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Effects of Electron Beam Irradiation on Mechanical
Properties at Low and High Temperature of Fiber Reinforced

Composites Using PEEK as Matrix Material

* *
Tsuneo SASUGA, Hideo SAKAI , Toshikazu ODAJIMA
*
Toshiyuki NAKAKURA , Masahiro MASUTANI* and Tadao SEGUCHI

Department of Develcpment
Takasaki Radiation Chemistry Research Establishment
Japan Atomic Energy Research Institute

Watanuki-che, Takasaki-shi, Gunma-ken
(Received October 29, 1987)

Carbon fiber reinforced composite (PEEK-CF) using polyarylether-
ether-ketone (PEEK) as a matrix material was prepared and the electron
beam radiation effects on the mechanical properties at low and high
temperature and the effects of annealing after irradiation were studied.
Cooling down to 77 K, the flexural strength of PEEK-CF increased teo
about 20% than that at rcom temperature. The data of flexural strength
for the irradiated specimens showed some scattering, but the strength
and modulus at 77 K were changed scarcely up to 120 MGy. The flexural
strength and modulus in the unirradiated specimen decreased with
increasing of measurement temperature, and the strength at 140 °c,
which is the just below temperature of the glass transition of PEEK,
was to 707 of the value at room temperature. For the irradiated speci-
mens, the strength and modulus Increased with dose and the values at
140 °C for the specimen irradiated with 120 MGy were nearly the same
with the unirradiated specimen measured at room temperature. The
improvement of mechanical properties at high temperature by irradiation
was supported by a viscoelastic measurement in which the glass transition
shifted to the higher temperature by the radiaticn-induced cresslinking.

A glass fiber reinforced PEEK composite (PEEK-GF} was prepared and

* Mitul Toatsu Chemicals, Inc.
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its irradiation effects by electron beam was studied. Unirradiated
PEEK-GF showed the same performance with that for GFRF of epoxide resin
as matrix material, but by irradiation the flexual strength and modulus
decreased with dose. It was revealed that this composite was destroyed
by delamination because inter laminar shear strength (ILSS) decreased
with dose and analysis of the profile of S-S5 curve showed typical
delamination. Fractoglaphy by electron microscopy supported the
delamination which is caused by the lowering of adhesion on interface

between the fiber and matrix with increase of dose.

Keywords: PEEK, Carbon Fiber Composite, Glass Fiber Composite,
Electron Beam, Flexural Strength, ILS$$, Fractoglaphy,
Viscoelastic Properties, Low Temperature Properties,

High Temperature Properties
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FY T UL —FieL—FNer b (PEEK), B 7= vH# 774 F(PPS)HE
DEHFTEEWR Y = —%=< U v 7 IO R ERER LE AR ORMRMER, ToMger Rl
ENTLEY . MNTI, SHEFEM, AYL—F0207 4 (PES)BX U PEEK £
Py 7 RCA W RFGmEME (CF) BIEaME (Zn#FNnPES-CF, PEEK-CF) %5
FLTOS, INLOMBERSEEIETHERTS 2nici, MRS BT 280848 TH
o CNETRPES-CF, PEEK-CFOEFREHNGEOBRA LRI L ZHETLLZEE D
HEFETITV, PEEK-CFII18OMGy DRBERBER TS, i wmE, #iER, BRE<A
WRE L COFRICE T A BRISEOETHEIASREC e E2RB LA,

EECHESEH SN BRBEEETH Y, SHEPETEERE, T8, gaoRE TR EE -
BiE, H52VEEDE LML PEMPIE IO L TABEORIHEICES NS, 2oL
MIRECHMEEREHT 3 0oici, SR - ERFHICRTITERNTER, BHEBEOREBERC L 25
&AL, EH P TCORBMREECETIMAL AR THS. RHETHPEEK - CF 2 EF#
B L7k, sfslCEETEHNBEHRRETO, BRETCRETEEDELARE IS &
EhiT, BEBOBBRICLAHHEROBA AT -1,

