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High Heat Flux Tests om TiC Coated Molybdenum

and Graphité Limiters for Tokamak Experiments

Hiroo NAKAMURA, Setsuo NIIKURA, Takashi UCHIKAWAY,
Masanori ONOZUKA*, Hiroyuki YAMAO*, Michisuke NAYAMA®
and Kimihiro IOKI**

Department of Large Tokamak Research,
Naka Fusion Research Establishment
Japan Atomic Energy Research Institute

Naka-machi, Naka-gun, Ibaraki-ken
{Received February 5, 1986)

High heat flux tests have been performed using a 120 kW electron
beam test facility to study thermal shock and thermal cycle resistances
of TiC coated molybdenum, three kinds of high grade graphite (IG-11,
AXF-5Q, ATJ) and pyrolytic graphite (PYROID) as tokamak limiter materials.
Three types of samples were used; JI-60 fixed limiter type (TiC/Me),
plate type (IG-11, AX¥-5Q, ATJ, PYROID) and bumper limiter type (IG-11).
Test conditions are 0.9v2,2 kW/cm? x 2.5v21 sec in the thermal shock
tests, and 340 W/cm? x 3 sec x 1000 cycles in the thermal cycle tests,
respectively. 1In the case of TiC/Mo, no damage was observed in the
condition of 1,1 kiW/cm? x 11 sec, In the conditions of 1.1 kW/cm? x 21
sec and 2.2 kW/cm’ x 2.5 sec, surface melting and cracking of TiC coating
were observed. In the thermal cycle test of TiC/Mo, there was no damage.
Tn the case of plate type graphites (IG-11, AXF-5Q, ATJ), there was no
damage in the condition of 1.1 kW/cm® x 11 sec. On the other hand,
surface erosions were observed in the conditions of 1.1 kiW/cm? x 21 sec
and 2.2 kW/cm? x 4.0 sec. However, there was no cracking. 1In the case
of PYROID, there was no surface erosion in the condition of 1.1 W/ cm?

x 31 sec, In the case of bumper limiter type graphite, cracking was

* Mitsubishi Heavy Industries, Ltd,
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observed in the conditions of 0.9 kW/cm? x 10 sec. Observation and
surface analyses by SEM, AES and EPMA have been performed. Also,

thermal and structural analyses have been performed.

Keywords: High Heat Flux, Titanium Carbide Coating, Molybdenum,
Graphite, Limiter, Tokamak, Thermal Shock, Thermal Cycle,

Cracking, Evaporation, Erosion, JT-60 Toroidal Limiter,

Bumper Limiter
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U.S.A) BLUESREMRPYROID (Pfizer Co., USA) ThH2, R OPREITICHE
Y7 FURIT-60 5 s IRTHD, Ba UG- 11, AXF—5Q , ATJ, PYROID)
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Table 2-1 Test samples

Materials

Structures

TiC coated molybdenum

i )|

i
T

i i
JT-60 limiter type

Isotropic graphite

1G-11
AXF-50 50
Nonisotropic graphite
ATJ
Pyrolytic graphite
50 20
PYROID Plate type
Isotropic graphite qw
50 ol it
1G-11 il
Y
50 20

Bumper limiter type
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Table 2-2 High heat load testing conditions

Heat flux
Purpose Sample type Heated area (kW/cmz)
160
(a) 1.1
JT-60 AV ATA Y (60kV)
limiter AV AV ?
4?(// A2
type A A b) 2.2
| (80kV)
}
20
50
(a) 1.1
7 L7
::e;mai shock Plate type ZOI_p?:/izjjj;izﬁ/j 50 (60kV)
S
by 2.2
(80kV)
20
50

i

Bumper
_ = %7
limiter 2@[};2/i;<2;%;?/: 50 (e) 0.8
type {60kV)
3
60
160
JT-60
Thermal cycle . . I
tast limiter 7 47 (d) 0.34
type 201\ 2777) - ! (60kV)
58

{ ) : Accelerating Voltage
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Infrared camera
TV camera

Electron heam gun

Vacuum chamber

Electron bean Hovable stage

Test sample

r
|

Base plate
\ //Beam dump
\ L /
vy
Recorder }g% N

Thermocouples
|

Fig. 2-1 Experimental apparatus

Fig. 2-2 JSet-up of test samples
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1000Hz direction

23Hz direction

Fig. 2-3 Profile of beam escillation

Infrared camera

Electron beam gun

Electron beam

Test sample

Thermocoup les

Q
s

Q

Base plate

@

Cooling block

NN

Fig. 2-4 Experimental spparatus for temperature calibration
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600

400 -

200 |- ,

Surface temperature based on. thermocouple's measurement Tepue €O

[ ! L
0 200 400 800

Surface temperature measured with infrared camera T, °C)

Fig. 2-5 Calibration of temperatures measured with infrared camera
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Fig. 2-6 Copper cubes for heat flux measurement

Electron beam gun

Direction of oscillation

< Pree.

