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Radiation-Induced Crosslinking of Short Fiber-filled Polytetrafluoroethylene(PTFE)

Akihiro OSHIMA * | Akira UDAGAWA and Yousuke MORITA

Department of Material Development
Takasaki Radiation Chemistry Research Establishment
Japan Atomic Energy Research Institute

Watanuki-cho, Takasaki-shi, Gunma-ken

(Received January 26, 1999)

The radiation-induced crosslinking of PTFE mixed with short fibers as glass or
carbon fibers was studied for processing the composite materials. The crosslinking
behaviors did not change by mixing of the fiber under the irradiation condition in oxygen-
free atmosphere at temperature of 330°C ~ 350°C.

The effect of reinforcement by the fibers in the fabricated composite materials
was supposed to be a morphological change of PTFE because an adhesion between PTFE

and the fibers was hardly observed in the composite materials.

Keywords : PTFE, Fiber, Crosslinking, Radiation, Mechanical Properties, Thermal Properties,
SEM
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RYF 7V ArxF L /(PTFE)ITHEWE, MRS LELESN Dk 4 2 THESH THIAS
NTVDHS, HTAGRHERC R FEGHE 2 L L OBEEMEAMEN &, TARFEREDS 380°C DEHIETS 10'P
LENZEAR D D R URITS(FRP)E L TOFRIFIIAR Y, BUIR T, S SOmiEFitRE:
TR AE LMY — TR A BEREN DI, T ARRHERCIR RAHESF O E#EL PTFE
BHREDRICIEA LB LM BV LI THSDARTHD 2,

—75 . PTFE (3R CRBITRET DLV R ENH DI 39, R HEEECMZETHEERD
IO7 et AT S B COFANEIRRS LT V2, Ll BELOBIZEIZIY Y, PTFE (3f5d
BLSE o 330°C ~ 350°C. EFEERFR T COMETHRIBEIZIVIMEL 2, BEHERIE T TE
FATRE B A RN CE AT LML Aotz 7Y, Z M, HEHHREEEL - PTFE (345
e SR, itV ) — T OTHERRE I R L DS S LD WY, ARFE T, T bRt
B BL. BRSO AR T v R REAMEE BT T D120 U7 REHHERS L UMRER
kR TOELT- PTFE 22N Z N ERMRRESOER T8O THETRBRZIT, £DHFE
o BT T S ERE D BB - DV TR AT o T, AL, £0%F 1 LT, RS T
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21 &8

<RN)ZAE#25 PTFE 121E. BMBEAIZIVESNH AR PTFE(G163: 1B ICI 7aaR)~v—X
HRAHBAFAVY, THUT 20wt%DH T AEERHER KUY 10w %D IRFE R TN ENIRELTC
HOREEEL T, EX 0.5mm (AT —M10m X 11em)Z 38Rk LT, ZORUEDRHE
DYEREER BT EFEMETE TR TE Figl OIIZRoTN5, EREIEL T, IR
PTFE(G163)%2 k6L . JEX 0.5mm (ZAIEANLL 2 PTFE & —N10m X 11em)& v 7o,

FEE— N EX 30cm X 18 8cm DRESIEW, BBEREIR LTS, FI5HE L5 IREERIC IR
AT, RERA LR DY — b Fig2 (O™ T E5725 0~ LK(ASTM D-1822L) Z YW HIL 7,
DSC % FV - BGSHTIAL Fig3 D X722 AR Hy 7= 306H20.0mg £0.5mg) & E ML T,

63.5 mn 5.0mm / Specimen

9.53 mm

——\ .
3.18 mm 9.53 mm \’

S e

Fig.2 Dumbbell shape specimen; i )
type ASTM D-1822L. Fig3 Specimen for DSC.
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FETHRENT. B AR TR EIRRZRT 1 ShhEEs(T 7707 by 4V b BB T ERS)
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\CERELT

ETHOBEREL, CTA 7V NREFHELEET VLR  FTR-125)2 AV TERTHRE
L. 280nm COWLEDE O E Rz 9, NEEE 2MV, &St 05mA T 100 FfHHRs
AT EOBEINEDOFER. BMEZFIL 0.6kGy/s TH7,

PEA FELT- PTFE Z2MRAABAOREIRE HicEx BEBBNEEZR 7T 10'Pa
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FOWRLT-1%. REMHT A THET NI HABHLT-, BT, —EBOT N ARZ @
SHeH, FIRQ25°CYRHLUNT PTFE OFEGRLELL B 340°C25°C IZAIBAL 7RAE TR SMGy
FTIToT

