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Fig. 1.1 Demanded dissimilar joints in the future®.
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Fig. 1.2 Schematic illustration of laser brazing process.
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Fig. 1.3 Flowchart of the present thesis.
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BrE B/ BESSOEMLV—F L —U 0 ZHESEO R EAR
BXOEASREIIRIETAIMPOFZ VRINEOKE

2.1 ¥E

VT L= TR, BRIV —FEHWEAMTHETHY, itk
TIvIALERDEMBAICHOONTEEFRAIfFELRBR LT, BT
R CEREOMBNRAIEETH S D, ZZTETIv I ADSIFFEBNTIR
EHEERAIMB—BIERAINS, X Ti 2 EOEEEREE A M
BT TEIIVvIREBERMAIMOBNELLEZELEZAO9HMTHY,
BEAREIZIEAOMPICERMUZEEEREET I v 7 AOMS L THEREH
HRERIGBIEREEIND &7, L L., #EROFHS 54T, RHEEROINEA
WX DM OMERHRER Y OLNE T B, —F. BHIMOENMIIEES
BOTMEOHEMIE Lo THETEN, AIMEHFICE-TE, BTy
7 AL A IMOREICTR X5 MEs5 72 i KR8 OB 134 U CH8E DMK
T4+ 5Z BB R TS B2 “ e LL—F T L — 0 7T,
RIROEY . BB L ORHANERBI TR T T 510, BRI Lie<,
R RSB DB LA T ),

L L, BT I v 7 RAEAIMOBAIRAERIGEEN L CERSN, RAE
RKIGRE ORI TR OB LR EISC L > THiThh b Z &hh, Lb—F
TL—T U7 DX ) BRERBEAEICZBWT, A9MEtET7 I v 7 20BN
R, RERGEBOFEICEES RIET LEXODNDEEEBOTMEDORES
BETAHZEITEETH D,

Z ZTARMRETIE, Ag-Cu E@&AIMEANIERESERE LT, Ti & 0 2
5 2.8mass%E THMLUIEEHEBA OMERHWT, B EBESEDOEM L —
PT V=T T EIToT, T THEEAME LT, BERBIUEESESEHV
EEIE, BIERTEN C ODADBMAZTH Y . FEERIEBUIZ D\ T
EBETHOICIIRERME L EZT-T-DTH D, £/~ HEEML R 2BEE
&3, ERMEI O TIIBMERGREMNEL ., MEIENRD Z LD, BEAMT
DIBEEZRFTTDDIIRBELERTT-HTH D,

22 ERMBE L UERGE

221 fERME

a6 & Table 2.1 127", BEMEHCIE, RERBHEASHBOE R
SIG-1D)ZAE A L, ~HEZ Smm X SmmX3.5mmt & L7z, #FHbF e L THRES LI
X, =<7 U 7T ARSI ISO K10 82 OB iE & 4(WC-6mass%Co) % f
Wiz,
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AIMELTIE, Ag-28mass%Cu DIRASMEEARME LT, Ti BRINE%L 0
5 2.8mass%E CEAL X H7-E X 0.lmm DIEHA S M OREMEZFEHA L, A
I M DOLFEMAKE Table 2.2 12RF, T bDHEMEHI, L—F T L—T 0
WML, T M EHAWT 10min OBFRESZITV., BZET U7 —F NI
REZRT—Z ) =R T2 HOTEEEREZITV 24h DL E#E I T,

EF.AOMORESIT, BML THEEGEETH 5B DT (Smm X Smm)
0L, EWVTE GmmX3mm)E Lz, ZHUE, AHFHICA S M EBR L
TRWAR ST BB BEEREIOWRNAHL T 4Ly FEEHRLRNESIC
THHE, V—TREFIZAIMBBALBRNE ST EEHTH B,

Table 2.1 Materials used in this work.

. Bend strength
Nominal .
.. Density / Apparent at room .
composition / 3 o o Size / mm
o Mgm porosity / % temperature /
mass%
MPa
Graphite C>99.9 1.77 21.9 39 5%5*3.5
WC-Coalloy WC:94,Co: 6 14.9 - 32000 10*10*2

Table 2.2 Chemical compositions of braze metals

without and with different amount of Ti content.

No. Ag Cu Ti
1 72.0 28.0 0
2 71.5 28.2 0.3
3 71.5 28.1 0.4
4 71.2 27.9 0.9
5 70.9 27.8 1.3
6 70.2 28.1 1.7
7 70.2 27.5 23
8 69.6 27.6 2.8

Fig. 2.1 75 Fig. 2.3 IZZFNZFh Ag-Cu, Ag-Ti 3 XU Cu-Ti D ek ke
29, F7-, Fig. 2412 973K 12811 5 Ag-Cu-Ti = FERIRER I L OME
A LA 5 oM %777, Fig. 2.1 &Y Ag-Cu %&i% Ag(Cu)+Cu(Ag)H & 72
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5B IERTHY . Ag 1IZx LT, 28mass%® Cu ZHMTHZ LT, Z
NOITEMEE 72D | BURA 1053K L7225, —FH. AIHIMFUIHMS N Ti
I, Fig. 22 BXVFig. 23 £V AgfllB LT Cu iz T, —FiX Ag B LT

IZEET 5B FOEEEIT/NE . KEDIE Ag-Ti BL Cu-Ti TDLED
9: Lfﬁ“a“é LB, F£72. Fig. 2.4 © 973K ([ZRIT D Ag-Cu-Ti =TTRF
BRRBER S H1X, KA IHIMAS TiE, Ti DS 1.5mass%lh ETiX. CuTi DK
BRBREIND,

Fig. 2512 Ti TRMNE 0.3, 1.7 B X 2.8mass% D 5 5 M OMBBEFHRB L O
TLRTITDRER & ALBLERIT1T, RNt KEYENCE R AR E 7R
#% VE-8800(Scanning electron microscope : LA T SEM)%Z AV, JEHRGHTIZIET A
Ty 7ERAREHBEOT XNV X —S58E X B85 HEE Genesis XM2(Energy
dispersive X-ray spectrometry : LA F EDS)Z A L7z, W o Ti BMEIZE W
TH,AgtCu D ot abE Rk k_jJDZ_T Cu-Ti 6 R5EREILEYNRD L,
ZAVE T BNES T 5 & & bICSRICE R L L7,

Fig. 2.6 {2 Ti N 0.3, 1.7 B LT 2.8mass% D A 5 £ D X #R[EIFAER DO#5 R
Y. X MRETRER L, Table 2.3 (2R TR THRARILY 7 ®WOD Ultimad %
AWTIiTo72, WTERO TIiBMEIZB W TEH, AgfEB LT Cu N B &
., MMz T, 1.7 BX0V2.8mass% Tik@BEILEWMA CuTi AR I,

Atomic Percent Copper
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Fig. 2.1 Ag-Cu binary phase diagram®®
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Fig. 2.4 Ag-Cu-Ti ternary phase diagram and Ag-Cu-Ti content range

5 723
in braze metals™.
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-

e

Ti content / mass%
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Fig. 2.5 SEM microstructure and EDX area analyses of Ag-Cu-Ti ternary

braze metals with different Ti contents of 0.3, 1.7 and 2.8mass%.
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__||A:Cu
'c ||V:CusTi V; i
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2| 2.8mass%Ti
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L0
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2| 1.7mass%Ti K
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£
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Fig. 2.6 X-ray diffraction patterns of Ag-Cu-Ti ternary braze metals with
different Ti contents of 0.3, 1.7 and 2.8mass%.

Table 2.3 Conditions of X-ray diffraction for braze metals.

Tube Tube
. Scanspeed  Scanstep/  Scanrange
Radiation voltage / current / / deg. min"! de /de
kV mA & & &
CuKa 40 40 2.0 0.02 20-80

222 EBRFE
1) V—FTL—U T

Fig. 27 ICEBRICHWEL—F T L=V JEBOABEE 2 ~T, L—F7
LU IR, L—RIRSR, BET 7 AN, E—Ay R, Fr8—,
XY AT —UBIVEERS T THERENTNDS, L—FTL—V T F v
N—DFMREARK % Fig. 2.8 17T, AHM%E, BIEGE L B THRA THE
EAERICL T, BEEF v o N—NICRE LT, REOERH FEEEH AR
HTARCTEN, FroA—HNea—2 ) =R 72N THRTHZ LT,
AR L TR 3.4 MPa DIEZITWVRELZ EE LTz, 28, BBOX v v
FEIBENIIT o T, HEREIE. HIEE 99.999%D Ar H A & F v L8 —NIZH#E
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AL THABHBEIT, ZOHFKBLO Ar TRICL 2 E#HREZ S EHBRVIELT
Table 24 12V —H T L —I o F&MrErd, L—HYFTL—0 7%, Ar HAD
B SL/min D&EMEIZ T, 7SV R YAG L—FB LV J;FM\I/ PSR BH A
7Yy RL—H% BAAKRT T AkZE L CTHESSIERIZH L 85°OAE T
BRTAZ 20T, b= BN XY A7 BUIsd 57 EiL
B it o 36SFE3TI/~47”I:“~A7J\F§5 AEOEME —FTHL 014727, 72,
L—H T L —T FHORERIEIL, n*ﬁﬁﬁi/\(\”ﬁb%ﬁﬁﬁ)%/\ﬁfﬁﬁf B9
M LGSO RS 0.2mm mu I RAIBE AL TITo 72,

Fig. 291, BfptBEEEDO L — #7 L— T OREERE LT ER %
T, VL—HEBRNTAZ LT, BESSOBEEISEMICLEA L, BRE{T-o
7= 36s M CHREZZERETHD 103K (ZRIZFE L, ZOREITA 5 M ORS
(1053K)% L[Al> T3V | JISZ3261 ® BAg-8*V THIE S5 Ag-28mass%Cu 5 9
Md) 9 fHEFE(1053- 117314)0) GHNTH S, L—EREOKTHRIZ, BAKS

L LTRRICHGHEI SN, BoTERE THAISNT,

Al —

Water cooled chiller Beamfiber /'\

i m 1 Beamhead
“is'”l f

Laser source

.&

K X-Y stage

/
Fig. 2.7 Appearance of our laser brazing apparatus.
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~ |

— Braze metal
|
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/\ WC-Co alloy z
- s
————= 1 Thermocouple ua

Fig. 2.8 Schematic illustration of laser brazing chamber and specimen arrangement.

Table 2.4 Laser brazing conditions.

Pulsed
Pulsed CWLD Pulse ;
ot YAG wave CWLD wave frequency / Sc.annmg Atmosphere
average output / W time / s
length/ nm length / nm Hz
output / W
Ar flow
3 2
134 1064 0 808 100 36 (5L / min)
1200
Tmax: 1103 K
Tm&: 1053 K
1000
b1
E 800
=3
J
o)
£
600
2
400
200 1 1 1 1
0 20 40 60 80 100
Time/s

Fig. 2.9 Typical temperature history of WC-Co
alloy plate during laser brazing.

