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An Irradiation Test of Heat-resistant Ceramic Composite Materials
- Interim Report on Post-irradiation Examinations of the First
Preliminary Irradiation Test: 97M-13A -
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The Japan Atomic Energy Research Institute (JAERI) has been carrying out the
research on radiation damage mechanism of heat-resistant ceramic composite materials, as
one of the subjects of the innovative basic research on high temperature engineering using
the High Temperature Engineering Test Reactor (HTTR). A series of preliminary
irradiation tests is being made using the Japan Materials Testing Reactor (JMTR). The
present report describes results of post-irradiation examinations (PIE) so far on specimens
irradiated in the first capsule, designated 97M-13A, to fast neutron fluences of
1.2-1.8x10%m™ (E>IMeV) at temperatures of 573, 673 and 843K. In the PIE,
measurements were made on (1)dimensional changes, (2)thermal expansions, (3)X-ray
parameters and (4)y-ray spectra. The results for the carbon /carbon and SiC/SiC
composites were similar to those in existing literatures. The temperature monitor effect
was observed both for SiC fiber- and particle-reinforced SiC composites as in the case of
monolithic SiC. Namely, the curve of the coefficient of thermal expansion (CTE) of
these specimens showed a rapid drop above a temperature around the irradiation
temperature + 100 K in the first ramp (ramp rate: 10 K/min), while in the second ramp the
CTE curves were almost the same as those of un-irradiated SiC specimens.
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Table 2.1 Irradiation samples for 97M-13A capsule.
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Table 2.2  Irradiation temperatures for 97M-13A samples.
IMTR 125 #{JW

WoE ®H OB % Sh | B |BERMEF] 95 %EHEKM | BAME | BAXE
R PR PTOL|MY 90. 0 49.6+0.5 48.9 90. 17
97M-13A No. | RELHEE TC01|°C 202x6 194 210
97H-13A No. 2 BAEINRE TC02|°C 264 +6 260 281
97M-13A No. 3 BAEXNEE TC03|C 310 3101 300 312
97M-13A No. 4 BAEMEE TC04|C 506+9 501 526
97M-13A No. 5 BAEXNRE TC05|C 270 5693 564 578
97H-13A No. 6 RAEXNRE TC06|C 394 £5 386 402
97M-13A No. 7 RAELNRE TC07|°C 400 400+£4 396 407

& & ZOF—%id, 1998/11/16 09:00 M5 12/12 19:30 @
BRI DOWT, KOEHEBET DT —FITDWTIE

Li=bDTH5.

- RHFE S 48 M¥ LAE & F — F ¥=10
@881 b—YEEREKE B @ RETFT— 8= 0
- 97134 No. 5 BMEERHREE  5T0x10 T SRFEET IR = 1147




(950)

JAERI—Research 2001—028

B W yn
-~ (SUS304)

_ REE
8 (SUS304) O:KE BT |
o J:A- vazem |

" 2
(SUS304)

ERsR(T/Ct-4
L BRE 2

K 61.50 (SUS304)

C YA

(173%0)
@

0 . (SUS304)

(SUS316)

T/C]

F/MI1
R
(A1050)
— (Bi-2212)
a RS
(REGHS)

15,80

185

EataoVzl

©
©
®
®
Hio
JollF/ M2
©
®
© IG110
s/l TcT10)
© .
[~

—9kk
(A1050)

ED

Insis =97

il (Cu)
e v =0
Al A E4
' §QF/M3 o~

185

(SUS304)

ED

=94y
(A1050)

B
M4 50S304)

85
470

1

=
(7h31)

T
0006600060008 88
00001000000000

«

(SUS304)

o) (SUS316)
]. +0

140 20,

Y

_L Z B NN =47 0v)
(A1050)
 $60 )

Fig.2.1 Structure of 97M-13A capsule.



JAERI—Research 2001—028

Z9CA-V)

T IVIVRE

M — 7 (125~125cy)

v FEIE . 5.5W/g(E— LV {E)

0.5

|
«
. _
-l 1 /AT T B ~ n
T JAN S I T I O (N IO O T TN s
/] E-% A
A T N
L 4_ ....................... _ )
= \l lm [ U O T i e B T I e -—q4 =% U WP S —
S
....... L2 oooooooogoooor o neseoesgnoooooooooooooool - - -1 -
CLeo0oooooooooonoo ¥@v—+L§ gopoooooooooooood
...... CO0ODO000O0NC00000000n000onoooioooooooooooool | | |
: ®
@ ) ) ) ® ) ) ) )
(] S S [ S S (] [
<t (321 Ny — — ~N (22] <t
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Fig.2.3a Shapes and dimension of sample holders A and B in 97M-13A capsule.
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Fig.2.3b Shapes and dimension of sample holder C and D in 97M-13A capsule.
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Fig.2.5 Axial distribution of fast neutron fluence in 97M-13A capsule.
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Fig.2.6 Axial distribution of fast neutron flux in 97M-13A capsule.
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Fig.2.7 Axial distribution of thermal neutron fluence in 97M-13A capsule.
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Fig.2.8 Axial distribution of thermal neutron flux in 97M-13A capsule.
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Fig.2.9 Radial distribution of thermal neutron flux in 97M-13A capsule (high

temperature region) .
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Fig.2.10 Radial distribution of thermal neutron flux in 97M-13A capsule (middle and

low temperature region) .
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Fig.2.11 Radial distribution of thermal neutron flux in 97M-13A capsule (Cd shielding

region) .
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02| ¢

0.1[.

Near isotropic graphite (Gilso carbon parallel with grain)
Near isotropic graphite (Gilso carbon parallel with grain)
[/ /A Near isotropic graphite (Gilso carbon against grain)
Near isotropic graphite (Gilso carbon against grain)
Isotropic graphite (IG-110)
NN\ Isotropic graphite (IG-110)

Temperature (C)

570

Fig.3.1 Irradiation-induced dimensional change of near
isotropic and isotropic graphite at 300C, 400C and 570C

24 2

(fast neutron fluence : 1.8 x 10" m™)
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CX-270G parallel BB CCM-190G parallel
v/} CX-270G vertical CCM-190G vertical
[/ ACX-270 parallel BCXK PCC-2S parallel
CX-270 vertical E—=—=PCC-2S parallel
ANXXN CCM-190C parallel == PCC-2S vertical
NXN CCM-190C vertical FEFHH PCC-2S vertical

0.8
0.6
0.4

0.2

S
)

Dimensional change (%)
o
N
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o

LN
I

1
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(=5}
i

iy
!

b
tn

Dimensional change (%)

-1.3

20

Temperature (C)

Fig.3.3 Irradiation-induced dimensional change of 2-D C/C composites at 300, 400 and
570C (fast neutron fluence:1.8x10* m?) .
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N\ 5% Si1C/SiC

RSN 5% SiC/SiC
(zzZ4 Hinicalo parallel BERRR 10% SiC/SiC
24 g?“?ci" pa;‘:":} FEEFEEEER 10% SiC/SiC
ZZZI micalo veruc oy .
S e : A Monolithic SiC
AN Hinicalo vertical CTTT] Monolithic SiC

