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Development of Bonding Techniques between Tungsten and Copper Alloy for Plasma Facing
Components by HIP Method (2)

-Bonding between Tungsten and DS-copper-

Shigeru SAITO, Kiyoshi FUKAYA, Shintaro ISHTYAMA" and Motokuni ETO
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Recently, W(tungsten)-alloys are considered as plasma facing material (PFM) for ITER because
of these many favorable properties such as high melting point (3655K), relatively high thermal
conductivity and higher resistivity for plasma sputtering. On the other hand, Cu -alloys, especially DS
(dispersion strengthened)-Cu, are proposed as heat sink materials because of its high thermal
conductivity and good mechanical properties at high temperature. Plasma facing components (PFC)
are designed as the duplex structure where W armor tiles are bonded with Cu-alloy heat sink. Then,
we started the bonding technology development by hot isostatic press (HIP) method to bond Wwith
Cu-alloys because of its many advantages. Until now, It was reported that we could get the best HIP
bonding conditions for W and OFHC-Cu and the tensile strength was similar with HIP treated
OFHC-Cu. In this experiments, bonding tests of W and DS-Cu with insert material were performed.
As insert material, OFHC-Cu was used with different thickness. Bonding conditions were selected as
1273K X 2hours X 147MPa. Bonding tests with 0.3 to 1.8mm thickness OFHC-Cu were successfully
bonded but with 0.1mm thickness was not bonded. From the results of tensile tests, the tensile
strength of the specimens with 0.3 and 0.5mm thickness were decreased at elevated temperature. It
was shown that over 1.0mm thickness OFHC-Cu insert may be needed and the tensile strength were
a little higher than that of HIP treated OFHC-Cu.

Keywords : PFC, W(Tungsten), DS-Cu, HIP, Bonding, OFHC-Cu Insert

* Department of Advanced Nuclear Heat Technology, Oarai Research Establishment, JAERI
“Department of Fusion Engineering Research, Naka Fusion Research Establishment, JAERI



JAERI—Research 2000—006

= =< S
2.1 MH&U%QH@@% .......................
2 9 ;&égﬁ% ...........................
2.3 BEEDIUE v v e e s e e e e e e e e e e e e e e
3. 7’[%2%(\:%%3 ...............................
3.1 *%é@ﬁié&()‘{ﬁﬂ%&%{t .......................
3.2 IESREEDIEf ¢ ¢ - o+ o+ o+ e s e e e et e e e e e
P N T T T T

Al %% ...............................
A2 fﬁ:in:% &‘_4:%‘%3 ...........................
A3 i &&b .................... s e e e s e s s w e »

1. Introduction * » = * = * = * * = * = « s s .+ 4 e 4 e et e e e 0.
2. Experimental ¢ v ¢t s e e e e e e s e e e e e s e e e e
2.1 Preparation of Materials and Specimens ~ * * * v e e e e e e
2.2 Bonding Tests = = ¢ ¢ = ¢t s s e s et e e 0 e e e e e
2.3 Evaluation Methods of Bonding = - + * - R
3. Results and Discussion C e e e e e e e e e e e s B
3.1 Results of Bonding Tests and Texture Variation =~ = = = » = + = = = « =«
3.2 Bonding Strength ~ * ¢+t st et e e e e et e e s
4. Conclusion * * * * * * » = ¢ s » P T T
Acknowledgment « + = ¢ v+ s st e e e ee e e e e et e
References  + = = » o o o e e e e e e e s e e e e e e e e e e e e e
Appendix vt e eeeeeeee e ee et e e e
A.l Experimental =~ + v v et ot e ettt s e e e et e
A2 Results and Discussion = = ¢+ + st s s e e s e e e e e w e e e

A_3 COnclusion ---------------------------

N OO A R DN NN e



This is a blank page.




