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Table 1.1 Previous Works for Thermal Fatigue or Thermal Property of Composites.

Fiber - Number of | Reference
. . Matrix/Fiber Temperature
Orientation Cycles Number
[0], [0/90], [£45] Epoxy/Carbon 20~220 - [2]
[0], [90] Epoxy/Carbon 80~270 K - [3]
0m/90,]s, [0/ £45/90]s,
[0n/90ns, [ I Epoxy/Carbon 25~150 - [4]
[0/90/ £ 45]
[0/90/0/90]s, [(0/90)10]s Epoxy/Carbon -156~121 1500 [5]
OcL5/0/45/-45/0/45/90/
[Ocus Epoxy/Carbon -54~177 1000 6]
-45/0/45/-45/0];
[03/903]s, [903/03]s Epoxy/Carbon -50~150 500 [7]
[02/902]s,
[0/90/0/90]s,
0,/ +30]s,
[02/= 30 Epoxy/Carbon -157~RT 1 8]
[0/45/90/-45],
[0/90/ £ 45]
[02/45,/90,/-45,]s
03/903]s, [+453/-45 Epoxy Amine
[03/903]s, [+453/-455]s poxy _50~150 1000 [9]
[903/03]s /Carbon
Vinylester
/Carbon
L Vinylester about
unidirectional ) Over1800 [10]
/Aramid -35~80
Polyphenylenesul
phide /Aramid
. Polyester
unidirectional ] -25~50 1500 [11]
/Stainless
[03/90s]s Epoxy/Carbon -150~60 5 [12]
. -60~RT
[(+45/-45)(90/0)]2s Polyimide/Carbon 60~288 150 [13]
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* aT r—c c
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- & 4tanh ¢h —2tanh ¢h — 2tanh 2eh + tanh CLR] — (ac—ar)zATz
5 aC a'C aC a‘C Z(arEr +aC EC)

3 a,aE E, Y aT2 s 2h
‘(zaara raE) e AT j(“""”“(aj ta”“[ a, j] (54)

RIZEHEELRIEZ LT O L S IZRET 2.
a, =a, =0.01125 mm
K =4.56 GPa
a, =37x10°
a, =-1.66x10°
E. =80 GPa
E, =252 GPa
AT =-3770C
T %L 2h & G OBRIL, Figure22 DL HICRT LN TE 5.
EoTO Ty I RARFIMMEND = XVFX—X, 7T v 7 BEEHIMTE-S
T 2h DERBD T HIZHET LTV Z &Rk,

600

500 F
200 |

300 |

G; [kJ/mm]

200 |

100 |

2 1.8 1.6 1.4 1.2 1 0.8 0.6 0.4 0.2 0
2h [mm]

Figure 2.2 Relationship of Clacks Displacement and Energy Release Rate Per Unit Area
of New Crack Surface.
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o 3 ' EERITIA

3.1 BT

ARG T O RER T IE, B L U TIRRE, (K7 M T AMICENDS AR Y
TR —FZ ATV NM3L WS EBR A &, it U — 7RI D BV L
AR Y A X R PETI-340M Z HW/Z38R A & L PEDS MO AR % 24133 2 7
ARERF O 3 FETH D, TR B T, BESMICROBEW RS TH D
IRFBEME MAB) 2 W=, T ZEN CM RBR T, IMBREBR A, EMRBRA & LT-.

FIEMARFOHERE OIR T L 28R E O T 20 <%, BUZRERENZ
E 0 IC7ed ko efEtEk s> TCEBY, CM RAB A, IM R IX,
[0/30/90/-30/0]4s DAEERERKIZ 72 > TUN 5. EM 38R 17 1X[0/30/90/-30/0]ss DA JE
KT D Eic, RBATELELDD, 90°EIIRAT HEIEDOBS EILZ CM
RET, IMBEBRF EE LW & Lz, FRIORTERmBIELITH> R
BRAICx L, =AY —REHWTHOENCOREFELIT T2, ZO%NTH
BERAATWEBRE N BRI D X o ic L. RBRAE S LR EITZEZE
3 S TRHAIL, Y EEI L TRz, R8T Of21%, Table 3.1 (2" L
7o. Figure 3.112, #BT oA Z 7R3 3B CM, IM, EM & 12, Ry
DI HAMANZALIE S 5 90° Jig§ & 1st90° & BT 5. [AIERIZ 2nd90°, 3rd90°, 4th90°
EFR L.

