BEA VY- FRBRE% 0.2~ (. 6nn
ORIICHIEL 7o RIBBWERCHVABOER]IcH - TiR. A1 V-2 RBE%* 0.4
mn (AR—HE: 0.2mm) —F& L. EEEAZEBICI DM - 5HI A 7V E#EL L.
0~ 120s DERKHIRFICLIVEAS L, RIBEAPPEVARIERESFZH V., EicA
vH—b2RE% 0.4on (AR—VE : 0.2mm) & L. REERMZ 0~ 1.8ksicZE/Lx#
TEALL, ThSD0BEAICEVTR, RIDBREHERIGEBEICZL TVWRIVWEALD S
B, WFNL CuBLBA AR L TWE I o, EAEFORBEAIRERIZIIE—
EERBITIENTELZDBDEEZAONS, SHLIRRIBEMEVHER VTR, 1 ¥
— M BEZMMXYE 0.6~ 0.8mm (RR—HE : 0.4~ 0.6mm) & L. ZNICPEVEE
B % 1.8~ 3.6ksicE THWMIBTEEA L, BHE. VThOEGIKFWVWTH, BEAR
BiESis Ny AV —F2BORIEHZZEEL T, 15T3K—E & L1z, £/, RIBE
BHEADSis; Ny EMoDEARINETLEABBREEFICLITE -1z, Kb, &
BHEOHFMIFEAEZELRETD 5,

BEHEBIEBIRARICXOFML 7,
BEIERREA — 75 7T RABRBK Load

0, BARXBOMoHEBEEAT *
fTii- 1, BRIIEAB TR, #46K
BloMo #ick%ZHiF. Fig. 8. 3IiT/R
TEXHIRHERZHVT, SRABEHEM
Bic kDA EMBL fo, MBEER
0.3K/s—E & LT FrE0BEIEZ _
. 0.3ksfRi L k3B E BB L 1, | =——Stainless steel
BB, JEEERVFRD 4.2%10 81 © extension
B/sTHh 5, Pin q 8 Specimen
SRS KUCRIGEOHER s | | O= Heating coil
SEMEAWVWTH R e vvF U7 | ‘
BN EERBET 50, 50 LHE| ROCHE
B A BT O B AR o Qi & — 5 E E e
BL., 2~3migEEOEAINH%Z
B X B, SIRMmE#R. MMims B
W IR B AR O W 5 2 RR ICEE T X
25, BEHEAEMD LHOF R &
DB L, B, HECHLIEEE *
HiCRERBEML =0 &7, W Load
BLUORIGEOAIICIEDXBXT
XulrEE (FEXREICr&T

Heater

Fig.8.3 Jig used for tensile strength test
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CodDKa) HWI,

8. 3 Si; N, LtL2BOESHEICRIETS i N, BHAEORERREOEE

T LTI I RALEEBOBEATR,. 774 v€5 3 v/ RAORMAREHLESHES
KAEREBEEZBLELZONBEIEDS, ABIRICBVLTH, £9°S i Ny L &R
DESBRIICKIETS i N, BHMEOREKRE., Hic, RERMOEBICOVTTH
FiclEZL oo

8. 3.1 Sis; N, oxmEKiR

AWECHEALEZPLS-Sis N, BHOoRELHEOMTMR. Rz Z hEh30
inB XU 200 mBFEE Lo oM EFig 8. 4IcF LD TRT, BmMRickd L.
Sis Ns EEESICBPOMPIcHNBEOLEZKZRES FHFELELTVS, £, Xl
DEALA FRASBEEBBREZELTVSY, HEEERNTTR/NS  LEBEABRKICE S
Ho>TW3, Fig. 8.5@Sis N, ZEbSbsEEEENIKEIC LD 5K FOEKR

Cross section

Polished surface (30um) | Polished surface (200um)

Fig.8.4 Microphotographs of surface flaws in Si;N,
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RELVBRABERERLAEZDDOTH B, KELOKH 100mBRO L RALEFETEIHED
KA FHEEL, ZORAERLFEFECKEV, ZAUEARTIFA FORKERIH»
BONSLED, BMBLBMERBRICICE S, £/, K1 FOREERL S i N, AH
KEOMVWERLZICET L. SHBLEOFEEL FR 0. 1% C#HET 2EAPBD Sh b,
D&, Sis Ny REMERZIBHPLMEERTEL DR, FRAFLEL TSI L
b s,

8. 3. 2 EAEWMIHBLIUMBERE

Sis Ny EMoEBABRIRKIETSis Ny ORARKDOELEBDO—H|%Fig. 8. 6iCR
T, Sis Ny BEZHE (CSTHEBLLEG) L. BARME R4 F) Z2RELLb0R
BRELEVLOIHAF2HEOERIIERINE O, REXMZH I 5 BlimoO&HE
%Fig. B.TICRY, WO BELMWicEHTZ L, BAMIEHEDS i 5 Ny BHHE
BORA FARONS, COFRA FOKEXIINE0~ 100mTHY, ZOELEMNERE
BT 3L, BANICEBMAEIKEEL TR, FTHEI ENTHEERTED, .
FHEAXRMERELLBACE. WobRERMBICRRET2LEEAONES i Ny B
BEHIZEH OB -2 ELS, Sis Ny BHORBERBIEARICKRENEESE
RELTWAIE RO D, i, RAXMO Ly VIEHICELET 5561, HaWX

100 — . — .

Y— —~ Insert metal : Cu-5%Cr
o2 s1,N,-Mo  Bonding temp.: 1573K
o= Holding time : 1.8Ks
o O é
s o 150 |
S
S 50t : %
Y— B
D2 s
:: g o) Inside : 0.7% < 100} CE
%\ o) \ + ;
0 0" Q>-0-0-0-Q-0-0-0-0-0- o
= Nl
g s
5 T5E w
[<b]
e —  90f
T 5ot 1 8
§8 =
EZ 25t Inside : 10um-
52 | O RT. T3k | ®ut. | 573K
= e | L]
0= L] L L] With Without
0 100 200 300 surface flaws|surface flaws

Distance from surface (um)

‘Fig.8.5 Area fraction of surface flaw and Fig.8.6 Tensile strength of Si;N,-Mo joints
maximum size of surface flaw in with and without surface flaws
Si;N,
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Macrostructure Microstructure

473K

Fig.8.7 Macro and microphotographs of the fractured surfaces of Si;N,-Mo
joint with surface flaws