Electron beam

Copper cubes

Thermocouples /

o AR

=

‘Fig. 2-7 Experimental apparatus for heat flux distribution
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3. ABRESH & fEAT

31 TiICHEEVUTF O

EFEC-LAZBELATICHET 77 Y IC 20T FIIOSHT & E TS - 72,
(1) BHEHONEEE

BREMEL BT 2 BHERE Table 3 - 1 IFET, £7, HBEMEM 2.2kw cm?X 6
sec BEU340W, cm?x 3secx 1000cycles DFEROFHMAFg. 3 — 1 L UFig 3 — 2 I05R
T, SORTIC #H#EEY) 77 v RG4 20 5 BAHEMHEFg 3 -3 wE &, TiC #HE
)T FVEAME Llkw e’ X 11sec DFTREBICHABREC T 7285 Likwim’
DIFE, 21sec PLEH XU 2.2kwem? DIFE, 25seckl FOBRAENEETIETIC WHEEK
BN, RPEBLE Y TF EMICEBRECRENED G, SBRAZGITDVLTHIEL L
TICHEE) 77y DReEHIRE &R & OBFHE%Fig 3 - 4KRT, CHLDHTIC HERE
BREL, €V 77 UEMIPERL o~ 2 (BFRE 2.2kw cm’ X 10sec REOEE)TIE,
REEFREERT ) 77 v ORiA (26207C) AIBICELTVWEZ EAHEINS,

—7i, TIC#HEE) 77V ~DEY 1 7 viAB (340 W, em? X 3sec X 1000 cycles) Tid,
LI EEREOE LW E LB X UBERBY AL, -,
{2) MEMORMS X UWHEERE

MBS 2.2kw om? X 6sec & £ T8 340 W, tm? X 3sec X 1000 cycles 12 THETF £ — 4 14
R} fcg 4 ORI OWT, EERE FEEMEE (SEM) it L 4 XEBE S L UNEHET
L BME Y/ o BE AT~/ Fig. 3 —5~Fig. 3 - T HERRELRT, COLoDER%E
DTIRT, |

1) ABE22kw cm?x 6sec OEHEZ-EE (EEET) TR, Fg 3 ~T1@B &
UFig. 3 — Th}@IT R BRICTIC (Bl 3067 C) BB LU ® U 757 (Bs2620°C )
BHREBRL, 7Y P74 b BHEDREL REEICET-Tu308#H N5,

2) EHREH OO (hEEH) KB TE, Fig. 3 - T@)l@&B8 L UFig 3 — Thi@K T
Rce ) V¥ DR L TTIC BA#L T 3886 L UTIC BOFEE L Ty 2845
BEBH NG,

3) WBHEFEL (BEEE) tH 0T, Fig 3 - 5@, Fig. 3 - T@iOH L UFg 3 -
TOIEICRTRICTICE (3§17 pm) CBRE LUREIEDH NS,

4) WEFEEOEY 77 v E8 L, Fig. 3 — 7a)B X UFig. 3 — 7ThicR3 BicBE i Xy,
EfGELTVAONADLN S,

5) 340W/cmf X 3sec X 1000 cycles DEVH 4 7 VDA, TIC#HEBE) 77V OEBITR
ECIEEERED SRV, Fig. 3 -6 K RTHRICHETROLOBMNELL-L I NER
REPBES NS,

(3) HEEIH O STT
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BEREN 22kw/om X Bgec DEFE — L BHAZH HEBORZEEBS X UHEIC2VLT,
XBeA427a07F54 %~ (EPMA) BXTU4 -V LB F oo EE (AES) ZHE W THE
D %iT-70 Fig. 3 — 8, Fig. 3 — 9 8XUTFig. 3 10ICEPMA I X 2 REOEHTB LU
WA OREATR T £/, Fig. 3 -13~Fig. 3-15ICAES KX 2RESFOERLRT,