Table 3.1 Outline of Specimens.

Specimen CM IM EM
Size [mm’] 4.5x1.5%x160 3.5x1.5x160
Lay up [0/30/90/-30/0]4s [0/30/90/-30/0]¢
Matrix NM31 PETI-340M #133
Fiber M46J
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3.2 AW A 7 ikBR

B o 7 VERBRIITHBREE T T 0B A2 0E L CRER A 2 3% EIRE 1200
DO (Yamato DK240S)IZ 10 /3[HFHE L, 0%, FHEE FToOHRRL
BE U CTHRIRZE R (-197°C) THli /e L 72 F Vi A F v — L BZRNIZ 5 o MFE T 5 2
EELSVIRTZEICK VT, Tk 1 A7 e Lie, KERBRTIETI,
RERT OWHEEE RN TFHERE F CHEIND T 7 TR U 7 o mHEE
FESRMFIT LAam Th o5y, ARRBRSEME T T, BB NE THRAT 2257
EDO R IEINFEAT 5 iz, BTN T OMREABLRAEIC L - THEME
BUSIPIRRE L 722 572, BABRA DMERERE CHRE SN D MAIRME LV L WS
TFFICREEIND B2 ONARRB LA L.

AFBRCTH D CM B OFEEHER%1E[0/30/90/-30/0]4s T 5. AikBRSA: T
THH SN TBRIC A TSR AT 5 BYS Tl % FE T A & VO 72 (2)~(13) =,
(16)=, (18)~(22)=bRHEM L, z Jim, y Jim, yz I OESF1fE %, Figure 3.2
2T, 3.4 THEABT 573, 00 &8 OfKES M DOZUEZIRRE o, 1 0° 8 DREHME S 7
& HEE 7 1A O BWEIRIREL ot ITPEMZ W 2. E72BMA 0, 00 8 OfkiHE 17
BPESRE , 0° EOMME T & mE T OWFIERE,, ATV (L Faz55E
ST EDOT HFHOMOEIE) vy, BT Y (T HFHICEES72 8 &0 L HI
DFEDFENE) v, TABMERIG  BE n, L. TNENLLFOMEERE L
7=, 17 U —iEEEIE 180°C & L7=.

oL : -1.66x10° [1/K]
o7 : 3.7x10° [1/K]
6: 0° 30° 90° -30°
E, : 252 [GPa]
E; : 8[GPa]
v.;:0.49
v;, : 0.0098
G, : 4.56 [GPa]
n: 40
tiotar: 4.5 [Mm]
AT: 377°C
Figure 3.2 225, B\ 1 7 LERBRIC I W T EIZE TIRE, 90° & z 7249 110 MPa
DFIRISIDEAR IND Z L2300,y FWIZH) 300 MPa D i 153 B far S
NDZEDRDNDL. o X VABRA 9 JEIZV T v I RRETLHZENREZ LN
5.
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Fiber Orientation Angle

(@) Thermal Stress o, of Individual plys.
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n |
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Fiber Orientation Angle

(b) Thermal Stress oy of Individual plys.
Figure 3.2 Thermal Stress of Individual plys.
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100

50 90° 0°  -30°

Thermal Stress t,, [MPa]
o

-100
Fiber Orientation Angle

(c) Thermal Stress 1y, of Individual plys.
Figure 3.2 Continued.

3.3 Kl

WEE# ORBR A ICk L, A 7 v 23— (Keyence £ HW T, &4 71
BUICBIF DN T A=A Ty 7 BARE L. Figure3.2 205 90° B2 b
FWBRIS IR ET AEAICH D EZ X B, 9B NT U AN—=RT Ty
IINBEHR L THAETDHZEREZOND. ZTOTOARMIETIIETA 7 VEED
900° JBIZBITD N T U AN—RT T v VEEERE LAY A 7 VX85
ERmIFHEZ T o 72, AFIEICBWTY T v 7 BE LT, BEENOLEIC
FETDNTVAN—RI T I DB ENT Y NLENESHTZDVDRNT A
N=27 T 97 LTERELE., ZOENRKEWITE, RERA OHBRGORE
MRENEWZ D, BB AN OHLEE 30 mm 28Ik E L, 77 v 7%
EEHUIL, 7T v U EEEEH L.

