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Development Study of Concrete Reinforcement Made of Aramid Fiber-reinforced Plastic
Rods with High Radiation Resistance

1.Epoxy Resin Compounds with a Handling at Room Temperature Impregnation

Akira UDAGAWA, Toshio MORIYA*, Sumiyuki MATSUBARA*,
Yoshihiko HONGOU* and Tadao SEGUCHI

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

Watanuki-cho, Takasaki-shi, Gunma-ken

(Received February 1,1999)

Aramid fiber-reinforced plastic (ArFRP) rods were developed in order to avoid from
conduction current and/or magnetization of the metallic reinforcement using concrete
constructions. For the polymer matrix, new epoxy resin compounds consist of tetraglycidyl
diaminodiphenylmethane (30%), diglycidyl ether of bisphenol-A (60%), styrene oxide (10%)
and aromatic diamine as a hardner were found to be the best formulation, and which were
easily impregnated to the aramid fiber braiding yarn at room temperature. The ArFRP rods
has a high radiation resistance, and the tensile strength was maintained to 98% (1.45GPa)
after irradiation dose of 100MGy (absorbed energy 100MdJ/kg), which is available for the
reinforcement of concrete construction for the house of fusion reactor with super conducting

magnets.

Keywords : Aramid Fiber-reinforced Plastic Rods, Epoxy Resin Compound,
Radiation Resistance, Reinforcement of Concrete Construction,

Super Conducting Magnets, Fusion Reactor
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1. IUHIC
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BHEAZ 12T T 3 NHES (LA E(ATFRP: Aramid Fiber Reinforced Plastics)DEEM 28 4 5 &
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HECEMBGHREE ST 2 2 05 EEh TS,
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BRIEIN T SR L DRI TN T 2 8B AR A S Tt Bt 2 300 L 72,
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JAERI-Tech 99-022
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SRR (B AEH T 50tonf) 2L, BFskg/mm? DEME TS |k D MO EE KD, =
A EE S L BRI ANREELSS)RBRIL, 1 VR b L a30fE IR D RBEEE RV, g
BN SYI D H UTosiika il L T2 OFEEER R Ui, =S iTamid, SBA 0E S
L1650 SHIES T, ABREE 1mmymin® BN FHEEE X4 1) X S5k, ILSSOHRBRH
DEXIEXD6RE, ABEE 1 mm/min TRERE ARSI 202X o3k,
= SR -
0, = 3PbL / 2bh? (1)
o, BREER S, TR I (MPa)
Pb : BHERFDRTE, BAMAEN)
L @ 325 R (mm)
b : ZERH OWFE(mm)
h : H&H OFE X (mm)

B AMTEER
Tp=(3/4)X (Pgy/bh) (2)
T 5 ¢ BREREANTES (MPa)
P : BUERORAR R EN)
b : AR DIE(mm)
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2.7 TRFHRE(HOBI T
R—F L T — i BURFEEBRBEFTOSC-NICL D, B UIBIEDO N 5 REBEE(Tg)D
BUFEAAT - 720 BEIZ100°C~250"COEEPE FIEREE 20 C/min T2EREE L, £ €N E1st Run
F£L0%0d Run& U72, 2nd Runid, 1st RuniC & O BT /oalbP A G 5 2 &iC L5
Te DB BRI L 720

Fig.1 Fiber braid and chemical structure of Aramid.
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Table 1 Density and tensile properties of the fiber for composite material.

Fiber Density(g/ecm®)  Strength(GPa) Modulus(GPa)  Elongation(%)
Aramid(Kevlar® 49) 1.45 3.04 126~131 20~24
Nylon 1.15 0.68~0.98 59~98 16~22
Polyethylene 0.96 1.5~34 59~98 4~6
E-glass 254~259 3.43 725 48
Carbon(HT) 1.75~1.82 3.53~7.06 230~300 1.5~24

Carbon steel 7.74 412 200 2~5
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Table 2 Component of epoxy resin

Materials Abbreviation Trade name

Epoxy resin

Diglycidy! ether of bisphenol A" DGEBA Epicote 827"

Tetraglycidy! diamino diphenyl methane? | TGDDM Epicote 604"

Tetraglycidyl m—xylene diamine® TGMXA TETRAD-X*
Hardner

Diamino diphenyl methane? DDM(40~50%) Epicure Z*

m-Phenylene diamine® MPDA(60~75%)} (Melting mixture)

p—Amino dicyclohexyl methane® PACM Amicure 101™*

* Yuka—-Shell Epoxy Co. Limited.
** Mitsubishi Gas Chem. Co. Inc.
sk Anchor Chemical (UK) Limited.

