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Structural Materials Research and Development Subcommittee of Nuclear
Materials Committee in Japan Atomic Energy Research Institute had made a study
to propose a strategy how to expedite the research and development of structural
materials for fusion reactors. This study was carried out along with the interim
report of the Development of Structural Materials in Fusion Reactors proposed by
Planning and Promotion Subcommittee of Fusion Council as well as with the Third
Phase Basic Program of Fusion Research and Development settled by the Atomic
Energy Commission. The present report was published to publicize the results of
analyses of this study. In this report we focused mostly on the development of structural
materials of blankets for tritium breeding because it is considered to be the most
difficult task in the materials development due to severe conditions imposing on the
blankets. We selected three candidate materials, namely, reduced low activation ferritic/
martensitic steel, SiC/SiC composites and Vanadium alloys, and elucidate the
conditions in which these materials would be used as well as the design requirements
for each material. Based on these conditions and requirements, we described the
present status and the key issues of each material. For the development of the
structural materials for the blankets, the keenest issue is the improvement and
evaluation of radiation integrity and stability. Therefore, the necessity of radiation
facilities, especially accelerator-type neutron sources with near fusion energy spectra
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was described. In addition the usage of fission reactors as irradiation facilities was also
emphasized. In the processing of this reviewing we categorized reduced low activation
ferritic/martensitic steel as advanced material, and SiC/SiC composites and Vanadium
alloys as next-generation advanced material from the present status of developmental
maturity. A periodical check and review in order to take the future progress in the
development of these materials into account will examine the appropriateness of the
present categories of these materials.

In Chapters 1 to 5 the summary of our subcommittee’s study was described, and in
Chapter 6 the details of the above three candidates and irradiation facilities.

Keywords: Structural Materials, Fusion Reactor, Low Activation Ferritic/Martensitic
Steel, SiC/SiC Composites, Vanadium Alloys, Irradiation Facilities
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HMTHHEA Na DIBE LY B 150CREEVIRE TH D 285CEFRTIN
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VWTiX. HFIR OFAFTREMSICRBHRR L ZABDH D7D, Ny I T v7LE L
TH JOYO DFIAFEIIEETH D,

BE RR

[1-1] R.L.Klueh, “Proc. of the Workshop on Ferritic/Martensitic Steels,” JAERI, Tokyo,
Oct., 1992

[1-2] Y. Seki, I. Aoki, N. Yamano, T. Tabara, “Preliminary Evaluation of Radwaste in
Fusion Power Reactors”, ANS Topical Meeting on Technology of Fusion Energy, Reno,
Nevada, 1996, to be published in Fusion Technology

(1-3) B8 %, FME. Nov.1996

[1-4] A. Kimura, “Proc. of the Workshop on Ferritic/Martensitic Steels,” JAERI, Tokyo,
Oct., 1992
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6.2 SiC/SiC & &M R IR AU ER £
6.2.1 R AP TOEARE

HRAFEORST - EREZESIZL. RV REHEREEM OB L EL I
B9 57001, PHEFREIC X 2 FE SRR/ & R IRBSH A B O 23
RAIRTH D, SHIZ, BOHHIEMEF2RHTH LT, BOBAERLEH
TAHEDITE, FOBIBREEGRZATREL THMENEE LU, SiC/SiIC EEME
AHEEMENCER L2556, B&EEIE% 1 » AR CTAB OIS ERFHEFIEE &
RHLUVE CHEMNEMET L, BEMLSOE THENL., Kettomt
DI CTE A EIZ, 1000°CEEE DS REELR L +5IZFRETH D,

EBIF (Fx1X ITER) OkOEE - LT, FEUFOBFRBLEH 2030 F1R
EHIFBEENTEY, ZOEDITTITER Z2 AWM EIRBROBR LB E 2 T,
2015 FEEF TICHEEME OBENR R IND ZENRBEIND. ZORTVa—
LWEFHRE LT, BEOERMEORBREZBE L TEKSHEL Y = 7 1 AR
AP RBEMEIOE —EFICET O TS,

B OO, BESTELN TV AHHEEND RIARKRS L7 =T A
& SiC/SiC B EMEL OB M A £ 2-1 1R T,

# 2-1 SiC/SiC EEME LIRBFHL 7 = 7 A4 FHOLE

SiC/SiC Ak EHEHE T =5 4 Ml
FG T BEEY) (e R R . B, 1) B B
TRSFRF O IS R BE B %
BT & %
R Rk & %
B8 % B
L3 g2 B
75 FEBR & B
RS F i 5 B
i AT % B
75 XAvDEREHE % B