F YA I AW TCRAE LT T v 7 IR L, KA 7V
T 7y BN EMERE L. ZHUXT T v 7 B 028G BN A gh w1
DIRTIZHET DL ENEBEZONDTZHTHD.
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3.4 B RIREGHIE

FEE IR L A BYS DR HICH W MM E A5 5 728, CM 3Bk & [Fl—o0
WA, MBS &2 O CTRRIE S 072 00 BFIC 38 W CHlHE 5 1) & il (2 T 1B 5 1) oD 20
BRARBGAIE 21T - 7=

F£72, 1300 %A 7 VBN A 7 VAR AT o T2, FEERERK[0/30/90/-30/0]4s T &
% CM BT, IMBER T, 3 L OFEERERK[0/30/90/-30/0]s T 5 EM 3Bk 11T
kL C, #IEERH TMA-60(Shimadzu %) 2 F VTRl F i 1) 2V 5RAR 5 o Il E
AT o7, Z AU M BEELR I~ DEY o 7 VAT K D BB A 3T 5
72T 5. Figure 3.3 (ZHIEER OB X 2 7~

HEICHW AT, SBRAEGmEINN10mm &5 K52 T 8 v
&—%%wTﬂDMLt.%@%ﬁ&ﬁ%%ﬁ%&ﬁﬁﬁmmvﬁﬁb,i@
BEEICRBRA 20y bTED7 74 0 v & —% AW CRBR il B8R S 259
Omm L7225 KO8V HT. Iy ME, BEEEDAT —VIZodry REH
W= EDMEBTH LY TDIOIIRET D, £O%, FHOREL FH X4,
7y ROEMEND, R OBIERGREEZNET 5. L &MHox L 3 3B H
B L, 1RBR Ik LT 3RS OB ATV, SEEN & B RIR &2 I E LTz,

Thermocouple

Rod

Specimen

-

| — Heater

Stage

////

Figure 3.3 Schematic View of TMA.

26



3.5 =l EER

BV A 7 MBI 2R O FHMERE 2 ET 572012, =il R 5
EATo 7. BRI, BB T TZ A~y RE#E 05 mm/min & L7z, #iiF#&
M X2 HBEOERZ ToOIZihiF O34 02 a2 eWnWE ) ICmEL A
i L, ZOHBAMEED Y 1 A~y REE L [E UHEE Chrir Lz, ZORBROA
R HR DIS ) OT AR OAE Z D> HMER 21572, 3 [BIFRIEROBIE A ATV X %
BH LU, S8BT OV A 7 VBT 2 bR 2 0E L. AREEBR I Figure
AT B A s U 7o ia B2 T RE el I B D 11 TIT o 72, A/ 1R T 140
mm & L7z, UTFORUTBW TP fE, viimbd, LI ANVES, bl e,
hiBATES Th 5. £, &FJEOBMEREZS5 720 CM BT & [F— Ofik
ME, BHIEZ HWTHEIE Su7- 0064, 900 #Hicxt LT h = mihif iR 217 - 7=

? Load Measurement
N RS
Specimen
Span /\ Length

Figure 3.4 Schematic of 3-point bending test.

L3

YT

(55)

Displacement

Measurement
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3.6 KIE FIcRBIT 2 2% HERAR

Figure 32 IR ENT- L 91T, BBRAMNGHEIENZBRIC, RBRAON 7 U —
B L DENPKEL R, BUSHNRRAET D ERnho TWnD ., RERTIE
AR DRI HO 7 VKRR TICBR SN BRI AET I HRES L OE I L Z)
AR T ORI 2 B & 5.

YA 7 VB ORER L T 572012, RRBRTIE, B 2 L% 1300 Y
4ﬁwﬁmbt%_ﬁﬂF_%éné FHRFRT 23 6500 7y CTH D Z & D, 6500
S CHAIRBERRZITV, ZogRmEIE, SRRz To72. &)
BREAEOPE X, H.Zrida [13] 5 D i%%% L7-.