BETORKEBRELLZEHDEVWAS, £I T, URORA TR, BMOXRIMRM%ERE
THLDILLLERAATRAWEREZMN 200w L, NITHBIC XY Rttt EF 274

=) f:o

8. 4 Sis N, tEBOESRILCLRITREBEOEE

8. 4. 1 RBEREKEWT

AV —1rERBELTCu—-5%CrzAL, RILEBE (AB+BEO2E) 2810~
T mDOETHIBE L - BEARTFOEABIEZAEL /o, Fig. .RRIBEELERL LU
ABK TOERIIERI EOEBRERLELLDOTH 5, HERBLY 413K TO5|EH S I}
WM b RIGEER10~40mD TR EIGEEOHMicE VL ABIc LR L. $40mTHRK
XD, ZOERZTNTNIE 1006 XK U125MPaTH b, RIDEEL I SICEL LB LR A
WHIRMIMMET L. Fic. 50mPl EORIGEREICE VW THIE#RIIARKT 5, /.
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ThORGBEICEVWTH 4I3KTOBERINEELID b 3WPaBE S B 3 HMENE
HoNB,
Cu—1%NbBXUCu—-3%VAr¥—r&BEAV., ARCRGEE (AB+B
Bo42E) #22hZN 0.5~ 0.5mB XU 2 ~40mOTHEA L - BEARTFOREES
BEERELLEREZNENFig 8.9B5LUFig 8.10 ITRT, 3lERI . RGEE
BERZh# 1L5mbX T 3.5mE CREGBE M VAR FRL, BAKTH
90MPais X F140MPat 723, WTFhD A v H— FEBIKBWVLTH. RIEEN X SIEL T
LLERBIRETT S, AWEOEENTEASRMHE (1573KX 1.8ks, £ V¥ — &
BE: 0.4m) TR, Cu—-5%CrA 4 —Fr&BIcBVTIR. RIGEBE K40 iR
LD, BRASIRRIERTEAZBEEHEL-TVE, iYL T. Cu—1%Nb
BLUCu—3%VAUvH—rEBTR. RIBBEXZLZI5 nb X U20umi2E LD,
BRI SO B EVEAREBETH S, LHALELNS, COBAICIRGEES M
DHELHIHTEIEREDBELARIRIWEBTESZ LD DI D, 20X, KIGEBEIC
LEBEAEHBIDEBIR, WTHhOA U —PERBEBVWTHHULEMERLTWS, B
T, RIGEEOMMIc EVEARI ST 28827~V 1. RISERS SIcEL

SigNg - Mo~
150 | Insert metal jCu - 5%Cr N
Bonding temp, | 1573 K
O] R.T. ®
~~ @ | 473K
O
o
=
e
. =
= 100 f 1
(@)
&
eV
.
+
w
(V)
—) = -
— 20
72
(b
—
I 1 O~
0 s i :

0 20 40 60 80

Thickness of reaction
layer (um)

Fig.8.8 Effect of the reaction layer thickness on the tensile strength
of Si;N,-Mo joint bonded using Cu-5%Cr insert metal
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100¢ © ' SisNy - Mo 1
° Insert metal [Cu-1ZNb
& Bonding temp.| 1573K
= i
K
ras
U’ -y
<
)]
|
)
[75]
® -
B
& |
= o0

O O__

8
Thickness of reaction layer (um)

Fig.8.9 Effect of the reaction layer thickness on the tensile strength
of Si,N,-Mo joint bonded using Cu-1%Nb insert metal

150} ©
Q STale - 1o

'© : Tnsert metal |CU-3aV
& 125t Q Bonding temp.|1573K
=~ leo)
S 100} o o Q\
g’ o)
[<b]
| -
o)
(/2]
(3]
p—
oy—g
[72]
[
Q
I.—-

Thickness of reaction layer (um)

Fig.8.10 Effect of the reaction layer thickness on the tensile strength
of Si,N,-Mo joint bonded using Cu-3%V insert metal
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D, BABIDPPICETIIHRERT VN LRI LIZT 5,

8. 4. 2 BEESHI

Cu—-5%CrA 4 —rE2BERAVEEBA. BbEVEABIPE SN ARIGEER
¥40imD S is Ny EMOoDEABFIDVWIEREARIZAEL Iz, ZOKREFig.
8.11 LRT, BABIDEBRIBFHNLEARZEZRL, EEHL O ABKITRERAL. &
AKTCHI125MPat 53, ChUUEOBE TR, BARIZETTEH,. 6MBKETRRIEXHE
B EOfEZRL. 813KICEWVWTHH 60MPadEHNE S iz,

8. 5 HWEHEEROHAE
8. 5. 1 HEHEEBCRIITRKEBEOXE
(1) B O#EE
Cu—-5%Cr4 49— B2V, RIEBEHL10. 30, 506X FT0mOEERFO
Sis; Ny Moo IEBENEOMBSLITZL 6Dy F VHliZZNTNFig
8.12 (a) ~ (d) IKARTe ATV IDREGEEEN I mDBEE, BEEIZIEEICT S
vy hEB-THED, Sis Ny floWKEEA2E, BE<RA5Sis Ny DLEICALKR
A570y JIROYPENR—BPNBLTVWS, EDXSiIcLBE, COWMENSEC r A
BREXNAZELD, BHMNBRIBZIES i; Ny ERIGBOREEHETHD. T —%K

150 7
O %
(a1
« 100t % T
4
(®)]
= .
(D)
| -
)
W
(D] i 4
— 50
or—t
() SisNg- Mo
% Insert metal } Cu-5%Cr
= Bonding temp.| 1573K
Holding time 1.8ks
O 1 1 I L

R.T. 473 673 873
Temperature (K)

Fig.8.11 Tensile strength of Si;N,-Mo joint at elevated temperature
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SRR THEE L TWS, BIGBENIunOBA. BN IFEEICEBESS i N, B
RIGEAHN SAFBHEE B> TWE, BKMESS is Ny 5 0VEKIGENL
WEMICELLTED, HOABMAREL B >TWVS, DI 2O &5 2wk % F i
Wi EBEIRC EICT B, AT —VIORIGEENmOHE&R. RIGBENmOBEICH
NTSis Ng NTORMOSRED L. BEBREIPPRETCHEECHANTS 5, BIAL
BoZ{RRIEBATHD. MMHPFEBIIKEL B >TVSE, KIBBESS S2EmL .
0mOBA TR, RHHREECHB THENSARSTRHEEZEL TEY .. BHRXIEE
HNOBTEI >TWVW3, /. COEXOPEHMNBRODVTIVFMHAELLER £
RERTILEIERABLIUMEANT EORICBRNO RIS Z&H L THMN L T/,

Cu—1%NbBXUCu—3%VAUH—IrEBEZAVEBAICOVT, RIGEEIK
Xz2Si; N, floBNEOMEKEIILEZNENFig 8.13 BXUFig 8.14 IiRT,
WEHEBOLEERICU-—5%CrAv9— & BOBALARKBERNRONS, AT —
IORGEBERZAZAEH 0.4nb XU 2 mTilR. BHFEREREICTITy PTHD, W
MiAEIIBIES is Ny ERIEBREESETH S, RIBBEXZhZh# 1.omB XTS5
mTid. EDXAHicE s, AKRABZHEAMSEINDBLTVERHIN I LD O,
Sis; Ny ERIGBEAZMI BALXRERPER LB >TVE, RIBBRSSIZELRD,
ZF—VIDZNFIhN 2.5mbiU20mPl Eic/E s &, BEEEFERCKRTFTEETOEZA
BREHZEZEL, BHIRIGBHRNOATEL TV 3,

