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Abstract: The effect of repair using thermal fusion bonding (TFB) on residual compressive
strength was investigated in carbon fiber reinforced polyamide 6 (CF/PA6) cross-ply laminate with
several impact damage. Cross-ply laminates with different ply-thickness (0.04 mm and 0.12 mm)
were prepared in order to investigate the influence of the different impact damage due to ply
thickness. Here, cross-ply laminates used for specimens was made of CF/PA6 unidirectional semi-
prepreg, which had 549§ in fiber volume fraction. The experimental results indicated that TFB was
shown as one of the effective methods to repair the impact damage caused by matrix failure and to
recover the compressive strength. In addition, fiber and matrix did not flow out from the specimen
during TFB. On the other hand, TFB was not effective to decrease in compressive strength caused

by fiber breakage due to buckling before reaching

compressive strength of intact specimen.
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forced thermosets : CFRTSs) FEfEtk & thiig L ¢, fEx
OFEDBHRFS N TW S, £, BRI EHE -
R ORI TH 5 Z £ 5, CFRTP 3KE
HEORHNTEETH 22, %7z, Bl ORA M % F)
ALY TS0 XKML b EETH 2%, S 612, Z
noOREEENI LT, #EEMRLOBEEY, SZDOHE
BT AWM b B I abhTED?, BERICHEEL
T NEHBGOBE b IR TE 29, %72, CFRTS D 7Y
TV T OFE I E I 5 THE SR EOBRESTRETDH

D, EHIX b OHEIZ DA B2,

—f1z, CFRP FEEHRIZHE 5 & OB & > THER
WZIERE < B, EPNEITE RN & OBERITES O
ANEFEFAE L, MNEREEMET 32710, Lzdd >
T, %M (compression after impact : CAI) i
£ 1% CFRP ##3EY)1c B 1) 2 BE L ERIROEEH O
—2 ¥ 5 Twa, CFRTPIZH B\ &2 BV AT 45
fig &, —f i B LIRS & D b CAMDSE WD, 2D
®, CFRTP & CFRTS & btz U CAL 5 A3 W RN
& B PRI 23 ARIR & U CHEMETRE O T 13 S 2 Wi
HTho.

CAIE# M L& % HED—>& LT, CFRTS i
B TCEBEEROEENE SN THE110, 2 2T,
% 513 CFRTP O E#H4 & CALEE 0§ 2 HE
LOFEICOWTHRE L, gk, HEBRFOEN
BIsEI O, 7o IcFRICE b7k 5 BRI S B
ZEL WA X > T, CFRTP izBWw T b EELIC &L -
T CAISRENM LT 5 2 EE2RLIZT,

—7 T, CFRTP ®~ bV 7 2ZDEA[ B EFH T 2
ZET, HREBEONFYEREESEIMELB I kb
nTw3, Bz Reyes 59 13, fj¥&ic & 3 NG %
BEE CEE L, EEWMEL 4 S ko TEEOR
BRI L 72, £ 72EE S OWSE® T, BRI B
S TR DS E MR AT 12 13 < BEER O RS 72 JAhite L 2 W IE
SNSRI, BEERB IR L mNETRE R
WAEEB LT, ek RIRE $ CEMEREHEIE
T EMbhrole, 512, BEEETEIC X 2 NERE
BoEiEic kb, CALENH LT 2R RE
7z, =T, WEBEESZEN L D KRS LS TIREE I
X AWNEHHEGOBEESLETH S Z L bRENT. L
L7t e, CAILTREE D [EE I3 2 BEhs 12 X 2 BEO
B, HERINT % & O RIINICRET L7, FHE
DFIBIRY 7z,