.
0.8 o R .
§ 0.6 —— """"" _: : -------------------------------------------------- —
8 0.4 o NI R
=
2]
S 02
"'gj‘ L
g 0o
g -
v -0.2
E
R .04
-0.6

in Diameter

Dimensional change (%)

300

Temperature (C)

Fig.35 Irradiation-induced dimensional change of SiC
fiber/particle reinforced SiC composites
and monolithic SiC  (fast neutron fluence : 1.8 x 10* m?)
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Macroscopic : Pyrolytic B SiC (Price)

Lattice parameter : Pyrolytic B8 SiC (Price)

Macroscopic : a =SiCp5%/SiC Composite (present work)
Macroscopic : o —-SiCp10%/SiC Composite (present work)
Macroscopic : Monolithic a -SiC (present work)

Lattice parameter : a Single Crystals (Primak et al. )
Lattice parameter : o Single crystals (Balarin)

Lattice parameter : Self-bonded B (Thorne et al. )
Lattice parameter : « Single crystals (Pravdyuk et al. )
Macroscopic : Self-bonded B8 (Thorne et al. )
Macroscopic : « Single crystals (Primak et al. )

B4OADOSPDPIOO

—h
o

A

o
3]

V\gl
8 \Q\
: s

0.0 -

Linear expansion (%)
>

0 200 400 600 800 1000 1200
lrradiation temperature (C)

Fig.3.6 Linear expansion of various SiC samples as a function
’ of irradiation temperature.
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4. BER

4.1 RIEFE
(DRBRA

AR R E(CTE) BIE A OREHT, C/C BEMEN 5, SiIC HEMEH 3
B, 2RMLELTIEE Y ¥y 27 oSiClhexaloy"), EHHERNEESFHER
(1G-110, Gilso carbon) Tdh 5, RBRHATHEIZEEOHIK D HER 4.5~5.0mm, &
X 16~20mm DEFH & LR, MEFHMEBICE L., ThHTREZERROE. R
By F-d| Bl A 2R sE e K HBIFIRE L T A TH D, RRFBELERIZHET ST
D, CICELSMBORBRAFLEIZERE 1.5Smm XE S 8mm OREXHE AL Z K
Fre,

(2)%& &

CTE I € i E8#% 4 47 15 ( Thermomechanical Analysis, TMA) Z VT, K¥EHF%E
i RI FIFIEREBEOKR y NERE (KFLEE1ERE) T8V TTo, H
WIS OB AT R E (B2 EHR TMASI0-FIBEREMMTE L)
Thd,

BEDEE % Figdl 7T, AEBTEI e /7 AREHHEEICIVEE
DOINER » BHE) « FFE 100 737 —VRETE, &5 1773K £ T 0.016 ~ 100 K/min
DEFTHIE - RENTES, XY X VEEOHMHERBCRE - BBERT
CENF— A EBHEIIBRYALERERoTWS, MARBERDOEEMITT IV
T F (a-ALO) ZER LTz,

Bl —~THEOTNVIFTHEM2EZHAVTITo LT 77 RBRER %L Figd2 I
Ft. 728, Figd2a FREF—F%2F0EE vy bLEBLDOT, ThEEE
MOF—7 757 A VN LBRBMIELRZL D Figd2b ThHD, Figd2a »H., 18
*HEI B X ORIER B (precision) 1T 0.1% AT THY, HAMRIEIZLIBEELLT
T+ THHZ RN D,

(B IRIR B D ER
BELELED LTA3MEOERENT 16 TATO>THIZE/, L&, @Mk S
NLMNOLIZEboleT5E, T~ T.MIZRIT32EHOBRBIIE e 1
e = {(Lz-Ll)/Ll} (4-1)
CREND O, (7r. BREROEHBIEERK w i

a. = e/(Tz—Tl) = (Lz-Ln )/{LI(TZ'TI ) } (4-2)

TEHEEIND, BET L T. LOEAT NER/NOEBREL2 LD L, BE T I
BiF5a i
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al.(m = llm (LZ'LI)/{LI(T'J-TI)} = hm (I/Ll) ¢ (AL/AT) (4-3)

AT—0 AT—0

L7125, BREMIZOVTHREOE L FAKIC L TEHEFEBEEREK o
s

o = (VeVO/H{VI(T-T))) (4-4)

CEETED, 2B, EHEHE TRRNOBENELMIZRYT 3,
o =~ 3a{(1+o) (T==T)) (4-5a)
av =~ 3o (4-5b)

(HRERZE

BEEOREREZIX, (DRIZFLERBES L. BREX AL, BEZAT
DREMBIZEFNENDOBRENEETNDI L LTEZDZZILENTEBZ D, bbb,
BIZIRR o ORI EERZE (do/a) i

da/a = ({(dL/L)+(dAL/AL)*+(dAT/AT)*}"™ (4-6)

TEZbND, ABRSOEREIL, BEO~A 7 ax—F2FERLIEEIC
 lum, BEAEZRETIZHEER T 0.lpm, 72, BExIZ X A EERIE
MEIFX IKEBELEEIND, ZOBAOBEREFMEME % Figds 1277, AKX
D EEHR S 20mm, REZE 200K, ZEIRAREKS 10K 5 10K £ T LT-
EEDRIFEREIT 25%05 0.56%E TRELEHTIZ L3 b2d, £, AN
TEIZRT X D ICEBEERES 1 X 10°(K")OMEBORBED 10mm 5 Im £
TELTZEXEDORIEREIL, %015 05%F TEETIZnbns, T74b
H, BREOBERREPIKELS, REBEPREWVIZERIERZIINELRBLEEZ
D,
(5)FEEEDOFE

ARRIZAVWEHBTETORBELRRESRGERZED B2, BRMUG-110) %
RAWTS, 10, 15 K030 K/min D4 FEEORBEEIZLD CTEREZToT2, #
DFEFR. Figdd |ZARTEOIZ, 15 Kmin LV BVWEBEHETIEEREIRD S
Nighpolz, Ty, BENRFEEFEE L LTHREINTWVWS 10K/min ZRIE
L Lz, AIEOERSRE It —F—LLE2ZEEL T, EBOREMHEERET
HBH 1723K IV H 100K BV 1673K & LTz, £/, RBRAOEER{LEB5IET S
e, MEFIXKE~Y U7 A4 ZAFREE (90 mimin) & LTz,

42 EHME/EEFHFHEERKR U CICEEMBORIERER R
(DFGE/EEHF RN ORERF
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ok 2 5 B (IG-110) D 573, 673 KU\ 843K BRHH#% CTE RUVBVZREK DR
B TF M & Figds ~ 4.7 1277, AERF—BHEHEOR —&MAEE 2 FIZ20
T, BEZOE1IERELRA—&GETE2EBRELZER L, ZHITRNZR
OEERE L RRICHECHERELHERT IO THS, ZOREFEIFRAL
LT, MOBRELARBESTIZEA L, AREORKHME LTI, HERRBHED
B3 E LN oTnd, 843K BB OHE, 1123K 22 2 RIEFEBEIZBW
T. BUEERPRBHM LV LB T2 EANRENT, B, 2EBRE
BIZIZEAELETORBICBROWTREBEHM LERRED CTEIZHELL,