(2) HBEEO2H ,

ZhENOA VY- F&BEAVCT, BESORBIIBEEET 5 M o fIOBME % X
BREFICL DA LR ZTable 8.2 IKRT. WTFHDA Y —FESBIZBVTH, &
S5ETCRLARIBERYE 2 RABRSERBEARES N, Cu-5%CrA ¥ —-t&
BT, BWHALOX A 3ERHEITANCCr, NTREBEICX2EBKMHEOELBED
Shishotzo Cu—1%NbBLUVCu-3%VA U —rEBEAVEEAIKIE., —
WNDbs SidsWVWidVe Sis AEEINALD, BHm LOEKBEIRIEBEICLD A
LAFEMET. ZNFNRIEIENDNBLIVTVNEL >TSS,

8. 5. 2 BEMEER

Cu—5%CrA vy —FreBEHAVAERSREBEICET IBHNEREEZ< 7 oNIcHE
Ltzd oA, BRBEBOLVTRAHMELOWA%LHESMICS is Ny BMTEELTY
DI LTy AIBKPULOBETIIHKIRS i Ny, BHBEKMIIRONEKSE, £
T, CHhOoOHBTEHOREEZ 5D 5SS i Ny BHBEKEAOBEEIC OV THMICHE
L7,

Fig. 8.15 RBREEIcEFAMoflloBKEDO </ okl EzRLbDOTH S, KR
BELIVETFRE->-TWEY, WFhbHBLTHALRAS 75y PEEALPPHED
R -BLBRE3BALLEB-TWVWE, EDXIZXBIhoOBEKmOTLESIITICLS
LB RABEATRC rasi Rz h, BXRABGMWARS i PEML TV L
o, BHBRIEARAENLTS i Ny ERIBBORAICE fodd - - REEBMN &
BoTWb, Fig. 8.16 RAEBWME LV FMICTHET 3D, FREICE T 5 FE¥E
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WD~y F U /BEERLELDDTH S, AHBMMENR > TVBESBRIGEARNTH
Wi L7288 THY . KEBMAEHES i3 Ny BB LIEITHS, Wil TOBMG
BOLLRRIGERTH B0, 413KTRRS is Ny ORBHELB-THED, BEAL
Sis; N, ERIBBORAEETHBHLTVWS, SSICBEDOFEY 613K T3, BEEI
PRIy PTCAXHBHOLS BB LR, BURIGEPTHRNT5L51CE 5,
83K CIIHWMAIE IR 6T3KDBALEALL VWA, BIEIZ X DI ZZEBEHRO
MBEELTWA,

100um
R

Fig.8.13 Effect of the reaction layer thickness on the microstructure of
the Si;N, side fractured surface bonded using Cu-1%Nb insert metal
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8. 6 HARIDOETERICHATIHREH

8. 6. 1 EEEOHESFHRE

Cu—-5%CrA V¥ - IrE&BEHVIREBE2E(ILEELLEORIGBEORESE
Fig. 8.17 W9, KIBEAE VI mOFEICF. RIGBRNRRIE—-RHEEERLTD
D, RELEFEBBOBRS LTV, RIBBHICE I bEMNS BRANIBED S
N30, Sis Ny BMEREBORAMEICRBIBEALEXRES LESORED SNEL,
L™L. Sis Ny BMERIGCEORARNZOEHTHD, Sis Ny EOREL+H
ETLTOWREOLIENEA S, BABIPREVRIGEENnOHAICE, Sis Ny
REICHEDMABELTED, Sis Ny EORBHEFLTVE I E0bh 5, T i,
RIGBRICIEIREO B EALERDONT, BFLHBEZELTVWS, KIGEEENund 1B
Bicid, Sis Ny REOMMBEISICKES KRB EEDIC, FEAMEICEIPPEAENR
HMAPERINEZIUD, HEIXKIANGZHONLXIICE S, ILERIDEENEL K
DIMmMIcE B S, Sis Ny RETRMASBMLL 8L &b, RAEMECREAER
WAPRKELERIANIEZCERIND KSR 5,

Cu—1%NbBLUCu—-3%VA ¥ —1r2BE2HVEBAORIGEBEIC & 3 Kib
BOMBLEL 2 FNhEhFig 8.18 BLUFig. 8.19 ILRT. WTENDOA V¥ — F&Bic
BUWTh, RIGBESABVEAICE, Sis N, ERIGEORERBIETIS y FTH 3,
RSBESEMT 5 & REICEMABELTED. Sis Ny EORGHEFLTVS D
DEHWTZ D, IOSRRIGEPEL R EFARmOMMIEML. RIBBOEREN A —
ERBAERDPH B, . RIDEBRICEIZABELEPHRHIANGZBD SN, RIBBHED®
MEORHFEBL->TVERHEEELTW S,

8. 6. 2 REBoOFEENR
RIGER2ZIE/LEDS i Ny BMERBEOREmICHF AMNEREREL 72,
MMBESEMERAOVTHEL. THEEHIEMMNEE L, T8bb, ~ERIDE
AREICBVWT, HE3RERMNSCZORMEITCOHRBHEOE VRIS HOFHMEB VR 5 A
DO EOZEEMMBEE Ui, Fig. 8.20 (a) ~ (¢) BZhZHPLS—-Sis Ny
K2oWTCu—-5%Cr. Cu—1%¥NbBLUCu—-3%VA o —rL&BEAHVEE
AOREOMMEBERIGEBEOMBRERLLLDTH S, Cu—-5%CrAU%—+&B
DOBA. RAOUMMBKIGEBESKAnE cRBRFEBNICHMNT 3208, ThD LRI
BERICBVWTR., zo¥mER idsitd s, Cu—1%BNbEBBLIUFCu—3%BVALUH—
FEeBOBAR. RIGBEOHME EHICFHROMMIZITERMICHE ML TVWE, MY
BicoWTHBE, Cu—-5%CrBiUCu—3%VAar4—reRBTi. REDOMMN
BB KEL, 1IunBELLEEREZN, Cu—1%NbA ¥ —FEETR. RIGE
Er/phswid, MNES 4 mBEIUTO/NSBEELIE>TWVWS,

HP—-Sis Ny 2Cu-5%CrA4v¥—rE&BE2RAVTEALLBAOREO MY
B#%*Fig. 8.20 (a) iKbb¥TRT, PLS-Sis N, DBALRELY, RILEBE
PEMULTHMNBREAEEMET. 3mBEELL->TWV3S,
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Microstructure

50pum
S8 o

Fig.8.17 Microphotographs of reaction layers with various thickness bonded
using Cu-5%Cr insert metal
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Microstructure

0.8um

2um

5um

BEA7 25K 10#3HNM

10um

poal 25K 1o%=3HM

10um
S |

Fig.8.18 Microphotographs of reaction layers with various thickness bonded

using Cu-1%Nb insert metal
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Microstructure

2um

5um

10um

20um

40um

Fig.8.19 Microphotographs of reaction layers with various thickness bonded
using Cu-3%V insert metal
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8. 6. 3 RIEEAORKREENRKR
(1) REREED

BIGBRICHELET 3R, K3l 5 EFig 8.21 KART EIORRIBERICBEBVWTHRA
FRi075y 73 2HBELLHEBTHILAHERS LEARMICRITEEGRICA
STLWARBEND 2O TBIENTES, TAEBHBEICS i Ny ERIBEOR
HESBICRELTED, TORICREBHAKEE RS, FLEH»ON B,