Z TR T, MR RERE AV — R AR LT
CFRTP ®ER ARSI X 2BERZIZE L, BEE

DT W ERFEE % /2t O FEiERE B X O CALRE &
g L2, chac kb, CAIREOEHEICN T 2 EEO
ARG U, AT, Bix aEREERED
g %52 7012, #ELL 72 CFRTP &l EO
CFRTP gtk = HE L 72, AR CiE, MUz Auv¥
— R A LB, B Bl & CIRIBERENAS (R
BLIENRENTWD, Tibb, BEOEOEER
WARE ARz —D O JER X < B % £ U % O
b/ L, BB RN 2 E TP v», —HE
EDENTEER T, 22 EEE <HEnEL, %
DOFFEHE b K X VA%, RIANCHHERET % 4 C e o 7z,
s OREBIROEEBEREOEVEZFHAT 2 2 T, #)
HEREWT % & ol x 2 EEIBG R 5, CALBED
[EHRIZ B 1T % BRIE kOB 2 e L7z,
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2.1 MRBELUHRR

HE R O R B L OB OTERL G R IEEE S ORI
WO LECTH D, BB OME L LT, Bk PA6-CF
—HAe I 7vr7y—F (B IVY) 2bbwni, 2
DYV I7O< ) 7 AZEEEEETCH L RY 7
% R 6 (Polyamide 6 : PA6) TH Y, ZDH 7 AF=H A
CRIEIZZFNZNII 333K 8L U483 K Th 5. st
D RFEMHMEE TRE0S (Z2ZE v A 2> () Th B, %77,
LIV IOREESB IUOHBHEREEREZ, Thh
0.043 mm B X V' 54%THh 5.

AT, EEH0.04 mm O [0/90] s OFEFEM G
B U7z RaEH @ LU, Thin-ply), ¥ & UEER 0.12
mm O [05/905]6s OFEJER GHE S O JE K - LUK,
Thick-ply) %, &y s 7V ARBIZCTERLL, 22T
Thick-ply i, BiIROB#iL 3 7V 27y — % 3HKELT
HIcfEE$ 2 2 & ¢, Thin-ply 235t LI 3 {50
[BE A Y - EERTh S, £, kv NIV ARE
BEBIRITHIzoT, BMBIEOKS % TE 5RD
DL -0z, BEgors A v 7y —rRRE2HT
V=Y WRE LRI b bWz, BREETE
Thin-ply Tl& 2 MPa, Thick-ply TiZ1MPa & L7, C
i, FiERENICHB W T Thinply % 1 MPa OF /1 TR
B9 5L, HERKRECERARSEAONII:OTH S,
F 72, LTI O#EWIZ X % Thick-ply & Thin-ply DN
RS PHEA RS ERICS 2 2 I TRMTH
2. Ry MV ADIRE R IR, S 553K £ THIEL,
ZDIREER 2 REFEIARRE U 7o BRI, E 2 RRF Lo £ %
6 FfElfRie U7, RS CER s e BEIRNIC R A F
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7 EOPIIRE MR CE F, RIFaiBih 2 FR T
7o R L2, AR b B W T RTCORBR T
®ix, B (0FM), @ 90Hm), EX2Ehzni
120 mm, 40 mm, 3mm & L7z, %8B, IXTOREKIC
BL CRB R A B 3 A L Lk,

2.2 FEAR

SR 3 2 AR 1L, JIS K7089 D&% 12 5
SN T B/NEGBRF NI TB 2 o7z, BRI
120, B 2 EZE 30 mm OMFLEE T 5 AT L A8l
OIREIZFEE L, % Oz iEE 16 mm OREOEF %
F20.998 kg DA T vV ABOEFET 2 HAF FS €
%2 L ClEREE S 2 -, AW TCIE, WEHREGOREC
b O TEREEIC L ZBEPENTHL I L RRT I
Iz, FELALVE—% 1.0, 15, 20]/mm & L7, &
O/INEEERZIC L nE, E 2B ICS 2 R AL
¥—, b 2R OIE, w2ElBroEs L LiL ,
E/bw OEH/NUEERF & JIS K7089 A4k 0 3Bk % &
TERICEHE, ISR & JIS AR D CAT F3EE HSREERIK
T 219, Tabb, REBREMAGRE 3 mm, 1F 40
mm) I L T15 ]/ mmOFRI I VF—252 22 &
1%, JIS K7089 OAMKIZ R & - iBrgetd: (BJE 5 mm,
& 100 mm O ERER K 12 L € 6.67 J/mm O ¥ = 1 v
F—%522) Lxnd s,

fHriets, BB CFHELBER2BE T 2012, B
FHGG L MEERE L 2B 2% >, Wi#I2E, 3D BEYE
WA SEE (352 (), Matrixeye (64ch ¥ 4 7)) %%
bW, ZOEE, IE S, BESAMDAY Y ayA
A%, ZNZFN0.5mm, 0.4 mm, 0.0181 mm & L7z, #
FHOWRBZE T, * IWmBZEHORBH & i@z
URIR U7z & 2 i 2 5 2 7z, KicfEdR 2 00 /571
WUIET L, BT 2R U 7o BRIk M = b 5w Tl
GrEgELl,