F 2-1 O X D12 SiC/SIC BEMENT, RTFREOKSFRERE. BRI DR,
IEREME., BOBBROETHEAND 54, BMZEME, 8, MR ORDERII.
EVED S CTRENRD D,

FRFOE—DI v a T ERICEET 7 P LTEBISELIETH
b, BEEOR LICET A EMMEEIT., ROFMFEETIZ VT ENDHZ LI
7o TS, BB TIE SIC/SIC BEMEID R A O EEREM B & L TRk
BT 5720101 20 EREZETLHEEZLNTEY, SiC/SIC HEMEILE
THRBESM, BVRSTE, SOILREBNEZREDREORT Vv E
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PLUEEMEFE L CRERFLET SN TRY ., EHOZMEE NP

(DREAM 4F) HE&EREHEE Tl SIC/SIC MEMBIN T T 7 v P RUF A 73—
S OBEMEHOBE SN TV A(2-1,2-2], — 7. MEHREZ GO EREM%E
ORYFHEL, HRBRECERORE L ZTFAE O RIS i ER L&
WEx&HDHZEFEDR, Lith->T, 5% SiC/SIC HEMEDBRFEN K
CHEBITNE FRFOE—FEME: LTENPCLERDTREELS S, £72,
BOI CTHEZRE HHABATR - T AR 2 T T SiC/SiC BAaM P 2815
& L7 RAYF (Proto-DREAM fF) OBLEEREF BB STV 5H[2-3],

INLOBMERHREL S HIZFEMIET 5101d. SIC/SIC BEME DR, it
AHET ONCAEEEME O B A EB L, Fa AN 6 AR EM B O 55 ek it 7 —
FEREHT DL L BT, %Lu:ﬁr%ﬁ%%a D THEEMEFE L THSIZREA L T
WL ERTRTRENDD, £ODIE, MREEZE T 5BYRE - &3
B DK SiC/SIC B EMEH OB % é’%%cdﬁﬁ L. #6428 KRG
etz L, & & bICHEIOEEMEL CICHRAEEZ®mD TREME L LT
RBESNDZEBARARTH D,

O E I ERT TIHEWE SiC RBMEZBRRE L. FH - MEHEREC
TARVX—EEEDRNZE TORRAZHF LT SiC/SIC BEME ORI
ATND, BIIELHF LV SiC MHECHENER L TRY . T b OMMEL AV
EAEMBIORBELLL ENVO0H L, BEMEFEEMEA SiC/SiC Batt
BlaERTD720103, ZRODERITTI7HFOMRE TOICERLARNG,
BREFEEM ISR REREE (B, s8R WRHE 77
vy MREE QBRI ORUEE) 227 VT T LD, ERMESTEO
MEHRF SR8 DS ERREY 2> D E RIS 2 6 OMFFERA SRR Y flTe T L 8L E
TdHD,

6.2.2 ER XN AHMERE

SiC/SiC BAEMEI ZE—BEH A VIF A N— X REEEFERT 28546, 77
= b AT HREAFRRICER T 2EBUEBMERFEZHIRT 5, BUS
DREZZRETHEELRE FIIBEMEOBEERTHY | MEOFEIES
UTICT57012id, HEHIFTEWERREERERDLND, —FH., BERE
KOERNHELVEE, FRENEELS T, TROLEEMEOBBIRE D
mEx BT FRAHD, RO L -EBEMEE2ERT 56, ST
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#EAITHN S, —F . DREAM FX° Proto-DREAM 45 TiHBi %k o> SiC/SiC
BEAMEL EERT A0, BEESORMEZITOBICERT DB, A8
FOYMEERLZE L, ERMEEAZENKT HOICHLER SiC/SIC BAEMER
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REEVRFOGEIC L 2 RERRBOH N TENRADHMAIZL LDTND,
bbb, BEMICERTOIOREIL BROT—FX—2AnbATREL M
TRENSIZ, BARSREEDEEL LTV,