TE BTN o T2 D SRR E L 72 8845 5 M B 4§ (Gilso-carbon) 30K D RS % CTE
R OB AE R OB ERIFME % Figd8 ~ 4101277, AREDF A, 573 LU 843K
MR RBIAKRBHEI O CTE LD b8 20%ET LIz 0D, 673K B HE TIIR
HItXAETREONL o, BRAEICEEFMMORRLZES FHEER
(Gilso-carbon) B E} DK% CTE R OB EROEEKF L Figdll ~ 413 {2
SR, ST3K BERBOBEE (FigslDNE—EERHED I bO—FKITBEE AT T
X% 0.098N(10gNDHENERM Tholeled, BEMIELLRVWRIERR LR -
fr. ARBOBESIIBRINIBR T 1G-110 3k & Rk, 843K BFHB O A 1123K
Pz REIEEED O BEERARBREM IV OOPETT2HEmBA RSN,
ZOMOBE ORI TIREZ L ELITENL 2P T,

(2) CICEEMEORIERR

¥4 2273K BULEIEE D CCM-190C 3 HHD R SRk MEED 5112 17 751 (parallel)
L F5 1A (vertical) DRE 2 BEHIZ DWW T, CTE RUBBEERDBEKRTFELZ S
1 EFSORELEREL Figdld ~ 416 17T, TIZTH ST3K KU 843K BRE
DEEFHREHIBHSIESHARICENAL TV, 673K BHEABOKE. L
A L RERR L R TS, —FH., FAFRABOKE. BEEF IR
UTEMERMED T/ E <, 10° ~ 107K TIRAIERZEN 2.5 ~ 25%IZET D
TLAEBTALERDD, EoT. 10%EERZDIRAEMEZFMET D ITITRR
EFEMEICRITD EHEEIND,

3273K ELIEIR O CCM-190G 2k (i Sk AL 5112 1T F5 [ (parallel) & FEE
¥ 14 (vertical) D2 2 FEIFIZ DWW T, CTE RUOBEEROBEKRGFHELE 1 AT
SHIELERERY FigdlT ~ 419 1277, ST3K BETREFARLORE, B
HATD CTEIZHE L TH 10%IE T LTV 673K RERB CR¥EELILERL
froTWiz, &6iz, 843K BERMIRHMROREBIIKESRERIALGN
ol

2273K BLER IR FE D CX-270C 3B fR FMEEC 512 4T 5 7 (parallel) & EE 5
i (vertical) DEE 2 FEFEIZ DWW T, CTE RO BEBEROBEKEFEELZE 1 AT
BIE LR % Figd20 ~ 42212R T, 573K RUN 843K BH TEEHF ARALDOH
£ CCM-190C [k, BHEDESHABICEHEAL TV D2, 673K BHEREDOHE,
WK ABENPS B LR LZERE 2o T, 228, AHEMOFEITHM 843K
RN REHIHB LT DHRIERETH -T2,
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3273K BVMLEIR D CX-270G 3k R R iHEBC 5112 14T 5 18 (parallel) & TE H
] (vertical) D3k} 2 FEEHIZ DWW T, CTE RUBEEROBEERFEHELE 1A
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Fig.4.1 Principle of thermomechanical analysis.
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Node | : TMA8310 Atmosphere : Flow Helium Directory : ...¥97M-13ARBEHEY}
Sample : Alumina-A Rate : 10.0°C/min Meas File : Alumina-A

Length :19.998 mm Sampling : 2.0 sec Record : 1998/11/26 12:23:09
Reference : Alumina Operator : baba Print Qut : 1998/12/15 16:35:05
Length : 20.001 mm TMA-Load : -10.0 g

Comments! : Blank Test
Comments2 : 97M-13A Unirradiated

+00
0.50
Base = 18.0 °C
Temperature Expansion(AL/L) CTE
§ )] % X10-07(1/K)
18.0 0. 000
68.0 0. 00t 1.65
118.0 0. 001 0.94
168.0 0. 002 1. 31
0.40 - 218.0 0. 004 1.86
268.0 0. 006 2.28
318.0 0.008 2.58
368.0 0.010 2.81
418.0 0.012 2.98
468. 0 0.014 3.13
518.0 0.017 3.34
588.0 0.018 3.43
618.0 0. 021 3. 44
668. 0 0. 022 3. 40
718.0 0. 023 3.3t
0.30 - 768.0 0. 022 3.15
818.0 0.023 2.81
'868.0 0. 022 2.56
918.0 0.019 2. 11
968. 0 0.017 1.79
1018.0 0.014 1.36
1068. 0 0.012 1.17
1118.0 0.012 1.1
* 1168.0 0.013 1.11
} 1218.0 0.012 1.01
£ 020 - 7268.0 0.010 0.7
c 1318.0 0. 007 0.56
3 1368.0 0.002 0.17
0.10
e T~
0.00 - S THA .
-0.10 : | ) ! L L I ]
200.0 400.0 600.0 800.0 1000.0 1200.0 1400.0 1600.0 1800. 0

+00
Temperature/K

Fig.4.2a Temperature dependence of the coefficient of thermal expansion for blank test with
a standard specimen of alumina bar (uncorrected line) .
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Mode | : TMA8310 Atmosphere : Flow Helium Directory : ...¥97M-13ARBHE¥
Sample : Alumina—-A Rate : 10.0°C/min Meas File : Alumina—A
Length :19.998 mm Sampling 2.0 sec Record : 1998/11/26 12:23:09
Reference : Alumina Operator : baba Print Qut : 1998/11/26 17:04:57
Length : 20.001 mm TMA-Load : -10.0 g
Commentsl : Blank Test .
Comments2 : 97M-13A Unirradiated
+00
300. 00
Base = 18.0 °C
Temperature Expansion (AL/) CTE
(C) *) X10-06(1/K)
18.0 0. 000
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118.0 0.057 5N
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268.0 0.167 6. 69
318.0 0. 207 6. 90
368.0 0. 248 7.07
418.0 0.290 7.24
468.0 0.333 7.41
518.0 0.378 7.56 /
568. 0 0. 422 7.67
618.0 0. 466 A
200,00 - 668.0 0.511 7.87 /7
718.0 0.557 7.96
768.0 0. 603 8.04
818.0 0.647 8.09 /
868.0 0. 690 8.12 4
918.0 0.733 8.14 4
968. 0 0. 780 821
1018.0 0. 825 8.25
1068.0 0. 869 8.28
1118.0 0.916 8. 32
£ 150.00 - 1168.0 0.963 8.37 )
< 1218.0 1.010 8.41 v
£ 1268.0 1.055 844 7
%ﬂ 1318.0 1.101 8.47 ._/'
o 1368.0 1.145 8.48 V'
- Vi
I/,
S v/'I
../
100. 00 ~ I
//‘!
50.00 i /!
|
!
i
0.00 - THA
i
~20. 00 i L L Il ! 1 1 |
200.0 400.0 600.0 800.0 1000. 0 1200.0 1400.0 1600, O 1800. 0

Temperature/K

Fig.4.2b Temperature dependence of the coefficient of thermal expansion for blank test with

a standard specimen of alumina bar (corrected line) .