Wig s CAHBoMEE (A< 78) c@AShs4EHT, #idikT & FUKEEIc L5
KEBROBHHEH AT B, + I~ 7 WERAFICAV SN BEE< 7 % » F OREHE D
T F oy PBEEHENTEN 7 AMHERRLE SV OSSR SN TED, BUORKREEEE
THEAMBERL SN T VS, HEEEES SV PEEK-CFRINCOMBELTEHELE
A5, REGHOESCEEMIELL S, CDCL2EE LT, BSEBHD T 5 2 i
(GF) T#% L7 PEEK — GF #E &MRIOm i & RIS Lz,

2. F B 5

2.1 #H#oBEH

MO PEEK - RERE#E/LEAME (PEEK-CF) 288 Lir, —oid, FiE4E—4)
LTWRWEMEAEH OB THY, 02— DREERTHE L2 A LB Th 5.
RMHCIELOMN LA #6142 PO BE L, PEEKZEERARMISE Y, @faHZ%
(Vi) BBEDT VAU I/ a@E L 1zo 2O 7L F % 500 mm X 500 mmic I L, 130°C T
2 B RB R TR Lok, 18HEE L, 390°Co&Rlic AT, 0.5MPaTI10%
M F#i%, 8MPa T30 2MMERE Uiz, 0% IOEHEF 1% %, 10°C/min OXHL#
BTINCETREL. ABOEIFHN 2mmTH B, %K, RS LThATDIC )y
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YT Iz —Fe L =7 (PEEK), #) 7 2=L 4774 F(PPS)E
DBFEBYA ) = =% b Ty 2 AR RS CE AR ORMES, oM
FRTOEY . ERTIR, SHEEEMS, £ t—FLALT v (PES)BLUPEEK 4=
Py g RCH W RERME (CF) B EME (ZhFNPES-CF, PEEK-CF) %5
FBLTOS, INSOME BB TERS 520, MR cET 20880488 TH
Ho CNETIKPES—CF, PEEK-CFOEFRBHMUEOBRAN 2RI & ZHET LR E D
HEHRATIT, PEEK-CFII180MGYy O XS ERE TS, My e, HE, BRETA
MRE L EORRICHE T D BRI ORTHRELASEI OB EERB LA,
HEBCHEAEASNARBEERTH O, SaPHETHEE, FH, FaaBRETREE -
Him, H5VERVELOBILTOERAIEHO L L TABEEORARICI O INE, 2O LS
NERIECHEARERT 2 0T, iR - BEFTECRETRANR, RERoMERICL L5
L, ISAFTORFBREECETIMEA AR THD . AHECIIPEEK~CF 2 ETH
BHLA®, SESLVCERTEKVSEESRRLIT, BRI TEEEE RN TS &
b, BEHBDABEFEICLIHBROBRHZIT- .

MG E CAWIoOZREF (=28 il sha i, FhdFiEZRktec L3
AEROBMGEHEZ G D, + A+ 7 BERSFICHAD SN -EB~ 7% v b OREHE®
TSRy FPERMEHCRN 5 AR R AMEOf RS SN TED, BSOS ELE
THEGHEMNRD SN TS, MEHERESSOPEEK-CFR IO EL THELE
A BN, REGBHOBEXREMELSBELE S L, CDILEEZERLT, BEEBMEO 7 7 X i
(GF) TH % L7} PEEK ~GF # &M Ottt 6Bt Ui,

2. ® B L W

21 SEOBY

THEHEOPEEK - REBMEEEAHME (PEEK-CF) 2HB L1, —Did, FiME%E—1
LTOBOEMELROAMETHED, b5— o REEClE LS E TR LB TH 2. R
FBHEITEIHELVO LA 62RO BG E AV, PEEKZEBESERESES S, #EsHER
(Vi) SBBHEDTY 7L %2AELA, CO7 )7L /% 500 mm X500 mmic I L, 130°C T
2 FpfaliR MR TR LAk, 18HFERE L, 390°Co&Biz AT, 0.5MPa T104}
MTF#E, 8MPa T30 2MMENRE Lice TORIDEAEHR -7 %, 10°C/min DEBEEHE
ETINCETRAELL, SHOESIH 2mamTH 5, RKAE, A LTOALHIET ) v Y
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ADPEEKIBEHEREUE (~20%) IGEVWERILEEZE LTS,