3.7 i 7 UV —7 35k

HITIC LD EMO 7 U —TRICxt T 28 A 7 VOB ETRDHT-DIC
HiF7 U —7 3Bk &21T -7, Figure 3.5 IR LT-IREB I OB A 2 &5 2 H
VT 100°C FCTHREA L, 3BRTICEET 3.2 N OAf & 5 2, #5000 KRR DAL
T—HERBRLE)RNSG 7 V=T a T I3 4T A ERDT.
NI FH(KYOWA/DTH-A-10M19) % Hv 72, A [EISEBRIEE %2 100°C (ZF%E
L7=DlE, EAEHORFIRE N 1000C TH LD THH.

4bvh®
D(t,T)=——
p3 (56)

D (T): 2V —Far7I47 A, thi, THE, LAV E S, b B A,
hilBR A E S, PAfE, vilcbAiTHS.
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0l0

Specimen
<

Displacement

Measurement

Weight (3.2N)
b

Figure 3.5 Schematic of Creep test jig.

3.8 A REEFRMMT
3.8.1 AIRERMATIE A FW T AR B RAT

TR R L OEHT 121X, ANSYS15.0 % v 7=, f#ir &5 L OIS %
Figure 3.6 (Z/"9. CM RRBRF 248 L7- 12 =T V2B L=, R 1E, &
JEFT AN 40 EFEE STV 50, i b= 20 & €7 vk L, 20 EHIC
KB REMEZEHZ LT, BB CTORINAZEET D720, SIREAERE
RO R STk U TR A O J7 M A2 fihlic LT 300, 90°, -30°, 0°[H]
RS- BIRE A ER L, KBOYHEMEZ ERT DRI, KR O T
WM EZ 5 2 7=, A BEO~HEITEE 0.1125 mm, f§ 1.5mm, €& 160mm & L7z
728, ETFT VR TIIES 225mm, E15mm, £X160mm & L7z, YU v R
BT IVOBEZY A 1L, SEVERNT Tld PLANE278 (6 il 8 i) & vy, Ui/
fi# AT Cix PLANE185 (6 [fA 8 Hi5) & 7=, fENTIC V7= 00 J5 16 o Wi &
Table 3.2 |Z/R9.
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KET N ZHWTEY A 7 VAR Z T 5720, BT 21T Wik A o
TR O3 2 SR 7=, MRATSRIEIE, FIMINRFE 4 120°C, AR 4-197°C L3 E L
7o, FEBRATEIZIRE D) 180°C ThbH 72, ZHIEEAL 180°C & L7z, #
{RIEZRIT 1000 WIim? - K & U, i % bk < 3807 i 5 125k LEMmE AR &
Bz 7z, WIRESR & B HIRS & OBMREROPREITIE, Kunito 5[20]0% X xS
BT LTz, 2%, BEVENT TROTCIRE DA D DR ITR AT 5 BUS )i
M 24T O T DITHE T 24T o 7o, IR SR BMs AT TR O 72K R T o
WA/ & L, SREICBT 28U 2 B h RmEs, FOEics LTl L
7-.

Table 3.2 Properties of one direction (0°) Specimen.

Elastic Modulus E 252 GPa

Elastic Modulus Er 8 GPa

Shearing Modulus G 4.56 GPa

Shearing Modulus Gt 2.7 GPa

Thermal Expansion o -1.66 X 10°[/K]
(Experimental Data)

Thermal Expansion ar 3.7x10°[/K]
(Experimental Data)

Thermal Conductivity K. 85W/m - K

Thermal Conductivity Ky 0.65W/m - K

Density 1640 kg/m®
(Experimental Data)

Specific Heat Capacity 840 J/kg *+ K

Poisson Ratio vy 0.0098

Poisson Ratio vyt 0.49

Heat Transfer Coefficient h 1000 W/m? + K




2.25%1.5x160 mm? (1/2model).