— 47 —



JAERI—Research 2001-028

da/a = { (dL/L)* + (dAL/AL)* + (dAT/AT)* }'*

30 T T T T LARER SR 108 | T T T T T v T
9 E s' . - Z. .
25
Total error (%) |} 4 Length of specimen : 20mm
20 Temperature : 473K
: Error of measurement
- " ' ’ o ) for specimen : 1Wm
s 15 for expansion rate : 0.1um
LE \ Co : T for temperature : 1K
10 _ ]
_ \ | | | CTE(@) —> 107 ~ 10° (K
5 N
0 e \ »
107 10° . 107°
CTE (K)
6
| E . . lition B
Total error (%) ] CTE ——> 10°°
| Temperature : 473K
— Error of measurement
& . for specimen : 1lm
§ for expansion rate : 0.1um
LT;:i - for temperature : 1K
_ | Length of specimen
~ ] 00lm ~ 1.0m
O s " n Addo 4 L " 1 PN S S T R -
0.01 0.1 1

Length of specimen (m)

Fig4.3 Error estimation in thermal expansion measurement.
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_5 L ] T L] L] L] L] L] L4 1 25
Specimen Grade : IG-110 (Unirradiated)
- Dimension : 4.5 dia.x17.0 length (mm)
Temp. rate. : 5, 10, 15, 30K/min.
Atmosphere : Flow helium (90ml/min.)
8.0x10° f 100
g7z
7 ®
L /sz ()
v"."':/ NG/
£ sour y Sy
»:‘ 6.0x10 / S
L
= - =3
& )
e — ©
40x10° ‘ 50 E
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~—— CTE (10K/min)
— CTE (15K/min)
2.0x107° —— CTE (30K/min) 25
0'0 1 I i A 1 0

200 400 600 800 1000 1200 1400 1600 1800
Temperature (K)

Fig. 4.4 Temperature ramp rate dependence of coefficient of thermal
expansion(CTE) and thermal expansion for isotropic graphite(IG-110)
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Neutron fluence (E>0.16pJ) : 1.8x10" (m”)
Irradiated temperature : 573K
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Fig.4.5 Neutron irradiation effects on coefficient of thermal expansion for 1sotropic graphite
(IG-110) irradiated at 573K.



JAERI—Research 2001—028

Neutron fluence (E>0.16pJ) : 1.8x1 0 m”)
Irradiated temperature : 673K
Isotropic graphite (1G-110)

10.0p ————'m : : : T
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CTE (K

L I ' L
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ool 1 i i o h

Temperature (K)
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3
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S
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g
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S
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i I L 1 L 4 s { 1 Il L t L 1 L
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Temperature (K)

Fig.4.6 Neutron irradiation effects on coefficient of thermal expansion for isotropic graphite
(IG-110) irradiated at 673K.
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Neutron fluence (E>0.16pJ) : 1.8x10" (m”)
Irradiated temperature : 843K
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Fig.4.7 Neutron irradiation effects on coefficient of thermal expansion for isotropic graphite
(IG-110) irradiated at 843K.
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Neutron fluence (E>0.16pJ) : 1.8x10" (m'z)
Irradiated temperature : 573K
with grain direction
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Fig.4.8 Neutron irradiation effects on coefficient of thermal expansion for near-isotropic
graphite (Gilso-carbon) irradiated at 573K.



JAERI—Research 2001—028

Neutron fluence (E>0.16pJ) : 1. 8x10™ (m'x)
Irradiated temperature : 673K
With grain direction
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208 |

ool
200 400 600 800 1000 1200 1400 1600 1800
Temperature (K)

1.0

S
0

S
-

Thermal expansion (%)
o =
W N

200 400 600 800 1000 1200 1400 1600 1800
Temperature (K)

Fig.4.9 Neutron irradiation effects on coefficient of thermal expansion for near-isotropic
graphite (Gilso-carbon) irradiated at 673K.



JAERI—Research 2001—028

Neutron fluence (E>0.16pJ) : 1.8x10° (m”)
Irradiated temperature : 843K
Gilsocarbon with grain

10.0” T 1

ooL— i
.

200 400 600 800 1000 1200 1400 1600 1800
Temperature (K)
I | I I | T T
1.0 :

e e S
' 2 o

Thermal expansion (%)
e
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Fig.4.10 Neutron irradiation effects on coefficient of thermal expansion for near-isotropic
graphite (Gilso-carbon) irradiated at 843K.
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Neutron fluence (E>0.16pJ) : 1.8x10" (m”)
Irradiated temperature : 573K
against grain
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Fig.4.11 Neutron irradiation effects on coefficient of thermal expansion for near-isotropic
graphite (Gilso-carbon) irradiated at 573K.
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Neutron fluence (E>0.16pJ) : 1.8x10” (m”)
Irradiated temperature : 673K
Against grain direction
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Fig.4.12 Neutron irradiation effects on coefficient of thermal expansion for near-isotropic
graphite (Gilso-carbon) irradiated at 673K.
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Neutron fluence (E>0.16pJ) : 1.8x10" (m'x)
Irradiated temperature : 843K
Gilsocarbon against grain
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Fig.4.13 Neutron irradiation effects on coefficient of thermal expansion for near-isotropic
graphite (Gilso-carbon) irradiated at 843K.
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Neutron fluence (E>0.16pJ) : 1.8x10" (m'l)
Irradiated temperature : 573K
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Fig. 4.14 Neutron irradiation effects on coefficient of thermal expansion
for 2-D C/C composite (CCM-190C) irradiated at S73K.



JAERI—Research 2001-—028

Neutron fluence (E>0.16pJ) : 1.8x10” (m?)
Irradiated temperature : 673K
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Fig. 4.15 Neutron irradiation effects on coefficient of thermal expansion
for 2-D C/C composite (CCM-190C) irradiated at 673K.
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Neutron fluence (E>0.16pJ) : 1.8x107 (m”)
Irradiated temperature : 843K
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Fig. 4.16 Neutron irradiation effects on coefficient of thermal expansion
for 2-D C/C composite (CCM-190C) irradiated at 843K.
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Neutron fluence (E>0.16pJ) : 1.8x10 “m?)