7o ARk et (PEEK -GF) TIEEHO A7 2 li#ss (FL7 1 /~—FECZ
—1820-21G) AW, T F Y THRABESL LU, HOBEAFEEIPEEK -CFDinE &
BUT, ViRPEEK-CFERALL BB THED, BEROEVITLEY, RAPOFESIEH 1.5

mmd& 7L - e

2.2 B|FERH

BFIN#ES I BRI F AR SR 2 5% (947 3 o TEA -3000-25-2
By AHVF. 23FHTHRNS L D TEICU Lt RiERA0EE % - 4 T 39.5 cmic
BE, MEBF 2.0MV, B2 TmADBETHEFIES cm, EXHE 60 cmic X+ ¢ ¥ SHER
PTRE L, CTA CHlwrp —R) 74 vAREFERAOCTHE LIHRERIIkGy /
STHhotio LOLINERERTHAE AT IHFT A LEBEEN LHETLH0T, af%
S0 um®dD TN T 4 A NMZEH, AT VL ABOKBRICESE I TRE L. CORFETHRE
EEASCLTIMEA BT ENTEN, EERICEABAEELTRET LS L, Ao MEI
BHEEH O ICRNEEBSHEAT 0, BAMEODRBESHREIT 00 umBE L O T, FF
CLOFMERTOT, REREHEEOB TRIBEA R TR L.

2.3 WHRE

B ERICEAMEOE LT R =gl RE B LY a — O - LAEIK KL BHE AN
B (ILSS) DillETHM Lice CHET, PEEK-CF o EBRIEM 15mm & 2mm 0K
Ko LTRY 64mm (Ro¥r H32) TiT - Tz, BHRZRCAOLEOTGERMNELITD
fodlo R OEE (M. 5mmES 2mm) AWV, RN r3BmmTiT-7. MEEFITIINE
TEAUL 2mm/min TH 5. KBREIRER, BRAESHREE, BLUSE (80, 100, 140,
180°C) & Lizo mETOHERESERAOEEMDTITY, RASZEE TORBRITEE %
AR TIREEL TIT- 2o

RESTEB LU AN VEEFEFLLC LD, BEBCENEL, IhETOT -5 LEE
HETERLRBRNNE L, BUEBR, UM LicRBHEOHEBC > OTAVILDE
BEE~I, ZOHREMRIORT S

s | o M
M1 15mm, A /¥ 64mm 646 MPa | 49.8 GPa
M 6. 5mm, A ¥ 35mm | 655 MPa | 43.9 GPa

TOBRCEBORERIPDNSMEERT, CAETOF ¥ EORBARITETHS L
Bbhs,

PEEK -GF O PEER IEM 8. 5mm/E S 1. smmidkhic L, Z/¥ 22.7mm T4 H#EE
2mm /min T, MERERZFROATHS. ILSSAEFOFRORER S 15 X15mm, 2

— 2 —
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SN Bmm TR EEE Z2mm/ min TEIR TT - e
HAHRERROBEEDEE, B LAARATIERADIERETSE0, 120 &0 150°C
TENEN 2 SRR ETT - 18, FECHIRR TR L 7o

PFREEMEAE 4 7 74 OFRB R RENIICEWE LRV BhEFER OEE (RESCHA RD -
1100 AD) ZMuy, —160 ~320°C, 0.5 ~2Hz O&EETRNE L. SO S X3 100 mmx
100mmT& 5o A HABEOMmEE L EEHETHEE SNV TiT- .

3. R & HE

3.1 RERHEMORELECIZHE

P EDNIE Y L TR REBERT ARV THEAL LI PEEK-CFREAHE L & 5
U DRAHMEHAABE THRFRPEEK SEAL L Ao i sarE. mif g, 1LSS
LigBFOMFEER T KR REBHAEE TRHEE S J U EERIImEE TL 579, 180
MGy DREERNER S EBFXB LECHEEARE LTS, LSS bHHERFOEE LT L
A EZHF TSN,

B2 i B L TR ORI o P B R OWME ORES R, 10 BLF30
MGy B8 LB T =) o 7 20805l S sh, S F8rNTHELLETERL
TWAHTEbs, COESMETREME M) v 7 2BOECEBIRE 5F, AROBEEHEEN
BV CENFEONS . KEBBESOWEEORESIR <R Lz skd Lz @iz 8 ookl
DWWEH DR LB LA R LTHD, SHEGEHTHRELTVWE I Mg 5,