£ 2-2 [ZEIEFTH% DREAM JF & FEAYFTH S Proto-DREAM ¥F TD
SiC/SiC BEEMEIOFARE A RT L L BT, K 2-3 12 SiC/SIC HAMEHI R

HHITWBHERE EOBE M N EHEOHMHEEZ T,
B~ X912, R 2-3 OEBLER/NBOERETHY ., MEBEEOE

RIS L0 B\ MBS ER S U
W 7R AR S ETRE L 725

B ET ATRE 72 A FH SRS Y |

7 2-2 SiC/SiC #HAME OfE R

QU

DREAM 47 Proto-DREAM 47
FHE (m) 16 12
MR (m) 2 1.5
77 X~ & (MA) 9.2 6.0
et (GW) 5.5 1.5
F—EBET S A~ ImESTFRIRE (C) 1100 1100
e ERF He 7 % He # =
Ty KAAKBBERE (C) 600/900 500/800
WHMES (MPa) 10 3
RKREEFET-EEA TR (MW/m2) 5/3 1.5/1.2
F—BETHRAEEBGEHR (MW/m2) 0.5 0.2
A S — B KIFE)REEG R (T A 3/1 3/1
HFAN=5F5K) (MW/m2)
BRRPMEF 7L X (MWa/m2) 10 8
HANR=—ETFTXwDAFBRE] <30WHBDOE | <30 WHBOE
(eV) &, < 90) &. < 90)
Uy 7 E 1%LLT 1%LLF
BohE (EEHR (%) 47 40

BRFR T, & 2-3 UAOEBITHARZIN TV, 2 TS - L
Tit 26MPa-m BENHFEINTWD,. MEBEEROERE B, 7V —TF
B AT 7 MR EOBEENELD ZENRFREIND . FiZ, SiC/SiC
BEEMBINROERBME L IXRROWEBA N A LE2FT 50, Ziox
IO LT ERETEEOHNY D TAIRTH Y . TOEDIZHIEEED DT —
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BR—2ANMEITIRD,

# 2-3 SiC/SIC EAEMEOFKE EOBHR OEE

B> B

DREAM 17

Proto-DREAM 47

15W/mK* (77 > 47 v MEEA
{ZEE)

60W/mK* (75 47 v hE—
BEOGIMEER, £ /13—4)

15W/mK* (7 Z v 1)
>30W/mK* (¥ A "—4#)

5l (Su)

300MPa*

300MPa* (7747 v )
450MPa* (¥ A /3—4)

10000W/m?K (¥ A 73— %)

RIS (2/38u) 200 MPa* 200 MPa* (7747 v )
300 MPa* (¥ A /"—%)

i A B iR 1100°C 1100°C

Yo SR 200GPa 200GPa

K7 Vb 0.2 0.2

BRI IRE 3.3x10%/K 3.3x10¢ /K

He & EHIIE 7 10MPa 3MPa (% A /x—#¥3:10MPa)

AO/MHEOBHEBE | 600/900°C (7747 v ) 500/800°C (74 v )
600/800°C (& A /"—%4) 400/500°C (& A "—#)

BRER 6000W/m?’K (7 F 47 v 1) 6000Wm?K (7747 v K)

10000W/m?K (¥ A /3—4%)

AR (TRbLEIRYEE) 2 REJBNANTIRERBUCHICMZ HH
A8, BUREEMEVE TLRIANBKRYID. 7707y RTOBIS I
SiC/SiC OEX 4mm T, # A XN—F TOBUSHIZE X 2mm THE N,
I, A NR—FAEREIIWHENEZLL T D,

6.2.3 HFFCFIFEIRE

SiC/SiC EAMEOMERBERBEIL, LUTITRT L HIZ. FME LT SiC
WO, TRAERLESMEORE, FICTRRBMEORFIERHE. #
EREHEEDOHILIRETH D,

(1) SiC MO FEFA
- BBV EE. V-7, MEMESEFTHE
EHEHETH D 2k
- TR EICEN TWD Z &
- B 2WRIT. 3R IHMICHE L H 2 &
REMBETFLND,
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(2) BAZE L7z SiC #HE 2 FIH L 7= SiC/SiC et Bt DBE 5

- BBV, F‘J'fv‘ﬁ}# M7 U —7%, MEWEE2HETL L

AEREHETH D

-W%%ﬁm@nfwé:&

- WHRABESY U LT RIxT D ERENE

- REYHE T S UEES M BB LRRE R O BROE BT
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© 2RIt 3 IRTTHkAAER O HoE L
M) I REBERTmO 2 —F 4 v T IBOEEI(L
- ZEFLER O i) 1
EhIZ, ML 7o x0BIZI
MO TIC L D58 EOIET oI
. SiC/SiC AN kDI TIE
- RIGKERE. B Ut 28 HEY R EAEORSE
BERSy & BEBRIRE (T & DR A DR OB
REORBEEXRETHENEES,