1)DGEBA

CH,

3

2)TGDDM

*
CH2 —CH cur{ —@— —<j>—ocﬂzcucu2 o—
—@—o—cu, --cu—cu2
e

CH, /CH —CH, : : CHy—CH /CHZ

CH,—CH CH-; H,—/CH—,
Ny / N
I TGMXA
CH,—CH —CH, CH,—CH —CH,

/ \ /
o /\l—cur@—cuz—N\ N
CH,—CH —CH CH,—CH—CH
2 / 2 2 \0/ 2

4)DDM S5 MPDA

6)PACM(Hardner for ready made goods, FiBRA)

CH,

NH,

NH,
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Table 3. Diluents in epoxy resin

Diluents Viscosity(cps/°C)
CH—CH 1.5/25
\0/ 2 /

Styrene Oxide (St.0)

CH;—CH—CH, —0~{ CH,CH,0 J—CH, —CH —CH, 2/20

Polyethylene Glycol Diglycidy! Ether (PEGDGE)

CH,

|

H,C= C—C—O—CHZ'—C}\I —/CH2 15~70/25
i :
Glycidyl Methacrylate (GMA)
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T4, FRAELTEZRF L UAFTA K0\ ETY DIV AZT 7)) L— MGMA)DRIERD
5, WTFhOTRF VBT OO T H10%DBMETH7500pE THINTE 5, /o, RV
FLT) A=W 7Y ¥ UNIT—T IUPEGDGE) DFHFAIRIIR BIEL, b &b LBIEORE
DE \DGEBADHEE £750cp £ T FIF A7201013, 20~25%5 T 280D 5, ZHoDFER
3E /) TRFY A FOAN DR FH A MEAML D FFRDEIFN I EERL TS, I HIL,
E/ IRFYA FEUTIELEOBIEOMBEREEZE T 5 LGMAL D FBEEREF T 5510
EROBHEVERTHDEEZ 5D,

Fig. 638 i5S7 & U TDGEBAIZKT U TTGDDMARA L, Stox g U C10masm Uiz &
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WETH5B. 1000cpElEEEHELS T H &, DGEBAICK T 5 TGDDMDEL & &1330°CT10%, %
L35 CTA%E THRETH A Z ENDMN5, TGDDMOBLEIL, < MU v 7 ZA3FHIZEL D
FEREBALED LR, BEBEELELAEZEIONA, BLRICHD £
OISTHESHRM A SD A 1D HDEBESBER L EDN S, ULDHERNS, AHETI
PEGDGE & BFR R DSIOEF A & U TR RS VSIS T U7l AR5
L7
3.1.2 BEUBIRDOEESHERYE

Fig. 713, FHHFAE U TPEGDGEAR AW THEML U7 BHEHR O BIUR & & = Al s E DOBIR %
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HEITERAE - TRERE I/ AR 237 EBhh b, LIcdi-T, BMRIINET S
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B CTTGDDMAEL AT 2B NH b, ZOFH%EZ 5 TGDDMOEL A LIE(LEHIZ N TIZS
BOBEEREL SN 5,