DX T, REEHEOT IR L - TR B L OB IC X S A LI IEENRED 5
N1 - DT, PROEBRTREFREAL LR OHEH L,

3.2 RHHIKBIER - 2RO

B3 —a, bichgtk, 77 KTHIELCHFEE, il R 0BRREr vy -8
BOBRER Lz, BRKE T ANVF - FERRNIEACELZHEDIENEENTHES LTRD R,
TREFVRZI Dy 7 RAEAVIRBEBREEAMETRTTKS 2 342 KDEEBE BT 5%
B, MHESEERATOBAL R EALE LAV EAFEESR TV, KB PEEK -
CFoBERZRTHEELDDPL (1.1445) KR&E{4b. PEEKIETTKTIRIERICH LS
TEMHESOTOEN, <)oy 2BIHSE LTHW 388 0 R8T b5 1tk e A-4RE L
TALHZEZRLTVS, BAEEE TRAEEDRENAE LKLY, FHETOLONOETIR
DI, B3 b IERUABERED A VF-RBEL L IR L, BERCHMEDDREDE
CIoTWBEDEHEESNLY, COMBOREHEEIBFICE - THREALETLAEVE
Hwmanb,
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Ay Bmm T EHE 2mm /min TERTH - 72,
GRS DBEREAEG, B L XA RS ERROERE TS0, 120 40 150°C
TENEN 2 BRABLMEZT - ok, BHRTHTERTEEL

BB AE IR 4 79 4 OFEEASIICEWE LE D AhiRES 0%E (RESCHA RD -
1100 AD) %L, —160~320°C, 0.5~ 2 Hz D&M TRIE Lo HEIOAE S 12 100 mmX
100mm T %o ¥ BRI HERE (4 B T EME 4 M L T - 72,

3. @ R & F

3.1 REGBHORELEICXIEZHE

ARG E O E LT ORBREEMAZA N THESL L/ PEEK-CFEAMEIE H 5
USSR 2 TR PEEK S AL L oMo i i, i iiE=R, 11LSS
LR EOBFRAR IR REFFE TR EES I UMIEERIHEE TE 59, 180
MGy OREERHE O RBELE LB UEAREL TN %, [LSSHHBPREHCEELIZ L
AEZ TN,

B 2 e L TS WEREER T oM R O BRI BB OB BB OREEE R T, 10 BE 0530
MGy BH LcalE T~ ) o 7 208008l S sh, 528N THELLETERL
TWAT &P, COESHETCREBHE M) v 7 ARBOEC#RARC SF, RROZEEELS
B0 &b d . RERBEBOWEEORESH TR L kd LB A8 oot
DWWHEH DRB LB EAL—HLTED, SHEHTHRELTVWA MBS 5,

LDEHIT, REGECHUBIC L - THHET B L UBMHIC L 2 5EE LicERERED &
NP =0T, DBOEBRTRESBEST LAHEOLER V-,

3.2 ERHHIKBIKE - &EBHOE(l

B3 —a, bichksig, 77 KTHEE L o oifE, iR L08R RE - A vy - &8
BEOMFRER L. BERE T A VF -~ ERAICHDCELLHEDIEHNEENTHES LTRG 2,
ITRFVERTED) y TRAEAOIORFBERSME TR TTKS S T4 2 KoKR I BT 598
B, B EEIERATOBA LB EALE AN EFRESR TV AL, KB PEEK -
CFOBESZERTAICELD PP (1.1445) K& {745%, PEEKETTKTIRIFFITHE LS
ZEDWESNTOEE, b oy ZABIEE LTHVAESICRIEE T3 1R RS L
TWEZEERLTVWS, HAEETRAEEOBRENRE LKLY, BHE+robonETIR
DI, M3 - bhIRLULABEBREI A NVF -RBEHEE L LIt AL, BERE(ESL2REY S
CI-TWBEDEMESNLD, COMBOREBEIBRICE - THREATETLAENE
gaahs,