Cu—-5%Cr,. Cu—-1%¥NbBLUCu—-3%VA 94— r&BEZHVEEBADOK
WEPOEAERYORERREHAE L LEREZNENFig 8.22 (a) ~ (c) KR
T, NIRIGBHEMES ALV OZAARSOFLEHEF,, BLUSAERIOFEHRS
1 ERBBEBEOEBRERLIELELDTH D, LAEEAEL TR, W2 EORS HOD%E
HEDNRE LIz BAERSIRIGEENFEVRT -V 1 (RIGEEXZNZ N30,
L.5mBb L4 mllF) CREFEEALEEFELEET. AT —VIKBVWTRELEBY., RIGHE
BEo#micftvwasucml Ttwad, . 2AERSOFEHR S bRIGEEDHMICH
WELKD, 20~40mBEICEL TV S,
wic, RIBBROMBEhOREICODVWTHEL K, Fig. 8.23 (a) ~ (¢c) BZEh*%
NCu—-5%Cr. Cu—1%NbBIUCu—-3%VArH4—bE&BEZAVELBAEOR
BEARICEET SMENOBEN: BLURFNOFHESI L ZRLAEDBDOTH S, R
F—Y I TRMANBIDEL ., RIGEBENEL 32 LMENORHENENT 5 EE1ED
oz, £, RICBELKEZ UL LRINDOEYEI HHEMT I Ebh B, BH.
VWFNhDA VY — PEBEBLVTHRINORAEIRBERIBEREICI—HL TV,

Porous zone Crack

20um
]

Fig.8.21 Microphotographs of defects in reaction layer using Cu-5%Cr
insert metal

—184 —



3

(U )

9U0Z snoJod JO yibuai ubay

o

o
—

o
o~

0¢

TelouW BSUl A%E-1) (9)
Terow uesut qN%I1-1D (Q)
[e10Ww uAsuL 1D%G-N) (8)

S[ejowW 1IaSUl

aseq-nD) Suisn popuoq IoAe] UOTIORAI UL
suoz snoiod jo yISus[ ueow pue uoONORIJ dY)
UO SSIUNOM) JOAR] UONIORSI ) JO 1991H TT'8 31

(Wn)

Oh

0¢

©)

0¢

JOADT UOT1IDaJd JO SSauNdTUL

0t

OO

Y

AZe-N) ¢

2
L |
\&(
4y

e

[p33w Jiasut

=9

001x 3

J9ADT U011ID8Y —

b
o

,ouoz m:o&%& NS

A=A

01

0c

0¢

O

0s

(%)

au0z snoJod JO UO0T12DJ44

(W) %

ouo0z snoJdod JO yibus| UDaW

(u) ¥

auoz snoJdod 40 Ulbusl UD3Y

o

wmn

01

sl

o
(o]

14

(ur)

01

@

JOADT UOTIODaJ JO SSSUNIOTUL

8 9

f l

LS T

aNZI-1)
: [DJoU 34ASU]

1 1

“

Ol ‘oorx

o
¥ ~J

=4
¥z 4

J9AD] UOT1IDBY—

K

S

iaU0Z SN0J40d

*NE1S

1

3 1

()

(W) ~J9AD] UOT10DaJ JO SSaUMITUL
0/ 09 05 Oh 0 OC 01 0
1 . ]

00tx o=
J9ADT :onuucmxlw |

% 1y
U0z snosod *N¢1S | |

10z6-n) (D13 1435U] 1

01

0¢

0¢

of

0s

0¢

Of

09

08

00T

(3

auo0z snoJod jO u011dD.Jd

d:ir

(%)
3uo0z snoJod JO UOT1OD.4

—185—



°1  yaBual ¥ODUD UD3Y

(W)

01

A

U0 SSOUNOIY) IoAe] UONORSI oY) JO 10ohT £7'8 30y

(wn)
On

[e10W 1IBSUT A%E-1D) (9)
[eow 1asur QN%I-1D (9)
TeIour 1IaSUI 1D%G-1D (B)
S[e1oW 1IISUL 958q-N))
Suisn papuoq IoAe[ uonoear oy ur YISusy
¥orID UBSW PUR YOBIO JO JoquInU [ej0l oY)

©)

19ADT UOT13D3a) 1O sSsauyaTul

0¢

4

il

AZg-n) ¢

01
.&l; rMﬂ

1D33W 3J3suf

01
0¢
0¢
on
0s

109

04
08

(/)

°N  IDJD JO Jaqunu [plol

°9 y36Ud] ODJD UDAY

()

°9 y16Ua] NODJD UDAY

(wrt)

(W) J9ADT UOTIODAJ 4O SSBUNITUL

@

01 8 9 f l 0
O y T T T > O
Hr { ot
AR
{1 0¢
[ S
#- \d -OM
mvlw /lo ” UZ 1 on
GNZI-n) ¢ [DIBW 395U}
9 = _ : : 0s
(®)
(W) J3ADT UO0T1IDaJ JO SSaUNITUL
174 09 05 Oh 0¢ 0¢ 01
B O e
?I% ﬁl; it
01 r O\\\O\ w
o
0t S o} °N {2t
! O O Ul— -@.H
st
10¢
49%6-n) ¢ [DIAW JJ8SU]
\O
Of : - 14

(/)

°N 3oDJ2 jO Jaqunu [DIOL

(u/)

O\ YoDJD 4O Jaqunu: [D1OL

—186—



(2) REGEREBBICBETIER

RIGBRICRET Z2RMEO S B ECLABERRERNRELT. ZOREBRBIIOVWTE
- S U r

Cu-5%CrA¥%—F+&
BEHAV, ETHERIEEE=ZEL (PLS-SisN«)-Mo
IETCEABERNRECRET Insert metal | | Cu—Sz?r
RIGBREORBIIOVWTREL. 80 1 lEquIllbrl:m thlckne:ss 7
ZHERAORERRLEETE WM§$Mf ‘ o
TR RIBEREBRR OB E S0
HicoWwTKH L, ZOER
#Fig. 8.24 \o/R9, EHXIG
BEXELE->TH. ZHEBS
ORLEES (Fer ) BIUEHA
BfAOEHES (1) OEE
2. B0 Lo TcERDT
TENRTE. ZAHETSIIHI0
mDIEBEMSREL TV S,
COZLid. ZAERSORE
RERGERIZBEEL TRV
ExERL, RIBBERTEDRK
BEZLLEAERIOREZ—
FMITE. BARVTTVH O & H 0
Wrcxs, Licdh-7T, ZHE
W oRE FRIGEE O #HE Thickness of reaction layer (mm)
ZOHORERTSIERICLD

XEINTVEI e THS N Fig.8.24 Effect of the equilibrium thickness of
5, COXHIBERELTEE reaction layer on the fraction of

FTOLS5BLDOREZ OIS, porous zone and mean length of porous
DS is Ny BHGIELET S zone

