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H1E F

1.1 HFFEOE R

L1.1 EEMBO SR

BEMEL L E, W< ODOFEMZMAEHOET, FMEETIIL S LOTE
IRVRREA S L O DB CH D, — AV, EAMEHT, bkt (723
) &~ MU w7 X (IR 220pkd. s/{bHIE, 5RE - MRS ENL TR
D, v~ Uy 2@t T H&kEEZH-TEY, v M w7 AT, kit a o7
THOELEFD L. HAMEIORER, b OFRMORHNE, IR, 2
FMEOREE I KFET D720, ARG CEMEHAEDED 2 & T, £
ZRRRE MBI OIERIA FTRETH 2@,

BEMEIORELITE <, HR= U7 N T, o6 Tk S a7k LU
LI TWz., HAEMENEL, ZHEZETHY, K 1-117-3T X918, @b o
DRIy WA G MR &L METR LB ST RN R SN D . H Tz, e b E S
BHT, MHEDTERE D b A d el iR LA S A8 & el s b A 4 BHZ 2008
ID. — kel b E A ENE, BRAGMENRBEE TH Y, ES B X ORM
AEHOLIIHEAELSTEREMEE LTHWOND Z & nZn0-0),

WAETRILIESFTBHE, ~ N U v 7 20T O &m0 FEEAH R @REEE
ML BT 2y 7 ZAEEEMEHI SN, D5 h, v MY v 7 AL LTE
MR MRS, EARTEAMERIAG, Rk & U C T AMEME, EREBEMEME, 777 X Nk
HEEHAG DY &S FREESMENT, BHETRIE &5 FF B (Fiber reinforced
polymer, FRP) &REINTWS. KRIZ, RFMHEL TR & T2 b DIX, RFEM
HEgR b im0 F#48E (Carbon fiber reinforced polymer, CFRP) &9,
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reinforced composites
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reinforced composites

Multidirectional
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reinforced composites

Fig.1-1 Classification of composite material systems.



1.1.2 REFEMWHEFRIL S0 A6 & 2 DRBER

IRFBIEHEIT, 19 ARIC h—~ R « =V Y UM O##EE RIL S BT 7 4 T

AU PFERBEBERIZHWTZEONREAE SN TWS. 1960 418, PAN
(Polyacrylonitrile) 2 fRFRMHES B F R FMHEDS B A TBRZE S, 1970 4E4X
hmcmka13MQ HAEFROAR =Y SFITHEA SN TS, ZD% b,
CFRP O HIL, BEYE, fnfin, JE)FEHREEDOERE B~ L, F 4
IMEFNC D 5. FFS, REMZEEAR—A 227787 TRY —A T A —] TiX, A
K, EFEIZ CFRP BNEH S, BHEMEIPEEEEDR 50%% 5 5EIEG T
FAShTHnEO-®,

CFRP 25IZEp0 H BN, AR — Hi S OMEIA /3 Tl ST 2 D1,
T =T LAEERTF X U EBFEOBBMEHI AT, B8 T - Rkl
BENTWDHIDTHD. L, CFRPIL, AIfiCii~_7/=X 512, BEMEE L
T%b%hé:&ﬁ§<,%ﬁ@k%<£ﬁéﬁﬂ@@%&ﬁﬁ%L%%ﬁb
TWA T2, MR OEW - JIFRIART OV IR LIZ L > T, BERBAT L2
Nind 5. HEMEIOBREIL, BRI < B, m%ﬁﬁ AL BEFERH 0,
THNHLREEMEO NFRHEA R TS HEK L7 D, it,%<®ﬁn,_M%
@@%@tﬁkﬁb LR IR 2 B & R . 1o T, Rkt A KRR
ZBS <o, BEZHEE CRAT L ZENEETHD. LiL, Znb
®%mﬁ@%i,%EMﬂwmﬁﬁébéﬂ%@#%w e B 72 M R A Al
WRDHIND. BUR, MiZEEOBELHRIET 5720, BERREEREN AN LN
TWD 2, FEMEIOMEREX, @EMEHILE X TRERICEETH 720,
HEORMBNNETH Y, BEEITIZERATERTH LD,

CFRP D U WA 7 WAL, RIZICHEL SN TE LT, BEEMIC X 5 BREATR
HROBENRENTWD., REMMET, KUV T7 27 Vo= Lea—L ¥ —)L
%R & 3 B i A2 RIEME A A H T 1000~3000°C D EHR THRAL S ® 5 2 & Tl
EINDT2D, @RMEHIHAT, fEICED I HE =RV XF =N RE V. {5
T, CFRP D VU ¥ A 7 )V TlE, REMKEAZ 0B - BILL, BAIHT 22750
MESLDSMZATH 208, BLIR, KO TUEE ST 5@ D.6),

CFRP |, FCBREE - LERIMEE OB FEA A L TR Y, MEFHS B BHESE
DOIERNIZEA SN CTE 72, 4% CFRP OEMAITH KT 2 Z L B HIFES
T, BN RSCERIE A MR O MR 2 fFR L T2 i iude 5720,



1.13 HCEBEEMEDOA =X LK 558

AN, W EOAEMT, EENR2N I L THOEERKEZA L TWND.
Bl 2T, Fox KRB Z 51256, HIEOR WS D2 X THERZIRD T
SRR Z & 72 TR R -T2 0, 0 BRI h G, Yio Tlt> Tk
T THREEN B> TWED T35, ZOX>REMPAETLHD
EEMEZ ML, HOGEIRTHEL G LB CBEMEINER 240 T
WD BRI ZE R O N TR IEY)E, RG0SR O A7) 285 R 7 Fig
BT, RBREME RRICE TOICH EBEMBOEHANPLEENT
W5, BEEM ARG MMET 5 2 LT, REINRERMEORERICINA T, BEEDK
T & 2 BREE BRI I S 2 O 10,

H OEEM NI 2019813, BN TIEEICITON TV DS, TOERSD
JH, FHIGIESE, EERAICE E - THRnIOOh Ge30TiE, BOBE Y
TR B CEE M AN 2 i 5ehl 2 H CEE A B = X L TH
L TR 202

1.13.1 ~A 7 v 7eNERWZE SEEME

2001 ££(T White HMNE, &5 FHPEHT B CEEMREZ 5T 2 FiEz @b L
T2 (K1-2). ZhiZ, BERZHCIADE~A 7 a7l &b, Bl
{EPERIRE P IR LAl 2 B S8 5 2 & CHOEEKEZ 572 TFETHS.
BRI NI ICAE Ul & N~ A 7 a h e VEBIET S L, BEAINE
HmziRE L, LAt L s Z i Kb L C, = HmEEAET L LW
IAN=ZALTHD. ZOFEDE, < OESFHEHICHFRETH L7, B
CAETEA B O BT ) 72 R 70 5 T U0 U945 4 &5 135 Hl & LTy v 7
%> (Dicyclopentadiene, DCPD) ZWN@ L7z= U 7 g~ A 7 v
7%V & Grubbs filltt (BEAL L) 2 =R % S48 (Epoxy, EP) (247 H &, TDCB

(Tapered double cantilever beam) #REk 2 AFRI L, B U AR Z1T > T, A%
B U AN 2 EER R 2 Lz,



Microcapsule Ca}talyst Healing agent
@ %5
Crack > .QO o ’/'JQ =
@ (]
00,

I
Polymer Polymerized healing agent

Fig.1-2 Schematic microstructure of microcapsule based self-healing materials.

White 5D H CAEE A B =KL, A Grubbs il (N2 )7 -1
A (RN IZa"FIUNRAT 40) YT =UL) (285 DCPD &€/
v —DEAFICESNTND (K1-3). R vvruaXv 2oz, HRA X
v AHEA (Ring-opening metathesis polymerization, ROMP) (Z L » TR SN D E
HBETHD. 2D ROMP [ZHEADWIZHCEE A I =X 803, %< OHFFEITHHIN
B, WREPHALDIL TN SHI0.16~18)

Z PCy,
| .Cl
Ru—=
endo-DCPD a” | _\Ph — —
PCy,
M Grubbs’ catalyst —
exo-DCPD Crosslinked polymer network

Fig.1-3 ROMP of DCPD with Grubbs’ catalyst.

Brown 519:CO13 DCPD EEAIZWNE L=V TEEE~ A 7 a7 L&
Grubbs filtif 2 431k U7- =R % T Hfig > TDCB &R &2 ERL L, A U AR
(2 X0 AEE U AR S BRI KIE T~ A 7 v 7L E O Grubbs filtiiE o
itk - EREOEEBLZRFTL TS, 72, V2FL UMY T I

(Diethylenetriamine, DETA) f#fi{t.# & Grubbs it DIRA TNEIZOWTHE KL L
TH Y, DETA kAl & Grubbs fill i A [RIRFIZIR G5 & Grubbs it DO TE M3 2K
PIAZ EXRBLNC L. 612, BEERBIELIT), ~A 7 ah FEeILR



IMZEDZRF UBHIEDFR CA LA =X KIZOWNWTERLTWD., — 8, 5
IXFEEORER 7 2 R 51, R LIT - TRV, 5 & AR O R XL
OV 55 Fm T B DWW il & BB L T2 @D (22,

1-3 12779 &L 912, DCPD 1% 2 FEHD BMEAR (endo-DCPD, exo-DCPD) 73
1F1ET 5. White 5 DOHFFETIL, endo-DCPD ZfiH L TRV, —EDEERhEN
BOoNDET, BBIF10h 239 5. UK LT, BEICET S KGRHH
FREMEL X O & T AR THIL TV 5. Rule & Moore®l %, exo-DCPD ® ROMP
23 endo-DCPD @ ROMP (2R TEWZ & AR L7=. £72, Mauldin 5@, exo-
DCPD # H CEEMEHIE M L, EERHCBEE R R 25T L 7=, endo-DCPD %
W OMEEIRE] 10 h & el LT, 30 min B2 T EDEEIRENE SN T
W5, LML, exo-DCPD DIEEZNFIE, endo-DCPD DA & H#EE LT, (KU MHE
LTz,

Rule 5®) 1%, U v 7 2 C{R# L 7= Grubbs filllit © DCPD EEHIZNE LT-
2 TR~ A 7 v h 72L& TR UBHEICE L7 TDCB kB i % x4
12, BREERBR ATV, BEEREFE L. TOMERE, Grubbs filllis 7 7 2
TIRET L2 L T, VEOMBETHARMEBBIRPEONTEHREL TS, Z
UL, U v 7 A TR L 72 Grubbs filtiit)E, ARALEED Grubbs filiIZ tb~T, =R
F RN CH =TT 2720, LFEHOBEEGEZEE TE D THD. £z,
DETA B LAl & OHEfIZ X DA D JIE %25 < 2 & T, +3 72 EOBEEHF & ik
L7 EEZXLNTNDE®). X5\, N &R HEEET D208, e~
A7 TN ESB LT RE RIEE W CTER L7 TDCB R f 4 %t 5
2, AERBR ATV, B BRI KRIET A 7 v e ukifE (63~386 um) O
HAEZOW TR L TV 5D, —J5, Blaiszik 5%, BE A A21TH Z & T,
X BN T A XK T (R 220 nm~1.65 ym) Z/ERLL T\ 5.
W2 T 7NV I ST =R VRHIE D TDCB 3Bk &2 x5, E L A
PERBRES L OB ERBR 217\, 155 0728 U AMEE 05 | RIRE « SRR E 2
g ath A XDH 7 Rt 180 um) WA ORE R & g L T o,

Liu 5@, & faE{L Al (DETA, A ¥ 7 = =1 Y7 I » (m-phenylenediamine,
m-PDA), ~F% 4%t Fufit)k 7 % LEE (Hexahydrophthalic anhydride, HHPA)) %
W AR VRIS, X 1-4 1R T & D 72 A b (55— 1% Grubbs filtit,
55 —HtfX Grubbs filt#it) %38 L, EEAID ROMP (ZxF 2 i L AR O 15 4 4 3
LTS, ZOFER, £ TOZRF VER T LA OTEEIT Kb n 2



EHWBMT LTZ. £72, ROMP O USIHENE, BEALARE D 53 BeIRDL « TEARIZE
Bhz T D EHEHL TS, Jin B0, FIRA RS 2R EBEAIE 7213 DETA
LA Z T NENNE LTz 2 O~ A 7 v b 7oy S g oR s g
fEZ FHWCHERE L 72 TDCB BR Fr &t 51C, ks U AMRBR 21TV, EER
WCRIET~A a7 e VERE - BIREIEER (121°C) TOM{LRFFH O
BEFREL TS, Li 600F, ~q47ah7vrl~ ) v 7 ABIREOHEENE
BEEDTDIZ, YTy T TR L2 ) TR~ A 7 vl v
BLOREY 7 AT Al =R % BB ICIR A L7- TDCB 3B T % 5
(2, MEE U AMERBR ATV, BEREZREI L TnD. o, AIREREZ AV
T, SZGERBRICKTT~A 7 a b T NVEEOREE A L TV 5. Ahmed
50X, ~A vk TR E S SR U BHIEE A O W E & ) E
L, 3W&oefRFIAFEEZE (Representative volume element, RVE) E7 /L& HW T,
~A 7 ad TRV ERTRF VBIREGH O R EE THIL TV DS, £ D
{1, Grubbs filf1= I % DCPD & / ~—® ROMP 2[R &3, H OEEHE &R
REEOIEIE R E A UGET D 72018, BEEACAEE DM A G bt %2 28 2 7215t
HATHOIL TN BHEH~6),

N N
e

WGl
Ru—= Ru—=
CI/|_\Ph CI/|_\F>h
PCy, PCy,
(a) 1st generation (b) 2nd generation

Fig.1-4 Structural formulas of Grubbs’ catalysts: (a)lst generation; (b) 2nd generation.