Surface

20layers

Stacked Direction
Plane of Symmetry

Figure 3.6 Schematic view of FEM Model for. Heat Transfer Analysis.
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3.8.2 ARESZBMATIEZ W2 T v 7 FAEMRET T WIZ X DI T E7 31
BT AR X OMENTIZIE, ANSYS15.0 2 7o, fi#tr5 /L OIS %
Figure 3.7 (279", ARFRHT TIL 1st90° & D 4 1 number/crack © 7 Z v 7 B E TV

T I BDEIETDHET /L, [FFEIC 2nd90° JE DAY T v 7 IMFIET HET L,
3rd90° JE DI Y T > 7 IFAET HET )b, 4th90° JE DAY T 7 BFET 5
ETFIV, VIV I PEELRNET LD S ODFETFNVEER L. 27T v
7 BEDIN L= 5o & Dl D 2%, 2 number/crack D27 5 v JEET Y T v U
DAFET DT VBAERR L7c. BBRAiE, FEE M 40 @fdeg S Tuwv 503,
Al b DT 20 A&7 /Wb L, 20 J& B IS MRS 4 e Lo, EH FT6E
REIRE D EREBZ 2 NE T H0, ETVORETHMES I 1Imm & L
723 Lst~4th90° JE I ZALiE T 547 7 v 7 WEFH IO RMEMERICE 2 5 5
DN ER B THHT-0, LLEOEFALTHSTHD LHM LT, £7-4%
J& TOBLIM A ZEET 5720, BIREZEAERORER A& S HFIAcx L CGARR
Jr OFEJE w2 dhic LT 300, 900, -30°, Q°[mlfi S W7o EEAERL, FEOY
M A EFRT DHRIC, SEERO TG ICMEEE 5 2 7. &g o-~-HEIZE
S 0.1125mm, fE 1.5 mm, KX 1mm & L7=729, ET V2K TIHE X 2.25 mm,
Mg 15mm, ES1mm & L7z 77 v 2713 1 um O AOEN 2 ROE S HacE
WL/ 7y 7 aRFHAFRIZEELZ. YUy RETILVOERY A 7T,
fi# AT Cid PLANE185 (6 A 8 i) & VY, &= U 7134 T O EERJ7 ikt L
10 3Bl S 4L, EATICHWTE 00 F oM HEE T Table 3.2 I RS NTZMETH 5.
%90 BITAEAET D7 T 7 BEiRHMHERIZE X DRBORE I 2T D
ZET, R EIZY Ty 7 ISR LTRSS D =L X — DO R/NER &
EMERNCRHT 5 Z E N AIREToh H. AHT CIXIRFHIM(Z FH )05k %
B o720, BRFEFMImEO w2 & FHme LEE L, SOHAlo A
#BIZ 1.0%, 1.5%, 2.0%D58HIOT Az b 2, FOFTHTHAT DumEO Z J51n
JEIMEDONEE D EFEDA 5 T /L TOF|EMMEREZEH L.

Cracked in 1st90° layer

Stacked Direction

2.25 mm

Forced Displacement

Crack Spacing= (1/Crack Density)

Plane of Symmetry Z X

Figure 3.7 Schematic view of FEM Model for Elastic Modulus Analysis.
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AT R LB

4.1 FRimBigs

DT, 0 A T NVRFHZEREBA TR T U ANR—=2 T F v 7 FAEL T L0
MR LT, O A ZNVEETIE, FTUANR—RT T 7 NFEALEFRELTH
RN ENHER ST, L LS, IMBRBRA TIIRERICRE LT LB %
SNDHEZ Z > 70, 90° BIZHh TR BTz, £ EM R BRIV T
RV »v FHEBDHER I NTD, bTnThY, BTV nEtEZLND.

KA I N LIil~A 7 Aa—7(Keyence #) & W TR LIZ27 7 v 7 D
JEHe% Figure 4.1, 42, 43|29 . AEURT 2V 7 v 71X, 194 7 IVEED LAFTE
L2 T w7 OMAGITH S,

Figure 41726, CMERBHIZEBWTIE1IV A 7 MIT TR IV ANRN—RT Ty
TIMFEL, 10 VA 7NV THOTNIBAREMBIER L TV ANR—R T T v
MNEMIE < BECER L TWD 2 Enbnd. 100 4 7 A AHETE HIZEmMiE<
BENSHER L7=. 200 A 7 AAFIT TR R AN A & Ik L7z, £72 400 Y1 7
AT TR BERN DR Lz, LU S 600 A 7 VLI Tl
400 VA 7L & AR THEERZLITR O e o7z,