Irradiated temperature : 573K
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Fig. 4.17 Neutron irradiation effects on coefficient of thermal expansion
for 2-D C/C composite (CCM-190G) irradiated at 573K.
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|HTT:3273KI' T T

Neutron fluence (E>0.16pJ) : 1.8x10° (w”)
Irradiated temperature : 673K
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Fig. 4.18 Neutron irradiation effects on coefficient of thermal expansion

for 2-D C/C composite (CCM-190G) irradiated at 673K.
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Neutron fluence (E>0.16pJ) : 1.8x10°° (m")
Irradiated temperature : 843K

second run

10.0
# | HTT:3273K I ' ’ ' '
8.0’1 — / -
6.0u i vertical |
C aom| :
8
3
M /,/—‘_—/«————‘—’ n
_2.()" . ! . L . ! . I R \ ! . L .
200 400 600 800 1000 1200 1400 1600 1800
Temperature (K)
1.5 T T T I " T T T T T T T T T
I HTT:3273K I
1.0 - | i

Thermal expansion (%)

vertical

fiber direction

0.5 - i
‘
N ! L | L L ) 1 X | |
200 400 600 800 1000 1200 1400 1600 1800
Temperature (K)

Fig. 4.19 Neutron irradiation effects on coefficient of thermal expansion
for 2-D C/C composite (CCM-190G) irradiated at 843K.
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Neutron fluence (E>0.16pJ) :1.8x10 » (m'z)
Irradiated temperature : 573K
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Fig. 4.20 Neutron irradiation effects on coefficient of thermal expansion
for 2-D C/C composite (CX-270C) irradiated at S73K.
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Neutron fluence (E>0.16pJ) : 1.8x10° (m?)
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Fig. 4.22 Neutron irradiation effects on coefficient of thermal expansion
for 2-D C/C composite (CX-270C) irradiated at 843K.
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Fig. 4.23  Neutron irradiation effects on coefficient of thermal expansion for

2-D C/C composite (CX-270G) irradiated at 573K.
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Fig. 4.24 Neutron irradiation effects on coefficient of thermal expansion

for 2-D C/C composite (CX-270G) irradiated at 673K.
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Fig. 4.25 Neutron irradiation effects on coefficient of thermal expansion

for 2-D C/C composite (CX-270G) irradiated at 843K.
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Fig.4.26 Neutron irradiation effects on coefficient of thermal expansion for 2-D C/C
composite (PCC-2S) irradiated at 573K.
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Fig.4.27 Neutron irradiation effects on coefficient of thermal expansion for 2-D C/C
composite (PCC-2S) irradiated at 673K.
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Fig.4.28 Neutron irradiation effects on coefficient of thermal expansion for 2-D C/C
composite (PCC-2S) irradiated at 843K.
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Neutron fluence (E>0.16pJ) : 1.8x10™ (m”)
Irradiated temperature : 573K
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Fig.4.29 Neutron irradiation effects on coefficient of thermal expansion for 2-D C/C
composite (PCC-2S) irradiated at 573K.
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Neutron fluence (E>0.16pJ) : 1.8x10" (m")
Irradiated temperature : 673K
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Fig.4.30 Neutron irradiation effects on coefficient of thermal expansion for 2-D C/C
composite (PCC-2S) irradiated at 673K.
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Neutron fluence (E>0.16pJ) : 1.8x10” (m’)
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Fig.4.31 Neutron irradiation effects on coefficient of thermal expansion for 2-D C/C
composite (PCC-2S) irradiated at 843K.
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Fig.4.32 Neutron irradiation effects on coefficient of thermal expansion for monolithic SiC
(Hexaloy) irradiated at 573K.
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Fig.4.33 Neutron irradiation effects on coefficient of thermal expansion for monolithic SiC
(Hexaloy) irradiated at 673K.
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Fig.4.34 Neutron irradiation effects on coefficient of thermal expansion for monolithic SiC
(Hexaloy) irradiated at 843K.
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Neutron fluence (E>0.16pJ) : 1.8x1 la (mJ)
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Fig.4.35 Neutron irradiation effects on coefficient of thermal expansion for SiC particle 5%
dispersive SiC composite irradiated at 573K.
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Fig.4.36 Neutron irradiation effects on coefficient of thermal expansion for SiC particle 5%
dispersive SiC composite irradiated at 673K.
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Fig.4.37 Neutron irradiation effects on coefficient of thermal expansion for SiC particle 5%
dispersive SiC composite irradiated at 843K.
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Neutron fluence (E>0.16pJ) : 1.8x1 U (m")
Irradiated temperature : 573K
Content of dispersive particle : 10%

10.0pn —

CTE (K

200 400 600 800 1000 1200 1400 1600 1800
Temperature (K)

0.6

N
S

Thermal expansion (%)
e
(30 ]

S
=)

A S TR A RN A A S
200 400 600 800 1000 1200 1400 1600 1800
Temperature (K)

Fig.4.38 Neutron irradiation effects on coefficient of thermal expansion for SiC particle
10% dispersive SiC composite irradiated at 573K.
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Fig.4.39 Neutron irradiation effects on coefficient of thermal expansion for SiC particle
10% dispersive SiC composite irradiated at 673K.



JAERI—Research 2001-028
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Fig.4.40 Neutron irradiation effects on coefficient of thermal expansion for SiC particle
10% dispersive SiC composite irradiated at 843K.
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Neutron fluence (E>0.16pJ) : 1.8x1 A (m'x)
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Fig.4.41 Neutron irradiation effects on coefficient of thermal expansion for 2-D SiC/SiC
composite (HiNicaloceram) irradiated at 573K.
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Fig.4.42 Neutron irradiation effects on coefficient of thermal expansion for 2-D SiC/SiC
composite (HiNicaloceram) irradiated at 673K.
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Neutron fluence (E>0.16pJ) : 1.8x10% (m'z)
Irradiated temperature : 843K
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Fig.4.43 Neutron irradiation effects on coefficient of thermal expansion for 2-D SiC/SiC
composite (HiNicaloceram) irradiated at 843K.
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Fig.4.44 Neutron irradiation effects on coefficient of thermal expansion for 2-D SiC/SiC
composite (HiNicaloceram) irradiated at 573K.
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Fig.4.45 Neutron irradiation effects on coefficient of thermal expansion for 2-D SiC/SiC
composite (HiNicaloceram) irradiated at 673K.
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Fig.4.46 Neutron irradiation effects on coefficient of thermal expansion for 2-D SiC/SiC
composite (HiNicaloceram) irradiated at 843K.
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Fig.4.47 Ilustration of 1-dimensional, 2-dimensional and 3-dimensional fiber woven types.
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Boairolc, REHRE 673K LLEORBREMTIE, BFEROELRIZE T2V
LIZIFEA LW EBRENT,

Q) EHTE

ST3K B L72 IG-110 13, REBHM L E&E L T a @R c BiFmOE/LRIT L
HIZHEA LTzAs, 673K KU 843K BHKMHIZRIT D c B F RO RIIBFEIC
Lo THEMHE NIV OFEREEZ R L, —FH. a BMFAOKERFEOEIR
TRHFHIBEDO LR & EHIZET LWL HA%ZR L, HOPG DEBFROEL
RIILTORMNEBERB T, REFHLEBRLTAELIBLLTRY, HhRH
BEOLER L EHITERIINEL RBERER L,