FAR L7z X 912, 2001 4RI H OEE S TR S TR, BEZIR
RAEERFH O R DT, £k 72 ENERRIIICAT LI TE Y, FRP ~Ou A
ZEHHE I TNAHED ) Kessler 567-6GY X, DCPD EEAIZNE L7V
TR~ A 7 v 1 71 L Grubbs il 2 AR B RIS S, MR E
Wi & AL S o D 2 & TR U 7o i Bk R ihAE = AN 2 S BHIE R M8 o
WTDCB (Width-tapered double cantilever beam) &k 72 %52, &— N 1 /@RI
B CAMERBRZITV, B U A MBI T D IEE R 2 MGt L T 5. Patel
5%, DCPD (EEAIZNE L= THlEE~A /a7 eLre Uy 7 2T

7



{57 L 7= Grubbs filtfit 2 531k U 7= #4047 A, = R 2 S RIS RS @ A1 o fiif B
BEDOACEEZERESME T THIELTWD. MY T 2, =K% K5
FEEA R 2 5t 821, (Rl EER R L OB % EMERBR 217\, 20tdE & H
W RSSO 7 B R R [ A EE R R 2 M L.

Sanada 5“0~ CFRP O /) F et AN N S 2 K Th 5 fmix < Bl
BL, ~A 27 al7 e e@bflilz i S B CEE D TR R
HEA N v REHICZ—T 0> 7352 LT, —HIH CFRP |ZH EEMEEZ
fT5LTws (X 1-5). DCPD EERZzNE L2 THIEE~ A 7 vl 7k
Jb & Grubbs itz 73 B S B/ =R F URIIEZ IRFBMHEA N T v FREIIZ=—T
4 7 LTe—J5 A CFRP Z X412, ki & BE S Moo B 217\, Fmid<
BEDBEEN R RIETHMERE (A 7 v 7kt - G868, REWED 7
4T AN OFBERH L. £, BEVI2L—va v EHOT, v A
suafirene~< Yy 7 AMORmEIE< BEEENCKIE T~ A 7 v B vk
BOZBLFEL TR, ~A 7 0l FRAKFEDOR L, S < B E
UKD EEZPLNIT LY. &6, BREAEMTIHE (Single edge notched
tensile, SENT) #ER T 2 X512, ke M 51k E L OB EE RN 2170,
R T < BEOEE R & BEEREE O BRI OWTERE N TV 562,
Blaiszik 5%, DCPD EHEFZWNE L=V THEHE~ A 7 a b 7L (Rifk
1.5 um) & Grubbs filtii: %1 S 7= 4 7 Af#EEZ W CTER L7-~A 7 ok
RaBR i 2 5800, BHES | HaBR 217\, S AWHRE OBE I KIET
~A 7 ah T ENVEOREEZREFILTND.

Coated carbon fiber strand

\
\
Microcapsule v
Catalyst
Vi y '
° . 4 °
(W) o
\ \ ,
k Carbon fiber strand / I
Polymer Polymer -
Coated carbon fiber strand Unidirectional CFRP

Fig.1-5 Schematic image of self-healing CFRP by using fiber strands coated with self-

healing polymer.



Yin 50003 WHEMERELA] 2 A F A I XY — )V S EIRE YY) VR L
7o b w7 A2 RFRERAZND LT ) TRER~ A 7 = ) 7 kv
EOBMIEDH LT, Ml T AMME R UBIEREAM RN B CEE R
NG LTS, 22U THIER~ A 7 v 7z P REMAEIZ ORI LT
W 1T AREHE, TR % RS A £ DCB (Double cantilever beam) #BR A
ZXIRIT, B— N ERE C AR 21TV, EFRE U A EEE RIS
FAETEE R I L ORI L R O G A RORELZ G L2, Yuan H5®NE, =
WFVREER B L OB LA ZNENANE LT A T I VBRI~ A 7 a7
BV BT T T AREME, AR 2 B IR FE R AR AR R T RS LT %t
TOHBEDRZFME L TV D.

1.1.3.2  HZEgiE % V7o B SEEM B

X 1-6 129 K 91T, ekt a vz B CEEMENT, EERIEZNE LT
ZERRHE A MBI R S D 2 L TH ABERIER 5T 5 FIETH HUO -8,
AU, MEHZ X RRA U D Z & T, M U 72 R 2siiiiE D D IRIEOEE AR & 2
OREALA] (F72IE—TEDEEFOA) NERHmFHEL, LT, =X Hmz
BETHEVWIACBEAI=ALTHD. TZEMHEEL D TIEIE, Dry49ic
Ko THIDTHE SN, Dry 1ZEEAE LTEEDT 7T /) 727 L—E
O =R VR EZ A CIAD TN T AF 2 —T & AT, BuE{brEsIE
O HCAEE & MEt L7z,

Holloyv fiber

%
Crack Curing agent Polymerized healing agent

Fig.1-6 Schematic microstructure of hollow fiber based self-healing materials.

HZEiiME &2 W e ® TR~ B CEE RS 5 k% FRPICREE I
WFED T TN 560 ~ 6D Motuku 560X, EEAIZ NG L7I-H2eiliiE (b
££1.156~1.6 mm) ZHW\ T T 7 A, £ =L 27 VEHIERE @M B &



O 77 Z Affile/ R % IR @ B AR L, R 21T > TV 523,
EE % OBEREM: £ CIZEFHE L CTuew. —J7, Bleay H6D(%, Dry < Motuku
& DOWHZETT T ZGAE D AR TR TRE WD, BEOER L7257
REMEZIER L T\ o, 51%, AME 156 um » N 5 um O ZEfHEE VT,
T Af#E AR RBIIEREM R A E R L, R EME AR 21T > 7=, Pang &
Bond 2. 633, EEFIONWDEEZIERKIE L5720, ML 60 um OFZETT T Rk
Mz WNT, T Ak#ME =R U RIIERE M R A FRL L, 4 sdh i T5BR 217 -
T, BEDRZMEL CTWD. £z, BARGOLBREIZEEA L &b I 2EikiE
IZEIANT D Z & T, M Lo R ERHE ) & BEIR A~ DEE AR E IR A B52
L7z. Trask 569/%, #M% 60 pm - NEE 40 um OFZEDT T A2 T, 7
7 AfkAE S AR IR RS L OVRSEMRME, = AR X T BHIERE A kL 2
L, WERANEDO 4 JiTRREL1To T, BEIREZBFT LTS, GJ.
Williams 565, 60F, §122 77 Z Al 2 TR U 7o IR FEME = R % S 4t
NEREIE B 2 X512, 4 ST RIBR-CE R R LM RR ATV, BER LML
7o M 61E, B OEEREEL 59 2 220 T Ak O 2RI & R EE R )
O EMEZFHRm L, T2ET T ABEOL — MO BEEELFERHL TWVD.
Zainuddin 567}%, VaRTM (Vacuum assisted resin transfer molding) &/
EEHWT, RET T A G AT 7 A HE =R % S BRE AR 2 1F
WL, EREEOEEREHBFLTND.

1.133 MEx vy NU—27 2BV 8 oEEME

1-7 2R3 X 91T, BEAISZE O LA 2 N Uc ZeiliiE %2 v T, e
X F T =27 DX IICERTHREEZ BT 5 H CEEM R ST
7, (46) ~(48)

@
0
® ®
® ® 9
® ©
(a) Two-dimensional networks (b) Three-dimensional networks

Fig.1-7 Schematic microstructure of vascular based self-healing materials: (a) Two-

dimensional networks; (b) Three-dimensional networks.
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H.R. Williams 568, fi) OEREIESLEN O 1L E O B G 2 ik L, B
M O SRR IC SN TEE L. $7-, 513, #F A, =A%
BiEREEMEIZ AU EE L, vYarFa—T7aEE L CERETHICNE H
Flea7@afiT 5% M vy FEEMEZ/ER LT, BR%ERRE OBE
R RET LT 569, Toohey &6, 7R HIRIC TP 22fliiE 2 2 IRTTHIIC
RO KHE, IR LBELZEERER A EEMEZIEEZELTEBY, &K 16
[Alf 0 R UAEE DR DG B iz L #iiE LT\ 4. Hansen 5 6V[E, HZEi#iED 3
WoehEE 72 £ 0 it L, 30 EILL B IR LERERSIRZ/H/ TS, £ ofh,
Norris ©®62~®64 L Coope ©H®3(%, EEL 0.5 mm DOAT—/LY A ¥ & HNT, Hl
Bxy NU—27 W5 A EEEREM 5 FiEL FRPICEHAL LS L LTW5.

1.1.3.4 BEEROBEAZHW- B SEEME

1-8 IR T & 91T, BEUARDEER BArTEMERNES) 2 Huv iz B CEEME
%, BEEROBEEAZ &S PRI ESE 52 L THOABEKEA NG5
FiETHD. T, MEHC & ENAE U, BIEEREZ T 5 2 L TR
LRSS HJmIREL, BOEILL T, EHEEAEET L LW ) HOEHE
A=A L TH%. Hayes 560.60)F, Bl BMME (BEAXA 7 =/ —/L ATR)
M ESE = ARX UMED CT (Compact tension) BT % HWT, EEZ)
REMERL TS, £, ZOHCEESD T Z VT, 77 At~ =R
FUBHIEREEM B 2 FR U, EEREERE OB G REE) S B R 2 5 h L T
5.

Polymer particle Polymer particle starts to melt

Q@Q»QO »QO
00, B0 | B0

\
Polymer Solidified polymer particle

Crack

Fig.1-8 Schematic microstructure of mendable polymeric matrix based self-healing

materials.
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1.1.3.5 ARG E AV B 2EEM R

Wudl 56N Lo T, BTG RS 2 A4 U D8R 2 e B CAEE MR
NHREZINTHDHI0 i, K 1-9 12787 Diels-Alder (DA) sz HW=1
DT, MEGEFE THF#HAOIN L, MERE T FHAHME T2 2L THRE
BT HAIN=ALTHS. Park 569, 0%, DA KISEAELDHEARA~YL A IR
7 h 7 77 (bissmaleimide tetra furan, 2MEP4F) #fflgx~ hVU v 7 A& L
72 CFRP Z/E#iL, 3 AT RERZ1T-> T, BRI BENRZ®ME L T
Wb, 70, BAEMERLBZADLTD, 77774 MEFTA LT 2MEPAF #
NEEAEMEZER L, SROEEDREZHF L TV D00,

Deals-Alder 0
Heahng 0
"Jﬁ retro Deals—Alder
Cracking

Fig.1-9 Thermally reversible crosslinking based on Diels-Alder reaction.

1.1.3.6 FBREEEE&L AV B DEEME

X 1-10 1T & 912, BIRELIES 4 (Shape memory alloy, SMA) % FHV 7=
HEBEEMEIPSIER SN TWDHTM, Zhid, HAREOEREZMATYH,
DOIRFELL ETIET 5 &, TORIRICEIET 5 & v ) IIRGEEE ﬂ%%ﬁfé
SMA fif# = b Z ¢, SREALLI HEELSY, 2R HE/NSLLT, H
CEETHA N =ALTH5H. Hamada 5%, Ti/Ni O SMA #i#ex 7 7 Vv
BIIRICHLDIA A T AE M B2 X502, 3 TR ATV, d i D EE R R
A LT\ b . Kirkby 6%, Grubbs il %2 3 L7z =A% U EHEIC
Ti/Ni/Cu @ SMA e 2 H6OIA A TZHEAEMEL O TDCB sl A FR L, (E1EW)
REBFL TN D.
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Fig.1-10 Schematic microstructure of shape memory alloy based self-healing materials.

1.1.4 B BB &0 TR O RIS & iR 7R

HCOEME FRP 1L, HOEESE D FMEHIEAT, #EHERMEMEZ A LT
L7280, EERIZNE Lo~ A 7 0l 7' o 28 illife s 2 ErtE 7 < B — 12l
BEL, ToREEDRERASELZEREFICRETH L. 72, ~(27uh
TR VR ZERMED R T e kEsE (B - X 1-11) DS LT ORER E 72V, FRP
DIFREZ B S L HE R Lo TVWDIDONEBIRTH 5.

Aggregation y, Microcapsule

\ Carbon ﬁber strand

Fig.1-11 Schematic image of microcapsule aggregation in cross-section of woven fabric

CFRP laminates.
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ZORMBEROIGRE LT, BifkRFEWHME (Spread carbon fiber, SCF) % #2
%3 5. SCF 1L, mEMHMEA T v FEZELKTIAT THMEM oM 2 k&< L,
B TMEIOEREEZSE LM TH S, SCEE WL Z LT, ~(7ukl
TR IVIPEHER OBRBIC A D AT Z LN TE, ~A 7 0 TR ALOEELZL
ZENTED. Fiz, SCF & A 7= CFRP 1%, (ERDREMHMEA T2 & Hun
72 CFRP 2T, BT DMHENE KT D &0 ) BN S50 5 ST
WD~ Nishikawa 693, ki CFRP fEEM £ FR{LEF & LT SCF % H
W5 Z LT, 1EROYGEY CFRP BEEMEHT AT, o HFmMPHRT L &%
W& LT 5. Sihn 60, #kFEE M E O & LT SCF # W% Z & T,
TER DM Z W2 GE T AT, uhe 2R BRI S BHEG S IH S b
ZEEBSDIT LTz, Yokozeki 570D, fkFEE A B O5E{LAT & LT SCF %
MWD Z LT, BIRMEE, FEMGIREE, S5 Fam, MEEHENR T2 2 & 2|
LC\5. EL-Dessouky 5%, ki@t etom{bss & LT SCF Z# Wb Z
ET, 7V UTBIORA ROBAII LS NrfttodEre®E Lz, 2 kD,
SCF Z M5 Z & T, CFRP O J)fptkm LIt ansg. £2C, K 1-12 1
AT LI, SCF &~A 7 a7 eNEHAGOED T & T, IREMMHEDFIZ
~A 7 a R TRV < B IZRE T D A S O TR A 14 L, DCPD &
THRIEZNG Lz U THtIER~ A 7 1 J1 7%/ & Grubbs filtfit 2 = K 3 T #HE 12
S E 7o H BT SCF/EP FEEM B 2 (FR L 7=, {ERL L7 A C{&18 SCF/EP
MBI OMBME T IC R ERWR 2 BET DL, ~A 7 ah T BLRT XL
WA LW BRI EER STz, £72, 7V 7L 7 28R L O S n 5 fbE
FAEHZ, M5 10 O BRI (2 L~ TR OB 23 D TR <, ERIE < BEs 4 U7z
BE, JIFEENE LK T4 5. £ 2, HCIEHE SCF/EP M B2 5212,
va— hE— MBI K DJEME AR ATV, RN O A WTTRE B X
WEENRICKIET~A 7 ah T VERSROEEEZRE L. LoL, 2V
TR~ A 7 ah 7 VO MMM, v~ 7 e e VERESE
EHRIED &, BWVEERE RTINS, RN ORI A MR E XK T 9 5
EnRL, hL—RAET7OBMRICH D Z ENHLMNE 2T, 65T, BN
SRRV B R A2 AT D H OB SCF/EP BB EI D 7= 01213, RS o i
B LAV THY, ) TRIEE~ A 7 vl 7' VT, Bz %
BT H~A 27 a7V z% L, HCOAE®E SCF/EP fEEMENO TR 2 o
LT iuE7e 5720,
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Self-healing SCF/EP laminates

Polymerized healing agent

Fig.1-12 Schematic image of self-healing SCF/EP laminates.
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1.2 ARBFFEED BB X OFESC DR

RFSUIE, BN FRE - EEDR 203 2 B CE1E SCF/EP FEfEH B D14
PR ERFHEH 2155 Z L 2 HE LT, HCE1E SCF/EP FEEMEN D 11745k
CEEZN R T 2 R BRIOMI R 2 T o IR 2 Db D TH D, £
7o, FERAEGRIIBLED DR RET 21TV, PR S EEROFBIA 1 =
A L 2 X > Tz

LIFIE, K 1-13 128 LI ARG SCORERRIZ IR DWW T, K EONE O 2k~
5.