22



(2) HEEBERMARBREEL L UEITE
() SEM iZ X Al &k

BEAINEFREHZOWT, AR M7 ABRKEERO T X 2 h A-5 SR
IZHA ¥ FOIMIAR A — N &33E L C, KBIZ XV [EEEE 3000rpm, BIWT
FE 0.005mm/s DEHIZTHREIZEIN Lz, 0%, HHEECEIRIZHE DAL,
T AU #2201 L B MBS, RiEE9, 6, 3BI N luym DF A ¥E L F_—
A b ERWTATZHEEZITV, KRASHEET A RBOA A ARy Za—
4 MSP-1S (Ion sputter coater)% AV T, #RBIERE % Pt-Pd TH 15nm a2 —7 ¢ >
7T LT,

W AR B 221213, B E4E KEYENCE S0 £ERAE T FEMEE VE-8800 %
W, TEONICIET AT v 7 BRREEH-O = R VX —58A X ROy EE
Genesis XM2 & fu 7=,

(i) TEM iZ X 2 OIS ERER X CEFRETE

SRiH O TEM HOiE S8 H OREHERIZ 1T, SRS AINA T2 /o —
AROIERA A2 v — LI TEE2EEE FB2000S (Focused ion beam : Ll K FIB)%
Bz, T &2 TICRT, IEERE 30kV, 51 HEE 8.2kV, 5 HEN 3.2pA
DEMHEIZT, FTHEGFHTLE TS 20pum, /EX Spm, &S 15um ORER % 4
PTVTLINE Cu Ay T allEBE LT, Cu A vy 2 [ZEHE LTIKEET,
BEMERAE S 100nm 12725 E TIT L, 4 REOH B E T HEMss B
RE L Lz, B8I213, AIRBETHASHKOFZ AR E T RME JEM-2100F
(Transmission electron microscope : LA T TEM) % Hu 7=, BIERIIMNEHET 200kV
[ TRBIR LV F —I21T 2 EEAP 2 VW, RAGEOMORIEIZIE. HIR
B E T #R[EIHT (Selected Area Electron Diffraction : AT SAD) #£%& HV>, E-F#R
BTG O T 21T o7, BRBFBGROBEIL TEM OEFEE— F (Scanning
transmission electron microscope : LLTF STEM) (2 TiT> 7, R morid, BAE
FRRAS R O = )L F— 53800 X #5721 JED2300 (EDS) & W T1iT->7,
B, TR OWTUTREI R L Z —0, Be ZHNTWBDZ Lann, BE#E
RIZBITDRFESSE (B) UBOILRIZOWTEDS oHiamlig & 2> T 5,
EDS O b — ARITRBR A LK Inm TH B,

3) A S fHES B OBE MEFAR
(i) ‘AR

BEAEREOESBELHET S, #EINERAHZOWT, REHE
HBERROBE HTRERRE AGIOTB 2T, 7oA~y FAE—F
0.5mm/min DEMIZTHAMRREZIT o772, HAWRBROB XX % Fig. 2.10 i
T, WAMTTRE L, BEAERAEE L HEL, TS OBREmIc R THIE
SEN-HEAERBTRLEZMES Lz, 22 TEAmMIIKRA S KEYENCE &0
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AR % S VH-Z100R(Optical microscope : LA F OM)IZ X - Tl L7z, s
ZREND Ti FINEIZOWT 5 [BATV, ZOEEE A KSR L LTz,

Brazed
metal

WC-Co alloy

Fig. 2.10 Schematic diagram of experimental setup

for shear strength test of brazed joints.

(i) SEM IZ X ZHRMrE ORI Z

B AWEABRIC X DRI ORFE %17 5 T2, B AWERERE O Bl L O
FATH A AR O [ 7 OREWTIm I BV T, fRRBLE 2 #k Utk KEYENCE o Ed
RIS T-BAMREE VE-8800 B L U7 A 7 v 7 BRSO = 3 L ¥ — 38U X #57
YeEEE Genesis XM2 & H W CTiTo 72,
(iii) $/NER X AREIPTRERIC X ARk E AR R E

B A WEERIZ X D REWRHAL OMHEIE 21T 5 72, AW ERE O Binfill X
OHEE AR O W 5 OEWrE IZ BT, T — s oA = v 7 AT 2RS4t
BN X AR A1) 72 2 1 Bruker AXS D8 (X-ray diffractometer: LA F XRD) (Z
& o THEWF N AFAE T DWW DIRIE % 1T > 7=, Table 2.5 |2 XRD DO#IEFMH % 7R
T, ¢03mm DY A—FEZHWT, 20 %2025 110°E T3 DDAT v 757
TR X R A BIE LT,

Table 2.5 Conditions of X-ray diffraction analysis on fractured surface.

Scan time / s

Tube Tube Scan :
e Collimator
Radiation voltage / current / range / g
kV mA deg. 20-50dc 49.5- 79.5-
SRR e 110deg.
CoKa 35 80 20-110 $0.3 600 900 1200
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2.3 EBRER

231 HFAMFERICERIETAIHMFO Ti RNOFE

Fig. 2.11 {2, Ti {INE 1.7mass% D A 5 M & W =56 0 Bén L @S &0 L
— 7LV TRONBIEE R T, BESE LIy 7 KRB EHT
LN U —VHGHT X B8RO RSB 2358 b=, Ti 2N L72iEE A
IMERHWSE, WTHhO TiiRNEICBNTEH, Bih s EMBEASITEAS
., MENERINT, £o, BIICEINL L OB LD RIEIXEE m%hf;ﬁ)
Of:c

— 05, Ti BESINO Ag-Cu —eRILEEAIMTIE, B L7=A 58 LS4
ifkm L*L/Cll\f\_%)d)(f) Eﬁ,\k{ﬁE.Tﬁ@Z)’)*ﬁ (»U\F %’)H‘/ﬁﬁa) iﬁ(/\é
NTEHT, B BESESEEASFIER I oT,

Trace of laser
beam irradiation

Graphite

WC-Co alloy =
mm

Fig. 2.11 Appearance of laser brazed joints of graphite and WC-Co
alloy using 1.7mass%Ti braze metal.

232 Bl A S (I O AR

(1) Wi~ 27 248k

Fig. 2.12 ({2 B8h & EAEE S & O A WriniHak O SEM #1533 K O'EDS (2 X %
TRV E UV ITHREZ T, ZNOHIXTIHRME 04, 1.7 8B X 2.8mass% D& £
THdH, WTFNO TIHRMETH, B AR, BIXOHEBEASELE A D
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BOFIIZITIEESR E LTHRM L Ti ORI B -, — ., Tilk
7> M FERBNEIICIZEEA EGFEEL Thdofz, Fig 213 I TiHRMEE A 5 14
B OIESOEFRERT, AIHIMBIOAIMOIEIE, WTho Ti ifNEICE
WTH 100 +5um TH o7, A OMT@BREIL. TIHRMEOHEME & HITHELSRD
A S HNT-, 2L Ti BEERMEBOBANC X 0 IEEA 5 M OEILD D 3%
RKLIEZZEEZRLTWS, #mS ik hiE, Ag-Cu kA 5> o@Enttix Ti
BMBOHME L HIZHEIND Z ERBREIN TS
Fig. 2.14 |Z Ti #0&E 0.4 35 LT 2.8mass% D 5 9 H/ﬁﬁulwﬁ%ﬁlﬂlﬁ?ﬁﬁﬁﬂ%ﬁf%/?
T, Ti iR 0.4mass% TlX. A 5 @) L Bink L OEES S OEMA N ZH
ZHHIATHH DI LT, 2.8mass% TiE, WTFNLHFHATHY ., Ti IBMED
HWAINZE D, AOMOBENERLKZINTND I LR GN5,

Graphite \ WC-Co alloy 100um

Brazed metal

Fig. 2.12 Secondary electron image (SEI) and element distributions of C, Ag, Cu and
Ti at cross-sections of brazed joints of graphite and WC-Co alloy using braze metals

containing 0.4, 1.7 and 2.8 mass%Ti.
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Fig. 2.13 Relation between Ti contents in braze metal and thickness of brazed metal.

i >

100um

(a) 0.4mass%Ti (b) 2.8mass%Ti

Fig. 2.14 Cross-sectional microstructure at edge of brazed metal of brazed joint of
graphite and WC-Co alloy using braze metals containing 0.4 and 2.8mass%Ti showing

different contact angles of brazed metal.

Wiz, Fig. 2.15 "fﬁé & A D MEEAE R mUT G O Witk O SEM #8153k L
EDS LB~y VU IRREZTT, ZhoiX Ti BMNME 04, 1.7 BX
N 2.8mass%DFERTHH, WTHNDOTIHEMETYH, AHFMERERBDA S Ft
RAENIISUNERRD B, ZTOREIX, AHMFO Ti IRINEOEMZE 722

CBL polr, B VU ZIZERTAE., KIGBIZIZTI AE{EL TV
BR300 H L, Ti iNHE 1.7mass%lL ETlk. Ti IBIEEBiZiX Cu 23 E7FE L TW
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7o ZLTZDTIiBELCu DBILHEDA > MHERBAIZIL, CuZIZEALEE
720y Ag ORIRI NG & 7}‘172; ¥ 7. Ti iSHNE 1.7mass%LL L TiX Ti k@
AR SN TV D DR L T, 0.4mass%® 5 9 ¥ Tl Ti #ALE 23 Rl
ThHh, BarltAso#L (D&/n\?iﬁn_igb VT Ti BAERED LIV RER TN
FELT-,

Graphite 10pum

Brazed metal

Fig. 2.15 Secondary electron image (SEI) and element distributions of C, Ag, Cu and

Ti at brazed joints of graphite and brazed metals containing 0.4, 1.7 and 2.8 mass%Ti.

(2) HEE T AHERE D PSSR
Fig. 2.16 ({2 Bgn L HE G4 % Ti I E 1.7mass% D A 5 M & W TR L7235

&, STEM-EDS IZ L5 Ben L AH5MERBORE BB LIV cE~ L 7D
HERE2RT, BRLEAHKGMEROFEICIIABMISBARD LN, i

SEM-EDS T L7z Ti B L O Cu OR(LkE & —F L., Himboc i Ben s>
5 Ti BENEWVER (1B)E, ZUck< BESITEWD Ti REE I HEik
(IBWHEENT-, CuBEICERTA L, I BTIZCuBEIZELS., IBTIX
B RO TV, . CuBENENTIBTIX TIIZMA T CAHEFEL T,



Interface

‘ Brazed
metavl 5

Fig. 2.16 TEM bright field image (BFI) and element distributions of C, Ag, Cu and Ti

at joint interface between graphite and brazed metals containing 1.7 mass%Ti.

Fig. 2.17 |Z Fig. 2.16 OREHRE O TEM B EHME . 5 L OMAEHE HIR L=5%
AT C ORI R RS F AT~ & — A ord, Hl BRI B & BRI S 2 — o DOfif
rafTolemR, BeHploRmsE & LT, 1B TIETIC, /&8 TIX CuTi
DIERINTEY, BRSO THD C LEAIMPD T &DOKIGERM, BLO
AIMKITTHD Cu & Ti & DORIGAERMEE DEBHBEEZEHRL TWVDZ R
HonERoTe, £, 2O DORmEKIGEHIZIX, Fig. 216 IZBOLNDH LD
IZ—HT Ag DR b7z,



Graphite

311

(b) Position1: TiC

(a) BFI (c) Position2: Cug4Ti
10/ nm
Fig. 2.17 (a)TEM bright field image (BFI) measured in the area shown by the broken
g

line in Fig. 2.16 and selected area diffraction patterns at (b) position 1, (c) position 2 in BFL.

3) FERGEBOFEL I VCEIICRIET TiRNEOKE

Wz, RHEMIGEOERFICKIET Ti iMEOZEBIZ OV TR LT,
Fig. 2.18 IZBERD A 5 R IIZ OV T, Ti BlE 0.4 38 X T 2.8mass% D Ft i X
B OBRMRE L AZRTR O Ti ImINE 1.7mass%DfE SR & b TORT, WTod
Ti BMETHLRASUSE RO L, Ti INMEIZHPD LT, ZRENEFO
Ti RILEHTH 7=, L L. ZOREIZIITINEIZ IS EZRENBD LT,
+72bb, Ti BRIIE 1.7mass% A ETiZ, Zh bf/)?ﬁifbif‘b@ﬁ‘ﬁmﬁ"]u_ﬁ/ﬁﬁ
NTWBH, T TIT Fig2.15 THik~7= X 512 Ti I E 0.4mass% Tld. LB
DIER EN TV RWED b HE LT

KIZ, AIHIMHPO T kgL RiEMUSE TH D TiIC DIES OREGRE Fig 2.19
._fm“ Ti BMBOBIMC L b7e-> T, RExIsE & L TERI N TIC |

72 AR &R L7,

30



Graphite

(a) 0.4 mass%Ti

Graphite

(b) 1.7 mass%Ti

Graphite

(c) 2.8 mass%Ti

Fig. 2.18 TEM bright field image (BFI) and detected phases at brazed joint interface

between graphite and brazed metal containing 0.4, 1.7 and 2.8mass%.

