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Radiation Effects on Carbon Fiber-reinforced Plastics
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The effects of space environment were studied for two kinds of
carbon fiber-reinforced plastics(CFRP) which were an epoxy resin
composite using construction materials of satelite and a
polyimide (PMR-15) composite expecting bright future space materials
for long term operation. Resistibility of these materials to the space
environments were evaluated from the change of mechanical properties
after exposure of electron, proton, atomic oxygen and thermal cycling.
Tt was found that the CFRP with PMR-15 as a matrix had good
performance in the space environments. No differences in the
mechanical properties for the materials were observed between proton

and electron irradiations.
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Effect, Electron, Proton, Atomic Oxygen, Thermal Cycling,

Thefmal Treatment

This is the research report of joint study between JAERI and National

Space Development Agency of Japan(NASDA} .
*Office of Research and Development, NASDA.

(2)




JAERI- Tech 95-007

H /3
L. 12 U B IT evreessrammeemamtese st e e 1
D SEE T H e 3
D1 QEERBEEL (CFRP) eereeserermrtmmimaie it it b 3
2.2 mgﬂ-é}iﬂﬁgﬂ- .................................................................................................... 3
D3 B A 7 BT eeeerererr et 3
2.4 E%ﬁ&?ﬁfﬁagﬁ ............................................................................................. 3
0.5 ABIBRAEPEBEER «eoveeere e 4
D 6 BBREEER I weoveerrrereee e et 4
G, BEEE T ceeereenn e L e 7
31 TRUTEEER & RERAR Mo reeoer e e 7
3.2 BRBRAEME O ARTFHE v oo s e 7
93 T b BT & B RIS EE oreremre e 8
3.4 BIEEBA AL VDB ETIEH L e g
3.5 ‘E‘E’?%}i&ﬁ%;{kﬁﬁ (AO) @?ﬁéﬁjﬁ%{t .................................................... g
A, ZEd Beeneereeeeereseeen e 29
B, BB eueerte s 23
Egjgg‘fg .......................................................................................................................... 253
EL L FH SRR ovvverereeenes e ses et 23
A D DETLAL X - vemrmremsrer s e e 24

(3



JAERI- Tech 95-007

Contents

1' Introduction. ...................................................................... armsrrrerary R l
2. Experimental Procedure ::::-arosemras. e 3
2.1 Materials Information and Fabrication crroerereessseerresserereeirarn 3
2.2 Electron and Proton EXPOSULES rortesrerserersrsesrmarimmna, T T T T PP 3
2.3 Thermal Cycling Exposures == PR mesesecnmnessetansenusaetessesenns et aRe e s Retar TR e T ey 3
2.4 Atomic OXygen EXPOSULES srtrresrrererersssssrrnaann, et aeaterataeerastasasetrsinnsnaraeans 3
2.5'Testing Method of Mechanical Properties -sesreeseessrresrmirercceee. AR AL SR
2.6 MicroSCOPic ODSEIVAtiOn eersrrrr v e 4
3. Results and DiSCUSSiOH ..................... drrran T L L T L NI 7
3.1 Radiation Dose Dependence of the Mechanical Properties .crrserreeeereeeees 7
3.2 Temperature Dependence of the Mechanical Propertiesg =--sr-es-eeeee- seeneenee 7
3.3 Effect of Proton Irradiation on the Mechanical Propertiesgr-::eorvereeees 8
3.4 Degradation under Combined Environments of Electron and

Thermal CyCle «coeceserrsremraraaarana. T 9
3.5 Degradation under Combined Environments of Electron and

Atomic Oxygen ........................................................ P T Y R R S T T E T TP 9
4. SUMMALY **++eeeessrsrsssersassssresetttttttttttinerariniieesiernnrrranns e b ereeteaneaieaineieenreteatiaananens 22
5. Conclusion ...................... P T I T T ey trvia 23
ACknOWledgement .................. P I I L O T T T T T T T P trres 23
References ........ 4ttt abPEsssasanasasasassen T sERRsuT. e eevteerereencenarareeneasnretar e “rvessasrbrasannsaaanas 23
Appendix [ I T T I L I O I T R TR P R R PR I N T I LT L LT T 24

4



JAERT-Tech 85-007

1. U o i

ATHBEOEHME P AR EHESENOBEL ZOEFED 5120, WFHRREEC
B 1 fr BB EE S H0E (CFRP: Carbon Fiber Reinforced Plastics)ESk X175,
OB ST HBERHEHI S 2PEFHOMIT L ERERTH 5,