JAERI—Research 2000—006

1. Frim

i

. ITER/EDA ZIADAR MY V7FEOHRFTIE, T Xwxmmel s L Tamss
AT UBEDOBRFAMTONTVWS[L], ¥ TATFE8ld. kLSRR EINTER
RE/IREGEEMELBE LT, MANVFU THIZEN., BEITHE NI FULIZLS
AR M) —DORENDRL[2]. DOFNBEEOBROERNRZENHFINTNS,
FAN—FEBTIE, ¥—4 v L —hO7 =M LEMEIOERAMRF TN TN S,
—F., T—IMOERBITHEEINA - 0 IMELTIR, TOBRGEROEICHEW
BIREME[317 5 EEEE F8H (OFHC-Cu) X 7 )V X F 77 #15% (L. 8 (Dispersion Strengthened Copper ;
DS-Cu) BEDMEEMNIBREINTNVS, LML, T XATHmEEIL. SBAERP 14MeV
mETORBEICRINDS D, BEITCRHES, HeREOBERERREFOEEICTKD,
BMARONCHEHRECRT HENIERESHOBEN N TFEIND, LdoT, 75X<
KL O BUEICIT, MEOEETESHEEMOBENARIRTH S, £ITHRLIE,
A% A INE  (Hot Isostatic Pressing ; HIP) K& 25 > AT 2 MBS OESHMN DM
FRICEF L=, HIP BREFNICENEMA DD IHEGHECTIEREICEN. BEM
BOBBICEL TR EEZISNTNS[4], £/, HIPEIEIAE BmEE) BBORYE
RIARDOESICOBEANERSTOMOBES HFEIHRTENTWSELEEAS, BRS
BEETIE. 7524y MEEMTH B SUS3I6L Eb—F > U D DS-Cu DESENTES
NTWB[5-7, YUTAT U EMAGEOERICHAL TR, REEXETIKI I AT U LER
RO TREHIP R442%. BMEREZEZERL TWS[89]. AMFETITIHIPEZHW
725 A5 & ITER/EDA Tb—h o 2 7MELTHAINAFEDOT IV T 8H
L E OEERRET., HERECIRVAREICIORE /L HIP £RHOFEREHESE
EOFEZE1To 72,
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2. ER

2.1 MEROEEOLENH

R TIEERERY > VAT D BOMY > T A F 2N, RREHIMREEREIEIC
LoTHEEEN, MEZIIXULTHS, 7V FoBEEEHREICIT A #REBLNSCM A
FIVED AL-25 2RV, RREHIT VI FE2H025wBEH/ L. EBERNEE. RICEER
IC BT B RENEREFEHIC R TKRIZBIZHE SN TWB(3]. SME O RHY) 7317 % Table
2. 11RT ., E/2, SMEIOEREYEEE R OCYIPEME % Table 2. 2 IZ7RT,

AENIER 3 2mm. & 28mm, SCM A ¥ VEUIER 20mm, & 25mm O HERIR
YO TESRBAREEL. KRAHOEH (Fy 7)) KEFE—LBETEE
HALR, /2, MEOMICHBEMZEAL EESERB T . BERBRARBEUF
vy 72V ONBEEE% Fig. 2. 1 ITRT,

2.2 BEEHRR
HIP #5888 13. KOBELCO M “Dr.HIP” ZHAWTITo /=, EEH XIZIIEHME Ar /i
A &AW, A&, HIPEED 900°C~1050°C., FREFFRFRIT 2 BFE. EH1X 98MPa
LU, BELRGED—EE Table2.31ZRY, £/x. MBFBOMICHEEM ZHEA L LEEHR
HiTo7, BEMCIIERZEFZRINL., ES2EXTESHRETo . HERHFIETS
AT L CEBEZRFOESRROMRB.I9ESEIT. 1000C, 2K, 147MPa & L7z,
BE&RMHED—E% Table 2. 4 ITR T,

2.3 BEEOFM

EEOFmII. #EORE. EERERVEMOMBELD 3 ZITDWTiITok, £7,
HIP QLB % #& X /-3 BR{K % Fig. 2. 2 DRRIZ 2 DIZYIMT L7z, /NEWH DY ISEIEICED
AK, EHFBER, TyFra2ifTn, BIRAR SHEEZE. SEMEZ KU EPMA 71
WCRWE, TyF 2 TIRDED % Table 2.5 127 T, KEWHDYIF 513515 0 AR %
BUEL 7=,

EEOREIL. £ - SEMBROBEREZ T THW BT, BRERIOMBAED #ilF - 5
BORBFZFOUDHLUDARENE DN THREBHNZESOREOHKZT o7z, DXD &
i« SEM BRADEEHIHMEF v T2V OMRICL D, RERANERI N THRNZD
TH5, ER. FHEAITHRRBEIDICENMT EEESGLTVRAELEDITHoTH, R
FoOUDHLURICEZIL T THEET 5D RSN,