2.3 EEBENEER

AHFgECIE, EEDZ OIS L THET 5 2 & T
fig % BR X WA ZTE & & NI O B 1 & > Tl
ARG 2R B  BENEE 2, B B LB & IR,
BN RFRCOWTCIASOR L, 22T, K5
TlE, BEhaE OWRE % 483K L L7z, Yang 5 O#ET
&, REMMEL RV Z—F L —F V7 b > (AS4/
PEEK) % % B W izElS U O KBRS AT B W T, Bk
TIF CEEERESE AL TWwWa 2 e s, PA6 DRl
TRER AR T % 2 L CRGEE I X 2 NERIRG O#E %
W L7z, 72, L0520 OBFYETIE, CF/PA6 BEfEHK
IZBWT PA6 DFlE (483K) LA LDEETH % 488K

50 [mm]
—

Fig. 1 Fixture for compression test.!®

6, BB ERED» S OBBORHEPHES LT LS,
LIe - C, ARFFEOEEE L TR R 2 & Bl O
T EMZ, TEE2ES T ICHBENTE S EH 2
SNBEETEREB ko7, %8B, BEIC X > T
Jig = Mk HE DS SRBR A TR L - SR CORBR T OB T
X, BN L 72 BElE OFkE L L b i figkicR T,

E DRSS, 2.2 fi TR LTs & 5 ok
BGE B Znwv, NEHRGORREOZEL N,

2.4 ERABR

AKifFFeTlix, Fig. 1127”9 Kimpara 520 OFEXRL 72
HBEE L bW CHEHNEWARE B 2o/, 22T, 7
— VDRI 20 mm & L7z, Z0&ME, ¥ —YRToe
REEIFIC X 2R B 2 S 0nE L LT, Fikefic
SV EEBRINTRO I DTH 2, Thbb, Klbi CRE
JENFEE LT GE, TRREREBGCERL THREL
LEZ B EDNTE S, HBIC IR MER Y — R B (bR
e BEEERTE EHF-EB100[kN]-20L) 2 L,
ZNHIET e O E A2 HE U, 2 2 CERBEE
1%, JIS K7089'9 ic#EHLL 1 mm/min & L7z, %7z, 2
B OB O B ZEE 2 HIE T 5 -, BB O
M 2> & 10 mm P, 7 — PRI O R E TG I 0§ %
=Y RREIKTOM 7.
Do, g LB % ORER R % CAR_TFB
LIRS,

3. HRERSLUBE
3.1 mEHR
1ZICREIR L7z £ B Y, KRBT CIBMERE = &t

ez B E e R ORER 215 5 721, JEES DR
7z % Thick-ply & Thin-ply OB 2 HEL, €161
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CF/PA6 TR 5 1) 2 ZhalE 2 FIH L 72
TG EAE & ERETREE O [aIfE 4

XU T 3@ OB A VX — 2 A L, DIBEOZER
WBWTREFED DI, HEI IV —DAE X%
THE, ‘BRI AVEF = 2EKT S, Tabb, HAL

Thick-ply

Thin-ply

2.0 J/Jmm

Fig. 2 Typical image obtained by ultrasonic
inspection of internal damage, shown as a
warm color and indicated by arrow.