300

200 r

100

Reaction layer thickness/ nm

O 1 1 1 1 k
0 0.5 1 1.5 2 25
Ticontent/ mass%
Fig. 2.19 Relation between Ti content and reaction layer (TiC) thickness.

2.3.3 BEAELMA 5 O AR

Fig. 2.20 {Z Ti #SINE 1.7mass%®D, @EGE L 5 O (&R im D STEM-EDS
LR DMBBIEB IO EoNERE T, BESE LA HMHEBO R Em T,
“*%n‘k AIHMFE&RBRORNmEEFKIZ TI BLW Cu DRLENRED N, TNE
ildhﬁh&;:/>L\f il RAREF BE AR BT 21T o 7oA R & Fig. 2.21 (TR d, Al
B EERT 5 WC & AITEROREICIE, TIC BL U CuTi 7267 5 EEK

INBBTERENTEY

Bin/ Aot egLE
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I Interface

Brazed
metal

Tum

Fig. 2.20 TEM bright field image (BFI) and element distributions of W, C, Ag, Cu and

Ti at joint interface between WC-Co alloy and brazed metals containing 1.7 mass%Ti.

(a) Position1:TiC (b) Position2: Cu,Ti
Fig. 2.21 Selected area diffraction patterns at (a) position 1 and (b) position 2 in TEM

bright field image in Fig. 2.20.



2.3.4 BEEEOFAMTRE

Fig. 22212, B HEAEZ TIHMBORREAIMERWTES LIZE
BEOFAWIERE L RT, AOMPICT 28MT5Z &L TEANRAREL ro /-
HLOD, Ti PFINE 0.3mass% TiE, HEAIRENMES . EAMERER 21T 5 O R
Thol-T=, TAWERELRZ T EO0 L L7~ Ti HBIMNE 04 75 1.7mass% F
TOHRMEICBWTIE, TI RMEOHEMIZ &b 722> TH A W98 B T8N
L. 1.7mass%lA ECix, £ 14MPa (Z88Fn3 B M@ R 2R LTz,

20 ! 1 T T T

Shearstrength / MPa
o

0 0.5 1 1.5 2 25 3

Ti content/ mass%

Fig. 2.22 Effect of Ti content on shear strength of brazed joint.

235 BAEOWEEOBE

Fig. 2.23 \[ZBEh L BAEA A% TiHINE 04, 1.7 8 L1 2.8mass% CHEA L7-82
BROHE A KBRS O, BEnlE L ORI & &R ORERT R 00 SEM-EDS #2451
BRY, TRENEGMNEBESSMIBEAITO~ Yy F o TR TH 5,
WTFHO TiHMETH, A ERITEFESS LICHFEL, BHANCIIFEL
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TWeoTz, Ti IINE 0.4mass% ClIEEME &R O A 9 48 EIZiX,
AIMBTTHDH Ag, Cu BEIOTi kb S -k & B Dk TH D C A3
B EN-MEENEO bz, T BIEFNE RN & BEn R AT
Thbd, o, FmEEEBICHE Y T 25T, Rl X O G Ik
MOME G5 Ti B STz, TiiRINE 1.7 38 X0 2.8mass% Tlx, #2140
FRIETENZ VT, A IR TH D Ag, Cu ia FOTiImH ST, £mic C
DEEL TV, T flf‘“l’ﬁhulm\rf”"fﬁfi HZEHERELTWVWD

Fig. 2.24 | (A4S EIZFEL TV E fi[,f(/)” A AR _’[f/ulUrﬂia - DR
g, HAMEEEIX, A )H/ ):J_/\er’ﬁﬁ P AEEER, 77205 RN
MRS U T L7z, T— 2 OEFHEARKZVOIX, BEEMEED I
HOELEZILND

SEI C Ag Cu Ti

Graphite
side

0.4mass%Ti

WC-Co
alloy side

Graphite
side

1.7mass%Ti

WC-Co
alloy side

Graphite
side

Co

2.8mass%Ti
C
alloy side

W

2mm

Fig. 2.23 Secondary electron image (SEI) and element distributions of C, Ag, Cu and
Ti on fractured surface of brazed joints on graphite and WC-Co alloy sides using braze

metals containing 0.4, 1.7 and 2.8 mass%Ti.
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Fig. 2.24 Relation between area fraction of the fractured surface of graphite on brazed

metal and shear strength.

2.3.6 FEAEOWWEOHEFEIE

Wiz, R ZRBET D701, TIdME 04, 1.7 88XV 2.8mass% THD, £
Al L BRSSO X RETHRERZ 1T > 72, Table 2.6 12, ZhEh
FEINTZHBLOENLORBEEL RS, BEBRABEE»OIZ, WThd
Graphite 2358 < #RH & N7, Ti BINE 0.4mass%DFH, #FHeE—27 & LT TiC
MEE S NTZA, 1.7 3 LT 2.8mass% Tld Graphite DA THh - 7z, HIEA A
Wi 2> 5%, Ti BRINEIZ & 57 Graphite, CuyTi, Ag 3 KON Cu BEE X7,
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Table 2.6 Identified phases and their intensities detected on fractured surfaces of
graphite and WC-Co alloy sides of brazed joint using braze metals containing 0.4, 1.7
and 2.8 mass%Ti.

Ti content / mass%

Phase 0.4 1.7 2.8
Graphite = WC-Co  Graphite = WC-Co  Graphite =~ WC-Co
side alloy side side alloy side side alloy side
Graphite VS M VS VS VS VS
TiC VW - - - - -
CU4Ti - W - \%% - W
Ag - VS - M - M
Cu - M - W - W

VS: Very strong, M: Middle, W: Weak, VW: Very weak, - : Not detected

24 EBR8
24.1 A IHHA~O Ti BIIZ L 3| E0E L < 7 oiifkofa B

B L BSOS SEHEIZOWT, T ERNO S 5 TIIBEAE L
HIMITBEE SRR, B A H5MEES SN o, ZHIEHLT, A
HPHIZ Ti & 0.3mass%ld LRI B2 & T, L—Y T L — 0 72 X5 REH
FREREREOMBB LOWENZB W TS, B EAIMITEABAIREL 2o T2,
ZHEAIMHBICIEREBTHA TI Z8MT5Z & T, AH% & BB
NgEI, Ti PEHEIEL T, RERIGEIERIND Z & T, BRIFRE
ERELNTEZLDEBEZLND,

Fig. 212 {278 L7z A D (O WmAAMBI S ORER L 0 (EEEB E LTHRML
7= Ti DELERRD LN, Ti nRE~EETAZ & T, BB EBIUK
JETAZLICEDREARANAF—OK FBE LT, BEA 5L BEromntt
BHESAELEZLNS D,

ZZTHEE S N X AR TRWEA DM LRI UKD Ag-Cu-Ti RIEHA
J ¥ & h-BN OFIIEIC X 2 BftA ORIEIC LUE, TI BINES BT 51285
5% L h-BN OHeffa 13§/ & RV B ERgESN S, £, M. Singh®” 51
BEr L Sn-Ti %, Cu-Ti BB I Ag-Ti DA I M OENMEIZDONT, WTIZ
BWTH Ti BRMEOEMCE bleo TR EAIMOFBNEITIHEBEBIND & F
LHTND,

AAFFETIE, FEMRBNEORIEIIT > TRV H DD, Fig. 212 BL T
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Fig. 2.13 OWriEAERBIZE NS, AHOMTFP O Ti iRINESENT 21385 5 &R
HOEIITES ol Z L R LT, AREOMEL X OmAIZITI L—F
TL—U 7B WTH, AOMHPO TIIMENR S 725 2 L TrREAMENUE
ENTENWEMEBIENY . AHIMERIZELS ozt EX NS, -, EBh
PEDIED—o L SN TWDHEMMAIZ OV TG, Fig. 2.14 D 5 9 48 O ia ik
FAHAEBL R OFER, Ti WINENZWEEIEA IR L Bink L OEES SO
ERANGA LR | BIWVEOSEENRO LIS,

F7-. BRUZHOWT, AHS 73 SNy R SIC R ED W 9Dt T
v 7 A & Ag-Cu-Ti RiIEMHEBE A 5 M OIFENICHOWT, BfF B4 M4 % B
FC, BRMNEFHMBEICLIDIET I v 7 A DA S MOEND LG EICS
WTHRETL, B I v 7 R LA SHMOIENO L TIE, I EIT LT TiC, TiN
BLOTSiz R ENRET I v 7 X EITEART 28kFaE L TW5, T72bb,
TINB IO TisSiz 3 ET7 I v 7 A LEICEKAIIN, AOIMITINLDOBO LEZFEN
JRS > TWL , REIZBITHEIE A HMDFATIX, Fig 225 IZRTEHI
TiIC AT L TIHKENT, ZOLEEZAIMPENILND EEZLND,

Ag-Cu-Ti

TiC N
(Reaction layer)

Graphite

AGCUT

TiC k)
(Reaction layer)

Graphite

Fig. 2.25 Schematic illustration of wetting of molten
14,27-29)

Ag-Cu-Ti alloy on graphite .

242 L—HMBNZ L DA 5MFD Ti DIEEK
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DRI ~DIEBEE % 5,
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WIZ, Fig. 215 IR LT BEE AR ORmMBMBIEOKENS, Ti Ik
& 1.7mass%LL ETiZ, Ti BETIZ Cu & Ti OREFERI B D LN, 20
X TIiHMENEL o722 L TR E ORISR DOEKIZHT 026 22> T2 E El
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FVEHLEY, ZZTRIBEAEEHRB314IK mol"), TIZIEETHS, E7-.
L= 7 L= LML, A HBESKRICL > TELTHZ &En
5, Fig. 2.9 OIRE L FFRIOBR LY 0.1s ZE DEEOEEEEL T, BEMN
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D(t) = Dyexp | s Measured time-temperature curve
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T
o
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Fig. 2.26 Schematic image of calculation method of average diffusion distance.
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244 AOMPOEMHSERTHA T L EHLBICEESE&DO WC & DO RERIG
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C+Ti—TiC AG=—-170K] (5)
WC 23t LT 39,

WC+Ti-> TiC+W AG = —130K] (6)

Thy, FRBHRATRIVX—AG RNADETHDLHZ b, BB IR WCITTHE
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Estimated fracture pass

TiC

CU4TI

§ Denude
zone of Cu

(a)Lower Ti contents (b)HigherTi contents

Fig. 2.27 Schematic illustrations of interface structure of brazed joint and estimated

fracture pass for different levels of Ti content, namely (a) lower and (b) higher contents.
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Table 3.1 Materials used in this work.

Nominal Apparent Ben(ti strength
composition/  Density / Mg m™ porosity atroom Size / mm
mass% /% temperature /
MPa
Silicon SiC>99 2.65 17.0 100
carbide
* Sk
Sialon Si;N, > 90 323 <0.1 980 S*S*3S5
Alumina AL03>99.9 3.95 <0.1 500
WC-Coalloy WC:94,Co: 6 14.9 - 32000 10*10*2

322 EBRFH
1) Vv—FTVL—U Tk

L—HFF L — 0 &M% Table 3210077, L—YF 7L —Y U F3E2ET
WA FETITo T2, BRIV AFE, FA T BIXOTAIFLBESETH
IMEBRR, Fr o A—HNIZEEL, Ar it SL/min (2Tl —HF 2 BESe L
12 36s BBE LTI L OWMAI L TS LT,

Table 3.2 Laser brazing conditions.