) B

573K Bt L72 1IG-110 OB &, KRBHMIZHEL T 7 ~ 10%DBPETH - 72
23, 673K KU 843K BHEKBFOFEITIIERIINESLKBEBEDCHETH - 72,
—7 . HOPG DiFH13(002), (004)EHFr#HRA 5RO 7z BRI E DO TR IT M &
BOOWMEREZRLTRBIARRERBEER TH o748, (006) K 1N(008) ElHT 4
NORDIZEBICEDEARIT 1.6~ 6.7%DBPERLIZ,

(4) BFEH

IG-110 B OHE, KBARB LEBRLEEERIBEDO LR L & HITIE
FTLTWSHRARED N, T7hbb, 573K BHEMHTIZ B3%0OBRVTH -
723 673K KON 843K THXZNFN 58% K N 0.6% WA T 52 Larahik, &k
M4 HOPG HRABIOHE, B TEABHOZDOELRD X ZRENAMBEETL
feleh, BRLELUTEHT LI Z LBRHER» oD T, SFRFBELEMOIE
SR B R A Te, FOREE. (002) R U(004)BHFHBN BB FEAIT. B
EOLERLEBIETTI2HEMEZRLE,
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Table 5.1 Irradiation-induced change in X-ray parameters of isotropic graphite (IG-110)
97M-13A/PIE_data(XRD-1)

IG-110 [IG-110; ZEEE®[IG-110 EILE®|IG-110 FELE®)

FKEBAT | 300°C: (x—x¢)/xg | 400°C i (x=xg)/xo | 570°C i (x=x¢)/xq

cil H
BFEHBA) 5 ' ;
002| 6.7554|6.7684:  0.192 6.751 ¢ -0.064 6.752 ¢ -0.048
004| 6.7441}6.7567:  0.187 6.745: 0010 6.744:  0.001
006/ 6.7484|6.7582: 0.145 6.747: -0.016 6.749: 0016
008 - - — - i - - i -
c#h
SERFEA) : : :
002 2570| 2445 -4861|270068: 5085]265020: 3.120
004 1795 160.2: -10.760 | 179536 : -0.002 | 182986 : 1.920
006 109.2| 1074} -1643 | 73878 -32352| 78317 -28.287
008 —~ - - - i = - -
alif
BFEHRA) : : :
100| 2.4634]2.4585: -0.199 2460: -0.158 2460: -0.129
i 110| 2.4637[2.4604; -0.134 2462 ; -0.087 2462 . -0.077
a H H H
BRFEA) '

100| 3084| 2915: -5499 | 286.255: -7.194 | 302.615; ~-1.890
110,  4330| 369.1! -14.775] 399210 -7.813]399.182: -7.820

RBEE®R : : :
002| 07267 |0.6489; -10706 | 0749: 3.110| 0743 2284
004| 07898 [07167; -9.256| 0786 -0532| 0790; -0013
006| 07649 [07081; -7426| 0771 0837| 0759: -0797
o8| - - i - P-

't

BFEGS,) ; ; :
002, 004 0.0173 |0.0196: 13.295| 0018 : 5780 0017 : 0578

002~006] 0.0189 0.01875 -1.058 | 0.026 38.095 | 0.025 32275
Nelson&Riley : : :

Co| 67439 |6.7538! 0147| 6745 i 0012| 6746 | 0028
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Table 5.2 Irradiation—induced change in X-ray parameters of Highly—oriented
Pyrolytic Graphite (HOPG)

97M-13A/PIE data(XRD-2)

HOPG |HOPG :ZE{LHE(%)|HOPG 'ZEILHE®%)|HOPG :ZEILHE®X)
unirrad. | 300°C i (x=xg)/xo | 400°C : (x=x0)/xq | 570°C } (x—xg)/xq
clih ' : :
BEFEBA) : ; g
002 6.70591|6.6856: -0303| 6.715! 0.130| 6.656: -0.742
004| 6.70855|6.7120: 0051 | 6.719: 0160 6701; -0.120
006| 6.70938/6.7196: 0.153 | 6.716: 0098 | 6.715; 0077
008| 6.70887|6.7204:  0.171 6712 0.040| 6719: 0.153
chh ' : :
BRFEA) g ;
002|  613.8| 193.7i -68439 | 324058 ; -47.201 | 408.879 ;| -33.381
004| 1106.3| 106.1: -90.407 | 158.867 ; -85.640 | 202.403 | -81.704
006| 1659.4| 70.9: -95727| 47.616: -97.130 | 163.361 | ~90.155
008| 1460.3] 52.7: -96.392 | 33.891: —97.679 | 145.953 | -90.006
alih E : :
BEEBA) § ;
1000 - - T - b - i -
110 - - i - - 1= - i -
alh ' : :
BRFEA)
100 - - i - - - - -
110 - - - - - - -
BIMEE(R) 5 : :
002| 1.0122{1.1301: 11648 | 0962: -4989| 1.301: 28562
004| 09968/09770: -1986| 0935: -6250| 1044: 4685
006 0.9920/09323: -6018| 0954: -3861| 0962: -3034
008 0.9949|09282: -6704| 0979: -1578| 0935: -5981
BFE(Sc) 5 : :
002,004 O 00276: - 0.024 0.021 -
002~006| 0O 00243: - 0.035 0.015 -
002~008] 0 0.0219: - 0.032 0012 -
Nelson&Riley
Co| 6.7096 [6.7248: 0.227 | 6.715 0.076 | 6.725 0.230
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6. yIRAXZ kL

6.1 RIEFE
KE-®MENDE Ge REIB(y-X 27 Ge [RlEHE 2 3 (%)
REHIER RIFIABERE (BERER) IZR]E
e Ad A7 N & Ge
FRHZEY A X BHE 53.4mm X & X 63.4mm

7 /L 1 GMX-20190-P-PLUS, CFG-PH-1(¥{a=+{-y" =7V} =y -#)
MR ZIER 0 218%(3" ¢ X3” o Nallzt L T)
Sy RRRE © <1.9keV FWHM at 1.33MeV

=1100eV FWHM at 5.9keV
¥—2/ a7 s 46 at 1.33MeV
7 TAFTAZ Yy N i KERNY —ALT A 8]
TURF¥Y V72,757 ¢ X9”

BEDHTEE — Y — X 35 PLUS(CANBERRA )
BEIEETR — Model 459 3000V (Bias)
HITE M08 27 — Model 672, BEEHK 6.0usec

(D y B=RXNF—tIEDRORE

HOBFEMELZRET DD y R FAF—ITHT 2RESNEROBFKIZON
T, Bz ANV F - OBz XNV F —OEERFBZAVTHEDOREERIZRIT S
REZREZRD T, AV EERFIT Am-241(59.5keV), Ba-133(81,303,356keV),
Cs-137(662keV), Co-60(1173,1333keV) K& UN Na-22(1275keV) T 5, Fig.6.1 12 A<
EIZER L y BRHBODE e (%) & vy RZ IV ¥ — E(keV) & DEFE 2 S RIE
BEEERIC R L7, THEFHELBV L 5 ICEBEROELR L LTKRICRT,