12 J/mm &) BfEE, 7 OB ICERT S i EE L
AINF—DRESERT,

Fig. 2 1z, B V¥ —% &fif & L7z Thick-ply B
& O Thin-ply #B&F D, KN ZETREGHR R R
I, IhooM» S, WEHREORZHEE, HEL 4
NFEF—DEEME EDIKHERL TS Z ENbM 5, /I,
1.5 J/mm & 2.0 J/mm @ Thick-ply, 7% & MNZ 2.0 J/mm
@ Thin-ply 3B R T, WEBIEE O B HE AR
BOWEDOMIL (430mm) IDHKRKEWL, 22T, 2.0
J/mm @ Thin-ply 3Bt R 3 Kz, NEEEEE DM
FLED B/NSBGEN 2R, RERGEN 1R SNz,
ZD &S El—OWEEEM T BT S BEEEDE D
Rz DWW, #%ikd 2 5B KB L OB &
SbY¥THERT 2. LTI, BICHTER™ THREI R
T 2.0 J/mm OFRERR OB I D v CREIC
BB A, Table 1123 RTDORERSAI1C BT 5 NEIE
G eRBAREOEGEES £ £ ® TR, Thickply
® 1.0, 1.5]/mm ORERF B L T3 Iy 2 I
SHERAC, TR AN HHERIT 234 U T ozt
L C, Thin-ply ® 1.0, 1.5 J/mm OFRERF T I3 2 ke
—JEi /NS A fERNE S BEMSAE LT, B2 1.5 J/mm 5 ik
TR HNICHHERT D R 6N 5 X 5122 2 DR TH
5.

Fig.3a 8 X ' Fig.3bZ, 2.0 J/mm % & ff & L7z
Thick-ply DR 2Bk K 273, FTRMANC I 90°
FRNCERAD (Z OFERF O%E 3 AR D) BRI H
T2 ZENRbrsd, —H, RO FCHIOFKE T Ik
HEWT I BRZE S sdp o 1208, FTIRIC X 2 iRk 2
5 &0, 0 AMciEENs s ns, mEBIck s
0= D 90° HAIBIEEI & > TSR L= b D &%
Z 5N 5, Fig. 3¢ B X V' Fig. 3d 12, fCEN 2 WHEZ O
WRE2RT, CORBE TCRSADOBREIZME 1RKD
[ENBIREINTERR T E 5, 20 X 5 S FTIR TN fkiE
W2 £ U, EBIIEEINE & b4 5 RO ERICX

Table 1 Morphologies of impact damages in specimens after impact test.

Stacking Impact energy Delamination Delamination Impact-side Backside
sequence [J/mm] morphology length [mm] surface surface

. 1.0 Multi-layer <GL Fiber buckling —
%;)hl/cgl({)-l])ly 1.5 Multi-layer >GL Fiber buckling

s/ vsdes 2.0 Multi-layer >GL Fiber buckling — /Matrix cra

. 1.0 Single layer <GL — —

’[I(‘)};g(l)]p ly 1.5 Single layer <GL Fiber buckling — /Fiber breakage
188 2.0 Single layer >GL/<GL — /Fiber buckling — /Fiber breakage

GL: Gauge length in compression test (20 mm).
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Fig. 3 Typical surface and cross-section of spec-
imen for Thick-ply laminates subjected to
impact energy of 2.0 J/mm: Fig. 3a and 3b
show the impact side and backside surface.
Fig. 3c represents cross-sectional observa-
tion of specimen. Fig. 3d is the enlarge-
ment of dashed box in Fig. 3c. Fig. 3¢’ and
Fig. 3d" are schematic images of Fig. 3c
and Fig. 3d, respectively.

CHENHUR SN 2B REX, Tablel iZ/RT X512
Thick-ply ® 1.0, 1.5 ]J/mm O%& LW TH 5.

Fig. 4a B X ("' Fig. 4b 1z, 2.0]/mm % & ff & 1L 7z
Thin-ply @, WEBEE/NS WIS ORB K 2 7R
3. ZOFEEBA TR, FHRMNCEEER, PR TEICHE
W p3HZE & 7z, Fig. 4c 8 & O Fig. 4d 12, A&z
MEHHEORBEERT, ZOWHE CIkERI < BfdEg s
N oz b, MBI X 2T O3 RATEREICD
2 e 3 X O TR < B, ERMIERI R e B,
2D & 5 /NS e NEIEE & HERE & 2 T 2 e
1%, Tablel Z7”$ & 51 Thin-ply ® 1.5 J/mm D&
EHETH B,