F 7z, Figure 42205, EMBREBFIZBWTLIH A 7V THEALIE hT AN
— AT TNV A TIINVT KT ANR—RT T v 7 NERIZEECER LT
WHZ ENRDMND. 100 VA 7 AHETE HIZJEMIE < B R L=, 200 Y1
I AR TR AN E HIZHER L=, 400 -4 7 L CRERIL< BEoMERE, BN
B OPER =GB L, B » FE 0L b LU DA OIER b B I,
600 Y1 7 )VLARE THIAE U » FE O b L OB A AN OILR BB STz,

Figure 4.3 720, IMBRBRAIZEWT LA IV TRELIE VT UV AN—RT 5
v 7N 10 A 7 A CTRERITBEHZER L TWD Z L2 bnsd. 100 A 7 At
W CEDICBRIEBENSER Lz, BNENIE 1~5 Y1 7 L ThTMERL
7273, FD1% 1300 V1 7 V£ TICBEE R EBLITR b h o 7.
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(a) Crack growth of 1st90°f specimen CM at 1cycle.

(b) Crack growth of 1st90° of specimen CM at 10cycles.
Figure 4.1 Crack growth of 1st90° of specimen CM.
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"

(c) Crack growth of 1st90° of specimen CM at 10

Y

Ocycles.

(d) Crack growth of 1st90° of specimen CM at 200cycles.
Figure 4.1 Continued.
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(f) Crack growth of 1st90° of specimen CM at 600cycles.
Figure 4.1 Continued.
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(9) Crack growth of 1st90° of specimen CM at 800cycles.

(h) Crack growth of 1st90° of specimen CM at 900cycles.
Figure 4.1 Continued.
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’ -t - = - e —

(j) Crack growth of 1st90° of specimen CM at 1100cycles.
Figure 4.1 Continued.
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(k) Crack growth of 1st90° of specimen CM at 1200cycles.

. [N > -

(1) Crack growth of 1st90° of specimen CM at 1300cycles.
Figure 4.1 Continued.
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(a) Crack growth of 1st90° of specimen EM at 1cycle.

(b) Crack growth of 1st90° of specimen EM at 10cycles.
Figure 4.2 Crack growth of 15t90° of specimen EM.
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(c) Crack growth of 15t90° of specimen EM at 100cycles.

(d) Crack growth of 1st90° of specimen EM at 200cycles.
Figure 4.2 Continued.
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(e) Crack growth of 15t90° of specimen EM at 400cycles.

(f) Crack growth of 1st90° of specimen EM at 600cycles.
Figure 4.2 Continued.
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(g) Crack growth of 1st90° of specimen EM at 800cycles.

(h) Crack growth of 1st90° of specimen EM at 1000cycles.
Figure 4.2 Continued.
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(i)Crack growth of 1st90° of specimen EM at 1300cycles.
Figure 4.2 Continued.

(@) Crack growth of 1st90° of specimen IM at 1cycle.
Figure 4.3 Crack growth of 1st90° of specimen IM.
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(b) Crack growth of 1st90° of specimen IM at 5cycles.

(c) Crack growth of 1st90° of specimen IM at 10cycles.
Figure 4.3 Continued.
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(d) Crack growth of 1st90° of specimen IM at 50cycles.

(e) Crack growth of 1st90° of specimen IM at 100cycles.
Figure 4.3 Continued.
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(f) Crack growth of 1st90° of specimen IM at 200cycles.

(9) Crack growth of 1st90° of specimen IM at 300cycles.
Figure 4.3 Continued.
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(h) Crack growth of 1st90° of specimen IM at 400cycles.

(i) Crack growth of 1st90° of specimen IM at 600cycles.
Figure 4.3 Continued.
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(j) Crack growth of 1st90° of specimen IM at 800cycles.

(k) Crack growth of 1st90° of specimen IM at 1000cycles.
Figure 4.3 Continued.
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(I) Crack growth of 1st90° of specimen IM at 1300cycles.
Figure 4.3 Continued.