Pulsed

YAG Pulsed CWLD CWLD Pulse Scanning
YAG wave wave frequency / . Atmosphere
average length/ nm output /W length/ nm Hz time /s
output / W g g
Arflow
134 1064 20 808 100 36 (5L / min)

(2) BEAUHRMBRBEER L Uk
(i) SEM iZ & A WrimMREAEE
BEAEINERBHCOWTE 2 HmiCER L-@EY . WinHREEH ORI 21
fL ., SEM-EDS # W CHim#MBBIR 21T 72,
(i) TEM IZ & 3 RE OB ESRER X UE FREE
FE O TEM S EE 22 H O EIRRE 4 55 2 BICiial L72@ v B L, TEM
} & OV STEM-EDS % FiV VT, FEOMMIEEBILR S L ORHIRIGE O MR E %
1T-o7
3) A ) FHESEOESIRETE
() BABTRABR
BEEEINTREHZOW T, B2 REICERLZEY EAMRREZITo 7,
(i) SEM T X 2Rl i OALRRBLE
kW 1% DRER AT HOWTC, WAL O ERITHT280 ., B 2 FEICFEAR L@y
SEM-EDS % AW TH AWRER % O 21T o7,
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(i) P8/ INVER X BRIEIPTRBRIC X B RN DA R E
fi W % DOFRER T IZ DWW T, AL OFE [RIEEA1TH 728, 5 2 BEIZFCR L7=Y
XRD % VN CTHE W I\ ZAFAE T D E D IR E #1777, Table 3.3 (Z XRD O H#|E S

Table 3.3  Conditions of X-ray diffraction analysis on fractured surface.

Tube Tube Scan : Scantime /s
2 e Collimator
Radiation voltage / current / range / P
kV mA deg. . 20-50 49.5- 79.5-
R 80deg. 110deg.
CoKa 35 80 20-110 90.3 600 900 1200
33 EBRFER

331 L—HFF V-0 FESHICRIETA IO Ti RNEDOEE

Fig. 3.1 (2, Ti #INE 1.7mass% D A I M & W2 356 DRIET A %, A4 7 1
VEBIUOTNAIFEBEGEDOLV YT LV T RONEEEZRY, B
B& LT L —VREIC L 2RO FEERmB» B bz, 72, WTho
TI7IvIABILPAIMERAVERFHEIIBNTH, EZ7I vy 7 R ZE8NRE
DIMBL LD RKaIZFB O b o7z,

ARWFZE CTRET L - A RUEFHICB W T, Ti ERND A S M2 VW =5E81%.
WTNDEZ Iy 7 RZBWTH, BRILI-ASHM EBEGEIIESINTD
DD, E7 Iy 7 REAIMITBEEINR o7, LrL., Ti BE 0.3mass%
UETIE, E7Iv 72558, BLXUOBEAELEAIMITINTHRLESS
P 4o

Silicon carbide Sialon Alumina

WC-Coalloy ™ :

WC-Coalloy WC-Co alloy

5mm 5mm 5mm

(a) Silicon carbide (b) Sialon (c)Alumina

Fig. 3.1 Appearance of laser brazed joints of silicon carbide, sialon and alumina

using 1.7mass%Ti1 braze metal.
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WEETH D,

<-Resin

1.7mass%Ti

2.8mass%Ti

Silicon \ WC-Co alloy 100um

carbide Brazed metal

Fig. 3.2 Secondary electron image (SEI) and element distributions of Si1, C, Ag, Cu
and Ti at cross-sections of brazed joints of silicon carbide and WC-Co alloy using braze

metals containing 0.4, 1.7 and 2.8 mass%Ti.
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2.8mass%Ti

Sialon WC-Co alloy 100!”“

X A
Brazed metal

Fig. 3.3 Secondary electron image (SEI) and element distributions of Si, N, Ag, Cu
and Ti at cross-sections of brazed joints of sialon and WC-Co alloy using braze metals

containing 0.4, 1.7 and 2.8 mass%Ti.

i 10.4mass%Ti

2.8mass%Ti

\
A12o3\ WC-Co alloy 20um

Brazed metal

Fig. 3.4  Secondary electron image (SEI) and element distributions of Al, O, Ag, Cu
and Ti at cross-sections of brazed joints of alumina and WC-Co alloy using braze metals

containing 0.4, 1.7 and 2.8 mass%Ti.
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EDASIHMTIE, TIREHBIZIZICu PHEFEL TV, SHIZZOTIBEIRCu D
BALE DA S MANZIZ, BCufg L E 2 b D Ag DHLKIEI RO BTz,

SEI Si C Ag Cu Ti

0.4mass%Ti

1.7mass%Ti

2.8mass%Ti

Silicon w 10um
carbide
Brazed metal

Fig. 3.5 Secondary electron image (SEI) and element distributions of Si, C, Ag, Cu
and Ti at brazed joints of silicon carbide and brazed metals containing 0.4, 1.7 and 2.8

mass%Ti.

0.4mass%Ti

1.7mass%Ti

2.8mass%Ti

7

Sialon 5 um

Brazed metal

Fig. 3.6 Secondary electron image (SEI) and element distributions of Si, N, Ag, Cu

and Ti at brazed joints of sialon and brazed metals containing 0.4, 1.7 and 2.8 mass%Ti.
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1.7mass%Ti]0.4mass%Ti

2.8mass%Ti

5um

Alumina Brazed metal

Fig. 3.7 Secondary electron image (SEI) and element distributions of Al, O, Ag, Cu
and Ti at brazed joints of alumina and brazed metals containing 0.4, 1.7 and 2.8

mass%Ti.
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Interface Brazed metal

1um

Fig. 3.8 TEM bright field image (BFI) and element distributions of Si, C, Ag, Cu and

Ti at joint interface between silicon carbide and brazed metals containing 1.7 mass%Ti.

Interface Brazed metal

[y

Tum

Fig. 3.9 TEM bright field image (BFI) and element distributions of Si, N, Ag, Cu and

Ti at joint interface between sialon and brazed metals containing 1.7 mass%T1.
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Interface Brazed metal

1pm

Fig. 3.10 TEM bright field image (BFI) and element distributions of Al, O, Ag, Cu

and Ti at joint interface between alumina and brazed metals containing 1.7 mass%Ti.
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SiC

(a) BFI

(d) Position3:Cu,Ti

Fig. 3.11 (a)TEM bright field image (BFI) measured in the area shown by the broken
line in Fig. 3.9 and selected area diffraction patterns at (b) position 1, (c¢) position 2, (d)

position 3 in BFI.

Sialon

(b) Position1: TiN

(c) Position2: TisSi;

(a) BF

(d) Position3: Cu,Ti
Fig. 3.12 (a)TEM bright field image (BFI) measured in the area shown by the broken
line in Fig. 3.10 and selected area diffraction patterns at (b) position 1, (¢) position 2, (d)

position 3 in BFL.
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(c)Position2: Cu,Ti
5 1/nm

(a) BFI

Fig. 3.13 (a)TEM bright field image (BFI) measured in the area shown by the broken

line in Fig. 3.12 and selected area diffraction patterns at (b) position 1, (¢) position 2 in BFI.

Q) FREKIGEOEER L OEIICRITT Ti iRNEOKE

WIZ, RSB OTFEREICEKIET Ti ImNMBEOEEBIZOVWTHRH LT,
Fig. 3.14 B L Q' Fig. 315 12 RILT A RB XA T DA 5 R R\Z2>\ T,
Ti IO 0.4 35 K O 2.8mass% D St s E O R EHE 4 . iR D 1.7mass%Ti &
GbETTRT, WThOtEIFI v 7 ZAZHWESGEIZEBWNTSH, Ti BINEICH
PHOLTENFIEFED Ti RO AR EMINERRED -, LavL,
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BRI K OB o riE R 27, B pm B O 0 R RS A YA 7 1
VEAIMERBRAEICIH o THRICED N, £, TR OFRERIZEE
THE, REAEBOVA T a REBLOAHITEBERmMMNL S Ti RS
NTWAHEEEELS BIRIZRD N, £, AOMANZED LN H/EIRD Ag
B LU Cu O TH D



o

4 mass%Ti (b) 1.7 mass%Ti c) 2.’ma%

o EALLL

(a)
Fig. 3.14 TEM bright field image (BFI) and detected phases at brazed joint interface

between silicon carbide and brazed metal containing 0.4, 1.7 and 2.8mass%.

(a) 0.3mass%Ti (b)1.7mass%Ti (c)2.8mass%Ti

Fig. 3.15 TEM bright field image (BFI) and detected phases at brazed joint interface
between sialon and brazed metal containing 0.4, 1.7 and 2.8mass%.
Unjoined
area
Brazed I
metal

|
Reaction |

Tum

Fig. 3.16 TEM bright field image (BFI) and element distributions of Si, N, Ag, Cu and

Ti at joint interface between sialon and brazed metals containing 0.4mass%Ti.
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Fig. 3.17 Relation between Ti content and thickness of reaction layer (Graphite: TiC,
Silicon carbide: TiC and TisSi3, Sialon: TiN and TisSi3, and Alumina: Ti;(Cu, Al);0).
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Fig. 3.18 Effect of Ti content on shear strength of brazed joint of silicon carbide and
WC-Co alloy.
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Fig. 3.19 Effect of Ti content on shear strength of brazed joint of sialon and WC-Co
alloy.
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Fig. 3.20 Effect of Ti content on shear strength of brazed joint of alumina and WC-Co
alloy.
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Fig. 3.21 Secondary electron image (SEI) and element distributions of Si, C, Ag, Cu
and Ti on fractured surface of brazed joint on silicon carbide and WC-Co alloy sides

using braze metal containing 0.4, 1.7 and 2.8 mass%T1.
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Fig. 3.22 Relation between area fraction of the fractured surface of silicon carbide on

brazed metal and shear strength.

2) AT urryBLOT LI FOESEORBNEOFRE

RIZ Fig. 3.23 BL U Fig. 3.24 12, TN ENH A T BLOTAITZTIH
& 0.4, 1.7 B LT 2.8mass% D 5 5 M & VTS LI #EG RO AWAER%
D, AT arBIOT NI 2 S ONEEE S SR O SEM-EDS #8535
BERT, ZhbiithFhRmEsiio~yF o VR Th D, /2. A
T aAZoWTIE, RROME Y BESERlO Si DR~y B TIZBWT, @
WAEEEDA I MOFEELZWIEE GRS TWD Sild, BiESE&HPICF
FETHWHRSIELTRHENTWHWLEDTH D, 72, BESSRIREKTE SRR
HENTWANG T L HBERREETH 5,

TTIRREZ LA TR BIOTAIFZBWTYH, AHMERITE
AR OMEICFEL TV, Ti NMEICELST, WTFThos 58 E AW
FEAIZBWTYH, FAT7arBXOT7 A I, 725 ONZHBEE A 4RIk m
DA ) A A S Ti 23 H S, Ag 38 KO Cu 1B 6E A2 RIAR W 0 22>
LRSS, 6D L, Thb A ) HHEEERITEANREBRICEY £

65



CLTHATurBLOTAIFEAERORERIGET Tl L L »
IRIEXINA,

SEI Si N Ag Cu Ti

0.4mass%Ti

1.7mass%Ti

2.8mass%Ti

¥

2mm

Fig. 3.23 Secondary electron image (SEI) and element distributions of Si, N, Ag, Cu
and Ti on fractured surface of brazed joint on sialon and WC-Co alloy sides using braze

metal containing 0.4, 1.7 and 2.8 mass%Ti.
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Fig. 3.24 Secondary electron image (SEI) and element distributions of Al, O, Ag, Cu
and Ti on fractured surface of brazed joint on alumina and WC-Co alloy sides using

braze metal containing 0.4, 1.7 and 2.8 mass%Ti.
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B X0 2.8mass% Tld, 0.4mass%IZb~<T, SiC DEIYHREITFEL 72 o7z,

() $A 7

YA 7 v ANEWTE D SIL W THO TIHRME TS SNy S R &z,
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(i) 73S
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WO Ti FME TS, ALO;, Tis(Cu,AlzO. CwTi. Ag BL N Cu B EH
776

ZITHATryBLOT VI F T, EERERIZFEE L TREETH S
B, FA T ATBN T SisNs, T I FHIZBNTIT ALO SRR e — 2 &
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Table 3.4 Identified phases and their intensities detected on fractured surfaces of
silicon carbide and WC-Co alloy sides of brazed joint using braze metals containing
0.4, 1.7 and 2.8 mass%Ti.