G B S
@S is Ny EORIMRIBICE BRIGHTROBHEE L,
QOIBILBICHESI W —r Y FI KA K,
@Nicks7a—k—J,

o055, FROBXTQIRODWVWTRITRE L 2,
O BAHEBSORECKIETS i Ny BRMPOXRMOEELRHET SiIcHch. PLS
—Sis Ny BXUHP-Sis Ny, BHPORMOFELERBEIC DOV TFHIITHEL 72,
Fig. 8.25 3PLS—Sis Ny BXUHP-Sis N, OBMME (FEMm) ZHEL
TRLELDTHB, PLS—Sis Ny TERIAZDAALF (KAL) PBDHSN B0,
HP—-Sis; Ny TRAAS NI BHOIhTBL-T, ChHoDSis Ny OKRA FOF

45

o{>|c|o

40um
30um o

Fraction of porous zone

(%)

uo n

30

20

(vm)

10

Mean lenath of porous

zone

0 10 20 30 40 50 60
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TRBEEF ELHTTable 8.3 IC/RTo PLS—Sis Ny TREMOKA FRIZ 0.7T%T
b0, BATIOMBEDO XA FRELEL TV S,

Cu—-5%CrAvy—brE&BEHV., ChETLEAKDEARHETHP —-S is Ny
EMo2EALEBAIDKRIDEHBAEBE LI, PLS-S i3 Ny, BXUHP -
Sis Ny EODVWTRIBEEZZLIELBAORIGEORBEZXN & ¥ TFig. 8.26 i
Rdo HP—Sis Ny TR WIFhORBEBEICBVLWTHIFI/NILRS FRbDTH
KRELTVAY, HELZZAER2IZHONT,. PLS—Sis Ny DBFAEEKEL
RIE->TW3B, Fig. 8.2T itHP—-S is Ny, 2AVARICEHOZAERS OFERE
CRIGEBEDOMFEEAPLS—Sis Ny OBALHBELTRYT, PLS—-Sis Ns Tl
EABERANRET B LI BRIGENEVHACBEVWTH, HP-Si; Ny, TREZAHE
WAL RELTVWEYL, ZOXHBHEHBRBCu—1%BNDBBXFCu—-3%VAS Y
—rBERHVWE-BAICLED OO, Fig. 8.28 ik—HlEZRT XS5, HP—-S i3 Ny
TWRPLS—Sis Ny DBAKCROABIIBEAERSBIBEAEREL TRV
Ebbh o,

Sis Ny BMbicEETBHRA R, Fig. 8.29 hoBAALHIERIBEHREICKD

PLS-S1 3N

20um _,

Fig.8.25 Microphotographs of polished surfaces of PLS-Si;N, and HP-Si;N,

Table 8.3 Porosity in PLS-Si;N, and HP-Si;N,

. Porosity Size of pore Total number of pore
Tatersal 100 (sm) (/un?)
PLS-SisN4 0.7 ave. 2.67, max. 10 1000
HP-SisN,4 0 - 0
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Thickness of Microstructure

reaction layer HP-SisNa PLS-S13sNa

10-20um

20-30um

40-50um

50pum

L 1

Fig.8.26 Comparison of microstructures of reaction layers of (PLS-Si,N,)-Mo
joints with (HP-Si;N,)-Mo joints bonded using Cu-5%Cr insert metal
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I ] I 1 1 ]
(D)
S 60 .
N O |PLS-Si3Ns
w
3 ® | HP-S o)
8 45 | 13N'0
a
S
- 30
o
=
S o 15}
o % a
—ol—m—l—Qﬁ—og
0 , g
0 10 20

Thickness of reaction layer (um)

Fig.8.27 Comparison of the fraction of porous zone in reaction layers of
(PLS-Si;N,)-Mo joints with (HP-Si;N,)-Mo joints as a function
of reaction layer thickness

Insert Microstructure
metal HP-Si3sNu PLS-S1i3Na

Cu-17%Nb

Cu-3%V

Fig.8.28 Comparison of microstructures of reaction layers of (PLS-Si;N,,)—
Mo joints with (HP-Si,N,)-Mo joints bonded using Cu-1%Nb and
Cu-3%V insert metals

—= 190 —



RIGEHIcBYEIh, TZhHPEZAEKR
DANEELLTEHDOETFHINS, LK
HK>T. Sis Ny BHAHOKRA Fiz%
AERAOREEROV EDEE > T
5bDEVA B, £h. Sis N4 BH
D RS FAHETRIBBRENALE—L&
BArEEIHY, COZEHPRIBERO
ZAERAOREEHELTVE DL
EZohs,

Riz. Sis N, ERIGEOFRERIG
IC & B RIGHTROEBEE(LIC DV TREY
Ltze 7. 6. 1 BV TRXE LSz, Fig.8.29 Typical faxarpple of microphotograph
1o N, ERUGM (M) ORGRE o T S and porous zone
TR, BUHEROE/MYB LUVROHE
tEERT 2 EERKIC. SiBLIUNZERELTVEbDLEVWEA S, TORARIGIC &
BRIGHTIROMBOKBEENEZF B LD RD L, fHBERKILVRDEIKEKEL 72,
[1] REBOABLBEBOEIPREFLVWILED, BETERIIWSZE(LY
(Cro N, NDNBXUVN) LABTZEMYMELERT I EENOELEIIFLV,
(2] RIGEDICZERCr. NbBXUVREREET. I XTEMYHIVI3ELY%E
L TWw3,

(3] RIGEHPONRBIXRTEMMEFRT A LICLDHEBIN, CuBLBEh I
ALV,

(4] Z2AERARECRIGEOBERFIRBRELTVWAI L0 S, BESRADOADOEKEE
2R ONRE L 1,

[5] RIGATOE&MEIZS i3 Ny OUBEOA L L. RIGEROAEBRIZ/(LYEELLYORS
VIOKBEEEZ, BEIKRBREFLIVERES i 5IUEMNOKBEESE IV,
CDEE, Cu—-5%Cr, Cu—-1%NbsXUCu—-3%VA 44— Fr&BE2HWV
BA&DS is Ny ERIEBOFAEARBRIZ. ThThUToLS5icFZEbIN S,

M a

2

3—a

2

Si3N4+( )Cr—>2Cr2N+( )CrSlz+a81+2N

(8. 1)

Sis Ns+ (11-3a) Nb>2NbN+ (3—-a) Nbs; Si+aSi+2N
(8.72)

28—6 a

3—a

Si3N4+( )V—>2VN+( )VaSis+aSi+2N

(8. 3)
RitRXthDa (0=a<3) BSiDHEHRE (ELVE) 2RLTW3S, Table 8.4 I3t
CHWEEMBED 1 ELH -0 OKE (BILVER) 22 LD TRT, Fig. 8.30 i
PLS—Sis; Ny BLXUHP—-Sis NjqikoWT, Sio#EREZDOLEZDREAER
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Table 8.4 Molar volume of Si,N, and reaction products used for calculation