600 t 1 7 LEAMIZOFE R &, 1300 Y1 7 L% O 1st & & 2nd & DF-E % Figure
4.4 2R, 600 HA 7 VBRI EM BRIV T, CM, IMBRER A & Ll L T
JERIE < BEDHERE L CODERF- 0Bl S iuTe. ZHUTh A 7 v 9o 90° fg T
77 TEENNSWEMBEBRAIZENT, 77y 7HOBEBENELS 25720
7 Zy Z7TIEEE L WERIS N BELT-=D EEZ LD, F£7- 1300
A 7NV EIT S B IcB W, 2R C 00 BIC R BEN A L
TWRWZ &R Iz,
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(@) Surface of Specimen CM at
600 cycles.

Figure 4.4 Surface of Specimens at Each Cycles(1st, 2nd layers ).
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(b) Surface of Specimen CM at

1300 cycles.
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Figure 4.4 Continued.
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(d) Surface of Specimen IM at

1300 cycles.
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Figure 4.5 Transverse crack density as a function of number of thermal cycles.
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Figure 4.11 Elastic Modulus of Thermal Cycled Specimens.
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66



120

-
o
o

80

60

40

Elastic Modulus [GPa]

20

‘ |||‘m||||1‘

(c) EM Specimen.

Figure 4.13 Continued.

Before Exposure After Exposure

(@) Elastic Modulus of CM Specimens.
Figure4.14 Elastic Modulus of Cool Exposure Specimens.

67



Elastic Modulus [GPa]

Elastic Modulus [GPa]

120

100

80

60

40

20

120

100

80

60

40

20

Before Exposure After Exposure

(b) Elastic Modulus of IM Specimens.

Before Exposure After Exposure

(c) Elastic Modulus of EM Specimens.
Figure4.14 Continued.

68



45 7 ) — 7 RERAE R

CM B ITk 1T 527 UV — 7 BRiER % Figure 4.15 23, CM iR T2
V=T a7 o747 AEMMB R B E K2 4000 R TR 10%(K T
THZENGhoTe. ZOZ D, YA I NICED 7 T v 7 B-ENSIZIE
MR Ll LT, — W EAN F CORBBREOED HNE L
SRENWZ ENRGhoTz.

1.1E-11

=
-9
Q 105611
]
1]
=
=
E' 1611
Q
£
£ 9.56-12
@
]
1=
@]

9E-12

0 1,000 2,000 3,000 4,000

Time [h]

Figure 4.15 Creep Compliance of CM Specimen.

4.6 A FRESBRNTIE &2 T fRHTRS R
4.6.1 153 AT AT it S

120°C DR /12-197°C DEMREART 2 Bish L T D 1s 1%, 3s 1%, 10s (2 D,
R AR S HFmoHLER X OEREIC BT DIRES AT 21T > 72, 1s 1%, 3
% OFEFR % Figure 4.16 12779, 10s #1350 i 2K 73-197°C THLE LT-. 1s
BOWMESAI, REREE & PO THLMNI R -7, ZhuE, REA
FENIGHH CTH LR ENIT-DRWVIEESH L o720 ThHhb. £
7wk RIS Tl 4th90° J& |23 T D JE 33 L < AN TV D D3 o
L. ZiuE, ZoETiE, R EmomEmE S OREE S EV I, #EHED
B E & FENCELA STV D20, BB HODEROED Z D8 TR
REBRF RIS D - EEZ LN D IC 3s % Tk, il sz B
TXRREIZIEWV 0 JE THEINE LS BN TWD. 2L 00 8 TIEEVmER)
KB b ST 1) & FRE S ANCIEE < RN, HEEDNVIRII T nW=o L
ZEZ2605.

ZOXHITHEIBRE HHEE T £ TOR, B8 ONE R L BB R
TFMED B ARSIV C CTHEMERIBE S E 72 5.

69



-165°C -64°C

(a) Temperature Distribution of Specimen surface Model at 1s.

1 mm

-165°C -64°C

(b) Temperature Distribution of Specimen center Model at 1s
Figure 4.16 Temperature Distribution of Specimen Models.
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Figure 4.16 Continued.
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Figure 4.17 Analysis result of Thermal Stress.
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Figure 4.17 Continued.
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