7=, PTFE B{E0 HEERER, kO H 5 CRRILT,

23 RIEAE

PTFE 2450 BIEL. 2 EREREINSTRON H : 4302 B)y% AV TEIRTITo7, 515k
31 (Cross Head Speed)it 20mmymin, ZO&EDF 7 RIHEAET 22mm & U7, BHNIES -
#(Stress-Strain Curve : S-S 77— 7 YSRMHRTN, 5 3RIBEE, PR AIRER L UYL 7 HFEROT
FRENOME 10 BEORERF ORIEEDFILLIZ,

TRV RESEEH(DSC; PERKIN-ELMER ¢ DSC-7)% v NT{TV Y, 50°C ~ 400°C O
ST RER L OMRRAEL T . FAREE(Tm), FRUIEE(To)B L URER{LEE(AH: : Jig)Z
RIELT-. DSC OREBLOMIEEET 20°C/min L7, Tm BX Te 1, ZHE D DSC #
O —7IRFEL LU=, AHe X DSC OfEGRALR D — AT AL % 2§ 1&E OEEEAR)ZF
BORD, FOLEOREOERTEI> TR LT, Tz, #ELEX)IE, RRQ)LIRDIZ

X = (AHm % 100 G eeeees 1)

i)
=7°C. AHm {3 DSC BIEIC L AR HRO O DREHE cal/g) THY, AHm" 13, &2
|2 PTFE DSEda{bL =L & DfE(14.6cal/g) T ',
B IR ER L DO RER B OIS T % & T-FRHGE(SEM) THIEEL | it~ N7 AMIEL DEESRAR
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PTFE @ Tm 3550 Te 13 HAEC SOIRBANBEIL,, ZAUHOAHC HHET5,
Bid. 3 TIZ PTFE OSBEEZNOOE HEETHETE LA NILI W, Z2TIIRIC
FIRICESC, L FHIL T PTFE OSSFAERATA~T, Fig.7 1 Z&3EI0 Tm LA, L0
Fig.8 13 Tc LAEOBHRE T, ZhHORCIEH#ER FHEL W HE LT SRR L 1 340°C
TR ERE L TR, FRRIZ, Fig9 BED Figl0 I £ EMAHe BXUERLE
LB OBIRA T, 340°C TREL-EE, BB 5 Tm, Te, AHe 3B L UGS LEDZE I,
SRHEOH B BMF IR ER— D8 TR TD, 7005 ORISR BIZEHR:
< PTFE O Tm & Te i IHEDHINNELHIARTL, 512, AHcXHERLEL/NE<7RHZE) D, PTFE
DIEFALDERETOHIEIVNESND, Fo, ZTNHOFERN D, #if#EL FHEL Th PTFE ORGH#R
PAERONC BTN ZEN DN, — K, ERRHOEE, BEOHINCXT S Tm, Te (CE(L
{372<, AHc SHESAVEEDSENT %, Zhud PTFE OFRRER CUMSHIES F RO D FHIE
BB TS LT DT LIRSS DY,

Table.l (ZHREBHHRFOEIDS BRFFER RS, PTFE D5 [3RSBEIL, ML FH T HILIZLD
9 60%IETL, FERZRBHHEONIA 20%I8 T4 52Lh300%, Fe, (K FRITHHEOIFEC IR
RIZL S TRERETIRDONAR D, RFEHHEE FTTHELT- PTFE OFMMETRITRR/NEY, T
NHOB SRR, KR 340°C T LRFFMUEL THRLLARVW L2/ T, TE T
ABRFZOTT 340°C, RO EIR CETRIBHLUIHHETTE PTFE ORBREICH55 [5ReeE
¥4 Fig 11~Fig 13 12777,

Table.1 Elongation at break and tensile strength of non-irradiated specimen.

PTFE GF-PTFE CF-PTFE
Elongation(%) 400=10 320+10 335+10
Tensile strength(MPa) 55+4 18.8+2.5 21.3+2.5

GF-PTFE: glass fiber-filled PTFE, CF-PTFE: carbon fiber-filled PTFE.