Substance o %2;3};(1)11“;‘6 Substance Mo %2;3;;(1)‘1“;(3

PLS-SisN4 43. 84 NbN 12. 88

HP-SisN4 43.03 NbsSi 44.99
CroN 18.13 VN 10. 64
CrSi, 21. 73 VeSis 87.59

B X ARIGHI RO ARENLE (RIGFEORBEICH T 2 RIBRDOEHOEME (%] ) O
BRERLELDTH 5, ABEILEL OO EE, RIBHIR CHEBICEMANITVWI LR
L. GBELBAFICKE S &, RIGRERIEMT I EE2RLTVWS, £/, HP -
Sis Ny BPLS—Sis; Ny KOEBEFPPRKEVLD, KIBEROKBELRIITEH
THETRBE-TVWE, WFhDA UV —FERBIZBVTH., SiDEREBNELLE (B
e DR 733) iV, RIGAROEBEMEHI/NESLY, Ko, SiDEEERD
DR EVEEICBVWTR., RERICEBIEV T EREEDONSE, Thid, WIh
DAY= FEBIBOVTH, BILYWOFBE/ML D ENVEBEIREVWILD, Siok
HMENEMT 5 EBYOERBIRBO L. TOHR, KIEROABEIBLT 1D TH
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Table 8.5 Amount of free Si estimated from the results of EPMA analyses

I t tal Yaterial Atomic ratio of | Cal. molar ratio a
nsert meta ateria Si by EPMA (%) | of silicide (%)

CU~5AC PLS-Si N4 Si/Cr=1. 43 CrSi./Cr,N=1.44 | 2.94
U~9aLT HP-Si;sN4 Si/Cr=1.57 CrSi,/Cr.N=1.58 | 2.94
Cu-1%Nb PLS-SisN, |  Si/Nb=2.73 ‘Nb,Si/NbN=2.97 | 2.94
u HP-Si N4 Si/Nb=6. 26 NbsSi/NbN=7.71 | 2.85
Cu-a%y PLS-SisN4 Si/V=4. 07 V¢Sis/VN=0. 86 2.91
4 HP-Si5N4 Si/V=1.11 VeSis/VN=0.23 | 2.98

24 — T T b

8] =

= HP-S1sNs Insert metal : Cu-5%Cr 3

o 20 |-
S — 30 %)
E ]
5 16 |-

Y =

2k 420 2

| . [¢P]

8 —

= 8 |- ~

= (@)

= 410 P

TE 4 -

o E =

23 2

0 0 =

10 20 30 40 50 60
Thickness of reaction layer (um)

Fig.8.31 Effect of the reactidn layer thickness on the total number of
crack and mean crack length in the reaction layer of (HP-Si,N,)-Mo
joints bonded using Cu-5%Cr insert metal

Y- beBEHWVWALHP-Sis; Ny, Tk, BENRIGEBEICZELVWEIOREA N IIRE
LTWVWBEHDD, ZOREBRBPLS—Sis Ny itHhRFFEIDBLE>TWVWS, Fig.
8.21 IT/RLMENDOREL SHMiT 2 L, ENPAICA VI — FEBOBANED S
NBVWIENS, A1 VY - FEPBRERRELILDDTHEI LS DIME, ChoDZ &
THEZHLE MENOKRERBEREL TR AN T OoNE, RIGEHOD I 7 oii#s
NRBOFMBHESHTREBVY, FAEIC/RLE 7 oBBRHIGHRE, SHRAT S &
RGBT B —RICESABICETARAOSRIGNVERTIOEELONE, ZDHN
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BIGBRICREOSRE L BZVWE S BRIGERE#EM (R7—Y1) kdWTSis N, fllEK
WHcAELLRIBBOBZSEMICKDRIEL 72, Fig. 8.32 3Z2hZhoAf ¥ —|
SBEAVIEEAOEKEICB T ARICEONEHA LEARIDHEAKRERLIELODTSH
50 WFNhDA Vv —bPEBEAVEBALRIEBONERH G EMT A LELEbIC. BE
BEPBIFEHBNCHENT 2@mI’ZDONSE, /2. RAEANTRICu—-3%VSL ¥
—F2B>Cu—-5%CrA 94— Fr2B>Cu—1%NbA VY —FrEBOMFEIT/HEL
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Area fraction of surface fractured
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Fig.8.32 Effect of the area fraction of surface fractured in reaction
layer on the tensile strength of Si;N,-Mo joints
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KRBT 2BEARAEOMMNBLEARIOBKREFAE L o, Fig. 8.33 BZOKREERLLE
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PREAERELBVWI LS, AT—-VIDOHEBKICHPEEEL, HP—-Sis; N, 28
WEBADEARILIDLETHBIIRT, WTFhoA vy —bE&BItBVLTH, BAR
HOMMNBAEMT 32L&, BARILHEMNTI2EMIBDOLNE, Cu—-5%CrA Y
—FPEBICBVTR., EARIBEARTOMMNBICAEZIKET BN, Cu—1%ND
BLUFCu-—3%VA 9 —FrEBTR, HBERAEXBE T Iy PERBIBVWTH. &
VWEARIPBONTWAE I EPbh B, LEN->T. FEALBLWTREBENEADO
BEAEBINOHFERIIFORELBVEVZS,

(2) REBRORMKE : ;

RIGBOBEDOEBRICHK > TEARINMETTIRRELE L TR, RIBBEEDORKFILP
RIGBRORBRERENBTONE, RIEBRORBAIAEABILCRETERIC >V THE
NEHCRFT U, BAKOBBEIIR Hos ERMTHaDMIRERRELT.

o =K (za) (8. 4)
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Mean unevenness of bonding interface (um)

Fig.8.33 Relation between tensile strength and the unevenness of
bonding interface
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LT3 eEho. MEANPEARIL KT T HEEEZEEBNICHS O T LI LN TER
hoteo MANDOREICID, BAKDTOBILNTIMBTEI LHELOoN M, #Eh
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Fig.8.34 Relation between tensile strength and maximum length of porous
zone .
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CRIGEESBWHHRETE, Sis Ny EA V- FERBRITFARBLTEST. R
BEEBHORERZ 75y PTEEMNBRGEATMBR/NEIL BRHUEESHTIEVL
b, BEERHOEANTIBEVLOLTFEINSG, RIGOETIKHEVLS 15 Nu BMERE
BoRmicMMhEERENZ E, FENBRIDESER ML, —REBRELTT v
H—HBIC XM BEANOKRELLBD, BAREORAHIOHMIC K D EAMIN
ERTBb0LEEZOND, SSRIEDES, RIBENES K-> TREOMANEL <
B5E, RICEBBESRBICEI20A4E8567, RIBBHRICSABERR L EDORMDOREEP.
KELBREINITERMYT A X
OWMARED o, RIBER

IBNBETT-0EARER ——Stage I— Stage T :
(1) Increase of ' (1) Increase of defects size in
BIZABMICETT3bDLEE bond strength | reaction layer
at interface
iohs, < |2 Increase in |
: e} anchoring effect: L~
BEAREOKANRAED D oo -
) S : -
{LERREES T EBBNISEEN s oLt
w \\l,’
ODMEZEZ B ENTES, - 21
[ g 1
AHEOERICLZ L. Rl =
DEANECu—3%VLY !
$—~rEB>Cu—-5%Cr :
A —br2B>Cu—-1% !