Ti content / mass%
04 1.7 2.8

Phase
Silicon WC-Co Silicon WC-Co Silicon WC-Co
carbide side alloy side carbideside alloy side carbide side _alloy side
SiC VS M VS VS VS VS
TiC - - - - - -
TisSi3 Vw \A%Y - Vw - VW
Cuy T - Vw - W - \'Y
Ag - VS - M - M
Cu - M - w - w

VS: Very strong, M: Middle, W: Weak, VW: Very weak, - : Not detected

Table 3.5 Identified phases and their intensities detected on fractured surfaces of
sialon and WC-Co alloy sides of brazed joint using braze metals containing 0.4, 1.7
and 2.8 mass%Ti.

Ti content / mass%

Phase 04 1.7 2.8
Sialon side a\]?;(\:l-sci:ge Sialon side ams-sge Sialon side a\l’l\;(s:l-gccl)e
SizsNy VS vw \A w VS W
TiIN - - - - - -
Ti5sSi; Vw vw w w w A\
CuTi - Vw - M - M
Ag - \'A - VS - VS
Cu - M - w - W

VS: Very strong, M: Middle, W: Weak, VW: Very weak, - : Not detected
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Table 3.6 Identified phases and their intensities detected on fractured surfaces of
alumina and WC-Co alloy sides of brazed joint using braze metals containing 0.4, 1.7

and 2.8 mass%T1.

Ti content / mass%

Phase 04 1.7 2.8
Alumina WC-Co Alumina WC-Co Alumina WC-Co
side alloy side side alloy side side alloy side
AL O, VS VW VS VW VS VW
’H3(CU
’ W W
AD)O VW VW w W
Cu,Ti - VW - M -
Ag - VS - A - VS
Cu - M - w - w
VS: Very strong, M: Middle, W: Weak, VW: Very weak, - : Not detected
34 EB8
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TSR E oo, ZHUIRMOEE LFEERIZ, Ti ZTNT524 T, 5
IMEET I v ADERMENNEBIN T, RAKISENIERIND Z & T,
BifEARELN-b0EEXLND,

Fig. 3.2 725 Fig. 341" LT T I v 7 A5 5 SO mESRBE OE R
X, FE2ELABKIET I v RALAIMOREITITIEEERE LTHML
72 Ti DRLEIED LN, TIBAHRE~EKT S Z & T, BRA H>MORE=
AINF—DIRTR, BT I v I/ ANEEBIONIGETHZ LI RET RV
XF—DETHAELT, BEAIMEET I v 7 AL DOENMETSHEESNZLEE
Z6n5 9, F7-. Fig 32 ORILT A FOMHEMBBROMEE, Ti HNE
0.4mass% Tlt, N—F AETHHRILT A ZDONIL~D A HIMDIRFANTIRD S
RV, T IENZ W 1.7 BX U 2.8mass% TlX, A HIMBERAL TV BHEE
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b,

342 A5HMHPOIEHMEBRTHD Ti v I I v 7 ADORERE

Fig. 3.11 72> Fig. 3.13 OHIRREFEFREITIC L > THBA LA 5 & £h
FNOMELOREICR I N RERIGRE % Table 3.7 10RT, Ao LET
I ARIST A ETAELUERIGHEE LT, RIETZAFOHAEIX TIC BLOC
TisSiz. 31 7 1 L DF-AIE TIN B L O TisSis, 72 H N T 2 DA 1 Tis(Cu,
A0 DR EN TV, ZHHIEEEFNREN. RIET A BDHA TIX SiC ZERK
THSIBIORCL, VA7 DOBATIEERD THD SNy ZH#KT 5 Si B
LN &, TAIFTOHETIT ALO AT 5 AlB L0 & A 5 M HIciEM
SR ELTHEMLE Ti BIGT A ZE T, ZREFNINDORE RGBT
ENEEZLND,

Table 3.7 Detected phases of reaction compounds layer at interface of silicon carbide,

sialon and alumina/brazed metal.

Brazed ceramics Reaction compound
Silicon carbide TiC/Ti5S1;/Cu Th
Sialon TiN/Ti5S13/CuyTh

Alumina Tiz(Cu, Al);O/CusTh

RILTABRBLOY A Tar LAIMPICEEERE LTHRMLE Ti EDOK
IR, D2 T o Xy A ENs, Thbb, RIEFAEFLLTYA
Tuare T EORISERYOARBHT RAX L, KNEEE L—F 7
L— 7R ORBEIZFERETHD 103K & 55 &,
wAbY A Fiox LT,

3SiC + 8Ti - 3TiC + TisSi; AG = —900K] (1)
YA T a A LT,

SizN, + 9Ti — 4TiN + TisSi; AG = —750k]  (2)
L7725,
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DI RENTZEEZLND,
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Fig. 3.25 Relation between Ti content and shear strength of brazed joint of graphite,

silicon carbide, sialon and alumina.
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Fig. 3.26 Schematic illustrations of interface structure of brazed joint of silicon
carbide and estimated fracture pass for different levels of Ti content namely (a) lower

(b) proper and (c) higher contents.
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Fig. 3.27 Schematic illustrations of interface structure of brazed joint of sialon and
estimated fracture pass for different levels of Ti content namely (a) lower (b) proper and

(c) higher contents.
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Fig. 3.28 Schematic illustrations of interface structure of brazed joint of alumina and
estimated fracture pass for different levels of Ti content namely (a) lower (b) proper and

(c) higher contents.
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Table 3.8 Flexural strength of experimental materials used in this work and interfacial

reaction compounds'’ %,

Material Flexural strength /MPa
Graphite (1G-11) 39
Silicon carbide (RE-SiC) 100
Sialon (SAN-2) 980
Alumina 500
TiC 1100
TiN 265
TisSis 04 - 255
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b, Ll Ag-Cu-TiRAIMPICEEND AgIFESRBTHY . TOHEAE
RO IE D EIIEROMBRERS IR FOBEAIrLEERRETHL LE
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M OBLED B THIR /2 Cu-Ti RS RBEULEWN A H M HICFEET D720 T
THRICENARBRELLT NI EXAMEE INTE -, 2 Sn 2T 52
ETCEBRALENR M E 20 EME LTS, B E L THIK T A AIEE &
20, Ag DBEBIZEDBEIZIAZA T, AOIMZOLODFEHAEGIRBTHZ &
BB ENG Y,

I TARBRILTIE, ZNFETICHE 2 BB LU 3 BT, Ag-28mass%Cu &&
AHIMICHLIEEEBE LTCTi 28U, TiiRmEN RS, RILFrAFE, VA4
TurBIOTAIF BEEEDOL—VF T L —T FEARO R R &
DRI RIET B W TRFEITo 72, TOMEE., Ti BNEIKEFEL TR
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TFICONWTIE, BB TIRNMENEETDIZ L 2HALMCLE,

LU, &l7e Ti BRONE(1.7-2.3mass%)D A H Mz L, & 512 Sn D%
ITolrBAEDRERIGEDOER T ot AR L —H 7 L —2 0 FEAEO R
O AMEBEEIC O EL 2, ZTNERFTHZLIIEELEZLN
5, Tihbb, AHMBEIOAIMHPIZ, Ag-Cu-Ti TAIMTIE Ti 1T Cu &,
Ag-Cu-Ti-Sn A HIMTIH T X Sn BEL W Cu L &BRILEYMEKL TV L
EZONDN, Ti OFERENETH I & TRE~D Ti OfHEA 1 =X LR
B0, REAKGBOERESROBELELTHZ EnTFRIND,

4.2 ERAMEIR L OERFE
4.2.1 fERE

LA B2 Table 4.1 1IC39, HEERAMENCIZ, E2 BB IVOHEIETHNWER
. RIEr A4 ZB IO A 7 o 2 Gmm X Smm X 3.5mmt), 72 5 NI & LT
84 4(10mm X 10mm X 2mmt) & H 7z,

WIZ. B I OILEEMERR S Table 42 1273, A294E LTk, AT ELET
ERRREHRO Ag-Cu-Sn-Ti RiEHEERBA 8 (TKC-65)ZMHH L7, £/, b
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Table 4.1 Materials used in this work.

Bend
Nomu.laﬂ Density / Apparent strength at .
composition Me-m:3 orosity / % room Size / mm
/ mass% & P yre temperature
/MPa
Graphite C>999 1.77 21.9 39
Silicon SiC > 99 2.65 17.0 100 5%5*3.5
carbide
Sialon SizNg > 90 3.23 <0.1 980
WC-Co  WC:94, Co: 14.9 - 32000 10%10%2
alloy 6

Table 4.2 Chemical compositions of braze metals with and without Sn.

Ag Cu Sn Ti
Braze metal with Sn 65.2 28.1 5.0 1.7
Braze metal without Sn 70.2 28.1 - 1.7

Fig. 4.1 7> Fig. 4.3 |2 Ag-Sn, Cu-Sn 3 X U Ti-Sn o R EHLRRER & 7~
F7-. Fig. 4412 473K IZB1F 5 Cu-Sn-Ti Z5o-R FEPRER 2 ~T, 52 BT
NP0, Ag (LT, 28mass%® Cu ZIFMNT 5H 2 & T, i b iRk
L0 BAEA1053K £ 72D, £ LT Ag-Cu-Ti ZxRAIMICHBNT, AH#
HZERMEN T, i Ag BL O CuiZEET 5 & & bic, K5 2s CusTi
ELTHET S, Zhicxt L, RFFECTH O 2 Ag-Cu-Sn-Ti Utk A 5 ¥ Tid,
Sn 135 5 fHEEG 1100KHZEB W T Ag B L O Cu, =HE 293K)ICE VT Ag
W LTREEBET %, £ L TIHUICMA T, Cu-Sn-Ti =R FHERERIZ IV T,
W2 A 58O Cu-Sn-Ti DEIGIE 6 DMAIZMET D2 L0256, CuSmTis B &
VR CusSn R EDEBELAEM E LTHEETHZENREZOLND,

Fig. 4.5 2% 2 B L RMED FIETHNT Lz, Sn ivINA 5 #d6 K OF Sn EHRINA
IMOMEBBEFRB L OTE O OERELTT, WTILh AgtCu O ot
BTN Z T, Sn BRINA 9 #4 Tidk Ti-Sn-Cu » 5 72 2 & EML&4. Sn BERINA
ST Ti-Cu 22 b & BRULEH RO b, EBMEWII T T
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WTHoTeD, ZFORIRIT Sn IINA DTl Sn EEEHRMA 5 MITH AT/ E M
S77, WIZ, Fig. 4.6 IZHFE2EL RO FIETHN LT Sn iMA 5B LV Sn
\IRNA >80 X BEIFRBRO/REZ TR, TNEFN AgHBI O Cu MM Z
T, ®RBEEmE LT, Sn #iINA D8 TlE CuSnsTis, Sn EHRINA 9 8Tl
CwTi MEIE SN, T7obb, EEE&B L LTTi 2N L7 Ag-Cu-Ti Ri&HE
ERAIOMITH LT SnZIHIZHRMTLZ L1280, AP o&RRIL
A8 CusTi FBIX CuSnsTis HHIZE L U, & OFEAAE ORI LT,
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Fig. 4.1 Ag-Sn binary phase diagram®.
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Cu-Sn-Tiratio in Ag-29.6mass%Cu-
4 9mass%Sn-1.7mass%Ti braze metal
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Fig. 44 Cu-Sn-Ti ternary phase diagram and Cu-Sn-Ti ratio in
Ag-29.6mass%Cu-4.9mass%Sn-1.7mass%Ti braze metal”.
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Fig. 4.5 SEM microstructure and EDX area analyses of Ag-Cu-Ti and Ag-Cu-Sn-Ti
braze metals.
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Fig. 4.6 X-ray diffraction patterns of Ag-Cu-Ti and Ag-Cu-Sn-Ti braze metals.
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A, F v o N—PICEE L, Ar fii& SL/min (2T L — Y 2 @5 LIZ 36s
R L TINAB I OWHA L CTHEE LT,

Table 4.3 Laser brazing conditions.