el Nz BRI ONWTIERF 20 ML, 5RVRR THSHRED T
iZfT-7z, SIBRVRERICIIFig. 2.3 IR T XD BRKABF Z AWz, RREEII=EE.
200C, 400°CKUN600C, T AEEIZ0.5mm /min, HBREKIIZERE2ETDOELE,
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HIP LEE O RERKR, EARMEICESZ 2EEETANDL -0, BIER, KV
SEM 8%, EPMA #S#iZ&{T-o 7z, BIRRIT, Y170y H—AEIEHEBREMHT2 (2
REEHED) TV, BERLEICLAMEBOBEXOE(LEZRANI, WEIT 500gf, (REFE
15 E L, SHBERICEVERRMMEEFICE2ERREFORES, VIV Fo#ba(k
AEDT7INIFTRTFOSHRELZBEE L, £/-. SEMBERTEESMICB I ZRKIEERR
1A ROFEREFBEEL, EPMA SICE D7V FRIFOSMRERMEEGEEICH
SRPIE DL /N Nt R RV
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3. MREEE

BAERROBR. A #EHOT IV I FoHER IR TIIES TR L 23R no 7z, > T
AL TIE. SCM BT IV FHBEREHFHOESHRERDAZRTHEELL, A HEDOFERITD
WTIRfTERICE LD THRET 2.

3.1 BEAORERUVHEMBEL
(1) EEEE

Table 3.112% 7 A5 > & SCM BT IV F BB EROEZEESHBROBERERT, &
MEHEASNRED., ETOLGTEEESITERN >/, EEHEIOSMERY
SEMEPMA BE %o /=, TO#HE. Fig. 3.  TRT XD ITHEETITKEBENE RS 1,
Fr v BRELTWS I ENDN o2, EEEFED EPMA BOTOHER (Fg. 3.
2) . IORBETREZOE—VPEEIN. £, MUNXBREHFTOREER (T8 Fig. A.
5 &0, ZORBBIEIW0, £EWO,DLFEHERDI D ITAT U BRIEMEEZ NS,
YO ATF L EEBEROESTRIOII BRY VT AT VBB ORRIIRD S
Mo B89N T, BIEMERRTAERIT NI T HEGELFEICHET I HDEEZ SN
%, BRERS TV FHEEREEOEEERICIIBREFHEIP TUET A IENH S0,
BEEEATVINETHD, £/, BEVBOREZIRZN2 . mBETHD., AHEHOR
KE40 1 m ((F8Fig. A. 6) EHNZESCMBOHENEFEEZENDEWHETHS &
A5, —H. VIV IORERITIIFHEGREFENEBRE TEENA 272720, #
EROBHEBRBITENVWTHEOMEERE (Table 2.2 B8) 1L > TEU D BSH RN
ENREVNED, BATORWEBLYEBRZOEETHEHLZD 7 Iv IBNRETIHD &
EZoND, YOV ATF U EEREZFAOES[RITIR. KEETHIREEZFDERE R
WOAREISHEZRENT S0, 7oy 7F IR SN T,

(2) MEMERWEES

EEESRBROBE, YO VAT 2 ETIV I FoBRESEO#E1TI3. BB O R
Biik EBEISH 2 BT A-DREMNLETHD I ENHLMERo 2. HHEMORIR
KHoTiE. QAT VBEHORRI L. Q&S OEM, QORMEERNE
&, @BEHER DN &, OF YT AT L ET NI FREERILEDO NS LIESTFIEE T
HdBHIE, REEEELHER. ERZEFZERUZ, Table3. 2 ICEEM ZHW-EEH
BROWEEEZRYT, EEFZFEIN 0. 1mm TIXEHABRRF YO 7Z UKICHER L7245 0.3~1.8mm
OEHETIEIESICTRIN Lz, SESHROEMEEE % Fig. 3.312. SEMEE% Fig. 3. 4(a)P
LUOMITRY, EEZEHFEZN0.1mm TIEIEEL TWAEWI &35, £/, Fig.3.5
~6 IZEREFEHRE XN 1.0mm DS D SEM BLUEPMA EHHTOHRZRT, (DF >~
TAF CEBREZFRORTB LN b)) OBEZHFET VI FHBEREFEORED WTNIC
b RINEDOERIZED SNah-o 7z,
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(3) SHERIEIRAR

BEMEDRENIDNWT, HIP UEBICHESHBELOBREZFANDZ0IZ, SHEREE
XRBEIToO, BERBROEREEFig. 3. TIORT, 7V FoEEE{LHOE X HIP R
FE1000°C E TIZHRMEBRM EIFEAEENRND, 1050CTHILT D Z &b h oz, —
B AT ATFURIFEAEBEIOELLERR SN, £, SEBEREID. TIVI
FAEERILSAT O T I I FRFRRE—ICEET HHRNEE SNz (Fig.3.8) . £HRE
DEEIT. ROUBEEITHEMN < B—IZH8 L TWz7 IV R, HIP LEHIZIE. R
RICBEL TWA ZEMH- -, SME TN I F o EEOBEDEEITAFEID D
INEo Tz,