NbA ¥ — rEBOHEIZ/N
XLLB->TVW3B, Cu—5H%

Cr4v¥—reRTR. 7 Fig.8.35 Schematic diagram of factors affecting
vH-RIC X IBRNES the tensile strength of Si;N,-Mo joints

NRIEBEHREVWEEZI OGN

Thickness of reaction layer
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20, Cu—1%NbBLXUCuUu—3%BVA 94— Fr2BTHE,. dbFHKRKEVERZIVAL
W COZELSG, AHDEANCRETERUESHOFSEI_KRHUBLOTHD, &
HAOEANIFCRAEOFENEANEKELTVWEILDEELZOND, LD >T. K
BEREVBAEDOS v Y- B2 EARIDOER, RADILENEANOEICKS
bOLWETE S, (LEMNKANIRIGBOEHE. FARESIUCRAEICE T 28AHS
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Z 5B,

8. 7. 2 Sis N, ¢L2BOBEEAMEILHTIZEERDTS
REIERIOEELD, GRICBIIEAMIEZXET I ERE LTEERSN (B
7))\ BARAHRI, MEFLLELXTRAIENEOBRI 28T, SREARICY TS
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BREMBAMBTHE MO, 5IRARBEO LF IS MEFLICERT 2BMEID
ETRBEAEBWHDEEZONS, £/, BABDWKERIT AL ITBHNBO®MI A
Y- FBOIERATHE CuDRBEICEKEL. BEH,S SVBKOBTREABI N
THERERHZFOVEMNALEVWHDLEEZON S, BARDPIRIRBBOIERL. Jhick
2TSis Ny EEBOBANEINTVELYD, BARAERIERT 3 LRB3ELARS
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- Strength of SisNs
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R.T. 500 700 900 1100
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Fig.8.36 Schematic diagram of factors affecting the tensile strength at
elevated temperature
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HeREFTHABRERBLIUCHEEE L TEARBRSBEEOEBIIDVWTHAL L, £0%
B VFTHhoRXBRCBVTHEARBELBEOEEIEZRE{T5&,. Sis N, HO&K
RKEBHIET Ui, £/, AEESFKRECKBELES i3 Ny BOBRRKERHEINT D HE
md 35, B#RBRSBEOEIZARIBHEMICE THMIEILERTIRAIHLLTDE
WL ARVIZE TERL

BABTE., BAMIcr s7te TR NTBNBE2 R I EPPRHTESVa,
VabiUViakoEE2DRBRAECCuE A VY —1+2BIc&kBSis Ny L&BOoBEAY
KOWTEBRNERFTZITR /o BONKEREENTIEUTOLIICKE S,

(1) Cu—Cry Cu—Nb, Cu—V,. Cu-TiB&UCu—2Zrta&%14
P—FEBICAVT, Sis Ny EWOBRARILRRBRTEASTRBECERBICOVT
FHELLEIA,. A= PEBHEPCu—-5%Cr,. Cu—1%Nb, Cu—-3%V.
Cu-5%TiHBLUCu—10%Zr (WFhd nassy) OBFAKBEFRESHEZEZRL I
(2) ThoDCuHA U —FEBEHAVT, BARMELTHBEINE KA Fitow
TBRFLLEIA, Cu—-3%VA -1 2BEREIMOA VY- FEBTRKRA FD
RENZBD ONZBALXGEHEIS D, A FOREIFSEEKREUNOBEAZREFTEVWT
BELB o, oy RELARAS FOMBHAEHEIZ. WFhbXKEBULTED., 1~
-~ P EBOKNESLEOBVBRHZEL TV, THH6DKRS FIEARKICBT S 1V
- BORHDIVIRRBREHESIAIVNICIOREL L PRI N,

(3) Cu—5%Cr. Cu—1%Nb, Cu—3%VAr¥4—FrEBEHVEEBE. L
ThH1523~15T3K X 1. 8ksDEAFHTHEAEABRS (FAMRBRI) »PEoNh, Z0HE
¥ 140~150MPa TR IBR—L NNV THo72o Cu—5%BTi BXFCu—-10%Zr A H
—FEBEAHVEBAICE., R KD FLBRORET EH. ThZHI13T3K X 1. 8ks
BIUI423K X 1. BksDEARBTHRAEEGEE (BAWHEE) WI8WPar B S5h i,
(4) Sis N, EWOHEHABOBKERZ, WiFhos ¥ —-beBIcbBLWTHES Iy
7 A, REEEEELOS v — FERRKEOLSBD, A - F2BIKKDE
MRBZERZETH 2. BHEORBSBIRAEBEEMWE L > TV,

BE5ETR. Sis Ny LEBOEABHKZMBENIRFTTILEbIC, BBEARKE
FARIBEBRIICOWTHEBE L, £, BAFAZEHEBELERZ b LI, BAR
HABEIC VTR Lz, BONTEREZENTLEUTOLIICE S,

(1) Cu—-5%Cr, Cu—1%Nb, Cu—3%V, Cu—5%TiHBLUTCu—10
RZrDODWThOA Y —FrERBICBVWTH, Sis Ny, EWOHESMIIMBNIZ2-oD
BB TE, WRELAERIZ, A VY- PFP&BRXOMEBREIE TR S,
CuEftE<Tdhdh, Sis Ny RERESZSLLBORVERIE, Cr. Nb, V, Ti
HE5VEBZrOoEILLERIBETH 5,

(2) RIGEboEEME LT, ThEhoA 3 —r2BickDCr, N, CrN&
CrSi,. NbN&Nb; Si, VN&Ve Sis, TiN&ETis Sis: BV
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ZrN&Zrs Sis RREEINI,

(3) XBEFHERICELSE, HET (RIEE) BTECri Nb. V. Tid30R&
Zr DB EFRILYPELEL T, BEHIIS is Ny RRICAEVEITZOEEN
BRxh30ikc LT, BYRIRIEEL2RIchbL-THEEL. RIEBOX L 548MI3
M THE Dbt HRITER, WTFhd Cud—KREBKDAPBEEI N,
(4) RIGBHOERICNT 28 NEMNRFTOERA. Sis Ny BB V- 2R
BDCr, Nb,. V. Tiddz0WRZrHARIGLT. ZnEfNnCr. N&ECrSi,.
NbN&ENbDbs Siy. VN&EVs Sis . TiN&ETis Sis dBVIEZrNE
Zrs Sis 2ERTARIBOHBHLIRANVF-ZBLIVTNOALL /2, TOTEND,
WFEhoA4 v —FERBicbBVWTh, BRA Y- 1FERBES i Ny, ORAERIBICKLD .,

EtYEBMELER LB S I EBHEINT,

(5) HVEMiZ&k3Sis Ny —Cr. N (RIGE) RAOEEEEL X UHMBBITIC
kb, Sis N, (211) /Cr, N (201). Sis N, (111) /Cr. N

(101) BXUSis Ny (221) /Cr2 N (212) BAETHMBERIELEL
TWi, £y AHRBRHE L TCRAEIEETH S EHEETAHE. Sis No (T11)
ECr, N (203) PRAECHERICKELZ b —Hs Cu—Cr, N (K
BB REOHAR. Cu (011) /Cr2N(001).Cu (011) /Cr. N
(120) BXU®Cu (100) /Cr, N (100) THbH, 2hEhoWEORHEI
Cusd® (233).Cr. N» (110) Thoto