(3) FAREMOFHE (P RERTER)
C BVEORAEREM (BMILECEE, BB, BVRERE)
- BEREORFERE M (B T R UG IR 0 BREE, 2 Y —TSREE. B0, R HE)
- MR MEREA (B2 H: He O, HEE, 2 V%)
KRB, KBFE, AN )T T AEOBEZEREERTE
. Be'?DleOi"‘yc‘:U)i*éT

mEMFETFOND,

LLEDOBREOF T, HEF R TOMEFAEOLEENEG O OILFHMEF R TIC
BILAGCEROMETHS, £72. BRBETHETRINCL 2ZER He 0¥
B2 8 OMEROBMAVEE O BRAEOHM, RHARENY U LH R
T LMIEMOHER, S OB A BERT 200 SME1SE LR
BERETHEORBLEBILEND S, BITIL, BREM O &5\
LIWTLTITINETHS I, UTFITHMEL R,

FERS SiC/SIC MEMBIOBRERIT, —RIZHIBIZ/HR DT SIEVEZ =T
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—%F. B L2 BEROETIIEMDIELH L -O®mRIZE /NS R
F U CHRRM OEEEEMEIT/INE <720 800°C TIELIERE 0 40%F2 A, 1000C
TILIERH D 60%TeEDOERERPHFTE S, LN L, BURTIEZEL
DOIERBEM O ESIER TORGER IR 2-3 DERKELZ TE-TEY ., T3
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BENDHN, ZORCELTLEERVRIEDLETH D,
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oy T, B—EERNOKBREIZ 3~10 MPa F2E O EE He 7 A %49 100 m/s
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ZTCVDIZL? SIC a—T 4 VIV EDORBBLBIZRHH, CVD a—7 1~
TREIMROBEICRELE 2D 2 L) REMITE & &8 THEMA R
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WAIEE AR S — UATBIOBR P EERRE L 0D,

SiC/SiC HAMEL ML OIEEMEL & s U TH oI HEHE TH 5 72 DI,
BB MEIE S N2 T iE R B2y, SiC/SIC BAEMEIHIZE £ D A
L AHREREREICE L Tk, RIEO®E THEZEASHS NS “N(n,p)'C RIS
THBT ¥R 5734 EOBTIv ¥ —Thd "C BRLERELELD L
DEENH 5 [2-4], FFEOFM TIiL. SiC/SIC EAMEHFDERTHIEN 5
wtppm P F THIIE, T3 TOMSPEBEIEY S R R ER v 7K L~V U
YEREEMIZ D L LTV DH[2-5], EFRRMBOIBARREKE LTiL, SiC #HED
BEBRETRATILOL, BAMEMEOBIZEAT I O ENEZ LN, R
HERALIZE T 2 BEESLETH D

TN OFEEHRETRE S L TIE, S1 2 OBEBTARK TS Al I2L5H 0
N5, Thbb, ®Si(nnp)YAl (Q=-11.6MeV)72\ > LT *Si(n,d)* Al (Q=-
9.35MeV) I TARKT 5 YAl A LT, (n,2n)Xi(Q=-13.1MeV) THAKT
HyxTIyX—0 BAl BPREETHD. 14dMeV OERE HHE T3 8H —BEIZAST
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mnp)RIGERETHHAE 14MeV DT L EVWEISELS . FHEFT R F—
DR E & HIZRBIC °7A1 OAERITED L, R )RICERBT 556D
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WEAE L TR X —0RD & & HIZARIIEADT 20T, PAl AREIZES HIZ
ﬁé_k_&éoUL@_&ﬁg\&#6ﬁmm¢ﬁ¢5%@®%®$&§m
el | FOERBERIZELS LTI o7y FE—BEIROND L THIEN,
PEOBHERENEICEDIE G NENE0EEX NS, BIZ, mID
BT =574 77 ) —CIHEROERMEREL VNS REIERAEINTEY
BAl ERELIERDE LY LN R TV H[2-6), IALZLTHIN
H5OARMEMIERHENORDONT-LDOTHY ., SEROEIEERILE
5,