3.2 HEREOINM
WEEZEFEEMEZRA WY DT AT 2 ET NV F R EREROESEROEZEREDF
ZEEREVRRICK > TfFo 7z, Fig. 3.9 KHESHREDORRBEKFELZ, £/ Fig.3.101
EERE - EEEFANEMES LOBFRERT. ERZFREMEZS 0.3mm TIHARIEE
EEMNS200CETIROPEBRETH 2N RBREE400CULTIEHEL <HBEMETF L,
¥7-, EEEEFREEMEZ 0.5mm TIHRAREBEZIREN S 400CETIRES 1.0mm K LD
B & REZEND, 600C TIEL <HEMNMET L7z, 0.3mm OFEENZEIRN 5 200C TEH
EROIZHREMLOBREB L DB RES B 2D EEZEND, —F. BRTREER
FEXHN0.5mm U FORIIBUSHE T B TETRECETZEBbBDEEA LGNS,
o TEIRVBRBROBEN S, EERHEMFEMEZIZ1.0mmU EAETHLEEA 5. E
B EHFEEEME S 1.0mm~1.8mm®D & ZFDESEEIIHIPUE L - BEEZEHFHEE T LE
BT ENGMo T, EREEFEEMBICHARDENBENTNZ2 D EEDNS. —F. &
SEREDEEEFREEMESEAESEII1.0mn~1.8mm OB TIRIFEAER SN - T2,
77, RBRA OBREEAIEIZFig. 3. 11~1510RT £ 910, AREBENZERORIIKEHS A
YT AT L CEBREFOBREREDY VAT THO., ¥ ATV IERERES
hEFIBOHERTH-72[89]. BRI TOEETY > /AT OREAENHES B>
HEEZEND, —F, 200C L ETIRAMANEERA S 7 IV I F o EERCMOBES TR
THolz. THIERERE T IV I FOEREROESBRENSY > T AT > CEERE O
BEBEEATESENS ZETIRRLS., ZOMEBTRINELB/2HEEZ 5N 5, Fig. 3.
11~15 BV THEEZEFREEMNT VI FoEcaRioEsRafi TR N TN S
BTHERI NS,



JAERI—Research 2000—006

4. &

HIPH£EEERWT, Y VAT ET IV Fodiabii & OEGHBR 2T\, HIP &4
CEGMOBRBELCESRELOEFRERANZ, TOHE, UTOX DRI EMNEHS M
ExoT,

(VHFTRAFT P ETINIFHHBREFZERESG TS L. TIVI T HERLETIIE X
NDEZD-DEESREICY VAT VBACYBNEKREI NS, BEOBIZEHEA -/ —
CE->TRRD, £/, BEGCABBRNENT VS v INRET 3,

(2)LEERIZKD, FOTAT X ETINIFHGREFOEREZES IEETH D, HiF
MPRLETH D,

()EFEME L TEREEFEZAVND ZEITKD, ¥ VAT ESCM BT )V 2 F 53 HER1{k
FOEEMAREL IR0 Tz, ERFRFARFEM ORI 03mm U L THENARER S,

(4)BRDABOMBR. BEHRERSY > U AT L AERFRHESE R HIP YL EE 2 H O
RMEERET RIS &AM o, EEREMREENOESA 0.3~0.5mm ORISR
TREMET 5720, EEREEFMEMOESI1.0mm U ELETH D,

(5)BIEEDHBE ORMBIIRREESRETIRY VAT VERERESREOY > 5
2T ANTHo Tz, RBRIBE 200C LA L TIZEEZF/T I I Fo8G8(LREERETHH
7=,

o &
FRRETOCHIZ0, 2L OEBLEY/RBIEZTEE £ U L EFATF NBL JNEAEH 5T
EDQHARLRNIRFAL P27 ) 7 ORURAIKERBEZRICES BHELET.
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Table 2. 1 Chemical composition of tested materials (ppm) .
Element Cu Al B | Pb | Li Na | Mg | Fe Si | Co
99.987
Tungsten wi%) | — <2 |— |— <50 | <1 | <1 10 <5 1<0.48
DS-Cu 99.39
(AL25) (Wt%) 25001 170 7 —_— — | — 13 | — | —
(SCM metal)
OFHC-Cu | — 99.99
(wt%6)
Table 2. 2 Mechanical and thermal properties of materials.
0.2% Yield Tensile strength | Thermal expansion
strength (MPa) (MPa) coefficient (1/KX106)
20C - 740 5.25
200C - 736 5.35
Tungsten 300C B - B
400C - - -
500C - - -
600C 680 710 5.70
800°C 608 640 5.80
1000°C 408 540 -
20C 355 435 15.94
200C — — 16.95
DS-Cu | 300C 214 250 17.66
(AL25) 400C — — 17.91
(SCM 500°C 123 140 18.52
metal)
600C - — 18.71
800C — - 19.34
1000°C - - -