FHEEE LT, £TE—mEANRTOEROLLORKREETH 5. Fig.l ZRd L
347, KRGS S8 (GB0: Geosynchronous Earth Orbit) & {K#E (LEO © Low Earth
Orbit)¢# 2o d 2 MHBOBECEREN 2D, 20X AEFLEBTTHS. F
HAB OB KN SOXRTCH 0, BELTHABRTE (&KI0TC) , HER
oL L (BE-130C) . MTPEEMKE TEELEROEVELIZLS, LD
WaEY A 7 LIZBENS, Z0LS NBRERE, BTELIUBTEOMREHRTEILE
B 22 E NN S HICEENARAHOV - TH S, BESRIEE LTHHO
EATHEH LIV EDOBERY, FTRBHETHS. ZhidPHEOEIRKERIIL S
e, $HHH0 C P) Thh, EAHHOBM TH B FLORIBENGHEZN
B21HTHLY ., I OBEY, FHEMHEPANR-AY v MINEERIN S, #END
200~5 0 0knD{EBuETHICRIBE ST S,

LR, B4 I FRCFRP (T800H/PMR—15) LT, TEHEFVRC
FRP (M50J1,/2500) 28+, A4, #%417)l, HTRARFEOHRMS G
BWELBEIrE U TEHREETEE L, CFRPOBRGHICSA 288~ £
BEIETH I hOORBRERICL AESRIB LU LN, AHETEEFLBT AL, U6
BT EETAREEFNFHEFERNICIEE L.

1k, AEE TR S E~ 5 BRI T HEREER L OB CHED RGO R E
LT, BAMEORRBEIEERTLIIBNOELDILOTH S,
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Fig.1 Radiation distribution in Earth-orbital space environment.
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2. £ B A &

2.1 gt (CFRP)

Table I {zRd LRFVBIEELTEY 4 2 NI (PMR—-15) 2= b o7&
22O S L AR, CHUEREOEREFTA— P/ V—THIZILOVRBELULE
SH2md CF RPEEREHAWL. U, ARTRLFAF Y RCFRPZC/E, HY
4 3IFRCFRPARC/P | &EWHT 5,

FEEH L O CICHEBRA OREMTE, siHERAO 2 Iz TRilT A (FR) T -
t-. O EBRBOMEL, BMEAESEENITELOSOOYHEOBRIHEICE T
OEENRS D, FTHEERENROBMSHELEEER T 5128 H 2. LT,
Kb o b o HEEERUASEBEOMEERNTITo o, AAOMEE 1 2 0Miy i
ERARESEOEFHBHGELFENL-0IZEAL, 0o RIGAPPENDIXZ3C# U /2.

2.2 HHREA

FEUTESD, ERTETRICLAEHEZTYD, —HOXRTT 0 VBHET - -
BT IR AER 3MeY , 2 bmMDEFILEESR 7747 3 For) AL, NEREE 2MY,
IHHEET 2. 8 6MADEH T TEHREZHKGy/s(1, 2x1 0 e/om?* « ) OFEFHES
AERET -, o b o, HREFOMAFTEEFETRICERINETI A
R A (Takasaki Ion Accelerators for Advanced Radiation Application)@ AV F ¥4 %
o bhorEf, BX omofiAEERT 5 LN TEL45MY oS0 by E-L%E
gemx gom, &H S 8omx 8ol ER UTER, HER TR L. —Ftelo—-2
(CTA: Cellulose Tri Acetate)BEiI4#HEMEL T L2EERIT X JamEHEDOBZT2 9
Gy/s, 8emx §emEBOBS T3 60y/sThH o7z, Fig.2 G¥ Aot obb—-A5A
VTR LB S EAEEERBREE T D, FENcHY EOABEIEEA DR
e (BOEAHBES) TH L.

2.3 By A ILEH

BHERE L LT, —6 D COESERHIZ3 0 2ERE e -# R A2+100CO
TSR BE L 73 0B E RS LA BVERT, BV 4 7 URABRE T, 2
DEE, SEHIPETIHEEZLISA7LEL, 5047 LELTIZI000T AT LD
MEREAGA L, i, B4 VIV EETREBH EORSRIESLERA~N2H0T, B
BEBHBO#Y 1 7 LEFKINBZG AT,

2.4 EFIKERRES

Fig.3 o G)I|BHEEE T (B PELET LT Y7 -2 V2 y MREANY Pk 3R
TR EREEBERT. CORTFREBEHBEEEHA, 20x10 m?* DCFR
POEmICHE L ks, BE1 X102 aton/afOETIREEES 7TRH LU 1 4 BREIR

73_
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H U, e hoBEHBE T2 &R 2. 5 X1 0% atow/edfB L5, 0x1 02
atom/ cf TH 5. 0H, BEPOREBLY — &, SEEEELTOCUTICEZE LD,
AP ORMRICRERERER( B « Tempilag) 24 L CFHAILCBERC/E
OEE105TLLEL 1ATCKR, HC/PIDEES120CLUEIISTEBGGTH-
7-.