FHAEEL IO DIERICK 5755 ZM#ED 5 WI3A — R A3 SR~
Fig. 1313TGDDMARLAETIT, RF L A FH 1 F10%%2BUDCGEBAT AW TR, 753

- 10—



JAERI-Tech 99-022

K, #7—H OB BEERO BRI AWSHE SRBOBFEE TS, 72720, IhoDgHMEICREmD
BB A ERE U7 AU U TS0, BRI (37 — R D R b &<, ROTT 3 F,
H 5 ZBHEDNFIAE L 78 - 7o MHEICRTAURDIS VNGRS ZHED IR b T DRBAZIIPT
(785 bDEEDN, HUARL, UEUMEDTE L - T A, BEHRSLD U XU 4&EIT, DDM
218 & 9 ADGEBA%R Y M) w7 X &ETAFRPOSS, BH20~30MGyTHAE I ENG, H
T ZBHEER T N S DOFERITT TIIHE SN TOIWESREERI%ETH Y, XFL o4+
Y1 ML BHFFNORREIIILNES R B, UL~k 21T, TGDDMA30%ECE L7 kHE:
BEALRREARTS S 2 873K, MHGHRIESEL M ETAZ &b D, FRTHEEICTE TS
AERAHEEEME L THERTE 5,

3222 FIRDREORBEFH

Figl3idA 5 X, 773 F, A—FKUORMAMEREMIT, ZF Vo AFHA F10%%5258
DGEBA% < M) w7 Z& UTHRB UIFRPE v FOBGHRPLEB TR, KMEHEL, Fig12&
FIRRICRIAE AR L TS0, A5 REBHEOSEE, BEIRCENSEERTIED oh, &
— R MR A Bl 570, Fo, T T3 FEEHEHIENED S IITERIITK T L, =
NSOEENL, < Y v 7 X EBHELWIERNIT VA — R THEDOEE A RO — R ML
7T 3 MBI L, AT AMEOSE ZORTPNFEETH A0, #iEL< MY v 7 ZREOD
BEEUIFOI EERBML TS D EEDNS, LML, ZhoDERICRONS X D51k
DEEISHHEEEICEL I NABE T, < MY v 7 ZOBIHE D BALED DI, i
Rt s UERO, B2, 3 TIiCFg 7iom LICEIEIROEEK T, H5 U EFg12ioR L
fedk D ICBRAMPEEOREIMETIE, < bV v 7 ZOHLSDEDEA TS T EARLT
W5,

Fig14ld, INEXTORRISIMIHE, WESHEHIIRBENTHSLEDNLZXF L UAF
¥4 F10%, DGEBA60%, TGDDM30% DREHLEMNC & D FIBRA®DENE S 1 &2 AL THE45m
DE S THEE UTAFRPE v FA7RT . EEOLASEEEMTHET T 3 FMOMAMT, &
DA AR U TR USIE S NN EH3mmPDAFRP T v N TdH 5, MRIZHM L7524 A4D
KSIEEZDHIEICEDERISRETE 5, MAMIEBRTH LD, BE#HDOD v FHIEERET
Hbo ZDTy NEDF 5RO FEE SRR EDBMEEFig 1512779, Fig1s5id, Wih$H3sT
THlE R U THMLBIE TE S BB OFBRA®, BLUZXF L A FH A1 F10% & DGEBAYN%
ORI STHE Ulco v FHOBRAME T, ThThOMERFRELE LI, ZOF
B, TGDDMA30%ELE U IcHIEHSMIC & D BJE U7-ArFRPIZ, 100MGy T98% DI#EE IR ¢
RETFTZEDDO D, Jhid, T TITRNILSS OB RO BRI S RTHEY
HEHHETH D, RARFHRICE T2 YO BEIIEELES D TH S, Tabledid, <L
THAZ U7-ArFRP O v FOGEFMEA LSSk & B U7z, AtFRPOSERAFAE U8 Thod
WETRBGHRED 2 7 ) — Mk TH B 2 b S,

3223 < bV v ABIEDH 5 AEHIRE

IRF VI ESHRIC & O 2 FEBOUMHERE THLT AL & bIT, KEICH S AR
(Tg: Glass Transition Temperature)?MK F9 5, 7, NAMIETHSDGEBAL YD, SLEEEH
FHIEDLN S TGDDMEE(MID A Tgld@mi " o TI T, AF LA FH4 Fe®mBic Lt