PR Bt | Y EaN TEBE R ER (R)
2cm g. = 21644 E°7" 0.9985

3cm es = 107.58 E**" 0.991

4cm g« = 7472 E*" 0.9946

llcm en = 13.055 E°®" 0.9766
13cm gn = 6.7249 E°* 0.9537
18cm £ = 6.5572 E**™ 0.9903
19cm e = 4.1189 E** 0.9707

(2)RIZE

FRAAEABHIRE S Sem ORFHRREFERSE (KL T )8 0N T
RELL, MERMIZIIA 724 5—E(1800 )IZLTRIE L, ZHITAK
T4t ##% 2 ADC(Analog Digital Convertor) THE T 2O RREM A2 HET 220



JAERI—Research 2001—028

OEIENFMENTZH DT, 2FBREMHE2ZFOHERE LT, True Time & LTT
— X INERRARBREHEIND, o T, BREEIZT — F UERHIX 1800 £+
aleAN, ZOHEME[S 2 RE—EICH 25 ORIEEHL 2cm ~ 19cm X
THEYICEATHELL, BLHRAEBEOKZV SIC/SIC A #EBUR
(Hi_Nicaloceram) D3B&121% 19cm & L7z d, B b M EERED/NE W C/CEEM
B EHCX-270) DB EITIE 2em & LTz,

(3) y A7 RV D

yBART MARIEREP ORI ERAICRITAIRHEBEEZKRDO L O IT LT
Lz, @E4DOEY—/7EHEEZRDS, OREEHEEIZy BRI IAF—ITHIRL
rREYRE, BEXCGELR)Z2EALTRD S, @éf@yﬁlﬁrw%—%:%f
LRI RE2E > TEROE— THEORTFIZRD D, Z ORI Z RER K
IRITAKHERSE Lz, MERIEMEIC, BEMD 1673K £ TORER
RAIEEOMBI L AHRHEERBBOFELFARL LD, MEAGRDO yBRAXT bV
At R A R EHE IZHIE LTz, SiC/SiC(HiNicaloceram) &M EL D v A~ 27 h VI

EfE R % Fig.6.2a K U\ Fig.6.2b I{Z7R¥,

6.2 FERKORE

Fig.6.3 IZRT X D2, RO KF I SiC/SiC(HiNicaloceram) & 44 8 T
32 X 10/(Bg/g) ThoToas, HITHRDFBOHMEAEEIL C/C(CX-270G) EEMET
6.6 X 10°(Bg/g) T. ZHILAETH DK 1/500 12FEY T2, REHABRIIATHE A 500
1Svih, HEMN 4 uSvh Thotz, HEREPTRMY OIESFHE R OREKH2
5RBIZLOVTHET DL, ROXDIIRoTZ,

Elements SiC/SiC(Hi Nicaloceram) C/C(CX-270G) Ratio

Al <20 0.37 54.1

Ti <10 <0.09 110

\Y <2 <0.07 28.6

Fe 24 0.19 126

Ni 12 <0.1 120
(mass ppm)

F7bb, Ti. Fe. Ni R EOBFEBEICRELSFETIEGRTROHEEL
B, TS 100 EUEEFELTWDZ b, EITBRRTZEBERIILEARTD
VWi d, #oT., MHFEZERILT DRI LZEEBRRLRET
BN RkHbND,

WAz . 16T3K TNEET# OB OELIZ DWW TR THER, Gilso-carbon DA 2
S oo Teds, FRLUNAOHRETI 1 BEUEOHEEREREOD D Z L 3G H
ofr, MBEOWREEZUTIZHNET D,

SiC/SiC(Hi_Nicaloceram) — Ag-110m

— 101 —
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Monolithic_SiC — Sn-113, Eu-152

C/C(CX-270C) — Sb-124, Ag-110m, Sc-46

C/C(CX-270G) — Ag-110m, Zn-65, Sb-124, Ta-182, Hf-180, Zr-95
C/C(CCM-190C) — Ag-110m, Ta-182, Nb-95

C/C(CCM-190G) — Ag-110m, Sb-124

C/C(PCC-2S) — Sb-124, Zn-65

Isotropic Graphite (1G-110) — Ag-110m, Zn-65, Sb-124

INODMBABHEEERED S b 1673K L TORA % L DX, Sn-505K.
Ag-1234K. Sb-904K, Zn-692K, Eu-1095K. Sc-1673K TH» 3, T7-. 1673K LT
D RIL Zn D 181K DA TH B, Ta, Nb, Hf, Zr LS O RITIMEER L TREH
RITEBICHAELTER, AT EIHES»OWELZLOEEZ LR S,
673K L ED@MAZ b OTXFROWEKRERIZ, MEODIZEULAIEBEELE
b5,
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BobdoOAY

10°

efficiency (%)

10"

A I W (] A FS A At A i

10?

v energy (keV)

Fig. 6.1 y-ray energy vs detecting efficiency for Ge detector
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Fig.6.2a y-ray spectrum of before heating SiC/SiC composite(HiNicaloceram).
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Fig.6.2b y-ray spectrum of after heating SiC/SiC composite(HiNicaloceram).
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Specimen_Name

Specific_Activity (Bq/g) |

SiC—Hexaloy 5.849E+06
SiC-10%SiC 1.318E+06
SiC-HiNicaloceram 3.200E+07
Graphite IG-110 2.028E+05
Graphite_Gilso—Carbon 2.375E+07
C/C Composite PCC-2S 4.491E+05
C/C Composite CX-270C 9.960E+04
C/C Composite CX-270G 6.588E+04
C/C Composite CCM-190C 1.239E+06
C/C Composite CCM-190G 9.980E+06

Specific Activities of Irradiated SiC & Graphite Specimen

3.501E+07

(97M-13A_PIE)

3.001E+07

2.501E+07

2.001E+07

1.501E+07

1.001E+07

5.010E+06

1.000E+04

Specific_Activity (Bq/g)

SiC—Hexaloy

B SiC-10%SiC

O SiC-HiNicaloceram

Graphite_IG-110

B Graphite_Gilso—Carbon
C/C Composite PCC-2S

B C/C Composite_CX-270C

C/C Composite_CX~270G

B C/C Composite CCM-

190C
B C/C Composite CCM-

190G

Fig.6.3 Specific activities of irradiated SiC/SiC and C/C composites specimen.
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7. %

i

(1) BERE R VR R4

MR SRR 6 FE3E. SIC/SIC REAME SEEEKOMAI SRR
EDHBM 4BEIZOWT, 573K, 673K K1 843K DFIREFEBIZI WV TEE
it F (B> IMeV) 8 A E— 7 1.8 X 10°(m*) DRHEGTHRREER LT,