2.5 HmHsR

PR OB, Fig d RTS8l mE T 5 iCElR, SLUBMYA
iro@fE (LLSS: Inter laminar Shear Strength)Ziligd 52 iz kDML e, =gkt
BRI A VA PO4 30 2%AWTITY, EE 2m, #E1 Om, £&1 0 0mORERA
T UXAHESMEEIDO3 25280, 7oAy FEEHEE Sm/ min OFFCHIE
Uiz, TLSSERUCES 2 0mDRARAICH L, XABEEEEIC6EIZIE T,
7O~y FEEEE Lm/ min OFGTHE L. SR OBHSERRE, B
#RIRREAEREEEA L.

PRIHETERERE, R U0 HEREAEEEHOCHER CRIE®RE, B0, 2
Hz~2Hz, @B - 16 0°C~4 0 0 COFATHIE L -,

2.6 BEWHEHE

REZBNROREBH &, TOXEE - EMEOE F4E& S -FRE68S (SEM: Scanning
Electron Microscopy) & 50 i, #35iE5EHEsE(SAM: Scanning Acoustic Microscopy) {7
L DEZE Uiz, SAMERZEIEGOLMPUS UH3 /Ly, 40 0Miz 0FEL » iz &k 2EE:
Bz,

Table 1  Materials prepared

Sample name of CFRP C/E C/PI
Commercial No. of prepreg M-50J/2500 T800H12U145/8010-37C
Prepreg manufacturer Toray YRC

Matrix resin Epoxy Polyimide{PMR-15)*
Laminate structure 20 plies[{0 /90 );]s 16 plies[{0 /90 )},]1.
Tensile properties of fiber g T1=3920MPa, gM=476GPa 5 T=5490MPa, ¢ M=2394GPa
Fiber volume fraction %, {Vf) 59.4 60.2

Curing method Autoclave Autoclave

* Thermoset polyimide was developed by the method of in situ polymerization

of the monomer at NASA Lewis Research Center.
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Fig.2 1lon beam irradiation chamber attached to AVF-cycrotron
beam port.
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(a)Power supply, (b)Mass flow contraller, (c)Arc jet
(d)Sample holder, {(e)Heat sink, (f}0il rotary pump
{g)Mechanical booster pump, (h)Vacuum vessel

Fig.3 Schematic diagram of atomic oxygen exposure.
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3.8 R & # XK

3.1 BERE & HEkTE

Fig.5 14, A OBETHELLC/ERLMI, C/P | O RE L RIVREDE
&hgod, Fig.6 BGREICL, shiEitRIRINREORKRTH 5.

=38 (23 °C) OmTREE, C/EHFLUC/PIOLFhIRINEREOEKIIHLT
FEAEEI —ETH -1z, CHIZREZ &, BHEUEEEREH L D SRIRET
pokE (<, TR L BRREREREUVKECH 3. KR OITREILCE
DIES, MIEREIK L THEEN VY, C/P 1 0BaEAITREEN®E B 212oNT
I ROET U, ULinL, B#LEC /P 1 ESRIERE CRINREERFENE <,
13 F — AR B TGRS AR LTz, —7, WS U2 C/E O a3 RitR s
ﬁk%(ﬂéﬂ&ﬂﬁﬁﬁﬁﬁﬁﬁi%(ﬁﬂfﬁTLE.:nﬂ,V%Uvﬁx%%G
KRGS EETH L EARET 200 TH 5. PIROERH SR ol HEEE
Fig.6 izmd £ 52C /P 1 088, #EEEDSLXCRNGRIREFET ETHLHDKL
WL, C/ETi3diFwgE s mUERZRL.