1 [FPim) Tl EI7o s - liitE42 A9 % CFRP 2 MY ki, 54
PEMELR-CBR B AR O R RE AR 2 3R T, MR IR & L CH EEM B 2 1R
L7z, £70, BOEEMEHCBE T 2B M 404 L, B CEE CFRP O R A
ERRR TR ZE R LT, RRXOBEZH LI LTND.

%2 ' I=A 7 vl 7 AR E M AR 5 D BIE R E A B JE [
FAWTRERL LOMEESE] Tk, =V THIER~ A 7 a7k & SCF &l
BHEDH I LT, HOMEE SCFEP HEMEZ/FRIL, v a—FE—AKIZED
JE I AWEREBR A2 1T > C, et S EE R KT THE, ~1 27 e b7t
JVE SR RIPR DR EBRAICHET L TV A0 F£72, B CAETE SCF/EP 1
JEM B OEFIRBIE 21TV, HEMEREZEE) & EEHROBEMEIC SN THEE
Nz 7.

%3 ' [=A 7 vl 7 ARMRRFE M R U BE M B OB E
OFEAE] TiX, EEH E & HICEREOtBE Z2Na L= ) TR~ 1 2
0 i 7 E VT, B COEE SCF/EP M Bt OB EFIRBIE 217V, HEHE
JRZEE) & )RR ISR & OBEMEZ B D LT 56D,

%4 T U H ek 15 A Bk R Bk, = AR UBIER MRS U B
hzekiF D~ A 7 a i Frifb] T, ~A 27 a7 VEOMEICERL, 5
FREER BT, U B2k 5 4 SCF/EP BEMEI ZFR L, v a— Y
— DEIZ X B BRI AR AT - 720D, E7, SRR L EEE RN
WTC, U TR~ A 7 ah ez HnWieiga etk L, v U ARk 1o
BAEZRGEEL TS, S BT, HOBEERERELOT D, v AHZER %2~
A a7 Lz ) A~ A 7 ah 7w VB OYIB M DA 1T -
7o U AR FICRE 2 —T 4 TR AT, Y IEY A e TR
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NEERILC, YU b~ A 7 vl 7 /VEFR SCF/EP BEMEND 12 7R - (&
ENRATM U7, MAT, DB RET S IE~ A 7 ah L ()
T HZERLT) Sy BOTIE DR A A L.

%5 E I~A 7l TV EARMIKEME AR R EM R O£ T
IALE X ORI TR TIE, ~A 7 v 7 'VEH SCF/EP FEEME O AR
WG A KRB L2 RVE BTV AMEE L, HMEREICRIET~A 7 vl 7' VIR
GyER RIPE P HCIRIL O B A FRERHIICHHA L TV H®)®) . F 7 RVE 7 /v
235 Pl U7zt s 2 VT g — b B — A RBRICEE T 5 A IR R 217
W, BiEY I 2 b—v g URER EERRER AT S 2 LT, RVE ET LD
WA R L7z

%6 W [~A 7 ul 7 am ARMRRFERME, R B EM B OB E
WERAENT) TIX, ~A 27 v 7 'LVEA SCF/EP FEMELD RVE £ 7 /L% x5
2, BEERMNT 21TV, JIFRHEICRIE ST~ A 7 ol 7'V IRFES S ORI -
SYHCRI DB BF LTV E®), £72, A 7 ah 7L E4A SCF/EP BB
BIOMAIAEE & )54k - BIGEREE) & OREPEIZ ONWTE R EITo 7.

7 E TR T, SECTHRARXEARSCEBE AR EEZRIEL TV 5.

Chapter 1
Introduction

Experimental studies 1  Theoretical studies
1

Chapter 2 Chapter 5

Strength and self-healing evaluation I Elastic properties prediction
Short beam shear testing Model validation

Chapter 4 Chapter 3 Chapter 6

Silica particle Damage observation
Microencapsulation || UV fluorescent dye Damage progression analysis

Strength prediction

|
Chapter 7
Conclusion

Fig.1-13 Schematic diagram of thesis structure.
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EJEI3K9 270 nm T 512, DCPD % ffifb &+ 5 filifif & L T, Grubbs filtZ (Grubbs
catalyst Ist generation, 7~ 7 /L KU v F) ZH 7z,

(a) B=40mm X 4 (b) B=20 mm

Fig.2-1 SCFs: (a) B =40 mm; (b) B = 20 mm.
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Fig.2-2 Microcapsules consisting of DCPD monomer core and urea-formaldehyde

polymeric shell.
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Applicator
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Cst
-7
Epoxy

Curing agent

Spread carbon fiber Microcapsule

Vacuuming 10 min Hot pressing 60°C/1 h Curing 60°C/24 h

Self-healing Reference
SCF/EP laminates SCF/EP laminates

SCF/EP laminates

Fig.2-3 Schematic image of specimen fabrication for SCF/EP laminates, reference

SCF/EP laminates and self-healing SCF/EP laminates.
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Fig.2-4 Specimen geometry (dimensions in mm).

Table 2-1 Summary of specimen types in chapter 2.

C G N
. B d Wy Wy WPeF
Specimen types
(mm) (um) (Wt%) (Wt%) (Wt%)
SCF/EP laminates 40 - 0 0 18
Reference SCF/EP laminates 20,40 20~250 10~20 0 18
Self-healing SCF/EP laminates 20,40 20~250 10~20 2.5 18

223 v a— hE—AEIZ XD EREABERER

Ta— ME—AEIC LD EMEAWERERIL, JISK7078 Bik&IZHERL L, 7B
JEAA BB (EHF-FB10KN-10LA, #RESSE8ERT) 2 W T, EiRT,
FARBOEEE 0.65 mm/min, 3 S HF AR TITo 72 (X 2-5) . 18 B, JE 74448 S mm,
SRR 2mm O b D& Wz AR, RORATEE IR ERE TN
U7oRg i CRAf A2 I Lz, BRiarg, By 23804 L, U4
MEA U DREEEICRER A %2 07 1 TR AT, =IE T 24 h fitE LT, (B1EA]%Z 48
&7, 20k, HHNSEY4L, 80°CT24 h IMEAL T, EEAIZ 2T
Wb X E 7. EEARBIE, PR & R T 7. AT oM A WEaE
T IR LV RDT-.

3P,

= (2.4)

Tc

ZI T, PITHRABR TR LN ARWE, bITHABRA DIETH 5.
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Fig.2-5 Setup for short beam shear testing.
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S RIE) DY 7 7 L A SCF/EP FEE# B fif 8 — 202 #2545 & 217 AR %K
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Fig.2-6 Definition of strain energies obtained from load-displacement curves of self-

healing SCF/EP laminates.
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Fig.2-7 Definition of strain energies obtained from load-displacement curves of reference

SCF/EP laminates.

Table 2-2 Summary of a calculated from the reference SCF/EP laminates.

B d ch Specimen number Avg
(mm) (um) (Wt%) 1 2 3 4 5 6

40 250 20 0941 1.10 1.09 1.19 1.07 1.19 1.10
120 10 1.10 1.01 0965 1.01 1.02 - 1.02

13 1.08 1.09 1.04 1.05 1.04 1.11 1.07

16 1.06 1.10 1.16 1.11 1.13 1.20 1.13

20 1.05 1.15 1.08 1.04 1.07 1.06 1.08

50 10 1.12 1.14 1.22 1.02 1.09 1.31 1.15

15 1.05 1.15 1.03 0968 0.992 - 1.04

20 1.02 1.09 1.14 1.04 1.11 1.18 1.10

30 20 1.01 0979 0977 1.03 1.04 1.01 1.01

20 20 1.02 1.05 1.06 1.06  0.982 - 1.03

20 120 10 1.22 1.12 1.21 1.08 1.13 1.09 1.14
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Fig.2-8 Typical compressive stress-displacement curves for microcapsules.

Table 2-3 Summary of microcapsule compressive strength.

d (um) No. of samples oo (MPa)
32 10 0.513£0.060*
103 20 0.141£0.028

* Standard deviation.
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R° B CUETE SCF/EP FEEM Bt AW 1 — A dh#iE, 247 0.4 mm 1T
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F£7-, SCF/EP fE@ M EHE, K 2-10 1”3 K 51T, EMEME, dhiFmsEngs T
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[ ABRE & U TR LW, KitE0Ya, B O fE1E SCF/EP fEE ko
ST O JE M AVWREE & Leled- 5 7212, SCF/EP FEEHENO BT o fg i+
AWREEE LT L. —J, U 77 LA SCFEP fEEMEHCH CLEE
SCF/EP f&/@ NI LICBRIZ < BENE L T, ik, ~A 7 b 7an
AHERNCAFAET D5 2 & T, =X /R L 0 AEDIRW~ A 7 1 1 7 'L
(AR S, JERE S BEAREE L C, BIEAIORSE & B CEENENIITAD
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512, U7 7 LA SCF/EP FEEM B H CE1E SCF/EP FEJE# £t DGR EL -
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U, ~A 7 a1 7 RVOIRE - WPEME S, FEBIEHNE TR E L TR
HIeOEEBZ LS.

iz C, HCOEM SCF/EP FEEMELOIRIE - MIMEIE, Grubbs il 5 F 72\
7 7 L A SCF/EP HEEMELDOLEIZ T, DT IR T L7z, 24, Grubbs
fREE S FEER BN TR E L CTHET D720 eB 2 6 d. Lo, T
O AW ST — BB O BRI K Z e 2 RITBO b o 7.
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Fig.2-9 Typical apparent shear stress-displacement curves for SCF/EP laminates,

reference SCF/EP laminates and self-healing SCF/EP laminates with B =40 mm,
d =120 pm and Wy =10 wt% after virgin test.

Fig.2-10 Optical micrograph of damaged SCF/EP laminates after virgin test.
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Fig.2-11 Typical load-displacement curves of (a) reference SCF/EP laminates and (b) self-
healing SCF/EP laminates with B =40 mm, d = 120 pm and ch =16 wt%.
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2-12 1L H BT SCF/EP FEM B OB D 515 DV ToARNERAY 72 BN
D AW — ALl A% L7z b 0T, B=20, 40mm, d=120pm, WS =10
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FLiZ, B=20mm OHFAITLAT, DFncERLEZ. LirL, RETOEAN
SN — AR TITE L TERY, 1FLAEENRNoT.
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Self-healing SCF/EP laminates
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Fig.2-12 Typical apparent shear stress-displacement curves of self-healing SCF/EP
laminates with two different B, d = 120 um and Wy = 10 wt%.
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Fig.2-13 Effect of spread width on apparent interlaminar shear strength and healing
efficiency of self-healing SCF/EP laminates with d = 120 um and Wy = 10
wt%.
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(b) B =40 mm

Fig.2-14 Optical micrographs of damaged self-healing SCF/EP laminates with two
different B, d =120 pm and Wy =10 wt% after virgin test: (a) B =20 mm; (b)
B =40 mm (the dashed lines indicate the crack propagations).
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(b) B =40 mm

Fig.2-15 Cross-sectional optical micrographs viewed from fiber direction in self-healing
SCF/EP laminates with two different B, d = 120 um and WfC =10 wt% before
test: (a) B =20 mm; (b) B =40 mm.
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Fig.2-16 Typical apparent shear stress-displacement curves of self-healing SCF/EP

laminates with B = 40 mm, different microcapsule concentration and d = 120

pm.
50 : :
Self-healing SCF/EP laminates
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40 Fd=50 um J
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S 300  10w% 20’\ .
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Fig.2-17 Typical apparent shear stress-displacement curves of self-healing SCF/EP

laminates with B =40 mm, different microcapsule concentration and d =50 um.
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Fig.2-18 Effect of microcapsule concentration on apparent interlaminar shear strength
and healing efficiency of self-healing SCF/EP laminates with B = 40 mm and
various d: (a) d =120 pum; (b) d = 50 um.
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bID. Fie, WE =16wt%D¥6, YIIRREZICAECZERE L HIC, HL
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(a) Wf = 10 wt% (b) W =16 wt%

Fig.2-19 Optical micrographs of damaged self-healing SCF/EP laminates with B =40 mm,
d =120 pum and various ch after virgin and healed tests: (a) WfC =10 wt%;
(b) ch =16 wt% (the dashed lines indicate the crack propagations).
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Fig.2-20 Typical apparent shear stress-displacement curves of self-healing SCF/EP

laminates with B = 40 mm, different microcapsule diameter and ch =20 wt%.
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HDT, v A7 a2 T EARBEOEKIZHEN, RESER LD, BIGOEE
N 20, BEEN -EEICET LB oD, £, ~(7uhrk
JVRIBR DRI, A 7 a i 7' MEEBEAD L, ~A 7 a1 7V ik
TOMERVB/NEL DT, BEDOBEENPNEEL 720, EEFRN—EEICHHT L
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Fig.2-21 Effect of microcapsule diameter on apparent interlaminar shear strength and
healing efficiency of self-healing SCF/EP laminates with B = 40 mm and ch
=20 wt%.
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Fiber direction

N

(b) d=50 um (¢) d=120 um

Fig.2-22 Optical micrographs of damaged self-healing SCF/EP laminates with B =40 mm,
various d and Wy =20 wt%: (a) d = 20 pm; (b) d =50 pm; (c) d = 120 pm (the

dashed lines indicate the crack propagations).
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(a) d=20 pum

y v G

(d) d= 120 pm () d=250 pm

Fig.2-23 Cross-sectional optical micrographs viewed from fiber direction in self-healing
SCF/EP laminates with B = 40 mm, various d and W =20 wt% before test:
(a) d =20 pm; (b) d =30 um; (c) d = 50 um; (d) d = 120 um; (e) d = 250 pm.
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Table 2-4 Short beam shear test results and the ratio y.