CNLOERM G, EIREDN, PEBHOXRETHEMe Tt BLUCOBKAMEELTSE
DIREEZUCORRESER NS, T, BEGK, BESTORETEATIEZUC 1
ER TR THOTIC BOEEPFEDON S,

iCHREIROE S Himl WmEAm) OHET -7 2185 2 HIKEPMAIK & D fERS21T72
nte TOFEREFRg 3—11 L UFg 3-121KRd, BRICXDEUALFT Y FI4 MR
iITiEMo  Ti BEUCHEBAELTHED, TIC BEE) 77 vBOBRMPED LG,

3.2 R, BOMEM (FRER

BYC -5 BH LLEREROKBES (1611, AXF-5Q,ATJ ,PYROID) &> T, F
DT« FHIE T L - oo
(1) BEHRoO s

KREEHOBABIROAEF (BHFEHE L 1kw cm®X 31sec ) % Table 3 — 21RT, Fi
REENODIBE L BATRE - OB%EATig. 3-16 TE &b, SEBANEAETOESLDOER
EEERE (AEME) %£Fig. 3-17 TRd,

ChoDRERICLD, FHHESN (IG-11L,AXF—5Q) BLUEAFHER (AT]) HABE
Likw/cm®x 1isec ITF CHEBMICEEIRASONLT, AR Llkw o’ X 21seckl E TIIRA
BREEAS2000°C DLEICEL, BFEEALTHSE, —HEIFES (PYROID ) &, AFE 11
kw/em? X 3lsecic BT & EN BB B O i RmEE O EFAHB/NE
<, BOBENPELTHERS (BTMBROATI 2S84 KE~NTHAKIKEN TS T4
EpHonid,

(2) BEHTORES & O WA

L1kw/cm?x 31secDEF ¥ — & BEAZH L EBEHICHOLT, SEME L2 EE2TE X
RS I L B TS A 1T - 7, Fig. 3 —18~Fig.3-25 K ZDHMBERLT T, ¥
REIC L AEMBEA I EBELICSVTIE, WEER L 20BEREAELZ, £
DB AFig, 3-26 Wikd, CHODHEZFIEHLEUTOEOTH S,

1) #\Efck 2EEOKRE XL, Fig 3-22~Tig. 3-26 oY, KENWEIDS

AT].1G~11 ,AXF— 5Q .PYROIDDIET & - 2, #ICPYROID Ot Btk GEBEICFT
15BN ABODES) JEOEMICHE~E LCBIFTHLC EMEDLNS,

2 EHoEEEHRIc o TiE, Fig. 3— 18 ~Fig. 3— 20 IRTHEICATT, [G—11 , AXF—

5Q, DOk THRIFH, CHBPEETHL I LPEDONS,
(3) @& DhEk ,

HEEMDSBAR A - BORHIREICOWTEHE o - FCALIFA B TR ETTV, £

ERfE R & DHE AT, BT 7 VIdFig 327 KRS 2IRGCEF AR Lz, WER20
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mm THY, REDZOmmTIBAEMERTH 2, SREFEBRDAGEBERE Lic, IG-11
AXF-5Q, AJTHZUPYROID LD TEELT L1kw/cm’ OBEDEITETT -70 1G-11
OWTHAN L6kw,cm® €OV THBIF LA, BESHO L fi& LTIG-11D Likwoem?®
X 3lsec BVAME O E L Fig. 3-28 ki, Fig. 3-29 @BEH 1.1kw cmficxf L, BH
BZE 5 2 —5 & LT, SEENORGRES LUREC L 2EERAMEIT L2 50T H5,
CDERIC KD & REHBES LOEEROEOR S WA A3 & AT], IG- 11,
AXF-5Q, PYROIDT# %, —HIG-11 4% & LTHAMN L.1kw em? & X ¢ Lekw om?
COWTOBITREARE L & OnFig. 3-30 Th 5, BEREZABRBORACE VAR
RELIZERPEH LN B,

DL ORRIC & D8 SN IRERE 3 22EOHRER & HE U b DHFig. 3-31TH5
PHEMEAERE, B KO BHEER & ORI DT B L EEEsE SN A, EEEI
IO IZIE 2 BOEER LT AL, COEDFHREE LTE, BITOBICH O A &EELO
WIVEE (BEFESE, AEERLTEE) OREBLVERICS T 3 ARBRTIECBENEZ
SNBH5, COMICERICEFAIERD A P = X LSREBRRLADES (FIAFBEET &
LTOBRD & 6MELTOWAARERLBFONE, CORERAHELHICTE0RSBOKRE
BT H D,