JAERI-Tech 99-022

DGEBA & TGDDM f#t A AL A & 13 BLEA L U 7o BIIE AR D Te % /R 2 E A #A & 3T (DSC: Differential
Scanning Calorimeter)iZ & O SR 72, HAE(LMH 132 TDGEBA%EHEIZ L T140CT1kef & L
72128, DSCORIEIZIU T st Rundk 9 2nd Run®D D ORER TEL AR LTz, ZHid,
BALEUEASE T U TN D EARBEY 5, Fig16id. 2nd RunDFERD KD 72 Tg&E TGDDMD
A EOMFRAETRT, Tgid, BIGHEMHOTGDDMOENMWZ 5 & & bITE 785, Jiuds
FEAR DB E A TGDDMOE S & BIZE A I AR LTINS, BETIE, EFEOH
KIZONTIHBEHEEDE {85 2 EARE LT 5, FglTidRENITERELT, XFL Y
AF 44 F10%, DGEBA60%, TGDDM30% DG & et i bt & UT180°C T3k
(L U7 RUR ODSCHIERE 7" T Tgldlst Rund2nd RunDW I N H173SCIZERIIN S, T8
b, ZOFEBEROELRIGE, (FF100%8- T LTWA ERDND, 72, ZOMXFigl6il8Ae
TEEPPEL > TNB I EbD D, —fKi, TRFUBIED &S 1B LEEIRIL, Bt
FHED DI B0, AR » TROH Ui BSHR OB EIR 2738 H
BERICHEOTHL BEERHFICE > TR UL VISR REICES AL LD 2 E0H 5, BillEHHE
WIS Uil i b 38 U S L TR S ENSBROTREE, SHEEONIEN S/ED
THRELFRELLS,

3224 EHMRMEORENELHR

75 I MRS ARICHHENRT D HEARD, IhhMH ORI T/ NS ITEARIZE -
THET A1 M) w 7 THT AR D Do LIH > T, —RRICAFRPOB &34
MO ZTAEEA LTSN THE D TEPB, L LEATUEAARBREOIITIEE L, — /i
Fk& LT 75 X< A THhI TS,

ZITE. 773 FEEOHAMIH SN LD T Y DIV A7 7 ) L— MGMAY = B T4
FRRSREIC L D¥N% 75 7 NEE LISBEOMRERET Ui, 7. 775 —49D20°C. 65%RH
DFEITKIRIZAIBTH O TS AHED T — R UBHE L3RI L 12D, OB EBRO I
BOMBAME THNI, Figl1sid. MAFHIZENORIEEL L THE Lico vy FHOBRE
I A5 R D MEORFERAERT, 0v FHMOBLED, RIS, %01 757 MUuEOM
HHHZ & B ZNTHOMIREHE % R R bR TH T 5720, [RBRCHHT U CBUBE L7,
ZOFRTIILSUCHROPAR 43 E18D, BEOBRREFHEVSLETOFRM TEE L O RE(H
nicdy, ORI SR R IC L h EMNTEE L. 757 MBEiZ K DIKTT S
&N T, Figl9id. RERER S5 7 MUE UiciEx AL TEhTho— Ak
REIE L. £ OBHEBINGEE OBRERFHEEE LI, &L b, 100MGyE TORITHREDH
KT 2EDETITEA LD, 757 b UIEE I HEDHE T EmAR Ly #iIK
MEEDBAIIOMGYE T, MBI POMAT AL rT, $48b5. GMAY 57 MAE
K AMHBEHREDR LIZTNWEEZ 5, LU BHEVBEELIZOBE. Table 4iiR g L DI
EARE L D 75 7 MU X 2RO A DENR TR 2 EMMEZ 5, bbb, 757 F
AU & OBEED/ NS Y F3D7L 8D Fig20iTR T & DI — AR ORI o B
HEDRDIREHE—ThH -7z, JHud. BIRISHT 2B LELTOAIEETRTHDER
b b, ULOERNS. HEMEOMBEHRIE LT 5720075 7 FERITX H-MEDXKT
PR E. RESRELES 75 7 MEOHBSHERN & BN H S EEZ oh b,