B (mm) d(um)  WF (Wt%) 7, (MPa) n (%) 14

40 250 20 27.9 45.6 1.23
120 10 44.7 32.6 0.912

13 39.6 39.2 0.962

16 35.0 49.7 0.907

20 333 47.0 1.01

50 10 45.8 6.65 4.22

15 40.6 30.5 1.19

20 36.2 43.2 0.999

30 20 35.9 37.4 1.17

20 20 39.9 19.4 1.92

20 120 10 40.5 36.7 0.990
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AREL, BEAIL & BICEIMRENBEIZFA AT~ A 7 v 7L %2 ]
W, HOETE SCF/EP Bttt & ERL L, XZEREEOEILZRAT-. B
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Fig.3-1 Microcapsules containing healing agents mixed with 5 wt% UV fluorescent dye.
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Table 3-1 Summary of specimen types in chapter 3.

Specimen types d (um) Microencapsulated healing agents WfG (Wt%)
Reference 50, 120 DCPD 0
SCF/EP laminates 30 ~ 250 DCPD/5 wt% UV fluorescent dye 0
. 50, 120 DCPD 2.5
Self-healing
. 50 ~ 250 DCPD/5 wt% UV fluorescent dye 2.5
SCF/EP laminates
50, 120 DCPD/10 wt% UV fluorescent dye 2.5

323 va— bE—ARBRHIE

H2EEFEMEIS, va— b E—AEIC K DT AR, JISK7078 Hik
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h BV L C, BEAIZ 22k X7, BEERBRIL, 0IHEER & AR I
Uiz, AT o AWEEr 13k L 0 k7.

3P,

_ 3.1
te = 4bh (3.1)

Z T, PRIV TR ONTRRAE, b ITHBRAE, 1 ITEBRAESTH
5.

EEFENL, WIHRR G5 O 5 B CEE SCF/EP FEEM B ff 8 — 257 #h
FRORARFEREOLEMIZH T HOT AT LT =2 HNT, KD X I ITER
L.
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BT RN R L 7=,

~
s <
-
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-~ 5 1
l 2I5 0 1'7 I

e
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UV light

Specimen

Fig.3-2 Setup for damage observation with UV irradiation.
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UV light

.

Sensor of illuminance meter

Fig.3-3 Setup for illuminance measure with UV irradiation.
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Fig.3-4 Effect of UV fluorescent dye concentration on illuminance of DCPD/UV

fluorescent dye mixture.

Table 3-2 Change of illuminance of DCPD/UV fluorescent dye mixture by addition of
Grubbs’ catalyst.

Mixture Illuminance (lux)
DCPD/5 wt% UV fluorescent dye 111
DCPD/5 wt% UV fluorescent dye/l1 wt% Grubbs’ catalyst 273
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Fig.3-5 Typical apparent shear stress-displacement curves of self-healing SCF/EP

laminates containing d = 120 um microcapsules with various WfUV.
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Fig.3-6 Typical apparent shear stress-displacement curves of self-healing SCF/EP

laminates containing d = 50 um microcapsules with various WfUV.
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| Self-healing SCF/EP laminates O Oy |
40 _d: 120 um ¢ 1 80
S 30} £ 160 ~
ol 1T o
S T & L]e
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0] 120
0 0
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WfUV (Wt%)
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elf-healing aminates
40 [4730 um 2P s
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(b) d=50 um

Fig.3-7 Effect of addition of UV fluorescent dye to healing agents on apparent
interlaminar shear strength and healing efficiency of self-healing SCF/EP
laminates containing microcapsules with various d: (a) d = 120 um; (b) d =

50 pm.
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Broken microcapsule

N\

Crack

\

(b)

Fig.3-8 Optical micrographs of damage areas of reference SCF/EP laminates containing
d = 250 um microcapsules with WfUV = 5 wt% under (a) normal and (b) UV

irradiation.
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3-913Y 7 7 L2 A SCF/EP FEJEMEL (WY =5 wt%) OXIHIERE ORE
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< Y w7 ANTRERISHEFTNE LD EEZLND. 2LV, FH2E
D 23.6 B TR, <A 7 ah eV RO KIZEy, H O EE SCF/EP
@B D RAENT OB AWIRE MR T T 2 BERA S HEIICHELTWD Z
EDRBMNETR ST,
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Normal UV irradiation

d=30um

d=120 ym

d=250 um

Fig.3-9 Optical micrographs of damage areas of reference SCF/EP laminates containing
d = 30 ~ 250 pm microcapsules with WfUV = 5 wt% under normal and UV

irradiation.

Table 3-3 Short beam shear test results of reference SCF/EP laminates containing

microcapsules with WfUV =5 wt% in Fig.3-9.

d (um) . (MPa)
30 41
120 38
250 35
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RIORKIBEMET Lclew B2 b5, Fo, & 3-4 12K 3-10 OFRBR O
RENT OB AKRE SEEEZ T, d=250 um O~ A 7 vl 7L A
V72 B &S SCF/EP @k Bt OEEHRIX, d=120 um OHEIZHART, b L
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EEFNEHETDITRE Lo mlb tEZbND. B, P RAICH
HLTWDEFTIZOWT, AR CHER L7e MRS LED 1E, v— 7 R
375 nm OESRAIT D03, AR OTNICEENTND T, F~5%E
RN L TRATEEEZZBND. 5T, AT v 7 4 2 —%F%2 T,
BEL L7t 2l S8, IGO0 ERH D EEZTND.
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Normal UV irradiation

d=50 pum

d=120pum

d=250 um

Fig.3-10 Optical micrographs of damage areas of self-healing SCF/EP laminates
containing d = 50 ~ 250 um microcapsules with WfUV =5 wt% under normal

and UV irradiation.

Table 3-4 Short beam shear test results of self-healing SCF/EP laminates containing

microcapsules with WfUV =5 wt% in Fig.3-10.

d (um) 7. (MPa) n (%)
50 33 25
120 32 60
250 25 48
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X 3-11 (X H G118 SCF/EP T B o W) ER % OIREERBIZR A R L
72bDT, WY =10wt%, d=120pm DEETH 5. K 3-11 O = ZOERZEE) I,
X 3-10 LB LT, BAMRICEBIZRT 2 2R TE2. Zhvky, ~(7unhrk
IS 5 SO BN S A EER OHOLBE &S RW & 5 05 10 w2
REIEDHZ LT, THOBERFEFZ IV IT-ZV LEBIETEDHILERTLMNE
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AR IR T Lz LRI SN D, Zhucxt LT, K 3-11 (b)o%d, H ik~
AT ENVEBET T LR LIEN, BEL-~A 272l 7L
T LB RO B/ D ia o 72120, RWVBEREZRLTZEEZDN
5.

85



UV 1rradiation

(b)

Fig.3-11 Optical micrographs of damage areas of self-healing SCF/EP laminates
containing d = 120 um microcapsules with WfUV = 10 wt% under normal and
UV irradiation: (a) high healing efficiency (61%); (b) low healing efficiency
(38%).

Table 3-5 Short beam shear test results of self-healing SCF/EP laminates containing
120 pum microcapsules with WfUV =10 wt% in Fig.3-11.

d (pm) . (MPa) n (%)
120 29 61
120 32 38
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4 3-12 13X 3-11 & [FAERZRBEHEBBEME R L R L2 b DT, d=50 um D%
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ZRT. K 3-12@)DHA, INSRERNAET, IANECEcELRES
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DYE, EHRPAL LN TWRWVIREBHER TE . 2L, v~ 77 kL
BT T oL ICERS TRE AN M TAEL, THmIHohEDEE
HIWETH Lo tclzbtEZ BN,

AREETRHF ORI LV, B CMEE SCF/EP fEEM Bl & & RZE)IT,
~A 7 ah T NRERRSERIICE LS EEEZZT, AT oMY AWK
EBIMMEEREDRES BT LI EBHLNERST.
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Normal UV irradiation

(b)

Fig.3-12 Optical micrographs of damage areas of self-healing SCF/EP laminates
containing d = 50 pm microcapsules with WfUV = 10 wt% under normal and
UV irradiation: (a) high healing efficiency (32%); (b) low healing efficiency
(11%).

Table 3-6 Short beam shear test results of self-healing SCF/EP laminates containing
50 um microcapsules with WfUV =10 wt% in Fig.3-12.

d (pm) . (MPa) n (%)
50 37 32
50 40 11
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BHE AEEANC Grubbs filllftz 1 wt%lisind 2 &, #LBEHE FEER O
FEICTREEITA T5%IK T L7, 240 &Y, Grubbs filtlllix, A~ F 7Y
A=V TN VN =T ) EMG & T D EOCEEOFCIRE 2 55 0
HERN S D EHERI S D.

2. U7 7 LA SCFEPHEMEOLE, WY =5 winDaotBEka fEH
FaEzNO LIz~ 7 ah 7Lz flng 2 & T, &ROMEREE 2RI
BT 5 & T&E . —J7, HCOEE SCFEP HEEHMEI DA, Grubbs
iz AN L7z 2 & T, dotmBl e A EEAIOFCmEMET L, TR
ERFEBOBIENRETH -T2, L, WPV =10 wi%DEOLEBEEH
BEEHIZND LT~ A 7 al PV E WD Z LT, X205 4
WRICBIEE T HZ LN TE T

3. HCJME1E SCF/EP Mkt IcA L& 20E, BRZT TR, (71
TV EAGHENT T B L OITRD 45 BICHER L CW AR 2R T 7z,
Flo, BELT~A 7 uh TRV EBEL W~ A 7 ol 7 b
FTFDHTEBAREE ol S DI, REBRBEO~A 7 vl 7T,
REREHDEL, WNERRIRO~ A 7 v ) 7'V TIE, /NE 72 & RN
ALTEHEY, 2LEROKRE S & AT OREME AMHRE & o B3 B
kol

4. BEBDRE Lz~ A 70 b T AnbE8ICBEE L TO S AR
BB T L ENTER EL -~ 7 b T ARND RN GASRE
RERERNAE UGG, SHEICHDREERNRSE LN, &4
mAEE ST, BEENMETT5Z ENFERES .
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AT LY 2R T A R R R A
7K S BIRRRAEL & 3 ) 2ok T
D~A 7 vl 7k

4.1 HE=

F2EBILOE 3IETIE, =V 7HIHE (Urea-formaldehyde resin, UF) i~ -1 7
1 7 v a VT H CAEE BRI FkiE (SCF) /=A% #ilE (EP) FEEH
BhF L, v a— FE— MBI DEMEARRBR AT 7. £, F2ET
I%, B CAETE SCF/EP &M LD )7tk AEE R XT3 g, ~ 1 27 =
N7 RIVERSE RIROEEERF L, MEEERE(LETo7-. WIS, F3
BT, BEAE & bICEARE BB N L= ) TR~ A 7 a7
v E W TH CETE SCF/EP g Bt A F R L, B0k 21T o 72, £z,
B CE1E SCF/EP fEf@tt Bt oG ERAEEL, ~ A 7 vl 7' /VRifR - ek
B L T, BT AW - BEREMIBEEL TSI 2R L. L
L, U TR~ A 7 0 72 VTR ORISR T, 8 « [IPEIME <,
W2 ED 232 @i TR K 9T, SCF/EP FEEMEIO HFHE2 % L < BL &
HHHERER>TVND.

HOEEMECIE, BEAIO~A 7 ah 7 bTike LT, BICREELSE,
in situ EEIEDHOGND- @) White 5ODOWFEEFEIHIC= U T RHER~ A 7 1
BTN E DT RN S EERE SN TN HED O Zofth, Neuser 5L, &
Vovxy /2 TRERE~A 7 S e v EERLL, EfERBR AT T,
FEEZFHIE L T 5. Yuan H5U0%, 2T I VR~ A 7 v b TRV ERRD T
T A AR URBIIERR MBI S, WA OBES R R L T
W5, Cho M, RY U L& BRI~ A 7 vy 7 VcilitaANE L, B =
IVERTORIRIC B CEEREZ TS5 L TW\WD. 2o XL oz, BAEEMENTIL,
RN ~w—FE~A 7 7EABHNOND 2 ENE L, BERFERECEE R
KA FEOKBERH OGN TWAEN, R ~v—E~A 7 vl 72/ O58E - [N
KW=, BHOEEMBIOMM O FRESME T2 L v BERE ST
L. Fo, BN R - BEIRE BRI LHTOITIE, v A 7w 7'

91



R ZERMESE DIEE A Z P UIAD ToRes MBI — 12 e 5 2 L B EHE
ThDH LS TVHID-09,

KEL, U PRSI~ A 7 v P2 EHIT L D SCE/EP FEEM B 11545
PR T 2842720, ~A4 7 b 7eEOMEICER L, =V TR~ 1
7R TR IAZHAT, SR JIED EO S U A 2SR I A A B LA T
~ A TMET HFREEZREL, YU AFE~A 7 0h L OBRREICHE
F L. £, BEAZEERNY IHRERF2HWT, U IR+ 5H
SCF/EP FE/@MEIZERLL, v a— hE—AEIC L BB AW A 1T - C,
TVFERHEICRIE TV U ekl T E & RO BE R L. £z, ¥
bk L B REENCOWT, & 2 ETa ) TR~ A 7 al e a2
TER L7z Y THHEE~ A 7 v 72 v &H SCF/EP FEEHE DRSS & ik
THZ LT, VU IRERLOEMMEEREE LTS, RIS, YU BHRZERL A~ A
7 d e AT Do O DHIIBFE DR IE AT - 7. BARBIIZIE, FEFMED E
EERZNAT D70, VU AHRZERFOREICT—T 4 7B EEL, >V
I~ A 7k T OERZET-. ) ekl +ORMBIE 21TV, FFHE
P pE D EEAI B2 T 5 2 & T, Il RmMLEES 2 e L. 1F
MLV AE~A 7 a7 e ziERI X —Com s, v U aE~A
7 a1 7V EA SCF/EP FEEMEN A ERL L C, J1hEd X OMETE 20 3 4 3
L7z, &5, 250 EHWTIERLL 722U thZ2ki -4 4 SCF/EP H @B
R LT D2 LT, RIS RIT TV Y AR~ A 2 TR () A
2ERIT) DEBTIEDOR LI L.