SiC/SiC EAMEIORIMERMBEICH - > Tk, THFRERI% OB %
YNZATV, ENHEBEEICT 4 — R0 7 LTHMEIRXE 2 ED L Z EBITFER
f@éoit%n&ﬁﬁbf\t?iy&%%%%%ﬁuﬁﬁfé%é\ﬁﬁ
WZ LLBEDIZLDENRKEVW LD, HBEYOEEMELRIET LD
. EBRME L IIRFAREBORD IBERFEECRFFEBLEL LD, ﬁ
BEETIE, 20X L0IXEND, FNOLEMYNTLT-DOENBLET
HbH, FOBRICERET~ZHEB L LTI,

c MEHT — 2 X — 2R OREE

BRI Iz a A S s n EFEBORY H
(7397207 hBRERIEEMEIORAY /~ 7 a i)

- BREETRIE . R FTHRER D D O F Ay T
(HEHE, AREROEVOEE)

cRAREEERONRERDIEBEROIANT v

- SEREIRFERABRIC L D EFEME O R FRER

- EEHOREMEOREE

SOEENREREND,

6.2.4 HFFERRFEOBIK

(1) SiC #He

SiC HHEDOBERIIBARANDELEA THWARE T, R THEOIZIE S FDOKRY
HIR L T (PCS) > HEABELIZ L 2 REMEIEIC K 0 THEAME SiC RAkE 3 B 3
AN, FoO%, BAAI—R D5 Nicalon & LTEMbENT-, E5HIC
FRRBIIC LA REIC L Y BERE A &4 KB LEE2 M £ L7z Hi-Nicalon
R0, BT SIYC AT LITE< it 7 UV —7HIZEh v V7 EOKE 7 Hi-
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Nicalon Type S BB EN DR EOHEREY RETWD, £, FHBE T,
AT L0900 TR0 Zr 88 £ 72 SiC e (Tyrrano $5#E) #BHE L T\ 5, K
FEZ 72> T 65WmK ##ix 2 B8R OIFEICKE R 2% LU T Al 23T
Tyrrano SA SHEZ B LEBZED T 5, {4 Tid Dow Corning ft
(Sylramic ##E : B -SiC+B). Carborundum (e -SiC)%h% SiC ik D BE
%4F- Ty 5. Sylramic #&#iT B HINC & 2 ERBIOM KL T 456W/mK £ E
OBRFRBGEAER L TEY, RO TP ETRACEERBECRFICREE 2
%A B OFEMERY Fif-cdBA Sylramic SfEHRAB I TS, £74,. MER
B L7 SiC #HEIIRFHME L SI0 H A & DLFERK[RIE (CVR)IZ LY
ELNZHOT, 1800CE TRALEEHIZEN TS,

EWE, it UV — 7M., ML FEEMEICEN - &M SiC MHMEDO BRI
BRI TITONTEY, 5% L7 SICHHENPRBEIND ZEBHFTE D,

(2) SiC/SiC BE##

SiC/SiC BAMEHIBED L 25, E& L THLFARERBEIE(CVD, R~
—&RBERIE (PIP) . RULEERS R RB)ICB T 2 G T 0 ¥ R OMERMAEITH
nNTW3, BFIZERENORA, REEZTT,

- CVI{E — RPT: @&fELLSV
AR BUERFRE SR < 2 A BB D

+ PIP & — Rl : KEVEMBIEY OBRYEN FTHET = R b 25 LAY ZA
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Be/2 - HEEVREME D SiC/SIC BAMEINRELN TS, F£7z, PIP EIET
AN, SiC #AOEBRICEELERY) v — 2B FREF IO EEL, &7
Ty bR EEEDLRA LD D.

SiC/SiC AWM BIEYEIZ & 7- » Tik. %&iZ¥ <72 Nicalon %, Tyranno &,
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SiC/SiC OEVRERCMEICE L THRE SN TWD T —F Tk, REHOB

CEROBE

CVI# : 10-20 WmK(RT). 7-15 W/mK(1000°C)

PIP i :  5-10 WmK(RT). 5-10 W/mK(1000°C)

RBi£. CVR i : 50-75 WmK(RT). 30-35 WmK(10007C)
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Fig. 5. The plot in Fig. 2 of the shift in DBTT against
irradiation temperature for 9Cr-1MoVNb steel modified to
indicate the postulated hardening and fracture mechanisms.
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