PTFE HifA% 340°C THRFTL THRESET-IBEOBHHEONE, S00kGy DHREHTE 250%LL E%
(B2 0, UL, $RHEFTHE PTFE % 340°C THRHL7-35A. £ OMONIETL. 50kGy BET
10%FREE I o7, Zhud, <7 ZBHEOHUMNRT & M OB TBHEZ Lo T b o
HEEZ LN, 700, PTFE G T AL T BN RAHN D2 &2 L T
2, Fig11 {4 EIIT, 340°C THRHLIIFA . FTAGKESIE PTFE 05 [BRIGEIL. IMGy 2
THHMEGREE) % LEIDZ L0535, Fio, IRFEFHEFIE PTFE Tl SMELZHASE THHIH
[EEABZ DTS, IR B T — BT L% 2MGy 2TEAIZS IRIRENEHE T2, —4.
EIRIRE T, B IR IR ERL LR T 20A Tih-oTo, Figl2 (T PR A5RE L, 340°C
THRELIEE, MELEHITHMUT, REBHRBEORR SR L, #HED FEERO DR T
FHAE, LA, 340°C THRANLIHE, SEOTTHEEOBN AT A HHETUE PTFE D5, &
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FIHEFFHE PTEE 0L B0 TD, Yo/ ROBEITHTHIKTEET Fig 13 1738002, BB
R B L S BT 3B R UV D, BLEORERD D, SRHETUE PTFE 003 [BREGEIRIEI IR B L
HIZHINL . S00kGy BRIHT 2 {2 nznsonolo, —F . ERBHOEE, RRRGEER
FOV I/ RT O ILBEEEHIE T U, ZHud PTFE S FHOUIEmMMEEE, 5 3R RE
PETIETWNAIZDTHD,

SREBECIIEHER TS TV V2V PTFE D25, SEFSE PTFE X0H5 IIRIEE, MRRA5HEE
IHENTVB, LU, IR CORMGHEEAIRL T 28T, MO FHEROEY 535 R
MEEELET AT BB T AL Lo THHEDRBERIMEN RN TBZED DD,

B | IEAREERAELC BEL T (AR % Table2 (ZFELHT-, £, HHEROT-HIZ PTFE BYEDS
B BIEUT, s L COMBLIRA1T 72 PTFE 11, BEREBHE R LU 7 D580
BT TR MEAIT TR 3 318 EL T3, F77, PTFE Z3REL -3 -Eiker FEtEL TSR
LT SREA BT 1B S . MR SBREDEIC DU TIIRSERR S, Yo7 . 2 fFLL kizm Bl
TUVNBZENDD,

Table.2 Change of mechanical properties for fiber filled PTFE by radiation crosslinking.

Non-irradiation Irradiation to 0.5SMGy Irradiation to IMGy
PTFE  GF- CF- | RX- RX- RX- RX-IM RX- RX-
PTFE PTFE [0.5M 05MGF 0.5MCF IMGF 1IMCF
Yield 12.5 55 60 | 189 16.0 144 22.1 189 15.6
strength
(MPa)

Modulus | 1440 1857 226.7 (2080 5900 5019 2520 5600 4212
(MPa)
GF: glass fiber-filled, CF: carbon fiber-filled, RX: radiation crosslinking,

Fig.14 id. 513E8R1%. SBRF OIEMES SEM IZIVIRELT-H D TH D, BEHIT 7 AMHE
BIORESMES TTHELT-RKBHO PTFE(EE(Q), (0)&. 2% 05SMGy(500kGy) BB L THAEAL
H#a{To7- PTFE(5E(D), (d)THD, REBHOGHEL TRV EHETSE PTFE T, ##EE PTFE
LORE TOYER (LR BB E AL 2N ED3 003D, F-, PTFE ([CAf L CARREY
o Th, ikHEL PTFE EOREOZE(GIHFE AL HHIVRDS, BREEERI% T PTFE D€/
O —R B DS E CUVAIENBREND, Thbh, KIBAHEDEE((a)(c) Tik, whZA
% PTEE 17— ROGONEREUT- I AR Z BN, 228528128~ T PTFE (3¥E:R
BERBIZZ L TVD, 20 PTFE OFL 7 40— DT, DSC IZEDEG T, X #REFTZLD
FESHEERAT L B TIBES N TS 1Y,

LA DTN, PTFE (S0 TR GRS TOEL TR A T ZaI &> THiiA
SHEMIR., B AESREEREAN A B9, AUV N ZABHEDE/L 7 A0 —R R B U R
THEEZLND, BETHIE, BHEL <~ N 7 ABREE DBEEHEDNIL AL KT, wNZAT
% PTFE OFNT 40— B2 Lo THE TR O HE8R 8 CSUES DT LI S HIHED
RHEMII., FORER. fkita FTHELT-48E PTFE OF REERFED M LI EXLND,
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4. ¥5 ®