4.2 VU I RZERLFE A BARRER RRAHE AN 5 R R R AR

4.2.1 FEBRFHE

4.2.1.1 M

W2 B L O 3 B L AR 7 BHAENE 40 mm O SCF &~ RV v 7 A% -,
2V T BRI PE BT S A SRR ISR RYRHE L, ABFL 8 nm FREE, SPHRIFE
d=24, 50um OLOEHANW (K4-1). 723k, U BHzEhi-OMALIE, FE¥
BT BRI RIE L, B AWEEZ AW THIE L. s T A L% FE &M
L, #FL77A1% BJH (Barrett-Joyner-Halenda) V£IZ LV R&7-.
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Fig.4-1 Hollow silica particles.

4.2.1.2 R ERIGE

552 mEB L O 3 B &[RRI, Grubbs il 2 FHW9712 Y 7 7 L A SCF/EP 8
JER B2 ERL L, JISK7078 BUSIINCHERL L7= o 3 — b B — A3 BT o ki
TL7.

) R B RWS TR TR SN D,

WP

- 4.1)
WSCE + WM 4+ WP

P
W

2T, WSCEIZSCF E&E, WMk~ Y v XE&, WPiXT U b hZehl B
Thod. WHE10~20wi% e Zfbat, WP =18wit%—EL Liz. 72, A
TIX, o=, v hhzeki &AW CER L7 7 7 L > A SCF/EP f&)@
MEHZ U 71 vh 22k F- 34 SCF/EP FEEM B, B2 BT U THER~ A 7 1
TN EHNTHERI L= 7 7 L A SCF/EP @ikl = U 7 i~ 1 &
B 7 72 VE A SCF/EP FEJEM AL L R, R 4-1 IZRBRF D4 PR & ARG £
L.

Table 4-1 Summary of specimen types in chapter 4.

Specimen types d (um) Wfp (Wt%) ch(wt%)
Hollow silica particle/SCF/EP laminates 24, 50 10 ~20 -
UF shell microcapsule/SCF/EP laminates 20, 50 - 10 ~20
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4213 T a— hE—2H BHE

B2 EB IO 3 EEFERRS, v a— b E—LAJEIC K B BRE AWTERER I
JIS K7078 BU&IZHEL L, =i T, #BURE 0.65 mm/min, 3 AT AR TIT-
7o WIHERERIE, e R ELARE, WA i B RS T A2 7R LR CARRT 2 il L7z,
bR ik, slBR T A2 R DD A L, AU S RREICHER T &2 7 TR
T, FBIRT24hE L. D%, 6oL, 80CT24h MEL 7=, 15
BB O UIHIERER & FREIC T o 72, RENT OB AW RET TR L VR,

3P,

4bh (4-2)

T, =

Z T, RIFHIIRBRIC I T D RATE, b ITRBRAME, h I THABRAES TH 5.

4.2.1.4 HIEFESEE
i%zﬁkﬁﬁm,E%ﬁﬁﬁ%ﬁ,@%ﬁ%%@ﬁﬁﬁ@ﬁéﬁﬁ’ﬁﬁ&
Wi & )&, TUXN~vA A a—TEHNTITo7-. 708, BEHIC

W7 AR — NV T A — AR IE & T > T 4. i R O W) ,ﬁﬁ
RITCKLEE 1000 3/ DM KRR Z VT, 7REKZ DTN S L.

4.2.1.5 U N HZERLT OJEEERERR

92 WERIBRIS, U A HZER - ORI RER L, MRS SR ERTIC
KA L TITVY, JISR1639-5UOZHEL L, /N A aRERIE 2 -V CHIE L 72, R
AL 04462 mN/s & L7z, U B ek OEBERE oy 3R LV KD 7.

2.48P,
Td?

gy = (4.3)

ZZT, PylF ) A ZERI A DFEEME T 5. U 2RI, RS 47
um O H O % FHuiz.
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422 EBRFERBIOBE

4221 TV A HRZERIT O ESEIRE

421>V Ty 2R OARKR W 72 RIS ) — AR TH Y, 5 2 mTHH
Nl U THHEIR~ A 7 v 7'V OfER & g LT 2. it =4.3) % A
THONIEMIS 1 Z2 R L TERY, JEMIS S — 2L R O AlLIL > U B H
Zeki L2 ) TR~ A 7 ah 7Ol EZR L WD, v b hzeki
D EMEIS T — ZENL AR O I AR, = U THHER~ A 7 0 b 7L OBAIC
T, B8R L7, £z, RA421Z Y AR +E 2 TR~ A 7 a1
YLV DJEEFRE OSEEZ RS, U b 2k T OB L, = U TR~
A7 anTBNOGEIZHRT, AL, Z0EX, AEKEI%LTTHE
Thole. ThEY, VU BHPZERIX, U THEIEER~ A 7 ah 7 ecx
T, ENTZRE - WIMEEA T2 RSN,
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— Hollow silica particle
----- UF shell microcapsule

o (MPa)

0 10 20 30 40
Displacement (um)

Fig.4-2 Typical compressive stress-displacement curves for hollow silica particle and UF

shell microcapsules.

Table 4-2 Summary of compressive strength for hollow silica particle and UF shell

microcapsules.
d (um) No. of samples oo (MPa)
Hollow silica particle 47 10 1.70£0.63*
i 32 10 0.513£0.060
UF shell microcapsule
103 20 0.141£0.028

* Standard deviation.

96



4.2.2.2 FE LR

4-3 1% U B R Z2Ri -5 45 SCF/EP fl@ i o LAY 70 17 B — 257 AR C do
D, WP =13wit%, d=50um OBGETHD. YR TH O /- fif E — ALl
BRI, RMTEE CEMAIE 2D, R RWMEZ R L%, 2RI ERE T L.
BE%RR THE LN WE— A #R T, IR & DRI T
HIARCOME T L, WSRO mEL Y IRV E Z A2 @B LT,

2
Hollow silica particle/SCF/EP laminates
B Virgin B
215 : e
o K ‘\
4 P \‘
9 1r e Damaged \
S >
- 7
0.5r
,’ L | L ] 1 ] L
0 0.2 0.4 0.6 0.8

Displacement (mm)

Fig.4-3 Typical load-displacement curves of hollow silica particle/SCF/EP laminates with
WfP =13 wt% and d = 50 pm.
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4223 BRETANTREICRKIET Y PR TFEESROR

4 4-4 13>V I HZER 15 A SCF/EP FEJE B O #IHIEER 2> 515 & 7o ARERY
70 LT O TS ) — AL 2R L2 b 0T, W =10, 13, 16, 20 wt%,
d=50 um OEETH D, HahE4.2) 2 N TE o= RN O WS )%
ARLTEY, RN O AWIE T — 200 h#R O P AR TR 7 OREZ 3 L
TW5. v U B HRZ2Ri 754 SCF/EP FEEMEFD FLENT O /WS 71 — 2507 #i#R
X, RMEETIZE A EERN L 20, R EEEMEMEICHE L. £z,
U I HZERi &4 SCF/EP M END RAENT O A WG 71— 28 AR O 1)1
ABE, 1 FFE—FLTWD0, U RZERFEESROHEKRITHEN, DTN
KFL7Z. B2ED235HTRLEY TEER~A 7 ahrers67 58
CAETE SCF/EP FEJEM Bt DG &2t~ T, U 22k 34 SCF/EP @ikl
ORIPEE, U IHERTEBEDRICHOE D EELZZ TRV ERHA LN LR

7.

50
| Hollow silica particle/SCF/EP laminates
d =50 um

40 10 wt% o \.
= Y16 wt%
- 30+ 20 wt%
> i 13 wt%
N
o 20

10 |

0 01 02 03 04 05 0.6 0.7
Displacement (mm)

Fig.4-4 Typical apparent shear stress-displacement curves of hollow silica
particle/SCF/EP laminates with d = 50 um and different hollow silica particle

concentration.
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4 4-5 122U B hZERi A3 A SCF/EP faf@ikt (d=50 um) O RENT OJEHE
AWITREEIC RIET 2 U IR Zehl B a0 BERT. BT 713 VEEE
T T —N— IR E R/ MEEZ R LTS, v U HZeki -5 SCF/EP %*}:'H
Bt BN O AR, ~ U B2k FEESENERKT L L, KT
DM Z R LTz, ZaUE, U 2RI DSHBENE TR E L CTHET 5D T,
U AR FEES RO KITME, REPER LD EZZ2 615,

50
Hollow silica particle/SCF/EP laminates
401L T d =50 um
L o o T
£ _
=
., 20 L
©
10 L
0
10 13 16 20
WfP (Wt%)

Fig.4-5 Effect of hollow silica particle concentration on apparent interlaminar shear

strength of hollow silica particle/SCF/EP laminates with d = 50 um.
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4.2.2.4 JBREITAMTREICKIET VY WHERTRIBROKEL VY HPZRLT
DN HERRFE

X 4-6 IZWIHIRRERD DG S AT ARER 7 NS OF WIS T — 2507 iR & o
L7zb DT, U h ek &4 SCFEP Bigtt WS =13wt%) &=V 7 #f
e~ A 7 v 7 7k V&4 SCF/EP BEJEMEL (WS =20 wt%) &L T\ 5.
¥, U AHZERLT-E A SCF/EP BB L = U TR~ A 7 v i 7k
A SCF/EP f&f@M Bt o, =V TR~ A 7 0 7 7B VINOEEFI OB &
EEELT, WP =13 wi%DFEREWS =20 wi% DR TIT>72. d=50 pm D
Yy, ¥V A 2Ehi& A SCF/EP FEEAMEND RAENT D8 AWis /) — 2L dh# o
M ABLE, d=24 pm OHEIZHERT, KT L7z, v U A HZ2Ri1- 13 5 im SO
EEHAWTERLCEBY, 2V THIRE~ A 7 a7 EFERC, vV oz
WBLF DFREE « WIPEIE, 2V I PEERFRIBE DI RICHEVME 95 Z R TRSL
5. ZDi=, VU IhZeki1-&4A SCF/EP BB oM Aidix, >V hrhze
BRI OWKIZHEY, IR LB OND. F, YU IR ER 188
SCF/EP F&/@# Bt D RENT 08 AWiS 1 — A dh#iE, R E £ CEMR E 72
D, BRWEEZEEOICEE L. ZhUckt LT, =) THEE~ A 7 el 7
Y V& SCF/EP FEJ@A £ D RN T O\ AWE T — AL, 247 0.5 mm fF
W BBE R EE 2R Lz, Zhid, v U e ﬁ%in)?ﬁ%ﬁv%
7 v J T AZHATHREE < [N & <, AR NG & OBEEERE WD T,
TANFEELL T ozt EZOND. &I, VY hHER &4
SCF/EP fEEM Bt O ARIE, =V 7HERE~ 1 7 v 1 72 /L& 4f SCF/EP 4
JEM B O GITHART, R Lz, 2, U b2k oItk = U 7 5
i~ A 27 ali 7B VOGEIHRTEWEOTEEEZEZLND.
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[ 24 um
50+
20 pm
—~ 40 L 50 um ’/ 50 pm
Q-‘ i ”’—’f_ —————— RN
E 30 — r:"
~ e
() i P
20 | .
’I
B ,' . . P_
10 i /0 —— Hollow silica particle (Wf 13 wt%)
T - UF shell microcapsule (ch =20 wt%)
| :

0 02 04 06 08 1
Displacement (mm)

Fig.4-6 Typical apparent shear stress-displacement curves of hollow silica
particle/SCF/EP  laminates with Wfp = 13 wt% and UF shell
microcapsule/SCF/EP laminates with ch =20 wt%.
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4-7 IX BT OJEHE AW R THRARDR B L R LIZbDT, YU W
iz &4 SCF/EP Mkt WF =13wt%) &= ) TR~ A 7 nh 7
/VEH SCF/EP FEIEMEL (WS =20 wt%) &L T\, B2 7 713 FHfE,
T T — (IR KE & FIMEE RS, ) R ZEk & SCF/EP FEEM BN AL
BT ORI AW L, ) B PR RS 24 705 50 pm ITHIRT D &,
K 25%IE T Lz, 2, U 02k R OHERITHE, B OSREEAME T
Licleh Bz bbb, £z, ¥V 2k A SCR/EP FEMELO LT @
JE R AW L, = ) T RERE~ A 7 v 7 v &4 SCF/EP FEFEF B OS54
(THAT, BRI AR Lie, ZauE, U kT O5REE - WiPED = )
THEHER~ A 7 0 7V DEEIZHSTEWIZDIELEZEZIONS.