Fig.5a X " Fig.5b 1z, 2.0]/mm % & fif & 1L 7z
Thin-ply @, NEHEEHK X A L 7z 3B EH % 7R
3. ZOHEEA T, BB REIC IR R S h
7o tz. Fig. 5¢ 8 & O Fig. 5d 12, BiEIBIZE O f5 58 2

Impact point

Fiber buckling

10 [mm] Fiber breakage
ey w

Typical surface and cross-section of spec-
imen with fiber breakage for Thin-ply
laminates subjected to impact energy of
2.0 J/mm: Fig. 4a and 4b show the impact
side and backside surface. Fig. 4c repre-
sents cross-sectional observation of speci-
men after impact, Fig. 4d is the enlarge-
ment of dashed box in Fig. 4c.

T WEAAFRICEOERIZCHSECTWS, 20
X 9 Wi A8 1k Table 1 1278 3 & 9 12 Thin-ply @
1.0, 1.5 J/mm D54 £ FETH % 23, FTIRE T O MEHE
Wiz <, R0 cfEE < BEORFEEBE S HEREBR O
HBEOMTL (430 mm) 22 21IEERE AL TL S
DO TH 5. %6, Fig. 5d 10R$ & 5 1 fE8NE < B
OFFICENEIEEINDEE T & /228, ZhpElik<
Bt IAE L 72 2 D W TR Th 2.

I ED X5z, 2.0]/mm % &% X iz Thick-ply 3
BTl 1 f 0, Thin-ply Tl 2 FEEO W EE D
mE Nz, BEOWIEREDL 2 BE IS » N 5 R
LTIE, 37V 7 Z20b 0D %EERT DFe
HEOEVWRENEZEZ oMLY, FEHETHTHS, L
2L, WERHBE DK X 7 b DI HER R ORI 7% <,
W AR DN S W b DI IZERERI 2180 £+ 23
B REOBENHEINTWS, ko, HRFHIcE
TH D B HERR T 20 NERIREE D £ B & h— 7 HMESEI T 5
g, BRELIZILET, ZOXI% Ny — R4 7R REE
FREAEBR LI bDEEZSND,
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Fig. 5 Typical surface and cross-section of spec-
imen with no fiber breakage for Thin-ply
laminates subjected to impact energy of
2.0 J/mm: Figure 5a and 5b show the
impact side and backside surface. Figure
5c represents cross-sectional observation
of specimen after impact. Figure 5d is the
enlargement of dashed box in Fig. 5c.
Figure 5¢” is schematic image of Fig. 5c.

3.2 BphiEIC & ERIEEIEE

Fig. 6 ¥ X O Fig. 712, 2.0 J/mm % €7 X hu7z Thick-
ply & & O Thin-ply 3XEk A~ D ZAiahE MLH Fi# O B35 3
BEERE2ZNZTRT, 2 2T, Fig. T 1R L 7c 3B
W20, FTIRASTE I HHERG I 3 7 2 o 12 BB ALER 1
X, 56 DHEAICB T WNEREG Y 5 O RKEHIZ
HZTWwa, Fi, MOMERBSMORBR, R
Wr DFFAE L7z Thin-ply 3R 12D Wb, Fig. 6 BX O
Fig. 7 L[AIfkIC, BAGEEEZICIZNERIBEG 2 & O K5
W Z Cwie, 2O s, BRI M EAEIE
e v BEOWEICER T 2861, JEEE <
DAL & - 7o RGOSR ZIE D& I h»
b 6T, P EHBMFMCEEE SN LW 5,
Iz ¢, TR & 2 EAZETE b B O e i
-7z,

Table 2 WEHEATORERF, B X CBEELEE O
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Fig. 6

Fig. 7

Repair of internal impact damage in
Thick-ply laminates subjected to impact
energy of 2.0 J/mm by TFB; multi-layer
delaminations in thickness direction is
shown as a warm color in image a and b
obtained by ultrasonic inspection. The inter-
nal damage completely disappeared after
repair by TFB, as shown in image ¢ and d.