T R ATHD PTFE BMHOBES LRI, H 5 Ak iR ki O EkikME = A L7
PTFE IZBW\WTH, WREFEBFHKOEIE F TORGHRBIICE 0. BTS2 EAWS5
Moz, F/-. MR FE UGS B/ PTFE #AMOSIRSERHEICEL T MRS
MEB LY VT RDALNED PTFE AT 3 5L LiZm E U7z, PTFE OABESHTZ
AL T, YO/ RIZ 2 HEULETAEL . SRR K D4R 2T o 7
A HHEO TR D LW AN OM) HI3EEEIT/2 0 . HREICHEEORIENRIEHN D,
A%, T T AR D AR A o T T RRE MBI ERAE TS5 LTHSE
GGG L. TR A L X BB EIRTFRICED EEZ5NS, L L., IR
HHZ & Ak S PTFE & DRTITHIT 2YFRN) - (LAREEOSEI TN L 5
H—OOMERE LTI NA, ZORRIIRD SN oT. LizdioT, 7w FERkilE
BT DIBEN 4SRRI O HTRR 2+ TRBIT % 7 v BRIcHE Ot B 2 B
T DDITIT. HORSAME EIHER MM S PTFE & OMIATEDIEEE 2 %ET D 2 &Nt
BROBEEEZ SNS,

&!l

5

ARFFAAED BITIT-Y , HEURFAEHIT MR EAT N HEIBRR M 0 B 5RO
B MBS LT BT, ZOISGEA CREOBARLET, o, ERIIAVAENL B
IC1 7uanR) < — AR DIRESN - b O THY . BHAE SR £3-, HIifazR 7
FERERCI T E T SAMEE S B AR L CIAY V-, $7-, AR EERR BILRER, () BEHF
FERS (LAAER, LNEYTRICITEHRIBAIICBBUERAAZ TR Vo, 2SO EZ R
LET,
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(a) Surface of glass fiber-filled PTFE —p

0.1
(b) Surface of carbon fiber-filled PTFE 4—-2“)

Fig.1 Acoustic microscopic images of fiber-filled PTFE. F=400MHz;
(a) Glass fiber-filled PTFE and (b) Carbon fiber-filled PTFE.
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DGas inlet

@Gas outlet, vacuum port
®Motor

@ Connector of thermo-couple
® Sample support

® Fan

@Dlnside vessel with heater
®Ti window

L @Ti window

Fig.4 Bird’s-eye view of the irradiation vessel.

y

Fig.5 A photograph of the irradiation vessel.
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—— A1l
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/
Connector of \ \_E Sample support
Thermo-couple Heater for carbon fiber
. Irradiation vessel
(a) X- Axis
Beam tube
Beam spot
Beam window
—— Ti window
d=30.0cm Al frame
P Cooling slit plate
— — 11 ]
D = — LD Gas inlet
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Gas outlet
Heater ———]
Irradiation vessel— | Sample support
Fan
(b) Y- Axis

Fig.6 Arrangement of the irradiation vessel with an electron beam accelerator.
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Melting temperature, Tm ( C )
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Fig.7 Relationship between melting temperature and dose for fiber-filled PTFE irradiated
under oxygen-free atmosphere.: Glass fiber-filled PTFE irradiated at 340°C, #: Glass
fiber-filled PTFE irradiated at RT, /\: Carbon fiber-filled PTFE irradiated at 340°C, A:
Carbon fiber-filled PTFE irradiated at RT, O:PTFE irmradiated at 340°C and @:PTFE

irradiated at RT.
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(a)

Crystallization temperature, Tc ( C )

Fig.8 Relationship between crystallization temperature and dose for fiber-filled PTFE
irradiated under oxygen-free atmosphere. <: Glass fiber-filled PTFE irradiated at 340°C,
@ Glass fiber-filled PTFE irradiated at RT, A: Carbon fiber-filled PTFE irradiated at
340°C and A: Carbon fiber-filled PTFE irradiated at RT, O: PTFE irradiated at 340°C

2 3
Dose (MGy)

and @: PTFE irradiated at RT.
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Heat of crystallization, AHc (J/g)

2 3
Dose (MGy)
Fig.9 Relationship between heat of crystallization and dose for fiber-filled PTFE irradiated
under oxygen-free atmosphere. <: Glass fiber-filled PTFE irradiated at 340°C, #: Glass
fiber-filled PTFE irradiated at RT, /\: Carbon fiber-filled PTFE irradiated at 340°C, A:
Carbon fiber-filled PTFE irradiated at RT, O: PTFE imradiated at 340°C, and @: PTFE
irradiated at RT.