60
| Hollow silica particle . UF shell microcapsule
SOy wr=13wt% | W =20 wi%
~ 40 t T 3 == —
s 1 ; T
s 30t |
_— 1
7201 :
10 L }
0 1
24 50 20 50
d (um)
Fig.4-7 Effect of diameter on apparent interlaminar shear strength of hollow silica
particle/SCF/EP  laminates with Wfp = 13 wt% and UF shell

microcapsule/SCF/EP laminates with Wy =20 wt%.
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] 4-8 {32V A sz 15 A SCF/EP BifEA kL (WP =13 wi%) D1 ER %
DOFGHERBIZEME R AR LT-b DT, (@lEd=24um, (b)iLd=50um OLFAET
H5. d=24 um O, ZZNIFEFIT/NS L, HHEZD > T—HMICER LT
Wz, d =50 um OFE, & 2T SCF OMEHER TRIOICHER L T\ 2., 2,
2 T2k - OFRE < JIES E N, RN ek AT D K DI
U Rt E~ N v 7 A OREE IR TERLIZEEZE XA LND.

AREED 4224 HiCHOLNIMFIEMIEL Y, “ U hhzeki &4 SCF/EP f&E
B D RENT O BRI AWrREE « WM, =V 7HIER~ A 7 o b 7L ER
SCF/EP B EMEL DI AT, RT LR LN E o7z, v IhzE
Wraz~A a7kl VAE~A 7ual 7V eHnsZ T, B
CE1E SCF/EP R&J@H B 2tk s S s, L, E&NT Y hp
ZERi - T D X OICHER L7280, v U B HhZeh 1 O SIER (CIB R % &
TALEEDHZ L THAEMHEE > Fu—L LT, ¥V b HZehi O E « [{iv:
EZOERTHIET 2 L ICHET ALER S S.
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sy _siliéa particle

T S i e RN R ST TR
P A S v s

(b) d= 50 um

Fig.4-8 Optical micrographs of damaged hollow silica particle/SCF/EP laminates with
WfP = 13 wt% and various d: (a) d = 24 um; (b) d = 50 pm (the dashed lines

indicate the crack propagations).
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43 TV AHRIERIFDO~A 7 ah eV

U B~ A 7 vk eV OERLE, BEAIOEIE IR X O R R
EDOBEMSELBRRLT, YU IHRERFIZTT oy 7Y 7 #Kl (Silane
coupling agent, SCA) |Z X ARWUE A L7=. £, K49ITr-TLoIg, &~
U A HZEhi ORI T o h v 7V o TR &G U, EERIZEALT, &
BHRIOEEZCE T 5 Z LT, MR T 0y 7Y THNC K D REL
PR A G LTz,

SCA coating

B Porous 'y .=.““““==EE’=E‘

Injecting
healing agents

Leaving
at 60°C

# ' Healing 3
¢ agents

SCA coated Silica microcapsule
hollow silica particle

Fig.4-9 Schematic image of surface coating of hollow silica particles by SCA.

4.3.1 EBHIE

4.3.1.1 HEEH

2 T R P SE RN A AR SE AT I A E YR L, SRR d = 50, 60 pm
DHLOERN-, BEANL, Yy raXyZ2Yx (DCPD) £/ ~— (Acros
Organics) AWz, >y 7V o THIE, 3-Z7 UV R 7resL by
Moy Iy (BT TEKRAS) 2 AW, K410 ITRETHW - Z
Y H TN TR OREER A R

0
(C,H.0),SiC;H,0CH,CH-CH,

Fig.4-10 Structural formula of 3-Glycidoxypropyl triethoxysilane.
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43.1.2 VI Uh vV TR KB REOAB S

4120y 7N L DR EUEFIEORAK 2 ~T. £7,
K, =X ) =Ty TV TRI25g2BAEL, YIUrhy 7Y v
THN 2 W KRS, Swt%l T by 70 U T RIMBRRIR A ERL L 7=, &
BKkETH ) —LOREHIT8:2 & L. Swt%y T h vy 7 ) v R
WRIC ) B Zehi+ 1.0g % 2 £/21X 16hIBAE LT, U AhZehi+REIZY 7
YRy TN TR ERE ST, ED%, Swit%y T Uy 7Y 7 HILERERIE
MZRFET HE TR CTHIE - IR A AT o7z, S HIZ, BRIFANTIRE 100C% 1
hiRFF LT, U W h2ehiF Al S v,
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1 Hollow silica particle
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_____________________________ ol e o
1 1
1 1
! X X X x X X X X x H
N b IR
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: AR, " 2 SRR SRR, O L et SSHRn L i |
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Fig.4-11 Schematic image of SCA coating of hollow silica particle.
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43.1.3 BEAOEAFIE

X 4-12 1R T XD, Ty TV TEE LT ) B ek A E1E
#| (DCPD) iR L, BZEF| & &iTo7z. BZE|XX, Ty 7V v TANL
HL72v U AHRZERL TN O ZERIMEIEAI & AN ED D Z L THELDp i S
N bETITo 7.

Bubble

Healing agents
SCA coated hollow silica particle

Fig.4-12 Schematic image of injecting healing agents into SCA coated hollow silica

particles by vacuuming.

43.1.4 U HHZERT DR EBIL
AEATIFE 7-BAMEE (Scanning electron microscope, SEM) (TM-1000, #=\&4kH
NNAT 7 )Y —=X) W, BEEAI AT RO T Ay T v T A
LB L 7o) B RZERi - OREBIEE LT o 7o, IR E LT, a2 —7 4 V7 HE
(MSP-1S, BRASHEZET A ) 2T, AL%E 15sfla—7 1 v 7
L.
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Iy T Y THBLE LT ) T LR ITAEE R AL, ELER R
WT60CZ I h{rRFFLT, Ty 7Y U TR LT T 22k N D
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Fig.4-13 DCPD weight in hollow silica particles and SCA coated hollow silica particles

with mixing time 2 and 16 h.
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U J e OMFL A ZES Z LT, BEAOKIMEMEIT 5Ty Y v
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20pum

SCA coating

e

Fig.4-14 SEM micrographs of SCA coated hollow silica particles with mixing time 16 h.
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Injecting 7 Coating
iR healing agents SR of surface

Hollow silica particle

<_____

— Vacuuming

Healing agents

Hollow silica particle

Fig.4-15 Schematic image of microencapsulation of hollow silica particles.
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Ao L TWIRWRALERD 2 ) Ty th 22k 15 A SCF/EP fEJg Tk (X 9 —) Z [tk
RFMETER L=, &5, F2EB IO 3 E LRI, BERIZFETALT
UWNRUWNRALER D 2 ) H Hh 22kl - 5 5 W TR L7232 U th 22k 78 4 SCF/EP
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i ) Silica Applicator
microcapsule 36
Ey - plies
Catalst
i Spread carbon fiber Laminating
Curing agent | I
Vacuuming 10 min Hot pressing 60°C/1 h Curing 60°C/24 h

Silica microcapsule/ Hollow silica particle/ Hollow silica particle/
SCF/EP laminates SCF/EPlaminates SCF/EPlaminates
(mixer) (mixer) (sieve)

Fig.4-16 Schematic image of specimen fabrication for silica microcapsule/SCF/EP
laminates (mixer), hollow silica particle/SCF/EP laminates (mixer) and hollow

silica particle/SCF/EP laminates (sieve).
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Table 4-3 Summary of specimen types in section 4.4 of chapter 4.

Microencapsulated

Specimen types . WfG(wt%)
healing agents
Silica microcapsule/SCF/EP laminates (mixer) DCPD 2.5
Hollow silica particle/SCF/EP laminates (mixer) - 2.5
Hollow silica particle/SCF/EP laminates (sieve) - 2.5

4414 v a— bhE—2HBRFGE

W2 ERBIOY 3 ELERMEC, v a— FE—AEIC XD ELE KRR,
JIS K7078 BU&IZHEL L, =i T, #BURE 0.65 mm/min, 3 ST AR TIT-
To. PIERBRIY, HRORATER, PIMEZR M B T34 U7z R il CAfr & kT L 7.
BRFA ISR SRR 2R 4 L, RN HEEICRBR A 27 /1 Tk
DT, BRT24hKE L. £D%, THNPBEVAL, 80°CT24h NELL
7o EEHRBE, WIHIERER & FERIC I Lz, AT o RS AKERET 135
(42) XbhkDdi=.

4.4.1.5 BEFERER

52 B L FERRIC, RGBSR, MIERBREZORBR Z2RIc, 7YX
A7 A a—=TZHNTITW, B A ORI HI T2 2882 Lz, £,
FRERET OB T OBE T AN AT 22 2 b OB b IT o 72, ek, BRI,
T T AFMERr — VW T AT —AIEEIT > T 5. 3 EBRATNTRLE 1000 7
DI KRR Z T, ZREKZ DT 7228 6B Fr oW &2 BB L7-.
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4.42 EBFERBIOBE

4.4.2.1 TE—ZNLHR
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AU 75 fof B — AL AR 2 . WIIRRER CfF Do E — A, £470.5
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ARBR T3 O V7o fr B — B2 IE, WIEER T b 7o R TR AR
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W~ A 7 7 TR AEH SCE/EP B EIORIME & 3% OEHEHRITAT b
oo, ZhUL, YU IR~ A 7 ah TR VNITEERE IR R 2 &
NTERMNoTZT-bEEZLND.

3 | Silica microcapsule/SCF/EP laminates (mixer)

2.5 _ Virgin

z 2

4 I

N

g 1.5_‘

5 1 b /Healed
0.5}

0 02 04 06 08 1
Displacement (mm)

Fig.4-17 Typical load-displacement curves of silica microcapsule/SCF/EP laminates

(mixer).
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X 4-18 (2> U B~ A 7 a7 VEH SCF/EP BEME (R ¥H—), vV
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R NS O AW T — BN O AR, v hE~ A 7 v Tk
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AR @ 2 R T Z E NPT,
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i/ \
/ \
= 40+ y
o S
= 30+
~ .
(3 i W
20 + y
1 O [ / Silica microcapsule/SCF/EP laminates (mixer)
- - Hollow silica particle/SCF/EP laminates (mixer)
------- Hollow silica particle/SCF/EP laminates (sieve)
I L 1 1

0 02 04 06 08 1
Displacement (mm)

Fig.4-18 Typical apparent shear stress-displacement curves for silica microcapsule/
SCF/EP laminates (mixer), hollow silica particle/SCF/EP laminates (mixer) and

hollow silica particle/SCF/EP laminates (sieve) after virgin test.
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X 4-19 12>V B~ A 7 a B 7 VEH SCF/EP BEME (X% —), vV
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LD FNT OB R AWHREE X, >V 2k 15 SCF/EP fiB Bt D54
IZHA_T, R L7, 2L, U IHRERFICT Ty T TR K D%
HLERAATH Z & C, ZARFUME~Y Y v 7 AL OBEEEREE LD L
Eionb. —J, VU BHHZERI-& 4 SCF/EP FEME (2 X0—) ORENT
DOEMEAWRE L, 2V U 22kl 15 A SCF/EP FEEHMEL (5510Y) DHAEIC
T, R L7, ZhUE, v U k& A SCFEP fgikto~ ~ U » 7
AT, U DHRERTPEERSE-IIOBLIEEH LB BN,
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i 1 —I=
50 L
~ i
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Fig.4-19 Apparent interlaminar shear strength of silica microcapsule/ SCF/EP laminates
(mixer), hollow silica particle/SCF/EP laminates (mixer) and hollow silica

particle/SCF/EP laminates (sieve).
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X 4-20 1>V A~ A 7 0l 7w IVEFR SCF/EP BEMEIRB LWV Y Bz
W5 A SCF/EP @M B O I HEER % OB GBS R L R L7 b DT, (a)
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Z2ehi-& A SCF/EP FEEMEL (2 X%4¥—), (o)F>V hHZeki &4 SCF/EP &
JEME (520 OEETHS. v I~ A 7 vl 7 eV Ef SCF/EP f&f@H
BtOSE (X 4-20 (a), BIFAEEN FICA T TV, Ziud, v U I Hzehi 11
Iy TV AN X DR A fET Z & T, mARF VMR & oSN
WEEL, BRSNS potied B BND. ZHUSH LT, VU B h2hi
&4 SCF/EP BEMEIOHE (X 4-20(0)8 L V), BREICRD DX ZNEL T
W, ZAUE, U e E AR UREE~ MY v 7 AR O im T E AN E
BLIET-OEEZEZLND.

Fig.4-20 Optical micrographs of damaged various SCF/EP laminates after virgin test: (a)

silica microcapsule/SCF/EP laminates (mixer); (b) hollow silica particle/
SCF/EP laminates (mixer); (¢) hollow silica particle/SCF/EP laminates (sieve)

(the dashed lines indicate the crack propagations).
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(b) (c)

Fig.4-21 Cross-sectional optical micrographs viewed from fiber direction in various
SCF/EP laminates before test: (a) silica microcapsule/SCF/EP laminates
(mixer); (b) hollow silica particle/SCF/EP laminates (mixer); (c) hollow silica

particle/SCF/EP laminates (sieve).
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Table 5-1 Material properties of RVE models in chapter 5.

, Epoxy
Microcapsule SCF
JER828 Ancamine K54
Density (g/cm?) 1 1.17 0.97 1.8
E (GPa) - 3.49 2307
v - 0.3©® 0.2"
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fearvazi=A a7 e VERY—SBETLVERLIELDOT, a7vx
=AU ah T LS LTz SCF/EP HAME (KED 524 @i TiEL LR
R5) ZHLTWD., FR2ETHW A 70 eV Z2RKELTHD, a7
s~ A BTN DOY v (2 THEIEE) IXE =3.7GPa, v =0.333®0D
BPER, 27 (IB1EA]) I1XE =10°GPa, v =0.49 OIEEMEIEDIEF I2FH S0
WA CHALIRE L. T2, arzi~wA 7 ah e LVEHE—SHET
NAD~A 7 v 7'k (113 um) « 3 BCRLZ EE L, IKEE 2 {bs®5,
Thbb, Vo VERESREVNEELEEL LT, v 7 ah T EVRRD
MELZE L. v Ry RySeiTkTRSND.

d3 — (d —2t)3
d3

sthell — VfC (5.1)

ZIT, dIFEBEO~A 7 ah TR, tIIME LI~ A 7 a eV OfE
2, VEIZ~A 7 ah T MERES R TH D, ~ A 7 0l TV OREE, KRR
ZAEICEDLLFIFE-ETH OO L &) SITHE L Y, Rifk 113 um O~ A
7 a B 7T eVOREEL 270nm THHDZ Lnn, t=270nm EE L, EEEO~
A 7 v TR AR d DY 5~250 pm (ZEAL LT8O o = VIRRE Sy Ryl & G
HL7z (3852). F2ED23.6 HiTHW-~A 7 vh 7B LORIIT 20~250
um TH DN, HWHREICKIET~ A 7 v b TR VRO EEE X SR
T D0, INSWRIE (5, 10pm) O~A 7 a7V ERE LT-ET NV E AR
Lz, 72720, arvvazi~A a7l e VEGY—08ET /WL, BT um
? SCF & mRx UME 2 ¥t L7z SCF/EP HAaMEI L a7 vz ~A 7 ah
TRV THERENTEY, RS, 10um D~A 7 ol 7L a2E Lt
TADEEET, A% BREPRLETH L. £, v A 7 0l T vVERSRVE,
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SCF RN FVSF L, ZRZRKKTHSNED.