3.3 B8 UNuN—JISER

Bl E LTDov v - 1y ~IRESBA (MEIG-11) X LET & - o BE AT - 7ok
H, 0.9kw/cm’x 10secD BB A S 2o, HBAH 2EON 1 EicFig 3-32itRons ks
IRRBE R T OBHRASE Ulc, T O TREERERE BRI T 200, BREREHE D - FTES
TRUN iz X % B & & BRI ERIR AT - 7o, #BIF & 7 vidFig, 3-3310 R4 2 IRmEeE 7%
BHLM B 20mmTHRED 0mmMABBEAFER TS 5. BERMEER, EBOANES
FE3 1.5kw,emfx10sec & L7z, BEM 10secBOBRESR, EEHLUEIEANTEENTE
Fig. 3-34,3-35, 3-36 iTRY, WMTRERICLL LRAORSEER 2340C THYD, B
SRR (BB OB AR bikgl /mof (EFIEI) TH3, COERIG-1IOFERIKS
i B EREEE 8 kgl /mm® 2 TFE-> T2, £/, WEEEBORN ([, B cidEiEic
B A5 2.5kgf ~mm® % FRIZBIREH (A 4.9kef /mm®) HFA LT 2R
FreEdhLTwiEn, hih, ARRTOBRLOHBIHEBERERAEETLZ LG TEEL
D, BERRE LTRD LS BHIRHEL SR b,

D BEBTORBFOIHRAEBICGER LT, EBEICTHEES JCIGMED Tt

2) MRORERMHEL LEFARES TE 2 BB Mg THiB L1,

Ny =) L IR ERROM R RS E, ZOERMNICIR oI Somicid, 5%, LD
Z OB FHVIERS, FMOARKEOREPLETEHE S,
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Table 3-2 Surface damage of graphite
Before heat load
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Fig. 3-3 lleat load conditions inducing surface damage of TiC coated molybdenum
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Fig. 3-4 Surface temperature change of TiC coated wmolybdenun
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Fig. 2-7(a) Cross section of TiC coated molybdenun
(Heat load : 2.2kW/cn? x Bsec)
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damaged part

Fig. 3-7(b) Cross section of TiC coated molybdenun

(Heat load : 2.2kW/cz® x Bsec)
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Observed part

Heat load area SEM photo 100 u w

-

Fig. 3-8 EPHA surface analysis of slightly damaged part of

TiC coated molybdenum (Heat laod : 2.2k¥/cuml x Bsec)
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Heat load area SEM photo 1I00um

1

Fig. 3-9 EPMA surface analysis of heavily damaged part of

TiC coated molybdenua (Heat laod : 2.2kW/cp® x Bsec)
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Fig. 3-11 EPMA cross-section line analysis of heavily damaged part of

TiC coated moliybdenum  (Heat lsod : 2,2ku/cm2 % Bsec)
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Fig. 3-12 EPMA cross-section line analysis of moderately damaged part of

TiC coated molybdenum (Heat laod : 2.2k¥/ca® x Gsec)
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Fig. 3-16 Heat load conditions inducing surface damage of graphite
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Fig. 3-17 Surface temperature change of graphite
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Heat load area 10um Ho heat load area

Fig. 3-18 Surface of IG-11 observed with SEK
(Heat flux : 1.1kW/cml x 3lsec)
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Heat load ares 10um No heat load area

Fig. 3-19 Surface of AXF-5Q observed with SEM
(Heat flux : 1.1k¥/cm® x 31sec)
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Heat load area 10ua No heat load area

Fig. 3-20 Surface of ATJ cobserved with SEM
(Heat flux : 1.1k¥/ca® x 3lsec)
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Fig. 3-21 Surface of PYROID observed with SEHM
(Heat flux : 1.1kW/cml x 3lsec)
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Fig. 3-22 Cross section of IG-11 (Heat flux : 1.1}_:%!/cm2 x 31sec)
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Fig. 3-23 Cross section of AXF-5Q0 (Heat flux : l.lkH/cmz x 31sec)
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Fig. 3-24 Cross section of ATJ (Heat flux : 1.1kU/cm2 x 3lsec)
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Fig. 3-25 Cross section of PYROID (Heat flux : 1.1k¥/cm® x 3lsec)
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Fig. 3-28 Temperature distribution in cross section of graphite sample

(IG-11, Heat flux : 1.lkW/cm® x 3lsec)
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Fig. 3-29 Time evolution of maximum temperature and erosion depth of graphi;e
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Fig. 3-31 Conmparison between calculated and experimental values of maximum erosion depth
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