JAERI-Tech 99-022

4. % @

AERRIL, ST L TERTABIISRT AT RAF VBB TH A L BETRE L
DWERAEE Utc, SHUTERET R PRI B0 TH Y, 1R HEEBREOR A
F B EHEI IR AR TE BV SEOEOESD HBITh, W DD OB TEREELLEDN
Hotze ZOMKTEOORMEDEDITT B, AF LA FHA FERFHAET 50
BURE O TR VRIS ARR Uz, TR, $Ricgb3I 7 — MlssE & LT
S BEHAEDAFRP T v KAEAITERET 5 o 205K Lic, 7o JOMEHsd
R A R ABRUE DGR GFRP)ICEN 18IS R B> S M S h, ITHAMIRTE 5.
ids, ABERMIETIZT L 7 ) — MiEEk & UTEBRLSBRDEEAPOIC, diTmE, fERY
WBREETT & DR IR D O T BEHR A 5T L 7oy, SRITESHERAHE P T VA )
1 ERAREE SO MEHE LR SN L TE S ERH S Do

@ =
ABARIEAMED L I2HTZ D, T ANy 7 ZBRREHOEBERLEAII U, HEOHRIC
BRI THHAENT I, Fi, BUTHERBHRER T L, BAREREERO SRR
Antziintz, TR LU TRESEOEAELE T,

51 DT

(1) FZ& E TEMEL 41014), 44(1993).

(2) BER  THEMEL 44(12), 44(1995).

Q) TeteR, AukErE, HEE - —HESEIRIEHRES No.ls, 317(1993).

(4) FHEEL, FHI B:EFeye, 44(5) 40(1999)

(5) kW, KIE 5 POAE— MK ERESE  JAERIM, 82-142. Sl SHnEss
(3MeV, 2SmAB-FINEEas) OEEE & B T4 H et |

6) FH/I B HFER EORE BR¥E FE - ERIEPIESEM DELI1-134.
(7) Tsuneo Sasuga, Akira Udagawa : Polymer, 32(3), 402(1991).



JAERI-Tech 99-022

2000 [ T | T [ ! |
_ — Diluent — i
o :PEGDGE
o :GMA
B A :StO _
a B -
L
2 1000 -
7}
@)
&
KL
S L .
0 I . I : l . ]
0 10 20 30

Diluent concentration (wt.%)

Fig.4 Changes in viscosity at 30°C for TGMXA resin compound
with different diluents.
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Fig.5 Changes in viscosity at 30°C for DGEBA resin compound
with different diluents.
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Fig.6 Changes in viscosity vs. TGDDM content in DGEBA resin
compound containing 10% styrene oxide.
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Fig.7 Flexural strength vs. dose for cured resin compounds.
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DGEBA/TGDDM containing 10% styrene oxide.
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Fig.9 Tensile strength vs. dose for ArFRP rods fabricated with
DGEBA and TGMXA resin compounds.
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Fig.10 ILSS vs. dose for ArFRP rods fabricated with DGEBA
and TGMXA resin compound containing 20% PEGDGE.
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Fig.11 ILSS vs. dose for ArFRP laminates fabricated with
DGEBA/TGDDM resin compounds containing 10% StO.
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Fig.12 ILSS vs. dose for carbon/epoxy laminates fabricated with
DGEBA/TGDDM resin compounds containing 10% StO.
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Fig.13 ILSS vs. dose for different kinds of FRP laminates fabricated
with a resin compound, DGEBA containing 10% styrene oxide.
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Fig.15 Tensile strength vs. dose for ArFRP rods compared.
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Fig.16 Tg of cured resin vs. TGDDM content in DGEBA resin
compound containing 10% styrene oxide.
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Fig.17 Typical DSC curves for cured resin compound: DGEBA, 60%;

TGDDM, 30%; StO, 10%; Hardner, Epic.Z(27.7phr)
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Table 4 Tensile strength and ILSS of ArFRP by the grafting to fiber.

Fiber Tensile strength (MPa) ILSS (MPa)
reinforcement Average  Stand. Deviation Average  Stand. Deviation
Non-treated 1638 83 36 4
Grafted 1716 35 36 1

Grafting : 1% by weight increase with glycidyl methacrylate.
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