JAERI—Research 2000—006

Table 2. 3 Tested HIP bonding conditions (W and DS-Cu (SCM metal), direct bondingl).

Specimen No. HIP condition
1 900°C X2hourX98MPa
2 950°C X2hourX98MPa
3 1000°C X2hourX98MPa
4 1050°C X 2hourX98MPa

Table 2. 4 Tested HIP bonding conditions (W and DS-Cu (SCM metal), with OFHC-Cu insert).

O-Lﬂ%(-ré)e:(sm%) HIP condition
0.1 1000°C X2hourX147MPa
0.3 1000°C X2hourX147MPa
0.5 1000°C X2hourX147MPa
1.0 1000°C X2hourX147MPa
1.4 1000°C X2hourX147MPa
1.8 1000°C X2hourX 147MPa

Table 2. 5 Composition of etchant for bonded W and OFHC-Cu.

Chemicals Volume
10%6H202 10m &
NH4OH 25mé

Refined water 25m £
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Table 3. 1 Results of bonding tests between W and DS-Cu (SCM metal) (direct bonding).

HIP condition Bonding | Tungsten Cracks
900°C X2hourX147MPa No Yes Yes
950°C X2hourX147MPa No Yes Yes
1000°C X2hourX 147MPa No 2um Yes
1050°C X2hourX147MPa No Yes Yes

Table 3.2 Results of bonding tests between W and DS-Cu (SCM metal) with OFHC-Cu insert.

Thickness of Bondin Tungsten
OFHC-Cu(mm) 9 Oxide Cracks Remarks
0.1 No Fractured during
) machining process.
0.3 Yes No No
0.5 Yes No No
1.0 Yes No No
1.4 Yes No No
1.8 Yes No No

#*HIP Condition : 1000°C X2hourX147MPa,
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Fig.2. 1 Spcimens for bonding tests and HIP capsule.

Y
~ Cutting

AN

% - Molding
Cutting gtré?\l.r;% and polishing

+ Hardness test
- Metallographic observation
+ SEM/EPMA analysis

» Tensile test

Fig. 2. 2 Evaluation process of bonded specimens.

Fig. 2. 3 Test pieces for tensile test.
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Fig. 3. 1 SEM/EPMA analysis around bonding interface between W and DS-Cu

(SCM metal). (bonding conditions : 900C ~1050°C X2hourX 147MPa,direct
bonding ).




JAERI—Research 2000—006

(a) SEM photograph of the interface between W and DS-Cu.

DS-Cu side
—»

3
.
.
.
0
-
.
]
.

Inter_face

(b) EPMA line analysis of the interface between W and DS-Cu.

60

T
50 |

40}

30

Signal intencity

20 |-

Position ( «m)

Fig. 3.2 (a)SEM photograph and (b)EPMA line analysis around the interface between
W and DS-Cu (bonding conditions : 1000°C X2hourX98MPa, direct bonding).
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DS-11 DS-10

1000C X147MPaXx2h

Fig. 3. 3 Metallurgraphic obserbation around the interface of bonded W and
DS-Cu with OFHC-Cu insert.
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g

Fig. 3.4(a) SEM/EPMA analysis around bonding interface between W and DS-Cu
(SCM metal). (bonding conditions : 1000°C X 2hourX147MPa with OFHC-Cu insert

0.1~0.5mm).
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1.0mm

Fig. 3.4(b) SEM/EPMA analysis around bonding interface between W and DS-Cu
(SCM metal). (bonding conditions : 1000°C X 2hourX147MPa with OFHC-Cu insert
1.0~1.8mm).
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(a) SEM photograph of the interface between W and OFHC-Cu.

: OFHC-Cu side
Interface

(b) EPMA line analysis of the interface between W and OFHC-Cu.

60 T g .

50

40 - .....