[B] Thickness

Impact-side

=
------- - Thermal fusion bonding} - - - - - ------

IEI-if?ill

Repair of internal impact damage in
Thin-ply laminates subjected to impact
energy of 2.0 J/mm by TFB; single layer
delamination in thickness direction is
shown as a warm color in image a and b
obtained by ultrasonic inspection. The inter-
nal damage completely disappeared after
repair by TFB, as shown in image ¢ and d.
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Table 2 Results of compression tests and the thickness of specimen before and after TFB.
Stacking Specimen Impact energy Thickness [mm] Cosrtrf;egstsgve
sequence name [J/mm] Before impact After TFB* [MPa]
Intact — 3.149(0.015) — 460(7.8)
1.0 3.033(0.049) — 408(17)
Thick-ply CAI 1.5 3.125(0.034) - 363(9.4)
[05/905]5e 2.0 3.118(0.034) — 313(45)
1.0 3.019(0.052) 3.018(0.053) 459(7.4)
CAR_TFB 1.5 3.167(0.019) 3.163(0.018) 459(18)
2.0 3.091(0.041) 3.090(0.043) 432(25)
Intact — 3.069(0.026) - 524(19)
1.0 2.913(0.073) - 438(34)
Thin-ply CAI 1.5 3.008(0.017) - 369 (14)
[0/90],5 2.0 2.959(0.059) — 335(26)
1.0 2.956 (0.064) 2.961(0.066) 535(36)
CAR _TFB 1.5 3.024(0.022) 3.024(0.026) 504 (36)
2.0 2.959(0.063) 2.964(0.061) 465(91)
* Thermal Fusion Bonding. Standard deviations are in parentheses.
600 T T T T 600 T T T T
—_ Strength of —_ No.3|
= 500 int':?tgspe%imen S SOOE;L\“\_ """" L ~-§\_ = 0_
% B~ - < @‘-~.@ %‘ ‘\~\\~ \iNoJ
S 400 \%E\\\ — S 400 - stréngth of . =
S ;- S intact specimen S %
@ 300 |- % — @ 300 |- —
o o
= =
@ 200 | = 2 200 |- -
g- [0  Intact specimen E— [0 Intact specimen
s 100 [~ -—A—- CAl - 6 100 — -—A—- CAl -
o --©-- CAR_TFB O --©-- CAR_TFB
0 | | | | 0 | | | |
0 0.5 1 1.5 2 25 0 0.5 1 1.5 2 25

Impact energy [J/mm]

(a) Thick-ply laminates

Impact energy [J/mm]

(b) Thin-ply laminates

Fig. 8 CAI and CAR_TFB strength in average comparing with the strength of intact specimen: Each error
bars represent minimum and maximum value of the test condition.

B OES 2R,

AEROFBROESIX, b DR

BROBES LIZER—TH5. L -oT, R~
R L S B 2 L e B 1 X S RGO
BNTEEVWR D,

3.3 EMER

3.3.1 CAIE & CAR TFB #E L&

Table 2 12 JEAFRER TR & 117 & Stk T OB D5
EOFHEERT., 22T, AR LFURBRENTHE
S NIz FEMERBRORERIC O W T, Z OB DO,

BXUOBERBOBESOMEERLTWS, £/, CALH
E¥ L ' CAR TFB #EDOYHEON L%, Fig. 8a kB
X ' Fig. 8b 173, Z 2T, Fig. 8a ix Thick-ply, Fig.
8b i Thin-ply ® CAI 58 35 & () CAR_TFB 3 & 0 F
BfxznZhmLTEBY, ERPOL T — N —13&R
B TR oNBEORANE L R/IMEEZRL T 5,
SEREEMENE LT, 7, E550M» 5 b CALHRE
BEEIANLVF -2 RELFT 2L TEHA LT
5 EMNbrb, £z, Thick-ply, Thin-ply ZN1Z D
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Fig. 9 Stress-strain curve of CAR TFB speci-
mens on compression test: There were no
data of “Impact-side 2” in Specimen No. 1
with Thin-ply laminates subjected to impact
energy of 2.0 J/mm because the strain gauge
was broken at the initial stage of the test.