Fig.7 QRIVGEE [ LS SOBEERY. C/P 13 0My DI LOREIILDKEK
%ibbfﬁﬂk%(ﬁofyﬁ%@%imﬁbfﬁﬁﬁdﬁTéé®ﬁﬁb,C/Eﬁ
5~ 1 5Mly CHBHELDBMEIPOHAT SO0, 3 0My DIETETY 2EE%E
Sd T ERbing, Lin UKIBIHEE Fidisd, 4 5My THRERENEOBETD
7. 1LSSoEd, TROMETHITEE L GE-> (HiLoEErERIN50E, C
E R P ORI E S PR A 5> B0 S eI Eh T 2 EEIOoN D, &S
Fhi, 1LSSHlET®RE L vEoEtEEER M SRR AR TSI LT
RLTWA5.

3.2 MmN OREKFE

|PEIEH L C/EOSEBROMTHRER, RIVGRBIRZVEENE(EEILEE,
#?t&uﬁg&fﬁﬁt.:6Ltﬁ%ﬁﬁnéﬂmm,m%ﬁ%mﬁﬂt¢ofﬂﬁ
btz &ELONDLY.

Fig.8, Fig.9i3, #h2hC . E, C/P | ©ofiiak LREROREHRFEERT .
W R LB AR T 5 L EEND, AEBRICE - RN S, ZhiE =Ry
HATEHIZREINELOTHY, -/ PEASEEEZ MY v AHEO NS R
K (Tg:Glass Transition Temperature) iz—% 9 5. LizA-7T, Fig.8 =~ d
C/EDEL, KBHIETL45CTH-1Tell, 30My BHEHILHIEICEDITY
CETETT L Ebh B, —F, Fig.9 1t/ LEC/P I THRIEHEHIZI 5 4TT
&otTgﬁﬁomY@ﬁ%?37ot&ﬁDC/E&m@uﬁ%m;oT%<méz&
ﬁb#é.ﬁﬁELTMELkC/PI®7FUvﬁXﬁ%,PMR~15$W®Tg&
ﬁﬂﬁ%@%&%ﬁgmﬁﬁﬁ.PMR*15®Tg(354T)ﬂ#ﬁEE<,ﬁ%ﬂ

— 7 —
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LVBEIIELLH LI EVbinG, ZoHE, BHICXAT g0 LHR, 47 cEENE
CoTnWAEIEE, Ef, BHIZLAE FTEDFOFEVMNREZ > T &2 REL
Tn5, i, THEFVBEBICREBREZRENT S ETHOUMTEILL, Teh RS2
EhHohTNEGY, Fig IRBHULC/EXELEREPTCERIN G T g 2HA 58
BEREOTIZ2BEBNE LI-OL, FUy— 2B LTERIIRLUAELLILS
SEBBREEOBEEERT. 202 EMS, BHLEZC/EDILSSE, Tgizily
BEOBREBERASZLLEELETT S Mg o, ERUHRE, FEHESCORET
TTIMO T REF VBERCFRPIZ2VLWTHREBIH TN,

+ARD LSz, C/EDFE, MREIZLVEHUHARITHEi2bhhbhod, &
OB I BIEEITH L TR LA EEMENRENRZ, LML, 2l T g Th#y
ZECENFERET A ERHOMNER oo, ZOBBEFiIg I2IIRT LS, ZEBT
BEENGHEIh TLEAD - IcEETH BN, T g THEFN U CARLLRbELE
ToLhbEELONS, IO EEMETSE, C/EORKREHEEE 1 0 0 CL TR
BEHAINIESIIENT 1 0~15My LIFTThaL¥mhsd, coksis, B
B U7 C/EORBEBWEEE, BRAd 2EHERBY (/L EEAHELICESICRI KT
5HDEFLON5.

Fig.13it, C/P 1@ 1 L SSEBEFREORRERYT. OB, TegHEHITOK
30 0TC4htkA 2BETHMNET 5L, W, RKBHIZIIPHOF I LSSHAMMIZET
§ 52 ERging, Fig.ld(a) BLU(b) i, T g THMELLZREHC /P I OBEH
%9 0° OHHEEETz 0 U TEE LIor e iMeEH(a) B41, Z0OBRSEEE
WEEHED) BRT. COhOH0BEEN SO ELHI, BEOHMNMNI90T 90° O
HEPREY > TBPE W -» T 25r0igE, §74bH 0° IZERT SHHE & DER
WIS TREELHM S 5 o 7 RREL TS, REBEZAOBRREEF 2129,
TEIOEm TS IPRXICE 20BN S, 37bb, Fig. 13ICR LN 558E
KT, whYy 7 2HEEORARSILICERT 2C/EOBS LRI, RiCHNE
W o THEMIIZAE U RBIC L 2D EBIREN S, LD -7, BEBEILL-TE
FOEENRBRT L LEEFHEINEGY, C/PI1E3 0 0OCUNORIBETCHEHT 248N
Y, TOFHACHEHBREL TRV EHMEI NS,