JAERI-M 87-197

PEEK-CF % 120 MGy ¥ TETHRE L%, FR, 100, 140, 180°C THIE L f#hi) 5
EsLUOHIBHROGRICHTAE/ENL —a, bitRT .. FRTHE LABEICE, 120
MGy ¥ CoRNTRdBER L UM FEER I L L THaEn L Bid 5. BIERE % 100
Clrbifas, RBEAEOMTRE S L OEERICPETTE0, BHAHTEIREL LD
ARECHED, 0MGYRLERHE LR TR, ERick I Al&B3EE%CL%, PEEK @
H5 AmBEE (153°C) B Fo 140°CTHIET 5 &, RBEHE O F#E I3 500 MPal®s
BitBHAED 10 BITE T 5. BRCHTEERGET 50, BEDR MTHEXTDE 0.
Cnﬁﬂbf,E%ﬁﬁ@%ﬁﬁﬁﬁ£@%ﬁ$iﬁ%&&éCﬁkt 1%MGy%%Lkﬁ
BloghifEEidi@sResd 3 REMNREOMEIGE STV S, PEEKON S ABERE
Eo180°CTlllEdT 5 &, %E%ﬁﬂ®ﬁﬁu%ﬁwﬁ®%#%mifﬁTL,ﬁﬁ%%%m%
WETd 5, LALCoBRETSH, BRCL - THESLUEEBERIBEOEANELBICKREL
HELLEMEADONS.

05 13 RFBE EEE L ORE LR oREBHEIEH~FHR (S-SH—-7) THb. KR
BRI S — S A — 7, BIEER 100°C T CREFAIGAIE LE, —B8IKIBHsE M5,
140°C Ll F TRERIGHITE Lz, BEMIIGHIME T 5. 0T &id 100°CLIT T #FEm
B —B TR O AR LT, Simici b et v 7 AHERIET S 720, KON BRREE
KEIALHICHE - Tich R TE 5,

—7, BHEETERHEOEAL E SREANGHICE L LROBRBHLIEADE MRS 50
1t B, CHEZBEICED = ) w7 AP CEENES, WALEEF SR CHEE LILER,
140°C ChHRBHABAZETHE LS —SH - Tl WBHERTLHICE -t EL LN
%o

lGiPEM{CF@%ﬁﬁﬁﬂﬁiU%%btﬁﬂ®ﬁ g SR OREHRFEESRL
BhDOTH Do RABHEHREEIZIE ~100°CHEE 150°CRIBE Y — I hE@HONL. TNENET
$$Uﬂﬁﬁﬁmﬂtgﬁw5ommK@;ﬁmm@@®%¥ﬁ%ﬁo£Uvuwrﬁﬁuz
WEDEDOOEFHEHTFEHCRBEINT VS, BENIKRY 7= —F, P72 200
FEVEBIFIROSO OB i A Y DEFEELTI L, BERCED r o -
SEELRERSELT S, COZEEEHE-FAL(ELTHACE2ERL, ZTh6Da2 2y
FASEEAZ U T OB T EHBDDB, i, —CHLERICHI TRERENSBENT20E
%%&#méwﬁﬁmﬁﬁﬁéﬁ%ﬁﬁﬁ%%§wthb&ﬁﬁénfwé%

BRBER TIRANRSE T4 5, L OBEBIUERE PEEKO I Bk B8 O S, 4
DI T REBITE ) SRS FEHICRES NS . CORED XD SEREEERFEEOE
BroBohd ANRoe—7RERF 25 A M) —EREREAN® - D ELARERET
BELTEBLNEN 7 REREE (Tg) EE{—HKT5. Lid-T, M6DFEREMEITX
ODTgh ERFTHTEEERL, 30MGy DBHEHTTgH 153°Cp 5 166°Ci, 120 MGy DEEAH
TITTCI PR Lo & iwtid, BRicks Tg D FRIDEOERD S IZEBOERSE S
FoZ L AR A, FEROPEEKE DWW TOREKEL EES S, BESERLIIZDTHS
CEBHLMTENTVE o NS DHBHEEORIT» 5PEEK ZETHRBMIC LD, T
IENSEE B LS,
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SFESMOLLEBPROERBEOCELEMCBVEBENR SN, §7b 5, REHK
MDA AHERE PO 140°C TR T TG THO ZRTNER 5 2 D 15 T B 1291,
RS TR LUBERNET S 54, BERE TRV AEBRED LR LB 0E
RO fod iR LTI, R L AL EHETE S,