S e — e

Signal intencity

20 m ........ 8

10 | e
- Cu \ W
: e

Position ( «m)

Fig. 3. 5 (a)SEM photograph and (b)EPMA line analysis around the interface
between W and OFHC-Cu (bonding conditions : 1000°C X2hourX147MPa,
with 1.0mm OFHC-Cu insert).
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(a) SEM photograph of the interface between OFHC-Cu and DS-Cu.

OFHC-Cu side : DS-Cu side
e :

e

lntefface

(b) EPMA line analysis around the interface between OFHC-Cu and DS-Cu.

60 T T N

e T

40 :‘ .........

30 b

20

Signal intencity

10

Position ( zm)

Fig. 3.6 (a)SEM photograph and (b)EPMA line analysis around the interface
between OFHC-Cu and DS-Cu (bonding conditions : 1000°C X2hourX147MPa,

with 1.0mm OFHC-Cu insert).
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Fig. 3.7 Results of hardness tests on DS-Cu.
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3.8 Metallographic observation of HIP treated DS-Cu
(1050°C X 147MPaX2hour).
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Fig. 3. 9 Results of tansile tests (test temperature dependence).
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Fig. 3. 10 Results of tansile tests (OFHC-Cu thickness dependence).
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e

Fracture surface of tungsten side ,-F:raggu(re;sg‘ri’ eofDSCuSIde

Fig. 3. 11(a) Macro photograph of fracture surface after tensile test (OFHC-Cu 0.3mm, test
temperature : R.T.).
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Test temp. - 2007 C‘ :

Fig. 3. 11(b) Macro photograph of fracture surface after tensile test (OFHC-Cu 0.3mm, test
temperature : 200C) .
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Fig. 3. 11(c) Macro photograph of fracture surface after tensile test (OFHC-Cu 0.3mm, test
temperature : 400C) .
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First

1L

- Testtemp. : 600C

Fracture surface of DS-Cu side

position ¢ interface of O

Fig. 3.11(d) Macro photograph of fracture surface after tensile test (OFHC-Cu 0.3mm), test
temperature : 600C) .
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Fig. 3. 12(a) Macro photograph of fracture surface after tensile test (OFHC-Cu 0.5mm, test
temperature I R.T.).
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1 200C

Fracture position  interface of OFHC-Cu and DS-

1

Fig. 3. 12(b) Macro photograph of fracture surface after tensile test (OFHC-Cu 0.5mm, test
temperature : 200C) .
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- 1000C X147MPaX2h

Fig. 3. 12(c) Macro photograph of fracture surface after tensile test (OFHC-Cu 0.5mm, test
temperature : 400C) .
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Fig. 3. 12(d) Macro photograph of fracture surface after tensile test (OFHC-Cu 0.5mm, test
temperature : 600C) .
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side

Second

Fracture position - interface of OFHC-Cu and DS-CCu

Fig. 3. 13(a) Macro photograph of fracture surface after tensile test (OFHC-Cu 1.0mm, test
temperature : R.T.).
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Test temp. : 200C

1

Fracture position : interface of OFHC-Cu and DS-CCu

Fig. 3. 13(b) Macro photograph of fracture surface after tensile test (OFHC-Cu 1.0mm, test
temperature : 200C) .
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o

Fracture position : interface of OFHC-Cu and DS-CCu

Fig. 3.13(c) Macro photograph of fracture surface after tensile test (OFHC-Cu 1.0mm, test
temperature : 400°C) .
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Test temp. : 600C

Bonding conditions
1000°C X 147MPaX2h
~ OFHC-Cu 1.0mm

Fracture position : interface 'of OFHC-Cu and DS-CCu

Fig. 3.13(d) Macro photograph of fracture surface after tensile test (OFHC-Cu 1.0mm, test
temperature : 600C) .
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First

Fracture surface of tu‘nQ'st’en side.

ure position

Fracture position : W side near W/OFHC-Cu interface

Fig. 3. 14(a) Macro photograph of fracture surface after tensile test (OFHC-Cu 1.4mm, test
temperature : R.T.).
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Test temp. : 200C

I

Fracture surface of tungsten side

Fracture position : interface of OFHC-Cu and DS-CCu

Fig. 3. 14(b) Macro photograph of fracture surface after tensile test (OFHC-Cu 1.4mm, test

temperature : 200C) .
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» }",onfd'ing conditions
1000°C X147MPaX2h
u 1.4mm '

Fracture pos

Second

- Bonding
1000C

Fracture position : interface of OFHC-Cu and DS-CCu

Fig. 3. 14(c) Macro photograph of fracture surface after tensile test (OFHC-Cu 1.4mm, test
temperature : 400C) .
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Test temp. : 600C |

Bonding conditions
1000°C X 147MPaX2h
HC-Cu 1.4mm .