=

C ve
Vi = VSCF 1 yM 1 /C (5.2)
SCF
VSCF — 4 (5.3)
f VSCF 4 yM 4 pC

ZIT, VSRIISCF (AR, vMiZ~ b Y v 7 AR, VO~ A 7w TR VIR
Tho. H2mD236HE RIS, A 270l 7 B/ERSHRVAT 23 vol%,
SCF AR5 RVPFIT 12 vol%e—E L L=,

5-1(0)VE AL D= lcaT v = VEBEL Lz~ A 7 a7 vAinT
VAL LTREERIL L E L Lic~ A 7 uh T v Ea A — 4 e
TNERLIZb DT, WEL LT~ A 7 v 7L LB LT SCF/EP A4
BrafLTnd. WEk Lo~ A 7 nh 72, E =10°GPa, v =049 DK
ROVEFT VB LRE LT, £/, H2ED 2358 LRk, WHEILE
~A 7 a7 R VREE 113 pm, A 7 1 T RVERERVET 12~23 vol%
LA SH, SCF RRE HVPFIT 12 vol%—E & LTz,
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Homogenized SCF/EP composites
5 UF shell

7 X
DCPD core

Homogenized microcapsule
z

/‘ u
: Homogenized
X (b) SCF/EP composites

Fig.5-1 Schematic images of well-dispersion models: (a) core-shell microcapsule; (b)

homogenized microcapsule (dimensions in mm).

Table 5-2 UF shell volume fraction in well-dispersion model containing core-shell

microcapsules.
d (um) t (nm) el (vol%)
5 270 6.8
10 270 3.6
20 270 1.8
30 270 1.2
50 270 0.75
113 270 0.33
250 270 0.15
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AWM LTEBY, ~A47uah7rb~ bl v7 RA3E2ICHES LTIRE
ThHEREL TS, K521 3B LI-~A 7 v 7B nEE LTIREE
FHLUIZBEET LVARLELOT, @IFESFHH, OITENFHEIZ~YA 7 8
AT RNVNEHE LTZIRREZ BB L T\ 5D, F, ~A 7 a7 EH SCF/EP
FEEMEOEMICBITE~A 7 ah T VOEELERT L7290, K53 17T
o, WELLIe~A 7 a7 e BEEMEIOBRICEE L7 RiB 2 KB
L7cE (R =7 va£ L. BE (B 70X, v~ 7 v b7 kn
/AR F URIERE & ¥ L LT SCF/EP B EMEHE TR S, ZhEhTR¥
UEHEHRIZ~ A 7 a b TR ARFETASNIREE, =A% UHEHIZ SCF 235
TAENTZIREEZRIL L CWA. SCF ICoRFUIE2 R EEZTY 7L
DIESERETDHZ LT, WE LT SCF/EP HEMEEDE I ZREL, v A
7 uad 7N mRF RERE & BB L7 SCF/EP EAaMEEDE I IXZh
Z110.195, 0.105mm & L7z, £iz, WEK LT~ A 7 v 7 & /VRiFEIT 113 pm
EL, ~A 7 a7 MERRVEIE 12~23 vol% & A L S 72, SCF K Fi/mF
VAFIZ 12 vol%—iE & LTz,
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Fig.5-2 Schematic images of aggregation models: (a) aggregation (thickness); (b)

aggregation (in-plane) (dimensions in mm).

Homogenized microcapsule
y z

0.195
0.105 R
X
0.5 0.5 O Homogenized /
SCF/EP composites

X

Fig.5-3 Schematic image of aggregation (interlaminar) model (dimensions in mm).
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5.2.4 BRMRERRME TR % URIIEESMEIET v

%YEAk U7z SCF/EP #EMBHE, x FMIZEM L7z SCF (B 7 um) & =&
X UBHE OEEM B A B ERE M U, SRHERLE - S0 2\ L2
DTIH%. 45412 SCFEP HEEMEFET VAT, F7o, SCFIXAWICT U
BT, v U w7 REREREELEREICHL LD EIE L.

SCF/EP #& R D BRI SERAE A 0 VP 1, sl TkEn D,

VSCF

SCFr _
V T YSCF L yM (5-4)

ZZC, VSCFIX SCF 1Kf8, VMiZ~ bV v 7 Z{AFETH 5. SCF/EP HAEMEH
O BHk R SRAAME AT 70 VPR 1T 12.0~34.2 vol% & 2k L7z

Fig.5-4 Schematic image of unidirectional SCF/EP composite model (dimensions in mm).
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5.2.5 REHEERT T VL OBMERERH

ARED S522HM5 524 Hi T _/Z&K RVEET NV (a7 vz~ ah
YNGR WETN, WEL LIz~ A 7 a b TV EAY i BEET
)V, SCF/EP BEMENET V) OMMERHEIL, Digimat-FE (SHHAGA E /- AIRE
FIEHT 21— K Marc @ Y NV N—% T PRI L=, % RVE 7 /WU HE AR
THEIL, K 5-3~5-51THREREBHIAEAEE L O, WTILO RVE £7 /L
THHEBALRRZES/ NS 20, fRVBBORT 5 X918, A T25V—27 AT —v
22 (AEV :32~128GB) TRHATEX L2 HRRNITIEWEREEHE L.

Table 5-3 Number of elements and nodes in well-dispersion models.

Core-shell microcapsules = Homogenized microcapsules

Number of elements 577441 ~ 669927 536575 ~ 615886
Number of nodes 121510 ~ 147454 96108 ~ 109299
VE (vol%) 23 12 ~23

Table 5-4 Number of elements and nodes in aggregation models.

Thickness In-plane Interlaminar
Number of elements 550275 ~ 642062 574025~ 610497 628313 ~ 744797
Number of nodes 98401 ~ 113643 102333 ~ 108262 111314 ~ 130747
VfC (vol%) 12~23 12~23 12~23

Table 5-5 Number of elements and nodes in SCF/EP composite models.

SCF/EP composite models

Number of elements 915455 ~ 1077204
Number of nodes 163391 ~ 189638
VECF" (vol%) 12.0 ~34.2
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53 va— e —ALRBRICEET DA RERMBENT

ARED 5.2 HiTik_72 RVE TT V05DV HEEREZHWT, va— L
B — LR BRIC BT D AR RMAT 21T o 1=, I EmOT AL E L, WWHA
PREEEMENT = — K ANSYS VT, v a— hE— 2B BRA T V&R RITIT-
7. X551k~ A 7 vl 7v/ER SCF/EP fEMEID 2 koty 2 — F E— AR
B ET N EZOERKMEETRLELDOT, hidva—be—2#lBAES, P
IFEMEMEEZR L TV D. v a— b —ARBRORKAMEE CEMMAE P 2
FICAM L. Ya— =B O EEE TS 2L TR EROA%E
ET ML, T3 KO Wil PR SR 2 e Lc, BHRIL 2T 8
HimZiF (PLANE183) &MV, MEEHRE, #HELBIIENZEi 6053~8311,
18335~25191 Th-o7=. ¥ a— b =2 BRAET L OEIL, 56 2 3= CER
Lic~A 7 wudi 7 NEH SCFEP BEMEIORENZRY 3 — FE— Ll A
O~FEERWE (F85-6). 7, I6EFSEMEIE L, 16EE v a— PE—AK
B oBEIE, ANSYS (SHLAGA T T T ¢ ¥EIC X DRI 217> T3
BT, N7 o358, MROBEREMIC AR Z60E L, WIRFELO/RVA
HPNEL 2D LT, IV EVERSHIETHS.
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X
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Fig.5-5 Geometry and boundary conditions for 2D short beam shear specimen model.

Table 5-6 Short beam shear specimen geometries.

VE (vol%) d (pm) h (mm) b (mm)
0 - 2.79 9.82
12 113 3.00 10.0
15 113 2.91 9.96
19 113 3.10 10.1
23 113 3.35 9.90
23 20 3.51 9.91
23 50 3.32 10.0
23 250 3.35 9.96
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54 fENTRRB LOEE

5.4.1 PJEAL UT-BRARER SRMiHE, = &R 3 S BB E S ATE O LR

# 5-7 1%~ A 7 vl Fe/EA SCF/EP BB RVE 75 /WA HE
{t. L 7= SCF/EP MBI OB ERHEEZ R LT DT, W—piET L, EE (B
M) BT, BE (ENTR) ETNAOHRETHD. £, £5-81FFE 5T
& RIRRICE AL L 72 SCF/EP EAMEIO M Z R L2 b DT, BE (8H)
ETNANDOERETHL. KT, EY, EJITHORMGREL, G 13RI, ve,, vy,
TRT Y HTHD. Ik, BT Y v ld, EBEIE 0|l XD BEOT 2%
Exrr EyyET DL, Uy =—8,, /6, CHY, TOMDART Y b FERICER
nd. ZORRERWT, A7 vl 7 ENLER SCF/EP fEE@ £ D RVE €7
IV D BRPERFE 2 T L7z
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Table 5-7 Predicted elastic properties of the homogenized SCF/EP composites in well-

dispersion, aggregation (thickness) and aggregation (in-plane) models.

Vfc (vol%)

Properties
0 12 15 19 23
Young’s moduli
EY (GPa) 30.1 34.0 34.9 36.2 37.9
E;' (GPa) 4.51 4.67 4.67 4.77 4.81
Shear modulus
Gry (GPa) 1.69 1.76 1.76 1.80 1.82
Poisson’s ratios
v,‘fy 0.283 0.281 0.281 0.279 0.279
v},{z 0.400 0.397 0.397 0.397 0.397

Table 5-8 Predicted elastic properties of the homogenized SCF/EP composites in

aggregation (interlaminar) model.

Properties

Young’s moduli

EY (GPa) 78.4

E;' (GPa) 7.01
Shear modulus

G}?y (GPa) 2.80
Poisson’s ratios

v,ﬁly 0.257

v},{z 0.371

138
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7ah e ARRES R - SR E ORIRER LTS, EREE ey L,
B & /M 25—/ S TR Lo, RRAGZRAEI & LT, Tl L7 AR
H BEMEAREOT, v A 7 0 B TR RS BOR KIS, KT L7, Z AU,
~A 72l TR OBPERER AR UBIE DS G IR TH LD THD.
—J7, KT VL, v A 7 ah T e R RIS ETHIRE A EBEL
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5-6 (ZBVT, B BEE T A OFEBREFIKES, ESIE, o) RVE €740
AT, KT 2R Lz, Z2UL, BIFEDRV~ A 27 1 7R
YEAY L 7= SCF/EP AWM BN T — I3 L TWA D EEZ 5. ZHUC
LT, ®EE (ER) =7V EEE (mATTM) £7 V054, o RVE €7
MATHAST, BERERRIES, ESIOMR Lo, MERMEGRKECIZIE T Lz, h
X, WANFEC~A 7 ah T eABEEL TNDDEEEZLND.
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Fig.5-6 Predicted Young’s moduli
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of RVE models

containing homogenized

microcapsules with different dispersion state: (a) ES; (b) ES; (c) ES.
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Fig.5-7 Predicted shear moduli of RVE models containing homogenized microcapsules
with different dispersion state: (a) Gj(,:z; (b) GS; (c) G,gy. The inset figures show

the aggregation (interlaminar) models at Vfc =19 and 23 vol%.
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Fig.5-8 Predicted Poisson’s ratios of RVE models containing homogenized microcapsules

with different dispersion state: (a) vsy; (b) Viz; (C) Vsy.
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Fig.5-9 Shear stress distributions in the matrix of typical RVE models containing

homogenized microcapsules with VfC =19 vol% at the shear strain value of 1.5%.
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P CiRbEVMEZ R L. 2NE 0, ~A 7 ah 7 n¥—I245H L 7= SCF/EP
FEREMEHE, MOEAWRIS N Z R 5 2 LR T, BEREOSERHIFIN
5.

30
75 _ Homogenized SCF/EP composites
= i i ® Well-dispersion
a % I A  Aggregation (thickness)
S 200 ¢ : g -
S T ¥ 3 * ¢ Aggregation (in-plane)
S f v X Aggregation (interlaminar)
15} X % EP
I X vV Aggregation (interlaminar)
10 . ! . ! .
10 15 20 25

VfC (vol%)

Fig.5-10 Effect of microcapsule volume fraction and dispersion state on shear stress at

the peak 7, of RVE models containing homogenized microcapsules.
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Fig.5-11 Effect of microcapsule diameter on the predicted elastic properties of well-
dispersion model containing core-shell microcapsules: (a) Young’s moduli; (b)

shear moduli; (c) Poisson’s ratios.
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Table 5-9 Comparison of the predicted elastic properties for the well-dispersion models

containing the homogenized microcapsules or the core-shell microcapsules.