3.3 BEROHEE

H7THEHPEEK -CFRIZBETHES 30~ 120MGy BE L, 80, 120, 150°C D& iR BT 2 K82
IEE Lk, SFRTEE LM RESLUMIBE RGBS OMELARLELDTHSE., L0
EBERD o, BREOEREOBMEBIIBHNSFHICEEACBELEZ VT L8085,
B8 13RI 7 T30MGy, 120MGy BB, 80,120, 150°CTHMELAHEDS —SH—
TTHB. WTNOEBEG—FITIENMET LTHY, MEEFTHELTWAL &85 5,
LictsaT, BEH b7 MY v 7 ROBEFERBAPATOENC EERL TV,

—H, TrITNVINITT IS T2z AS Y (TGDDM) 2973 ) 7 2 2l AT
x> (DDS) THLLIzH+ VlEE <) v 7 RICAOIRFEBE RLEASME R 100
MGy L LOBEAZZH TS, FRICBGA2MFBESORTIED ShL0DH, 30MGy LLE
RS LB 130°CRIEOERMIOMBREL 52 5 LMESBMICE TS 2 2 E8HEShTY
2%, ChEBEICE - T, ERAMOS FROUMHHE C D RERESRIELZT 505, EiE
TRATHD * HLAGV " DIBITAT OLAMIIER A 2 2E (A CHET & LTE
ASNBEWEEZEL NG, L L, BUERICE - THOTFEESERICLLEE, “HoLHBO"1
EMEHIES UG BRR L, WAL - T X LS FOBEFHM OB ARk -
TRESN, REHEEHBELL ZER BTSN TV S, PEEKOE A B IC X DERE
pELr T &, BRUBBAZ G EASEICH LTRENLDI, BBEEOMESEEAL MO
bDEEZ LMD,

3.4 HZIWHE{LESHHE

K9 PEEK A4 5 2 i THi®h L7 PEEK - GF 2B FHE R & L Lo, i
R, ILSSOBEMRENE/RT o KIBEHEE OMEL 550 MPa, MR 19GPa, ILSSH#H
BEOMPa ExAFUF= )y 7 REMOIHT 7 ML EAME L FZ 0BT HNE
BTH5, L LB L 28U E(LIZPEEK-CFOES IR, 10MGy DK
BOBH THEBIVILSSHE NLiED, MEBLLIUE T 45, BREICH T3 FHMEOET o
Bi3ai# TR UL PEEK -PES - CF (R BE## D RT4 PESTMIE U 7o #i## 4 M 72-PEEK
DEEMED OBECEPTHWS, M10ZPEEK-GFDS -S#H#—-70Z L% PEEK —
CF, PEEK-PES ~-CFOZN LML TRLAELDTHS. PEEK-CF T 180MGyD
HEIT L - THMMEEM THIEL, PEEK-PES —CF T OMGy LI E o B & T ShHEng
OB EHACBITTLL AR LTS, ittt LT, PEEK-GF TiF 10 MG y B4
THTHEREHYUOHENMO 7S ~SA—7EZRL, BEOWRINE Y, BREZLE#T
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WETLL IR EERLTO B,

PEEK—PES —CF OB& XS EEDK O PES OftlBE bic v L <) » 7 R
DREABEEET L, SHEERCESMEOBMIEERSL L smRanr"" PEEK
~GF OBBIC T A HETORESNE PEEK-PES-CFO L EBUTHWADT, PEEK
-PES -CFOB&LABEBRSKOTE6ELoNB. BT RBHESLT I0MGy K
BiL7PEEK-PES —CFoE&id= bV oy 7 2pg| TSNS SR PN IHRBERL,
COBBETIHE LY MY 9/ A0RAEIRBETHALEERLTVS. THICHL T, PEEK
~GFDBEIZI0MGY DRHTA 7 AEFHFBEHL, BHELv T v 7 A EOMOEEHIZE
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Fig. 2 Fractoglapy of PEEK-CF composite using untreated carbon
fiber by electron irradiation, (a): 10 MGy, (b): 30 MGy,

(c); 120 MGy, (d); 180 MGy
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Fig. 7 Flexual strength anc modulus vs., dose for PEEK-CF
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Fig, 11 Fractographic features of PEEK-GF and PEEK-PES-CF
composites, (a); PEEK-PES-CF unirradiated,
(b); PEEK-PES-GF 10 MGy, (c); PEEK-GF unirradiated,
(d); PEEK-GF 10 MGy ‘
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