Fracture position : interface c;f OFHC-Cu and DS-CCu

Fig. 3. 14(d) Macro photograph of fracture surface after tensile test (OFHC-Cu 1.4mm, test

temperature : 600C) .




JAERI—Research 2000—006

Testtemp. : R.T.

Fracture position : W side :near W/OFHC-Cu int‘eﬁécé

1

Fig. 3. 15(a) Macro photograph of fracture surface after tensile test (OFHC-Cu 1.8mm, test
temperature : R.T.).
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Test temp. : 200C

'Fr,a,’ctUre position

Fracture position - interfacé of OFHC-Cu and DS-CCu

Fig. 3. 15(b) Macro photograph of fracture surface after tensile test (OFHC-Cu 1.8mm, test
temperature : 200C) .
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Second

Fracture position : interface of OFHC-Cu and DS—CCu

Fig. 3. 15(c) Macro photograph of fracture surface after tensile test (OFHC-Cu 1.8mm, test
temperature : 400C) .
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Fracture position : inte;r'f‘é‘ ‘of OFHC-Cu and DS

Fig. 3. 15(d) Macro photograph of fracture surface after tensile test (OFHC-Cu 1.8mm, test
temperature : 600C) .
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Table A.1 Chemical composition of tested materials (ppm).
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Element| W | Cu Al | B Pb | Li | Na | Mg | Fe | Si | Co
99.987 |

Tungsten wt%) | — <2 | —|— |<50 | <1 | <1 |10 | «<5(<048
DS-Cu 99.50
(AL25) | — i) |80 |— | 10 | — | —
(Sample A)
OFHC-Cu | — 99‘?9

(wt2)

Table A.2 HIP bonding conditions (W and DS-Cu (Sample A), direct bonding).

Specimen No.

HIP conditions

1 900°C X2hourX49MPa
2 950°C X2hourX49MPa
3 1000°C X 1hourX49MPa
4 1000°C X2hourX49MPa
5 1050°C X2hourX98MPa
6 1050°C X4hourX98MPa
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Table A.3 HIP bonding conditions (W and DS-Cu (Sample A), with SUS304 insert).

;nggi?i ‘r’rf] ) HIP conditions
30 900°C X2hourX 196MPa
30 930°C X2hourX49MPa
30 950°C X2hourX49MPa
30 950°C X2hourX196MPa

Table A.4 HIP bonding conditions (W and DS-Cu (Sample A), with OFHC-Cu insert).

Thickness of

OFHC-Cu(mm) HIP conditions

0.1 950C X2hourX49MPa
0.5 950°C X2hourX98MPa
1.0 950°C X2hourX98MPa

2.0 950°C X2hourX98MPa
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Table A.5 Results of bonding tests between W and DS-Cu (Sample A) (direct bonding).

HIP conditions Bonding Ttgnxg?g;en Cracks Remarks
900°C X2hourX49MPa No 6 um Yes
950°C X 2hourX49MPa No 14 um Yes
1000°C X 1hourX49MPa |  No 10 um Yes
1000°C X2hourX49MPa | No 15 um Yes
1050°C X2hourX98MPa |  No 41 um Yes | Cohesion of alumina
1050°C X 4hourX98MPa No 50 um Yes Cohesion of alumina

Table A.6 Results of bonding tests between W and DS-Cu (Sample A) with SUS304 insert.

Thickness of , Tungsten
SUS304( 2 m) Bonding oxide Cracks Remarks
Fractured at SUS304
30 No No No and DS-Cu.
(Fe oxide) 950°C X 2hourX49MPa
Fractured at SUS304
30 No No No and DS-Cu.
(Fe oxide) 950°C X2hourX 196MPa

Table A.7 Results of bonding test between W and DS-Cu (Sumitomo) with OFHC-Cu insert.

OT:E%“EJS (Sm?;) Bonding Tuonxgi;é;;en Cracks Remarks
0.1 No 10 um Yes grﬁﬁtéféﬁ?t W and
0.5 No 10 um Yes gr:}itgrgi 'at W and
o | N | wean | v | GEREEM
20 No No No Z;%cgé?git OFHC-Cu

¥ HIP Condition : 950C X2hourX49~98MPa,
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Fig. A.1 SEM/EPMA analysis around bonding interface between W and DS-Cu

(Sample A). (bonding conditions : 900°C X2hourX49MPa).