100

80

H
s}

Degree of crystalline (%)

[\
<

2 3
Dose (MGy)
Fig.10 Relationship between degree of crystalline and dose for fiber-filled PTFE irradiated
under oxygen-free atmosphere. <>: Glass fiber-filled PTFE irradiated at 340°C, @: Glass
fiber-filled PTFE irradiated at RT, A\: Carbon fiber-filled PTFE irradiated at 340°C, A:
Carbon fiber-filled PTFE irradiated at RT, O:PTFE irradiated at 340°C and @:PTFE
irradiated at RT.
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Fig.11 Tensile strength of fiber-filled PTFE irradiated under oxygen-free atmosphere as a
function of dose. <>:Glass fiber-filled PTFE irradiated at 340°C, @:Glass fiber-filled PTFE
irradiated at RT, A\: Carbon fiber-filled PTFE irradiated at 340°C and A: Carbon fiber-
filled PTFE imradiated at RT.
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Fig.12 Yield strength of fiber-filled PTFE irradiated under oxygen-free atmosphere as a
function of dose. :Glass fiber-filled PTFE irradiated at 340°C, 4:Glass fiber-filled PTFE
irradiated at RT, A\: Carbon fiber-filled PTFE irradiated at 340°C and A: Carbon fiber-
filled PTFE irradiated at RT.
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Fig.13 Young’ modulus of fiber-filled PTFE irradiated under oxygen-free atmosphere as a
function of dose. :Glass fiber-filled PTFE irradiated at 340°C, @:Glass fiber-filled PTFE
irradiated at RT, A\: Carbon fiber-filled PTFE irradiated at 340°C and A: Carbon fiber-
filled PTFE imradiated at RT.
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Fig.14 SEM Photographs of fiber-filled PTFE; (a) Glass fiber-filled PTFE, (b) Glass fiber-filled
crosslinked PTFE(0.5MGy irradiation), (c) Carbon fiber-filled PTFE & (d) Carbon fiber-filled
crosslinked PTFE(0.5MGy irradiation).
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# R % RBR|v-~atb| S J/kg 1 rem=1¢cSv=10"28v °
# - &
71| N(=10*dyn) kgf Ibf ¥ | MPa(=10 bar) kgf/em?® 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 H|  0.0980665 1 0.967841 735.559 14.2233
4.44822 0.453592 1 0.101325 1.03323 1 760 14.6959
¥ B 1Pas(N-s/m»)=10P(£7 x)(g/(em-s)) 1.33322 x 107* | 1.35951 x 10~ | 1.31579 x 107* 1 1.93368 x 107?
}IEE  1m*/s=10'St(A b — 27 2) (cm?¥/s) 6.89476 x 107" | 7.03070 x 10°% | 6.80460 x 10°? 51.7149 1
| J(=10"erg) kgf*m kW« h cal Gt&i:) Btu ft » Ibf eV 1 cal = 4.18605 J (it &)
4
w 1 0.101972 | 277778 x 1077 0.238889 | 9.47813 x 107* 0.737562 6.24150 x 10'* =4.184J (#fbE)
x
! 9.80665 1 2.72407 x 10 2.34270 9.29487 x 10°° 7.23301 6.12082x 10" =4.1855J (15°C)
% 3.6 x10° 3.67098 x 10° 1 8.59999 x 10° 3412.13 2.65522 x 10° | 2.24694 x 10%* =4.1868 J (HBEZR LK)
. 4.18605 0.426858 | 1.16279 x 10~¢ 1 3.96759 x 10° 3.08747 261272x 10" (% £
P ftHE£ 1PS ULED
B 1055.06 107.586 2.93072 x 107 252.042 1 778.172 6.58515 x 102! =75 kef-m/s
1.35582 0.138255 | 3.76616 x 10°7 0.323890 | 1.28506 x 10~° 1 8.46233 x 10'® = 735.499 W
1.60218 x 107" | 1.63377 x 107%°| 4.45050 x 1072°| 3.82743 x 10~ | 1.51857x 102%| 118171 x 10~1® 1
i Bg Ci 7w Gy rad i} Clkg R " Sv rem
8 1 &t 2
1 2.70270 x 107! -] 1 100 8 1 3876 k7 1 100
tE 7 - i
3.7 x 10 1 0.01 1 2.58 x 107 1 0.01 1
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