3.3 Yo b yBHFHICKIHHERNYE

Fig.15, Fig.16@k, #hFh 7o b EHIZLE5C/EHLUC/P 1 OWINEE L
FoaEE, bLUEBHEROBEFREFEFEEEICLIEREMETORT. BINBEIDNT 50
FRPO#HIMER, ot vV EBHEESTEBHTRLALEBVNEIRONWEI -, 2O
FOBKRE, TRV IFLUPEYF I INAODIF L U EBENVERTEEN
BAIIh 3G9 FHEIHdT 3 BRPERC BV THEEIh LAY, $4bb, C/E
PC/P LIz 20T hEREC, 7o b BEIC L S8 CTEBRE BRI O
FINLZEMD, SHTABEBOTO N EHEH L TODEFRICESZELERIL &EEAL
TELZA OO EHMEINSE, BUAIL, C/AP 1 O g &8s 1 ER
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DREEEIHNST 2 1. 1 6My(6.2 x10'ion/af) BELTHEILEY, Ff0. 58
MGy(3.1 x10'¢ion/ct) DEBEIETT 57 C/E QT EEIC bE(MIBDONTLEL,

3.4 EFEEBRY A 7 ILOBEARIESE

#Y 1 7 VRROMRE, £ TEANEED AHE CERIRRFIIEEEFRT
275 7T Uz, Fig 1T, EFEEH L0bBY A 7 LEEFLIEZC/EDIL
SSEET. hid, B84/ AR IEEVBRLEFIHME-OBRTH 2.
BEEMRAXIVEE ILSSWDAE(RY, FLRIBEENKIVLEEHY A 7 VAR
OYBEINAEL ot THHE, BT 7 VERICERAOREIZHES S ETET
W L 2B EFEET B2 oy, 032 TRNIHHEROBMEIZL T
Bh2EEE—%350ThHs. BETHREHLLOBEY A I LVEAKLIZC/ED=
SRTSRE D LUEERE, ILSSItROoh I EEEREMIT, bhiieod
AR 3RETH -1, chbddis, ByA 7V EaRLEOCETREBH LS
&, B A 7 VBS54 B BB - I,

Fig. 188 L UFig. 193, C/P 1 ® 1L SSEHELEY 1 7 ILREROERERT.
BTGB 7 VAR LFig 18, 3L 0BT/ 7 ILEER LD bETREN
L-Fig. 190§ b1 00034 270D 1 LSSH 1 OMPa BE/NI(L-TW S, &
to. BRI BIC T BETEE DI, COBEETEHC/ EENTIKHTITH LA,
HohiEaELElEohd, 3¢i23.2, Fig 13T~k k94, C/PTR100TD
BB LOH 1 OMPa OBEETAE I M0, RRAIOBRIIEE LI EIZLD
HIBROBBREH- O LEREIN S, BY A 7Lk AC /P | O=ZSTHE, &
i FOP LA AT SN AN

LBt k5 iz, KFETCHWFRPICHT 25E, KEOHDVEUIZL BT 1
VBRI, FOMETIERI L VEEESTEC LGRS, WThbGRMOBEREIIY
ARSI R EUHBEE A 5 2 Wi Ik,

3.5 EFREETIEE (AO) DEERREHIL

AOAREBEOEE-ET THRET 52 2k v, RBFEERE, SBEERZY, KH
CEERDAES, Fig.20, Fig.2lid, 2 hEFhETEEELLOBAQ0ERELILCS
E:C/P 1 oERMDRERIBEDORRETRY.