CAR TFB i@ ix, CAIsEER LEY, Al &b 15
J/mm & TREEMOEE L IZIZFRS E CHEL Tw»
%, PIgETIX, 2.0 J/mm & Thick-ply ¥ & ¢f Thin-ply IZ
1% CAR TFB #/E D& FOBEEIC 5T, 2R 50D
W « &b THRETT %, &%, Thick-ply ® 1.5]/
mm & 2.0 J/mm, Thin-ply ® 2.0 J/mm Ti%, NEBiEE
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T3, 2Oy, Zhs 0RO CALMEIE, EB
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F. 728, Fig. 9 OI)1- 0 F AR CHER L2l &,
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Thb.
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TFB BRI B\, BRI Impact-side 1 & Impact-
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Ront, £72, 2.0 J/mm ORER Tl1xZ O HRERF
LEERL, XD {EWIEHITOTAREDS Lz, —7, 3.1
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POITEANC 2T CTERE S BESECTwS, Z0s0
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T 5L TEREECTWE I b0, 2
DEFHELEIE, BEE > RELREBTHS &
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2) 720, ZDOMOFERF L VRIS TEEZE TR &
Fzonb,
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EOTAOBRERT (15 ]/ mm 3T 2). TR
EROMELX I mm/min TH 5016, ZOEMOMHEIZERE
R0 [min] OB & ZEAaEE 2 5 2 LA TE %, Fig. 10 O
HORK D 5, Fig. 9 TR UERD o 5f&i#E £ co
SRERF- OBEZEE BRI I R AT 2 0TI R L, 52
SNIERT I NE —12hhb 5T 5 BRE QR %2
Lo TREMIZAELTWS ZEnbhs, $hbb, 1T
JHAITHRAE LI e F 2 sh B Rk, SRR TRE
OFESIMNE Z kb b 2 LT, RIS CHMERE
PRFL T 2 RSNz,

P ED#ERi» 5, Thick-ply ® CAR TFB 3B 125
WL, BRBERTICEANE S BT 5 & CITRANCEE
BEELCDDY, REK N TG 2SI L %20 & EHE
TIEZHRFL, REBEICEL 2 B¥bho ik,

3.3.3 Thin-ply ® CAR TFB & & % ORIEEE

2.0 J/mm % €7 & L7z Thin-ply ® CAR_TFB Kk
FricBEL CldHH S g R fE (565 MPa) & fi//ME (389
MPa) O#FERKE Vv, 22T Table3 12, 2.0 J/mm %»5
Z 7z Thin-ply 3B OFTIR T H O MR O B I & [+
MERBROWNERE R 9, S Kl O FEfEsRE % 7~ L7z No. 3
1%, 3.18i36 & U Fig. 2 TR U7 ERIZ  BEO R mE
MR E L, FTREH I HHERNT D 72 20 5 735 BRFr Th 5.
F 7z, TS D 2 KO & b2, NEHEG /NS
TR S EE)= b 72 2 iR 2 9 2 RBRF ¢
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Strain-displacement curve of CAR TFB specimens with Thick-ply laminates subjected to impact

energy of (a) 1.0 J/mm and (b) 2.0 J/mm in Fig. 10: The value of displacement [mm] was equal to
the value of time [min] during the test because the cross-head speed of testing machine was 1 mm/
min and the test was carried out under displacement control.
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Fig. 11 Fracture morphologies of specimens
with Thin-ply laminates subjected to
impact energy of 2.0 J/mm after com-
pression test: Photo a and b represent
specimen No. 1 (with fiber breakage)
and 3 (no fiber breakage), respectively.
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TGRS, Fig. 2 TRLEMIZSEO/NE WD
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5, 2.0 J/mm % & & L7z Thin-ply SRE& 2B L T3,
No. 1% X U No. 2 % v CIEHEABR T 12 BB R 13580 5
nixnoiz,

L bR &, BRGNS FEE RS
bz 2 M 2 E 9 5 5B A T, TR
Thin-ply QLM OFEE F CRIE L o7z,
HEWMWTIC & - TGS OMHET ORI EHE ¢ 37,
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3.4 BEREHNEMEEICEZ2HE

3.1 Him 5, Ax < & b AHERIN LA O AR 13 B
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fEsRE DR T I BEE Ic LV EET& /2, 72720, 3.3.2

(41)



42 HABE A58

B41% H15 (2015

Table 3 Compressive strength and buckling stress of specimens with Thin-ply laminates subjected to impact
energy of 2.0 J/mm with/without fiber breakage on the backside surface of the specimens.