Pulsed
YAG Pulsed CWLD CWLD Pulse Scanning
YAG wave wave frequency / . Atmosphere
average length / nm output / W length / nm Hz time /s
output /W &
134 1064 20 808 100 36 ( ?Lr /ﬂ;\:l)

(2) ESTHEMRBRELER L UBEITE
(i) SEM iZ X 2 WrmAis 22k

BEAHENRABHTOWT, § 2 BB L2EY ., WmiE A oRE %
{ERIL . SEM-EDS # AWV CHrEMHSE =417 -7,
(i) TEM IZ & 3 FEOMMEEREL L CEFREIE

FRIEO TEM A EBEA OB 4 F 2 EIRB L7z @ 1ER L, TEM
B L OVSTEM-EDS # AT, R OHMAMEGEEER L ORELEOHERE %
1To7,
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3) A5 EAEOESTRENME
(i) BAMRR
BEAINT-REHCOWT, B2 ZJCTDR L@ HAMRBR AT -7,

(i) SEM 2 X ZREMTE ORLREIE

W ORBRA IOV T, BTN ORFEEITH-D, 5 2 BEICGRL =@y
SEM-EDS % HW\THA W ER % OB I 283517 -7,
(i) 75/ X BREITTRBRIC X 2 RkWi DM R E

W% OFRER 2D\ T, SRR ORI R EZ1TH728, 3 2 FEICFRRLZiEY
XRD % HVN TR i S AFTE T 2 E D RIEZTT o7, Table 4.4 (Z XRD OHIE S
BT,

Table 4.4 Conditions of X-ray diffraction analysis on fractured surface.

Tube Tube Scan . Scan time /s
L. Collimator
Radiation voltage/ current / range / /mm
kV mA deg. ] 49.5- 79.5-
20-50deg. 80deg. 110deg.
CoKa 35 80 20-110 $0.3 600 900 1200
43 EBHRRE

43.1 B&, RIETARBBLCYA 7 a5 5 O
1) W~ 27 ok

Fig. 4.7 7°6 Fig. 4912, ZnEN B RILT A BB LUV A 7 v & A
EAE% Sn isNA > B L O Sn BN A 5 A CTHEG L 725 WrEm ik o SEM
BEBIVEDSIZL IRy VU IR E =T,

WTNDAIMTH, Bih, KIETAFE, 47 BLOEHESELEA
IfTERBOREIC T OBRLBARD LN, -, Sn EEHRMAHSHMTIE, A9
MEBREIC THXIZE A EFEELTHRWA, SnifiiA M Tk, 2514
PNERIZ Ti DRI 2 B(LEEIR A B L Tz, £2. A9 [HERBWNEO Ti O1fF
T AT Sn DBILLRD bz,

ZIZT, EIETHLRRZ L DI, EDS SHTICEB W CHBRESSAN R &
NTWASIITIWTHY, AT urORICOVWT TIiBILENOBREEINT
WA NIXTI & DOFRPHEETH D,
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! X
Graphite \ WC-Co alloy
Brazed metal
Fig. 4.7 Secondary electron image (SEI) and element distributions of C, Ag, Cu, Ti
and Sn at cross-sections of brazed joints of graphite and WC-Co alloy using braze

metals with and without Sn.

1 \
SiC \ WC-Co alloy
Brazed metal
Fig. 4.8 Secondary electron image (SEI) and element distributions of Si, C, Ag, Cu, Ti

and Sn at cross-sections of brazed joints of silicon carbide and WC-Co alloy using braze

metals with and without Sn.
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Fig. 4.9 Secondary electron image (SEI) and element distributions of Si, C, Ag, Cu, Ti

and Sn at cross-sections of brazed joints of sialon and WC-Co alloy using braze metals

with and without Sn.
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Graphite ' Brazed metal
Fig. 4.10 Secondary electron image (SEI) and element distributions of C, Ag, Cu, Ti

and Sn at brazed joints of graphite and brazed metals with and without Sn.

without Sn

e
SiC Brazed metal
Fig. 4.11 Secondary electron image (SEI) and element distributions of Si, C, Ag, Cu,

Ti and Sn at brazed joints of silicon carbide and brazed metals with and without Sn.
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Brazed metal
Fig. 4.12 Secondary electron image (SEI) and element distributions of Si, C, Ag, Cu,

Ti and Sn at brazed joints of sialon and brazed metals with and without Sn.

(2) A FE AR DOISHIAE ST

Fig. 4.13 725 Fig. 4.15 12, Sn #MNA 9 #M & VTS L1856 @ STEM-EDS
IZEDENZENE, RIETFTAZBBLOY A T e &AM RmEM#ES LW
TRy BV TORRETRT, B, RIETARBBIOH AT LA 5@
JBOFmEIZITI RN E RO b7z, Zid SEM-EDS THRO LN Ti B &
O'Sn DIRMbBE —FH L7z, £/, RERISEBITHE 2 ERBXOHE 3 ETHZ Sn
HRINA O MOGH L RARICEBEE TCH o7, Ti L BHTIEC 2, RIbFA
HB IO A 7 u o TiE Si BHFET L8 REOsE S o R, kibr A
FEBIOY A T o AR -,

Interface

THm

Fig. 4.13 TEM bright field image (BFI) and element distributions of C, Ag, Cu, Ti and

Sn at joint interface between graphite and Ag-Cu-Sn-Ti brazed metals.
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@Interface

Fig. 4.14 TEM bright field image (BFI) and element distributions of Si, C, Ag, Cu, Ti

and Sn at joint interface between silicon carbide and Ag-Cu-Sn-Ti brazed metals.

Interface

Fig. 4.15 TEM bright field image (BFI) and element distributions of Si, C, Ag, Cu, Ti

and Sn at joint interface between sialon and Ag-Cu-Sn-Ti brazed metals.
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IMHFDTI & BEKTHD C, RIET A FERK7D TH 5D Si & C, iﬂt(ﬁ*f%?’
2yDERSTHD Si &N EORIGEMME, ROEWNTAIMEDTTHD

Sn BLOTi DS ERMEE DR EZER L TWD I ENRHLNE 71‘/)72:
F7o, F2EBIOEIFED Sn EIHRMNA S M OGE L FERIZ, b ORE X
SIBICIT—EF T Ag AR ST,

Graphite |

220

(c) Position2: CuSng3Tig

(a) BFI 5/nm

Fig. 4.16 (a)TEM bright field image (BFI) measured in the area shown by the
broken line in Fig. 4.14 and selected area diffraction patterns at (b) position 1, (¢)

position 2 in BFIL.
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5/nm

Fig. 4.17 (a)TEM bright field image (BFI) measured in the area
shown by the broken line in Fig. 4.15 and selected area diffraction

patterns at (b) position 1, (c) position 2, (d) position3 in BFI.

Sialon

(a) BFI (d) Position3: CuSn;Tis
5/nm

Fig. 4.18 (a)TEM bright field image (BFI) measured in the area
shown by the broken line in Fig. 4.16 and selected area diffraction

patterns at (b) position 1, (¢) position 2, (d) position3 in BFL.
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Fig. 4.19 Reaction layer(TiC, TiN and TisSi3) thickness of brazed joints of

graphite, silicon carbide and sialon using braze metals with and without Sn.
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Fig. 420 Shear strength of brazed joints of graphite, silicon

carbide and sialon using braze metals with and without Sn.
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Fig. 421 Secondary electron image (SEI) and element distributions of C, Ag, Cu, Ti
and Sn on fractured surface of brazed joints on graphite and WC-Co alloy sides using

braze metals with and without Sn.

R

WC-Co
alloy side

SiC side

Fig. 422 Secondary electron image (SEI) and element distributions of Si, C, Ag, Cu,
Ti and Sn on fractured surface of brazed joints on silicon carbide and WC-Co alloy

sides using braze metals with and without Sn.
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Fig. 4.23 Secondary electron image (SEI) and element distributions of Si, C, Ag, Cu,
Ti and Sn on fractured surface of brazed joints on sialon and WC-Co alloy sides using

braze metals with and without Sn.
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2N Z T Sn @A 98 Tl TisSiz, CuSnsTis, Ag B L Cu Bz, %
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Table 4.5 Identified phases and their intensities detected on fractured surfaces of

graphite and WC-Co alloy sides of brazed joint using braze metals with and without Sn.

Braze metal with Sn Braze metal without Sn
Fhase Graphite side WC'S(ijc‘l’ea”"y Graphite side WC'S?;’:”"Y
Graphite VS VS VS VS
TiC - - - -
CuSn;Tis - w - -
Cu,Ti - - - w
Ag - M - M
Cu - W - w

VS: Very strong, M: Middle, W: Weak, - : Not detected

Table 4.6 Identified phases and their intensities detected on fractured surfaces of

silicon carbide and WC-Co alloy sides of brazed joint using braze metals with and

without Sn.
Braze metal with Sn Braze metal without Sn
Phase sicside  WCCoalloy g gq,  WC-Coalloy
side side
SiC \A A VS VS
TiC i . - i
TisSis - Vw - Vw
CuSn;Tis - w - -
CuTi - - - w
Ag - M - M
Cu - w - w

VS: Very strong, M: Middle, W: Weak, VW: Very weak, - : Not detected
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Table 4.7 Identified phases and their intensities detected on fractured surfaces of

stalon and WC-Co alloy sides of brazed joint using braze metals with and without Sn.

Braze metal with Sn Braze metal without Sn
Phase Sialon side WC_(.:O alloy Sialon side WC-(.DO alloy
side side
SizNy \A w VS w
TiN - - - -
TisSis w A\ w w
CuSn; Tis - M - -
CuyTi - - - M
Ag - VS - VS
Cu - w - W
VS: Very strong, M: Middle, W: Weak, VW: Very weak, - : Not detected
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Fig. 5.1 Schematic illustration of laser brazing.
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Table 5.1 Laser brazing conditions.