AOBHIZL 2C /P | OBEBRDRIIBNEE T SEFEHESAL L. —F, C/E
OEERORIBNERCHA L THAL, EaBEICLIBLT I NG
HhixC /P | OFBEHEHEIBLOIZHL, C/EORBRBIERENZ EEXRYT 55
Hi=3 3. @E4hif, C/EOWENS 3L LFNERMEKIETFRBIICEIDE
ttdzoicdl, C /P lokmEKAELLLIZ LW ReHEZEISNE. LL, AQD
BaEIrEh 594 5My DITOBEERDRIC/PI1LYC/EDANDIE(, AOK
w4 2EEHRC/ EOANBWEEAS, LEL, AEBRTHW:C/ERBOXRIE
KEFRTHLOICKL, C/P 1 REAFRBEBROENIMDAL 7Y H &15 - TEREIZ
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BEahTuak), EBOEREEAC/ P IOANRPPARZINEEIONS, LIPS,
C./P | oBfmEEY Y OEERDRIIFie. 2l XY, EBRZEPPHEESHD
LA h g, REEEN 64 ~5 370 EEEBICESES DY BTSSRI X
2R BEOEESFig. 22(2), (b)izRd. (@) 3C/ETHY, HEMWFERE THEEIIE
WHESO—FRICEB I T A RFHRENERICEA TS, () BC/PITH
L, BEBrBEEEOMIEBcBINLL ) ahEA, ZOREPBEICE S,
AL IrEBASICEAEZASDE CHHBOBERARA S I LA TE Lo, ICICER
FHiE2.5 TR~ L9, AQBRHTOHBAXIFEDRHEHNREICTHSIZHEDO
THBFOBENRRLEHSG, 9 LizdBRAr OREFAIZE D C EREROENIZX
30BN 5,

Fig.23(a), (b) ¥ LyFig.24(a),(b) i&, ThFhBEEZI LHLEBEOC/EEC/
P | 0XMAEFEEF CHELULEREZFRT. AOBHRESU L C/ERXEOER
FEACESH->TED, BEUCBHOREICEETEACOKRRIZEIATH ST
iZiL 5 TS, [HfE, C/P 1 REFT IEEOEERIELY, ICHUOBENEE S
IR ERHOETEEOFRTEIN VLS., WTFhBAOQILL > CRIEDP SIRFBIZEE
kS, #iELibnEELONEY, AOBRHBIEOC /EIL20(, KEMEDOH
FAEER L BT E EHAFig. 25(a), (b) 1289, ZoRED G, AORHEIERY
T BRI ESHEEDRB LTSI &K Chins,

Fig.26i3, AOBHL/-0bD [ LSS ERINBEDORFRERT. AOBRIZIL-T,
BRBNEETHIMHBEETIrEDONEC /P LIzL, C/ETERIZ1 My A
oORINBETE LWEEETHRE AL, BEOES, EEAQTHILMMEESI O
DT, AOBHBORHEBENS B0 EBREO, CULARA3.2) oBEHE
Tk AN ESNRAINWEELONS. LEOEREERETELE, AQICLEERER
HHEOBEMRE CRIEEEY, T XEBOBHICL2EERRI 1 0% Il do
LHEEINS.
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Fig.9 Dynamic viscoelastic properties of C/PI
composite before and after irradiation.
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Fig.10 Changes in Tg as a function of dose for PMR-15.
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Fig.11 Changes in ILSS as a function of thermal aging temperature
for irradiated and non-irradiated C/E.

Fig.12 Schematic illustration of molecular rearagement by thermal
treatment after chain scission.



JAERI-Tech 95-007

100———T—— i f

ILSS (MPa)

Ph~ C/P1 (TBOOK/PMRILS5) —

-®- non-irradiation
- -O- B0OMGY 1

: ! .

0 100 200 300 400
Temperature ( C)

Fig.13 Changes in ILSS as a function of thermal aging temperaiure
for C/PI.

Fig.14 Microscopic view of non-irradiated C/PI after heat-treated
at Tg. (a) optical view, and (b} SAM image.
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‘ Fig.15 Dose vs. flexural strength and modulus for C/E irradiated
‘ to proton as compared to electoron irradiation.
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Fig.16 Dose vs. flexural strength and modulus for C/PI irradiated
to prolon as compared to electoron irradiation.
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Fig.21 Changes in mass loss as a function of dose for C/PI
exposed to AO.

Fig.22 SAM images around laminated surface. (a) C/E, and (b) C/PI.
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Fig.23 SEM of C/E before and after A0 exposure. (a) un-exposed,
! and (b} exposed to 2.5 x10?! atom/cof after eiectron-
irradiation with 45 MGy.

e

Fig.24 SEM of C/PIl before and after AO exposure. (a) un-exposed,
and (b) exposed to 2.5 x 102! atom/cd after electron-
irradiation with 60 MGy.
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Fig.25 SAM images of C/E before and after A0 exposure. (&) un-
exposed, and (b) exposed to 2.5x10%?' atom/cdf after
electron-irradiation with 45 MGy.
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Fig.27 Flexural strength and modulus for C/E vs. dose up to

120MGy .
at 77K.

O, @: measured at RT and A, A:

measured
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120MGy. (O, @: measured at RT and A, A: measured
at T7K.