(6) Sis Ny —Cr, NBLXUCu—-Cr, NARECEIZBFyF U 7IRED
SUBAREBEC DVLVTHABELLER, WTFhoFHLEBEAHILBNBHEKETH
LERENT,

WOETR., Sis Ny EBOBACBWT, BAMNIC /7 s/t TEKRT 5 Cugft
Bt X 385 WBEHRIC OV THEHEC L 3BEICNBINERELZZE L TR L,
BohlEREENTILLUTOX OIS,

(1) Sis Ny &SCMA35%E;EALcEZ A, CuEBEEL2HE<T5LSis Ny ic
BIENICERT3EZI 53BN RENBD N, ANRERROCuE/LBEIRZ
NEFNCu—-5%CrBLUFCu—1%NbLA ¥ —FrEBTR®M 0.2mm, Cu—-3%V
AV —-r2BTRY 0.3mmTHEN, Cu—-5%TiAry¥4—FrE&BTRIH 0. 5um,
Cu—-10%ZrA4 ¥ —Fr2BTRHN 0.8mmTH-7, e Cu—-5%Cr A r4—1
SBEAVEBES, HEA B LU 13mOBSAERTRCuELtBEEZZh T 0.28 &
0. 4Pl ERERT B &, BNRELPIETE 3D, HEN1mP LOBAKTIICUuE
{tBZEZHMIETCHHENRERZHILETEEI S T,

(2) BREIBIRERICKEE. Sis Ny HORKFEIBHEC uELEOELFEI N
BB LML, AREBBOCuELEBEEZRT2#AKDS i Ny, HTOEK
AKEEAZ. WTFhoA v —F2BICBEWVWTH. B 350~400MPaBETIE LA ERHCHE
LTV, Fey Cu—-5%CrAVH— I 2BEAVTHANRELXUCuE{LBE
ZELXETSCM3SZHEALLBA. Sis Ny hOoBIhREZBLETXZ0E.

—204—



Sis Ny HOBRKEEHIHKISNPaLI T &R AHETH D SINREBRR EBREIG M
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(3) RIGEBREBRS N L T HAl. Johnson-Mehl1® 35 & (fAustin-Rickett® o
AROBEEHEZFHEL 2o WThOA U — P ERBICBVTH. RIGBREOFHBRE TIE
FIE BRI PRI T 20, RIBBOREWCHAEVBPHRANN LV LIESE S, &
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RibEREDO RO T OEHAZANLVNF—RBCu—-—5%Cr,. Cu—-1%¥NbHBLUFCu-—
3%BVA U —FEBETR,. ThTh 460. 553B XU 332k]/molTH -7, £/, Cu
—5%8TiHBLIPCu—-10%ZrA v —rEBTREZThTh 2816 LT 395k]/molTH
> 1,

(5) Sis Ny fl~OREBORE R, RIGEDE2HBL CEEESBLES i Ny
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ET2b0LHRIN, . ChoOREBBEBRER. ThZhoREEFOFEYESE
DI LD BEINTVWE LD ETFEIN,

(6) EARBILBIIRBHEIVANL L X0BEAROMBERELLZ, Cu—-59%
Cr.Cu—1%NbBLUCu—-3%VSr¥—r&BEHVEZBEAICR. CuEiLE
FIRBKRROCr,. Nbd20WEVORHHLIED S, RIEBOBRECHEVILoDY
BRRONBL B, Cu—>5%TiBLUPCu—-10%Zr Ay —rEEEZHVE
Bacid, CugtEdbicCun—REBE®KLEBTiIiCus ODEFEHEVIECud—KkE
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XSICELIY, M50mPl Eicis 3 L EARIBER L, £/, WThoREEBEICE
WTH AIBKTOESRIRBER IV b 30MPaBEFVWHEERLL, —H. Cu—1%
NbBLUCu—3%VA U4 —FreBEZAHVEEEG. RIBBESZhZTLWY 1.5BLT
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2Rl RIBBESRSSIRELKELE, WTFhOBABEARIIZETL
(2) Cu—-5%CrA4 v — b 2BEZHAVIRICBE? N40mD S i; Ny EMoD#
BHRFIHOVTHEBEARIZHEL I, BABRIRIERSLS BKETREAL, KX
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60MPaD AT S N iz,

(3) KIbBERE*Z Mg B0 ERER. REBESEVE S ICR.. BRI
Sis Ny ERIBEBOREESTEL. RIGBENEMT S &, BHES i Ny B
RitBEHmcat REREHICBET L, SoREEBENSEMT 3L, BRMER IR
EAERIGEBRERD, BHELIIEECRS T, SAHETHEEEREZE L 7
(4) Cu-5%Cra4rvy—rE&BEAVEBAORRTIERARICE T 2BEIERER.
BRTRIPEMMBEOZ IRIGEPTH BN, 4T3KTWESis Ny ORENRELLL LD,
BEAESis Ny ERIBBORAAEECHEN L, SCRKREOTHV 673K T3, BK
ARPPTSy PCAZHBEHOX S BHMBLELTD, BUREEDPTHEHT AL -
7zo S8T3KTRBMAIEX 6T3KDOBALEALIBLWVA, BEHEI X D M#H &~ X Gk
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(5) RIBBE#Z/Ls €L LEORGEOKERZ. WTFhoas v Y- reBERHVEER
AL LRIGEMBOZBRIICEHULTVW:, RIBBENHVWE ZRIRIGBRNICRIE LA
ERBRIBDoNTL VAR, Sis Ny ERIBBOREIRZBIET Sy PThHotk, RIBEE
BEEMT 5E. RIGBHZBRBEAEEZALBZVA, REMMPEL TV, 6K
CEENEmMmT 3L, REAOMMBHMLL BN, RIBBNICRZAERS L LEDICKE
BRBhbBD O, £/, Sis Ny BHMROFAS FBEXTS i3 Ny &4 H -}
SBORARIBC L Z3EBERERLLS. RICENOZABERIOREDORERBERLL >TL
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H] BAMRICEKDEBHETE, RIEBNOXRBAREIHSHICESRIDOEKTHETH 3
ERDbIo T,

(7)) ZAF=VI1IDHYEETE. Sis Ny &AMV - FERBRITARIBELTES T,
RIGE - BMORmMIZ 75 vy FTEENBRIGEAEER/NI . BEASEANTLHEL
e, BABRIPEVLOLEFHEEINL, RIGOETIZHEVS i Ny, B ERIGEOR
HMMPAERT 5 &, EENERIGEAmMELHEML. ZRABHREELTT VA%
B XoBBNBEASNOIRESRD, BARIVPERTE, S EREVPESLRT—V
Niciss e, RAEAOMMEHLLEER, RICBEEPKRFICRI041E5679, RIGEAN
KEAERRLBLEDORORESL. REBMENLZTERBY 1 XOBMHIBDSh, #EH
MIRBPARCETTE2bDEELONT,

(8) Sis Ny (EBOBABKRFICLVT, ¥EIS ABKEIMITESRINLERT
5OREABRFRELALBEBRNOBRICIZ2bDEEZL LN, AVBKULOBEET
RAFBERICLZBIOBETHIREARNOBRBE A% LEZ - DBABINETLELLD
ThdLfEEINT,

BIOETRULOHFREERERTEL 2o
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“Et. AgALREL (B BHEEARAWED) 230D, RIFEMOFLEEST KD H~L
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