Q) BHEFR-TEEL
(a) R FBHEMEFR(LIE S A8
) R REBMEBRILESMEBOR S /BFAORFFE-THEERLRIT
SR T 5 E & OREHSEERIIRON RN o2, RS FAICHIERPHE L
P BEEEHI R IR R R T EEA R b, £z, BOUEEE
NERIZIDZEIFEOTHEEIRIZ, BHEEE 573K 12815 3273K BLEL
7ot B o A RE M 2R LT,
(b)SiC RE &M E
2 RITHEY SIC/SIC EEMEORFFE~THEEARIT, BFEITNMLE
X HFEICIIES T Lz, BEIEE 843K OHREDAE S FHMITH IHE LTz,
SIiC B FHERILEA MBI OBEITIE., BFARVEIFRICEBRTRIZE
RELT., FOBLRIIBHFIRE Mz L TR L,
(3) R FH il B iRk =x
(a) (R EREHEFRILE S B
AR R E A ARG R IC ET/EEFROERBOFEITR T
ZiEEAIL. BIAFEOREEREK(CTEINEELY e THIDITH LT, EE
FHETIE6~9 X 10°K Tholr, BMEBMLIEEREN 2273K/3273K #5308 DEE
EIX CTE BBiET6~7 X 10°K', BETE~9IX 10K &, DT PDEVDD
TLOBTHolr, BEIZLZBEERKY CTE XA TIHREIESEORA L
HlzBWTIRIEEAERDONRP 2T,
(b)SIC REEME
SIC ZREOMEIOBIERK O CTE ICRIETHRAME L LTIX, BHEE
REHENEE BN, Thabb, SIiC ML/ SiC b+ EERILO M OB
SHEHZ DWW T b, BHEIEE+ 100K fHED» O RBREHBOMMMBIHED . 2
B HOREIZBVDTIIRBHM L ZERBORERTELTT. WO IERET
=7 —hENBBEINT,

() BRFEXBRNNT A—F—
HEEFEEEERRR O ERAERSEERO 2EEIC OV T, X REHFT
X BRERTV., BFER. ERTE. BRUERURTEAZEN - FHMEL
o, FOMRE, ThETRBLNLERLAKOHEMZRT I A1 o7, T
bbb, BIERKTIAFGERO c @HAICHEML a BHEITPHELZ, fRTF
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213 HOPG D3FE . 573 ~ 843K ORFFBEELBFITR VW TAEL BRI LTEY,
MFBEOHEME L HIZEERIET LTV EmMEZR L, BE8MELEILIG-110
THREHRE 573K DFE . # 10%DRA 2R Lz, HOPG T 1.6 ~ 7%D # /D
BThHol, BTFEHAIBFEEDOHME L HITEFTLTWEREZRLE,

(5) y AT v

HEBRR LORFBRLLEEOBRERET DD, v HEER Ok
BEZRE Lz, 72, F—HEEHZ OV T 1673K MBBTRURED v BARY K
NWONEPOMBIZ LD WEERTROFEMEIT o2, FORR, BbAX KN
BBZH LTWS DL SiC D HiNicaloceram T, FIZHELEWVKHEIIRER
D CX-270G Th o7z, MBRIHOHEREREIL, Gilso-carbon ZRX £ TOHRE
ICRWT 1~ 6 BHEOKETENERI NI,

— 108 —
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AWEICHE Y, LEEFEIMEEE, FBEE) OFRARFIRITE, &R
HRBRHELTRINED EEEY RN ELEN I LICBHHBLDITET,
ik 7 RA R TRAFERORAELBRIEVABROER, ¥ TV RIET
I HEFEFEFB TEROHME K, BEERRRTIIEE - ABHRLIZEY
Thy NI RBOEREER, BHEAREKIBVTIHNZEVEF Y b7
FEEERTEEEZVCABEOEFIIEAMNB LETFET. BERREF yRA7
MARIEIC BT o T KBEBFZERT RI FMARBEHOK v M EREOMEA K UEM
DEEIZOVWTEKOHEHNROEH I EZEN T A Y b —7HABEORRELNT
H2E. AKBBEROM/IERICRSHL ETET, £, FREEOTITCS
IroT, BEE Ay FIRBRICEFOO 2, BERI AV FEEVWLILIZ
BRBPALDITET,
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51 51 & |5 S 7 T Wb/m? 1 b=100 fm?=10"2* m? ZTIHBE LT,
O e . oo s Y
1 v 509 ;3 N~ H Wb/A | bar0.1 MPa=10°Pa 3. barid, JISTREAKDENEEDTH
ey RER vy 2E]C | Gal=1cm/s?=10-*m/s? ARBO L2077 7Y —ICHRESOTL
* ®|wv — A ¥| Im | cd-sr al=lcm/s =10 “m/s 2
# 2 Im/m? 1Ci=3.7x10'*Bq °
B\ 7 x| Im/m B . 4 ECHBEHLIEH T bar, barnkk
# " s~ 2 v al|B ! 1 R=2.58x10"*C/kg ) :
) a i U (MEOHE) mmHg #&2048 53
® O ® ®B|7 v 4| Gy | J/ke 1rad=1cGy=10 *Gy CRANTS ,
w o8B %4 ®B|lv-~xwr| Sy J/kg 1rem=1cSv=10"%Sv °
% (2 F3
11| N(=10°dyn) kgf 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 1| 0.0980665 1 0.967841 735.559 14.2233
4.44822 0.453592 1 0.101325 1.03323 1 760 14.6959
¥ % 1Pa.s(N-s/m?)=10P(#7 %) (g/(cms)) 133322 x 107* | 1.35951 x 10 | 1.31579 x 107 1 1.93368 x 107
I 1m¥/s=10'St(X k —2 Z)(cm?/s) 6.89476 x 107" | 7.03070 x 10°% | 6.80460 x 1072 51.7149 1
| J(=10"erg) kgfem kW« h cal Gt&#) Btu ft « 1bf eV 1 cal = 4.18605 J (3t &ik)
*
v 1 0101972 | 277778 x 1077 0.238889 | 9.47813x 107 0.737562 | 6.24150 x 10" = 4.184J  (#L3)
s
! 9.80665 1 272407 x 10°° 2.34270 9.29487x 10°° 7.23301 6.12082x 10 =4.1855J (15°C)
it 3.6 % 10¢ 3.67098 x 10° 1 8.59999 x 10° 3412.13 2.65522 x 10° | 2.24694 % 10** =4.1868 J (HIBEERRK)
k=
. 4.18605 0.426858 | 1.16279 x 107° 1 3.96759 x 10? 3.08747 261272x 10" (ri | pS (ILEH)
B 1055.06 107.586 2.93072 x 10™* 252.042 1 778.172 6.58515 x 107! = 75 kef-m/s
1.35582 0.138255 | 3.76616 x 107" 0323800 | 1.28506 x 107° 1 846233 x 10'* — 735.499 W
160218 x 10| 1.63377 x 10| 4.45050 x 1072¢| 3.82743 x 10" ?°| 1.51857 x 107%%| 1.18171 x 10™** 1
ivd Ci 0% Gy rad i) C/kg R B Sv rem
g Ba I 0 &
" 1 270270 x 107" & 1 100 8 1 3876 W 1 100
fi& 174 & "
3.7 x 109 1 0.01 1 2.58 x 107 1 0.01 1

(86 % 12 A 26 HBITE)



EEMNDONBUSRCERKHEE —HR—SPEERRE (ONS-rog) ERVHEEKT BRI —