EPMA
(e))

EPMA
(A

Fig. A.2 SEM/EPMA analysis around bonding interface between W and DS-Cu

(Sample A). (bonding conditions : 950°C X2hourX49MPa).
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Fig. A.3 SEM/EPMA analysis around bonding interface between W and DS-Cu
(Sample A). (bonding conditions : 1000°C X2hourX49MPa).
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SE| COMP
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Fig.A.4 SEM/EPMA analysis around bonding interface between W and DS-Cu
(Sample A. (bonding conditions : 1050°C X2hourX49MPa).
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Fig. A.6 Relationship between HIP temperature and thickness of tungsten
oxide (Sample A).
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SEI COMP
EPMA EPMA
(W) (Cu)
EPMA EPMA
(0) (A
EPMA EPMA
(Fe) (Cr)
Fig. A.7 SEM/EPMA analysis around bonding interface between W and DS-Cu

(Sample A). (bonding conditions : 950C X2hour X 196MPa,with 30 . m SUS304

insert ).
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& COMP

@A)

Fig.A.8 SEM/EPMA analysis around bonding interface between W and DS-Cu (Sample A).
(bonding conditions : 950°C X2hourX49MPa,with 0.1mm OFHC-Cu insert ).
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SEI | SEI
(W/OF) ~ (OF/DS)

Fig.A.9 SEM/EPMA analysis around bonding interface between W and DS-Cu
(Sample A). (bonding conditions : 950°C X 2hourX49MPa, with 1.0mm OFHC-
Cu insert).

Fig. A.10 SEM/EPMA analysis around bonding interface between W and DS-Cu
(Sample A). (bonding conditions : 950°C X 2hourX49MPa, with 2.0mm OFHC-
Cuinsert).



Hardness (mHv)

JAERI—Research 2000—006

200 pr=—r——

(1hour 49MPa)

T —

o

\ fg /;

2hour 49MPa

100

O
(2hour . 98MPa)

o

O I Lk

It ] I 2 Il | t 1 L I ] 1 1 1 1 | 1 1 1 I

(4hour 98MPa)"

850

900 950 1000 1050
HIP temperature (C)

1100

Fig. A.11 Relationship between HIP temperature and hardness of

DS-Cu (Sample A).
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$1| N(=10*dyn) kegf Ibf £ | MPa(=10 bar) kgf/cm? atm mmHg(Torr)| 1bf/in*(psi)
1 0.101972 0.224809 1 10.1972 9.86923 7.50062 x 10° 145.038
9.80665 1 2.20462 h 0.0980665 1 0.967841 735.559 14.2233
4.44822 0.453592 1 0.101325 1.03323 1 760 14.6959
t ® 1Pa.s(N.s/m*)=10P(#7 X)(g/(cms)) 1.33322 x 107 | 1.35951 x 107* | 1.31579 x 10°* 1 1.93368 x 1072
EFSE 1m¥/s=10'St( X b — 2 2) (cm?/s) 6.89476 x 107* | 7.03070 x 1072 | 6.80460 x 107* 51.7149 1
x| J(=10"erg) kgfem kW-h cal GHRH) Btu ft * Ibf eV 1 cal = 4.18605 J (F+ &)
F 3
W 1 0.101972 217778 x 1077 0.238889 9.47813 x 107* 0.737562 6.24150 x 10'® =4.184J (MfL#)
*
1 9.80665 1 2.72407 x 10°¢ 2.34270 9.29487 x 107 7.23301 6.12082x 10'® =4.1855J (15°C)
% 3.6 x 10° 3.67098 x 10° 1 8.59999 x 10° 3412.13 2.65522 x 10° | 2.24694 x 10** =4.1868 J (HIRERZE)
- 4.18605 0.426858 | 1.16279 x 10°¢ 1 396750x 107 | 3.08747 261272x 10" {1 PS (LB )
R 1055.06 107.586 203072 x 107 | 252.042 1 778.172 6.58515 x 102! =75 kgf-m/s
1.35582 0.138255 | 376616 x 1077 |  0.323890 [ 1.28506 x 107° 1 8.46233 x 10'* = 735.499 W
1.60218 x 10°1° | 1.63377 x 107°°| 4.45050 x 1072%} 3.82743 x 107%°| 1.51857 x 1072 1.18171 x 107" 1
hivé Bq Ci % Gy rad ;{; C/kg R g Sv rem
& 1 270270 x 10" ) ! 100 & 1 3876 A 1 100
113 i’ & &
3.7 x 10" 1 0.01 1 258 x 107* 0.01 1
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