Stacking Test Specimen Backside Buckling stress Compressive
sequence conditions No. surface [MPa] strength [MPa]
. 1 Fiber breakage 384 389
Thin-ply CAR_TFB 2 Fiber breakage 439 441
[0/90]155 2.0 [J/mm] -
3 No fiber breakage — 565

W L7z & 512, Thick-ply R C I iR 12 il
EBEDZXSBEEEZ oNLEREPELCT0S, Lici->
T, BEHOMERSERICEEL Tuin 2 EAVRE S
Nz, %7z, 333 TR EH122.0]/mm Z2HEF S
7z Thin-ply 3ERF D 5 &, EHEEE X 0 B % 5] %
HE 23 X 5 2 HIIC F CRERET MR U 723562 13,
BB D AT & 2 IBEIE T IRERERE A EE L
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MR x B 2w, EEEIREG %O CFRTP B8R O i
B ERICN T 2 BEE OBEE R LT, — T, FE
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fe& 22, BEBOERBGEOIE S 2 X D K& 2 EHIE
CEERE Tz, 2O &S RREE O JIFIEDOATE L%
EfE 1%, Ao 3.3.2 LT 5, Lo C, MBS L
IR DIIFED & D & 5 BRI D % & TG
LT ZEDBRBBETH D, FEEE, EREEM T, it

RO CIER R TFE T AREI N B SN BA LS
WHZED 2 DX HRRA NNy 7 ) Y ITEEFTFIEBWT
BB N OREEEICHITIC X 2 AMBAR ST S Z
EWREIND I, BFNREERZ T TR, g
EOMER ENE T RHEINTO 0 b EELIETH
5. Flo, BNENE CIHEMERITIBEE T 2 e TE R
Wiz, IO BGEICBLTHERE LTCowtEe
EDXS RS 20 b EELHETDH 3.

4. #&

[l
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T, BERO CALEE ORI 2R A 7, Z OFRERUT
DHIADE SNz,

1. BRI B 1T 5 BERG OR R, 5, Bl

TOERE W &> C, ABR o MOl 2 il s ¢
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JEHIZ B> TR, RN IR E OB AR O 13 <

EFEZONDEREECT,

3 MEBC & o CTH U 2S, FEiEmE L2 £ L 2
HNCEER 25| & 29 X 5 B £ TR L&
&, ERLE D HIC L ZBGBECE TS EBEEE Ik
5 ZEMTER W,

L Eo#ER X, CFRTP #iEt 0 #EE 12 X 2518 «
zhic X 2 REMLICERT 5.

AW 13 TSPS B 25-1110 OB 221 TH 2 7%

7z,
118 B@EOEFNLFE

Z OFFEITHF ORFEOFEEFUTH S0, 2
ITRENE & BARMICEER T 5, EE R O BE
B L BNEEEBEHEIZ, vy P AL AZHbVRTEZ
molz, 7, 1) lBAREOIIE %24 7 A L
TYHFIZ LT tg, 2) B X 2 BHEEO#E 2 B 2
%9,
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MITEARIE % 35 272 5 B, FHRMEEMICIIE S5 D
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BN AIA A, HD S IIE L/SRET 373 K & THE

A=

(42)



SEIRFFLANIZ 2> ¢ CF/PA6 BUERIC 3517 2 Biics 2 A U 7 R EEE & FERERL o RIE

43

SUS304
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Expanded carbon
sheet

Specimen
with impact damage

Spacer
made of SUS304

Fig. 12 Schematic image of repair to impact
damage by thermal fusion bonding.
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EZDHT DT 4 WA BRBIAS, Ky N TVRAICER
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Fig. 13 Repaired specimen at 498 K: Matrix
resin flow out from the specimen sur-
face.
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