Pulsed

YAG Pulsed CWLD CWLD ~ Pulse T
YAG wave wave frequency / : Atmosphere
average length / nm eutpnt /W length / nm H el
output /W £ o "
Ar flow
134 1064 20 808 100
2 (5L / min)
Silicon carbide
Brazed metal
WC-Co alloy
0.1mm

Fig. 5.2 Cross-sectional microstructure of laser brazed silicon

carbide and WC-Co alloy at edge of brazed metal.
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T.(x,y,2,t) = [N(x,y, 2)l{T, ()} (1-2)
ZZCINIFERONTFEE~ N v 7 X {T,NIHERIREXY M ThHD,
(A-DRUCH T —F L EZEHAT DI LT, RKOFEEFEACEME KT HE
FOHBEZANEGEOLND,
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(1-4)
BRE< NI Y7 R [c]= fVe pc [N]T[N]dV (1-5)
HiREGRE~ Y kv {fY = [, QINITAV — [ q[N]"dS (1-6)
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[KITY + [C1{5) = (F) (1-7)
RO RIRES hL {T}=3X.T, (1-8)
BB~ b v R K] = X.[k] (1-9)
BRE~Y M) v IR [C] = X.lc] (1-10)
B~ Ry {F}=Y.{f} (1-11)
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MHTHDIEND, u+ SETF LR GAEDTZDIZA S RIS LTV A iREE
E L7, Thbb, SRTIEA I MORBKRBENMENZ L6, Bl REE
2% f/L\'1L/74+TE'J /JrL SNV L 720, BENC L > THE L BIE N A
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Heatinput

SiC
(5% 5x3.5mm

Braze metal
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i
i
il

Scanning

area
WC-Co alloy
(10 %10 x 2mm) Solid element: 0.1 x0.1 x0.1mm

Fig. 5.3 Computing model of laser brazing process and brazing specimens.

Table 5.2 Properties of silicon carbide, braze metal and WC-Co alloy used in

13-18
this computation at room temperature ),

4 Melting gy Thermal Contbmnlng Young’s Yield
Density = Specific heat . thermal = .

10%kem™3 temperature %/ JK- kel conductivity epansion modulus strength

< K E ® Js''m'K! e ? GPa MPa

ook

Silicon carbide 2.7 3003 700 50 45 80 50%e

Braze metal 9.0 1043 114 219 19.6 83 272
143 5.0 640 5230

WC-Co alloy 14.9 - 224

*: Temperature dependence, **: Fracture strength
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Table 5.3

Temperature dependence of specific heat, thermal conductivity, yield

strength and young's modulus of silicon carbide, braze metal and WC-Co alloy'*'.
Temperature  Specific heat Thcrm.al' AR Touog's
/K /IK-'kg' conductivity strength / modulus /
/Js'mr K- MPa GPa
<300 700 50 50 80
Silieoy 1473 700 50 25 8
carbide
> 1973 1400 50 25 8
<273 114 219 292 83
i‘;z; 1053 114 219 0.1 8.3
>2073 112 219 0.1 8.3
<273 224 143 5230 640
473 224 113 4053 496
“;ﬁ(;go 573 243 103 3465 424
1073 271 72 523 64
> 2073 542 35 523 64
1500 v 250
Specific heat & Thermal conductivity
i@ / —i 200 |
B3 & === Silicon carbide
§ b ——Silicon carbide | ? 150 ¢ a—Braze metal
8 w—Braze metal § W C-Co alloy
5 ‘g 100 F
% 500 W C-Co alloy 8
2 ®© 50
; . : F o . " .
9 0 500 1000 1500 2000
0 500 Tempelz:)aotgre K 1500 2000 Temperature / K
6000 700
Yield strength Young’s modulus
© 5000 . 600 |
a == Silicon carbide S
E 4000 F w—Braze metal 9 9008 e Silic00) caTbId e
%) W C—Co alloy % 400 | w———Braze metal
é 3000 8 Blss6- 0 ——W C~Co alloy
§ 2000 | g
D @200 | \
> 1000 | 2
>- ‘00 = '.-\', i A -,
D S——— 0 \

500 1000 1500

Temperature / K

2000 0 500 1000

Temperature / K

1500 2000

Fig. 5.4 Temperature dependence of specific heat, thermal conductivity, yield strength

13-18)

and young's modulus of silicon carbide, braze metal and WC-Co alloy :
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Position 1:
Fixing X,Y and Z axes

Position 3:
Fixing Z axis

Position 2:
FixingY and Z axes

Fig. 5.5 Fixing site of computing model.
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5 Z & TR 21T o 7,
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e X7,

- % 2560, 65 @)

g: &5y )BT HEPED O OBEGTE

Q: AN#gE
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Fig. 5.6 Schematic illustration of heat source.
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Fig. 5.7 Computing model of bead on WC-Co alloy.
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Fig. 5.8 Temperature dependence of coefficient of heat transfer.
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Fig. 5.10 Measured and computed temperature histories of WC-Co alloy

during laser brazing.
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Fig. 5.11 Computed temperature distribution on WC-Co alloy and braze metal during

laser heating.
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Fig. 5.12 Computed temperature distribution on braze metal
at 36s in Fig. 5.11.
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Fig. 5.13 Maximum principal stress (residual stress) distribution on

brazed side of silicon carbide after cooling.

WIZ, RAKTFISAE L TR RERIENRRBD HLTZ(D A S e REH O E
EiZETe X-Z Biic oW T, TREN X, Y BX O Z @SS O EZE LIz
WCRRNT 24T - 7=, Fig. 5.14 5 Fig. 5.16 \ZFEATET VD X-Z WHmEIZI 1T 5%
Hbo X, Y BIOZ @S HOELE =T, ZNEIMBADOKT L7z 36s (25

TIX, RERISHTRD bR oTz, £LTA5sITBNWT, AT BEIC
1L 50MPa ZHB X HRER X BIOY BIDOG RIS BFAE LT, IKILTAFEL A
I A5h & B R R AT D RAL A A FANZIZ 20MPa L E D X B X OVY #hD 5| 5RIS 7
DIFE %L ZORNANZIZ, X BEQY SiOJEMES DB FEAE LT, £LT, &6

YHIBELIZONTIN S DS DOMIMEIIKREL oz, 2, BEASE
m BWTHREBEOEAAE SN, X, Y BXOZ&@SHOFTIE, IO
SHEE LCiX, XEUS 23> & b REVELZ R LT,

WIZ, Fig. 517 \ZHEDET L1z 300s (28T AEHTET VD X-Z WrilZ B

A@)X. (b)Y BLWe)Z 8GO0 AE . A IR RE O 2 IEK LI kbF
BT, BNAREE b RIET A FRNCERT D L, AROEY . 594
B DI BRI I OEFHARD Nz, TLTX, Y BLOZ ##4
e hERET S L XS0 R D REVEZ R L, ZOSEHEKICEIT 5,
FNENOEYSIOHPT X @SR b RELS Lo E LTX, 2D X-Z

118



WrmlZ B\ T X B3 A S M ORI O EE R b ITROT W IR Th o727z
HThHEEZLND,

WA, Fig. 5.18 (2 Z OFEIC T AR S IBER SOV X @S oBE, £7-2.
Fig. 5.19 (TiRE & X WIS DOBRERT, Z 2T THRITET VT, MEGT O R
b7 4%, AIMBLIOBESEVPEAINTVWIRETH LD, MEFIZ
LISTINFEETHZ s, LL, EBRKL L TEESINS T TRILY
AFBIITIEHIFEL 2N EEZONAEZ NG, ZZTHEHMEIZ L - TAEL
AN TIR 0 & L7,

WENZ & b 72> T X Bg[RISNIRELS ARV | K 400K (2B W T, RILT A
FZOWEWRE TH D SOMPa IZE Lz, Z 2 THEITET L TIL, RILZ A BB
RIS F1% 50MPa & U778, FIEL L L CUIRIL 7 A BITBEERE IR
HZEND, BINMARBELTHNDZ LD, ZOL)BRKRERBEIS IR
ALTEEBE LT, RIETAFBLEAIMOBIZEREB R D Z BRI
KHELTEZOND, AKETHEZNETNLOREREELY., RILTF A F
1T 4.5x<10°K",. A 980 19.6x10°K ™, BBEEA 4T 5.0x10°K" & L7z25, A 54
DOBFGRARENTIRAL 7 A OB A ST TR 4 fEREV, T72bh, I
WX THEELZRENOHRA SN DIBET, AHIMOIHENIRILT A FE L
OBBAEICL>TRRENDZEERD, AT X BIVY 85| 5ERS
FNEAET S, FIFIC, DOV EVICE Y RILZFr A BB IORBESESAS 5
IMIZE ST, AHMERBMONEEICSRISENEZZTHIEERY, 2R
REHNCEREIC I L2 5,

119



oy (MPa)
60
50
40
36s 40s 45s
50s 70s

100s

ll a Be

200s 300s

Fig. 5.14 X axis stress distribution on X-Z cross section of laser brazing

specimens during cooling.
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Fig. 5.15 Y axis stress distribution on X-Z cross section of laser brazing

specimens during cooling.
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Fig. 5.16 Z axis stress distribution on X-Z cross section of laser brazing
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Fig. 5.18 X axis stress and temperature histories at silicon carbide near braze metal.
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Fig. 5.19 Relation between temperature and X axis stress at silicon

carbide near braze metal.

54 f58

ARERIEICL D L—V T L—U 0 ZiafR T OB EfRNT I X OSSR %2
TV, AITH DA I MOIBEDAER L ORILT A RO TN DN TR
PIToER, UTOZERALNE o7,
(1) V=T L= 7O &EERE T, AR OER 5 RH LI,

122



)

3)

& 0% 1099K, [F CREATIZ I T 2B BREITIC KL D 5HEEDS 1082K TH Y |
EREIGEVVERB/ SN, 7, MRS L OGHF OEEEL S FHEE L
ERAMEICIZRW—ERRD T,

BREMITICE D, L= T L= I L BRI THE S D
& B BTEIVAD » TO D EEBANOIRE ST, M, mEF 2@ L TRK
THHAK DIREZETHY | AIMIH—ITMBAIND Z L RRENT,
JSTIFBITIZ KV | AL A FBH DA S (FERBOANEEIZ, RG-S A F&OREWT
IS SI(50MPa) & BB % 5 51 RGN RAET D Z ERH LN o T,

BE IR

D
2)

3)

4)

5)

6)

7

8)

9)

SVBGK, “E T X v 7 ADER”, TR, Vol.79, No.7 (2010) 27-33.
B, EAE, FH =, PHER, BEER, “StN, L &RESHTF
LRI BEBISICET D BED, BHEFRIUE, Vol.7 (1989) 275-282.
KEREE, B EEL, R, “Ag-35mass%Cu-2mass%Ti DIEHEERE A 512 &
HT NI T L an—LOES”, FMYMEFHESE, Vol.12, No.1/2 (1999) 3-7.
EHEEH, PR, LR, BT I v 7 REERBOAIMITICLBEEMD
FRERISFIERAT, B A 2R A, Vol.57, No.536 (1991) 907-914.
MES AR, FRIERE, <BEM OBSEINCET2MRGE 2R)-@R LT I
v 7 A DIEEEMT-", KRR TR o # — AR Ek4E, Vol.22 (1993) 16-18.
FHIREH, BERR, “BRFEMOESEINICETIMN(EEO)-ERLEET
v 7 AOBEEWN-", KBIRLESIN & o Z —hF5EkRE, Vol.23 (1994) 4-7.
A. Levy, “Thermal residual stresses in ceramic-to-metal brazed joints”, Journal of
American Ceramics Society, Vol.74, No.9 (1991) 2141-2147.
HE—ES, “EaaoRFtR(V) BFEE#ME e =7 5 FEROBL
B, T.3ER06), Vol.48, No.3 (2000) 99-104.
REERE, MBS, “IARIE FEM IZ X AIREEET OEARBIEMITRIE, 84
JBYAHE, Vol.46, No.4 (2008) 19-27.

10) Bk &t JSOL = v=7 U » ZFAKE, “LS-DYNA fEHDOFF[E Second

Edition”, %kRXEH JISOL = V=7 U > 7 AKE (2011).

11) A. Xian and Z. Si, “Direct comparison between tensile strength and flexural

strength of ceramic/metal brazing joint”, Chinese Journal of Metal Science and
Technology, Vol.8 (1992) 30-34.

12) BEHAG- 1Y F s

(http://www.toyotanso.co.jp/Products/Special graphite detail.html)

13) J. Z. Wang, C. Yang, M. Chen and Z. Y. Guo, “Molecular dynamics simulations of

the heat capacity‘ of Cu-Ag alloy”, Journal of Engineering Thermophysics, Vol.23,
123



No.3 (2002) 274-276.(in Chinese)

14) 1. Sudmeyer and M. Rohde, “Investigations on the wetting and joining behavior of
Ag-based braze fillers on silicon carbide”, Proceedings of SPIE, Vol.6880
(2008) 68800J-1-6.

15) Prise s, “FRE B, HFMEK, “WC-Co Rt & & DBVERICEIT 5 ERA
fF2E”, & I KT TFERCEE, Vol.35 (1984) 14-22.

16) [AME, KEEL, HRHHE, THARE, SAH, “WC-Co RBESED
MEHRFEIC R WC RIEREB LY Co DEEG A EROLE”, #MEL Vol.54,
No.4 (2005) 447-452.

17) BRERBZEER, “GRT —4 7 v 77, LEKRRESHL, (2004).

18) frib A F(RE-SIC) LT & v 7
(http://www.ngk.co.jp/product/industrial/fireproof/carbide_data_01.html)

19) K. Kazemi and J. Goldak, “Numerical simulation of laser full penetration welding” ,
Computational Materials Science, Vol.44 (2009) 841-849.

20) P. X. Xu, C. M. Bao, F. G. Lu, C. W. Ma, J. P. He, H. C. Cui and S. L. Yang,
“Numerical simulation of laser-tungsten inert arc deep penetration welding between
WC-Co cemented carbide and invar alloys”, International Journal of Manufacturing
Technology, Vol.53 (2011) 1049-1062.

124



BeE B, RILVARBILUY AT v LEBESED
VT L= DU TEAMTREICRIET 5 IMESOER

6.1 ¥E

TIIvIALEERORMA I HZBWT, BERARENCERNT S E S
Ry ADENEEBT D LIL, HEBROBELHERTLATEETHY
IHETICHEL RBIENMToRTE R 7, RS ViZ, B> REROMER
BXOBEIZITOHFH A 5 FHZEBIT 5. SisNy & Cr-Mo S0 BAf 5 5 FHZ BV T,
AOMBEZEIETETNVOERBIS BN EZITV. AOMBEEIDHELT D
ZETETI v I APIZEULBEEICIBELTHZ EE®REL TS, £,
KFES NT, BEENRARD Ag-35mass%Cu-2mass%Ti DIEMLEEB A I MIZL DT
NI F L aN—LOERETV, AOMES 0.lmm & 0.05mm TiX, 5IHME
EINBENEFREARREN M LT LE2WEL TWVWD,

LU, BEARABVTINEAE L OWENERE CiIThs L —F 7L —
YICBTBAIMEINERIGIRE T I v 7 AROE NI KT TREIZD
WTHINETIIHEL R, ZTRNEFALNICTHIZLITHEHETHDLEZXD
nN5, 2T, RETEHAO>MEZ% 0.1 75 03mm £ CEILIETRILT A
F.EBHRBIUYA T U EBESEDOL—F T L= T EITVD, RO
ENBEOHEOHERB LUOMFORANEEORFZITO L L HIT, FH 5 &
ERBRDOFETIN L OEESERDOEFBEETAEZER L, A OIMEIDEREILT
W RIETEEI SOV TREEITo 7,

BB, IITEIIvIZADOAIMFICE, B 2 EBIOE 3 ETHWE
Ag-Cu-Ti ZTTRAEEAIMETION MU TH D, ZHIFEESERBRE LT
Ti M THZETEIIVIRLEAEIMODENEZRA LESELLAIMTHD,
LML, FBA4ETHLR_ZEY, Ti OFMNEITH Z & THKRA Cu-Ti ZERBM
{LEIMBAIMPICERIND 2D, FEICEDEROA I MEELIHEITE
XO0ImmUTIZTDZ EAREL R AREANH D, —FH T, EHIZSn 2N
L7z Ag-Cu-Sn-Ti Mt R E5&% A 5 LT 556 HALRERBMILEMDOEKRE
T A ENFRETHY . EHICHENASIMOERNREL 2, #FHTS
AIMOax hEERESEDEZ LIZMA T, BEFOBRERNEEMTH9R
LHIEE NS Y,

6.2 HHAMEREIUERSE
6.2.1 fERME

R B E Table 6.1 12777, AL, HA4ETERLIZRILT A E. BB
SO AT ay b BESESIIHLTITo, AOMITE 4 ETHWEZHAE
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Ag-28mass%Cu-5mass%Sn-2mass%Ti 5@ &R L. £DE X% 0.1, 02 BLW
03mm & &b S HTz,

Table 6.1 Materials used in this work.

Bend
Nomu'la'll Density / Apparent strength at .
composition Mo orosity / % room Size / mm
/ mass% J P yre temperature
/MPa
Silicon . .
: SiC > 99 2.65 17.0 100
carbide
* gk
Graphite C>99.9 1.77 21.9 39 335
Sialon SizN,>90 3.23 <0.1 980
Ag-28Cu- 3*3%0.1,0.2
Braze metal 5Sn0Ti 9.0 - - and 0.3
WC-Co WC-6Co 14.9 - 32000 10%10%2
alloy
6.22 ERFH

1N Vv—FT V-V

L— BT L — L F&MEE Table 621057, L—YT L—J0 FI3E 2 Ehn
L 4 ETHRALFHE T -7, RILT AR BIB IOV A 7R LEMT
HHBECE L TAIMEFER, F¥ o —NIZEE L., Ar fii® 5L/min (ZT L
— Y24 1T 36s BE L TNAB LI OWAEAIL TES LT,

Table 6.2 Laser brazing conditions.

Pulsed

YAG Pulsed CWLD CWLD Pulse Scanning
YAG wave wave frequency / . Atmosphere
average lenath / nm output / W leneth / nm Hz time /s
output / W g J
Ar flow
134 1064 20 808 100 36 (5L / min)

Q) A5 FHBolEHERBREE

BESENERBHCOWT, B2 EMOE 4 HEEREROFIEIC L 0B 2 Gk
BLUOWHEL, Mmbsr2 B8 L7z, & 2 CHEEBZRICIE. X4 KEYENCE
R FBEMEE VH-ZI00R % V., A9 (&R OWHE & HEBiz >V THEIN
REODHELZBE LT,

126



3) A I fTEES RO TRETE
(i) FAERBR

EERMOREEHELMET LD, F2 ENLHE 4 BETRNZEYESE
Nz EHZ DWW THAMREBR 21T - 72,

(i) REWTE DFERREBIER

HAWRRIC L DWW OREEIT I o, TAMRBEZORILT A %,
BB LU A 7 a il 7e & QNS B EE S SR 0 i 7 OREMr A 12 35 W TR T 8L
22 %7 &t KEYENCE S Ot BHMEE VH-Z100R & iV TIT o 7=,

63 L—FT V-0 izt 3 BGEMBITE X OSSR

WS ELRBEOFEICTC, AOMOEE 0.1 BLU03mm OR{Lr £, B
MBI AT EBESEDL—F T L -V JIIBIT2BVRERITEIE X
WIS IR 54T o T2,

HEICHWEENENDOFEIROMEMNESL Table 6.3 12, IREKFHEEZER L
B BURER BIRIS B L O /R % Table 6.4 B X (VN Fig. 6.1 IZFNZ
VR, 22 TA I MOMEMPE & L TERAIE Ag-28mass%Cu-5mass%Sn-2mass%Ti
BEOYMEENR A TH -2 &6, Ag-28mass%Cu-1.7mass%Ti & DOWME
BEEH L, 72, KIEF AR, BRBLIOY A 7o OBRBE L,
SR DD 1/2 % 5| SRAEIEIE & (E L <. BTS2 R Lz 2,

Table 6.3 Properties of silicon carbide, graphite, sialon, braze metal and WC-Co alloy

used in this computation at room temperature®=?.

Coefficient of

. Melting g Thermal Young’s Yield
Density / Specific heat S thermal * *
10%kgm'® temperature / */JK-Tkg! conductivity expansion / modulus* / strength* /
/I TmtK! o1 GPa MPa
10°K
Silicon carbide 2.7 - 700 50 45 80 50**
Graphite 1.8 - 746 105 4.5 10 24.5%*
Sialon 32 - 680 16 32 300 490%*
Braze metal 9.0 1053 114 219 19.6 83 272
WC-Co alloy 14.9 - 224 143 5.0 640 5230

*: Temperature dependence, **: Fracture strength
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Table 6.4 Temperature dependence of specific heat, thermal conductivity, yield
strength and young's modulus of silicon carbide, graphite, sialon, braze metal and
WC-Co alloy*?”.

Temperature  Specific heat Therm.al. Yield Young's
/K /IK kg conductivity strength / modulus/
/JsIm1K! MPa GPa
<300 700 50 50 80
Silicon 1473 700 50 25 8
carbide
> 1973 1400 50 25 8
<273 747 98 25 10
Graphite 973 1821 55 31 6
> 2000 2113 47 40 1
<273 680 16 490 300
573 680 16 490 300
Sialon 973 680 16 381 180
1473 1011 16 245 30
> 2000 1360 16 245 30
<273 114 219 272 83
iﬁi‘; 1053 114 219 0.1 8.3
> 2073 114 219 . 0.1 8.3
<273 224 143 5230 640
473 224 113 4053 496
“;EOS" 573 243 103 3465 424
1073 271 72 523 64
>2073 542 35 523 64
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BLOY AT o b BEGSOEAMKFETD A 5 {348 O a5 Ok
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(a) 0.1mm thick braze metal
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Brazed metal

Brazed metal
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WC-Co alloy ; WC-Co alloy WC-Co alloy
(b) 0.3mm thick braze metal 0.1mm
Fig. 6.2 Cross-sectional microstructure of brazed joints of silicon carbide,

graphite, sialon and WC-Co alloy using braze metals with 0.1 and 0.3mm thick.
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Fig. 6.3 Effect of braze metal thickness on shear strength of brazed joint.
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Fig. 6.4 Fractured surface of brazed joints on silicon carbide, graphite and sialon side,

and WC-Co alloy side using braze metals with 0.1 and 0.3mm thick.
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Fig. 6.5 X axis residual stress distribution on X-Z cross section around braze
metal of laser brazing specimens of silicon carbide using braze metal with (a)
0.1 and (b) 0.3mm thick.
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Fig. 6.6 X axis residual stress distribution on X-Z cross section
around braze metal of laser brazing specimens of graphite using braze
metal with (a) 0.1 and (b) 0.3mm thick.
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Fig. 6.7 X axis residual stress distribution on X-Z cross section around
braze metal of laser brazing specimens of sialon using braze metal with
(a) 0.1 and (b) 0.3mm thick.
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Fig. 6.8 Relation between temperature and X axis stress at silicon

carbide near braze metal with 0.1 and 0.3mm thick.
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Fig. 6.9 Relation between temperature and X axis stress at graphite

near braze metal with 0.1 and 0.3mm thick.

133



200
Sialon-0.1mmt braze metal
= == Sjalon-0.3mmt braze metal
150
©
¥
=100 F
9
50
0
200 400 600 800 1000 1200

Temperature / K

Fig. 6.10 Relation between temperature and X axis stress at sialon

near braze metal with 0.1 and 0.3mm thick.
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