Properties (?ore-shell H(?mogenized QC_HQH <100 (%)
microcapsule microcapsule e
Young’s moduli
ES (GPa) 18.4 18.4 0.46
ES (GPa) 3.08 3.06 0.59
ES (GPa) 3.03 3.01 0.64
Shear moduli
Gy, (GPa) 1.09 1.08 0.64
GS (GPa) 1.18 1.17 0.59
Gsy (GPa) 1.23 1.22 0.48
Poisson’s ratios
v,gy 0.274 0.274 0.0084
v, 0.249 0.249 0.12
vZCy 0.349 0.349 0.18
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Fig.5-12 Analytical and experimental load-displacement curves for short beam shear

specimens with VfC =0 vol% and VfSCF =12 vol%.
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Fig.5-13 Analytical and experimental load-displacement curves for short beam shear
specimens with Vfc = 23 vol%. The inset shows a close-up view of the same

load-displacement curves.
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WD e J1S K70780 Ok oD R T oD & [ AR I B4 A K E VT
SN AT OTAWIGSHERLTEY, BT O AWIG T — 2 #ERO )
PARIEY 2 — hE—2R B ET VOMMEZE L TND., &2 THO~A 7 adl
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Fig.5-14 Analytical and experimental apparent shear stress-displacement curves for short

beam shear specimens with various Vfc.
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I — AR DRI AEE, d=20, 250 um DFFITET, HFNITHEARL
oDy, IZEANEERRST. ThE Y, ~A 7 a7 B/VREED d=20~250
um OB, ~A 7 1 j 7 VEH SCF/EP BBMAELOMITEC RIES~ A 7 17
TENRBREOEZEITIZE NV EEEATE L2 ENHLNE R T

ARED 545 HITHONHERRELY, FEY I = b— 3 VR & R
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Fig.5-15 Analytical and experimental apparent shear stress-displacement curves for short
beam shear specimens with various d. The inset shows detail of the same

apparent shear stress-displacement curves.
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BEAL LTz~ A 7 a s 7R VEH RVE TF/LOMEEMEIT, ~A 27 ah
TR NRE RO, R L., £, WEIlkLlz~A7uah
BAEEE T T NV OBBYERIG, 1T, BEETT LV OGEIZHAT,
IR L7, 24Uk, SCF/EP FEEMEINIZ~ A 7 vl 7 & B —I2 50
XHDHZET, WA ETASZEERBLTNDS. LEEY, w1
7 v 7] 7 )VE A SCEEP FHEMBIOMMERER, ~A 7 a7 w05y
BORDL - KRR RITHKAFT D 2 DAL E o T,

Ay~ A Tl S eNVERE)EE T VORPEREL, v A 71
71 7/ VRIEEDS 20~250 pm (2L L THIZEAEEDL Lo 2R,
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A RRER N 21T S TofER, > a— b E— A8REBR T T /L O ff 8 — 27 Hh
BUTEBRER B —H L, RVEETNVOZYMEEHERTE. £72, «
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A RIT T~ A 7 v 0 T e HRDL - RO REITIZ L A LN
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H CETE SCF/EP FEBM B O ERGHIGF 5T 2 Z s s 5.
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W2 ENDE A ETIE, ~A 7 ah SRR EHE (SCF) /TR
HIE (EP) FEIEHIEND J177 e & AETR D AT J T 3 It 1 o s 28 2 2R
IR LT, BB 5 ETIE, ~A 7 vl 7' /VEH SCF/EP HEEM B O MRS %
KB LT REREFEEFRE (RVE) BTV EHEE L, BRI RIT TSSO
BRI LT\ D, PRI LZZBEMR M EZ N Ty g — F E—A3BRIC
B4 2 AIREHEMNT 24TV, Bl S = L—3 g VB R L ERE R A ik %
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T DA ELOTRED OLFEME SR OTRE - BEEREED Oz THIT 5
=01, BEERTARA LN TS, ZAICK LT, HOBEEME OB ETE
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L2 BB IS RIE RIS (A 7 0 7R VAR R « R - A BCIRTI) D
BAPIRRIICHE LTz, 72, ~A 7 v 7w/VEH SCF/EP FEEME O F i
s & PR - RIS RRE E OB A B LT

154



6.2 REALBFERET NV

6.2.1 EMHME

WS EEFRRRIS, ~A 7 v h 7w, RS UHHE GERS2S, 7 4 2 2 K54),
BRI ER R L T DRRTEMEIR & ROE L7z, R 6-1 IS B OREHMEAREL
E, "7V v Zad.

Table 6-1 Material properties of RVE models in chapter 6.

Epoxy
Microcapsule SCF
JERS828 Ancamine K54
E (GPa) - 3.4(10) 230012)
v - 0.3 0.212)

622 a7~ al e gt —oEET IV

WSELFERRS, a7 vz~ A 2 a TV EAE ST T & V.
arv A7 a TN DY = (2 ) THEER) 1ZE =3.7 GPa, v =
0.333WDBMEART, 27 (EEA]D 1XE =10°GPa, v =049 952 & T}
JERMEMEZ BIE L2 IEF IR O VWHMEERTH D LIRELTL. a7z~ A7
0 H SNV ERE—SEETVNO~ A 7 vl 7Rkt (113 um) © 48R
EEEL, ¥ M RR RV 033~68 vol%ll ZBLE &5 Z LT, v (/|
A7 VRIE113~5 um OFBEZZE L=, 52 FD 23.6 fi & FEklC, ~1 7
7 0 7 ARFE S SRV 23 vol%,  SCF A4y VI 12 vol%—E & L7z,

623 WEIL LTIz~ A a2 e RBFABERET L

WS EEFEMEIS, WHEIL Lo~ A 7 a7 VEFE—SEET IV, BE (E
M) TV, EE (HAFWR) E7L, BE (8 =72 AW §2
B 2.3.5 fi L RERIC, BWELLIZ~A 7 a7 kiRIE 113 pm T, v A 7
0l TR AARRSYRVEIE 12, 23 vol% & A b S, SCF A4y RVECF T 12 vol%
—E L LT,
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6.2.4 BHERRBHHME =R X UBIIEESMEIET LV

55 LRk, BB LT SCF/EP #AMEHE, x FmichEdm L7z SCF (1B
£ 7 um) LR UBHEOE A 2 BB SR ELE LT b O TH .
6-1 12 SCF/EP &M BHE 7 /v % /3. SCF/EP A M- o Bk iR 5 ke (45
FVSCFIT13.6, 15.7, 342vol% & L=,

Fig.6-1 Schematic image of unidirectional SCF/EP composite model (dimensions in mm).
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6.3 BIEEREMENT
6.3.1 REBAEERET NV OIREFAM

ARED 622HMD 624 Hi T R/ZE RVEET NV (a7 vz~
YNGR WET N, WEL LIz~ A 7 b TNV EAY i BEET
Jv, SCF/EP EEMEFET V) OFEE X, Digimat-FE [ZHLAA F 724 BRE H fif
Br=— K Marc @ Y )L 8—% FWTHRIBEREIT 2170, B o 7e i — O3 A
RO B RIS ) & B & EF Lic. AT CI%, XEHEEGRIZEY, RVE £
T —EOT HE 5 2T, BEOISNIDPHAER 20T L25E, BI5 L7 &4
EL, BROMIMEZ 1/100 1K T &85 2 & THREERICERS 2 %R %2
B L7z (¥ 6-2) . B KENIRERDBIURT S L Lz, &%E 7 /VILIN A2 R
THEILTEY, £ 6-2 ICAZETHUZ SCF/EP HAMENE T /L OMBEFEL L ik
(EPC= R oY
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u= : Number of step
Au = u™¥*/N )
u  : Displacement
Au : Incremental displacement
u=u+Au u™ . Maximum displacement

Calculation of stress and strain

Judgment of damaged elements by
failure criteria

Damaged Yes
elements occurs?

Reduction of stiffness
for the damaged elements

Recalculation of stress and strain

SR

Fig.6-2 Flow chart of damage progression analysis.

Table 6-2 Number of elements and nodes in SCF/EP composite models.

SCF/EP composite models

Number of elements 454462 ~ 516380
Number of nodes 82244 ~ 92251
VP (vol%) 13.6 ~34.2
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6.3.2 fi+EHI]
6.3.2.1 PBARRRFEMME = R* IR EEMEET L

SCF IZA U G 0RAE - #EEIE, IR T Digimat-FE (TR AA E 7o &
KIS FTE 9% W CHlE L.

Ff when ol >0
a,{x = ~ (6.1a)
—F/ when o, <0
F/f when ol >0
al, = yy (6.1b)
—F/  when afy <0
F/ when ¢/, >0
of = i (6.1¢)
—F/ when o/, <0
[l = Ff 6.1d)
|| = Ff (6.1¢)
|<L,| = Ff (6.19)

7T, o, a;y, of IZTRES ST, T;Z, ot T,{y&i“li/vlﬂfﬁﬁl‘?\j], F/1X SCF O5#

ETHDH., RETIE, FFH =3100MPa"? L fE L. —JF, =ARFUBIIRICAL
HEEORA - R, KU von Mises OREHERIIY 2 VL CH)E L 7-06.

(037,’3’,—02"2‘)2+(GZ"Z’—0;’,‘C)2+(0$C—J%‘,)2
6.2)
m 2 m2 m 2 — my2
+6{(m2)" + (2 + ()} = 2(Fm)

22T, of, oy, o FEEISS, T, 1, iR iFEAWILT), FMIT ATV
IR O 5| R T, AFETIIF™ =70 MPa® & i E L 7-.
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6322 BWE{LLIE<A I R T RN EELREGEERET )V
¥)EAL L7z SCF/EP #HAMEHIA U B E DR A R 1T, AU /R T Digimat-
FE (ZHL7AIA E 472 Tsai-Wu OREHRRID 2 I CHlE L7z,

2 2 2
(@) (oyy) +(o)® | (1) + (2  4(1)n)”  oxhoyy + ooz

FrFl FiFSS (F3)? Fre ke 2F 63)
208 oH 1 1 1 1
——f | o (or ) (o + o) =1
thFzI_c[' Fxt FXC th cm

ZIT, ops Oy Ol FTEEIGT), T, Th T lTEAWIST), Fi, FiEth
Zhvx, z FmOFEE®RE, EH, ERXZFhEivx, z FOEREEE, FLIwA
WriREETdH VD, FTIRTFD 1, clTENENLIEBIOERERT. —F, =&RF
URHIRIZAE U o B 04 - #ERIE, K (6.2) (2787 von Mises DR HIZ v
THIE L.

6323 a7 zi~wArulrleLlEEtey—SEET IV

%A L7z SCF/EP EEMEHIA L 2B G034 - #REI1E, X (6.3) TR T
Tsai-Wu ORI ZHWTHIE L=, 72, a7 vz~ a7l BLrDr =
V(= U TR 124 C A REOFRA - B, KU von Mises DOAlA
Hij 2 W CHIE L7z,

(05, — 05,)" + (05, — 05)% + (05, — 05,)°
(6.4)

+6{(r5.)" + (m0)? + (23,) } = 279)?

ZIT, 08 Oy O TTEEIST), T5,, T3, THITEAMIST, FHZ= U 7
HE D FIIREE T, FS =76 MPa'» L iE L7-.
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6.4 FENTRHRERBIOEEL

6.4.1 ¥IEAL U7-BRMRER SRMHE, = &R % MG AT B D58 EE

K63 IIH—ET L, BE (B HM) ET 4, BE (NS ET /L
(WS BB LT SCF/EP EAMEIOEZRT. £7z, & 6-4 13K 6-3 LA
BB AL L7z SCFEP MAM B OMEL R L= b 0T, Btk (ER) €710
BaThD. R, EMEREEL, ENE, —HmBERERL TR LIRS
MO FER S TS BRIREE & IEMETRE (R 6-5) LDHESEL LT, £
0.753Fy, 434F CARGE LMD, ZofREMNWT, ~A 7 a7 LVER
SCF/EP F&iJ@#Et D RVE €7 V& %R, HBIGHERMNT 21T - 7.

Table 6-3 Predicted strength of the homogenized SCF/EP composites in well-dispersion,

aggregation (thickness) and aggregation (in-plane) models.

Vfc (vol%)

Strength (MPa)

12 23
Tensile strength
FA 358 411
FA 36.4 38.8
Compressive strength
El 270 310
EH 158 169
Shear strength
Fiy 16.4 17.2
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Table 6-4 Predicted strength of the homogenized SCF/EP composites in aggregation

(interlaminar) model.

Strength (MPa)

Tensile strength

Fit 839
FA 41.0
Compressive strength
EY 632
EH 178
Shear strength
EL 18.6

Table 6-5 Strength of unidirectional CFRPs from reference (12).

Strength (MPa) CPRPs
AS4/3501-6 IM6G/3501-6
Tensile strength
Fyt 2280 2240
Fyt 57 46
Compressive strength
Eec 1725 1680
E,. 228 215
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6.4.2 NFRMEIIKIET~A 7 a7 RNVERES R - 5 BORILO &

X 6-3 1T EHBEAMOT Hy,, = 1L.5% A LI~ 70 TR ILVER
SCF/EP FEM BB EL Liz~A 7 ah 7wV EH RVE T ADLELN
JEH—OF B E TR L2 b DT, VE =23v0l%DHETH L. W ET v
DT —OT BB O ABLL, &BE (BESHm) £7 /4, EEE (miJim)
DFBITHA_NTHOFNIE KL, £ERVEETF AT TRbELS otz Zh XV,
~A 7 a1 7R3k U2 SCF/EP fE @A RN, Mo m BN S
L. L, BE (BxHm) £7 0, BE (HNGM) OIS — 0T o
I AELL, (&AL EEmERN Motz —F, E (BM) T L0 IT1—0F A
HFR ORI AL, D RVE E7 L OEEITHAT, K F L. 28, VF =12
vol% D& b AR 22t 7 Z2 7= L7z,

8
c 2
V=23 vol%
S <
=W
215 &
6 ~ i " . il -
‘< S (I
o ’ : 0.001 ().(;/015 0.002
S 41 !
L q -
2L , — Well-dispersion
/ ’ -—-— Aggregation (thickness)
AL --—— Aggregation (in-plane)
s Aggregation (interlaminar)
L | L 1 L
0 0.005 0.01 0.015
Vo

Fig.6-3 Predicted shear stress-strain curves for RVE models containing homogenized
microcapsules with Vfc = 23 vol% and different dispersion state. The inset

shows a close-up view of the same predicted shear stress-strain curves.
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H7eflm & LT, e — O MR O W ARL, ~A 7 v 7 RS RO
HERIZHEW, B Lz, 24U, 85 2 o 2.3.5 #i CF b a7 ERREIR & [Fkk7e
HRTHD. ek, BE (ESHM) T ABIO%E (HNFR) 7 L0
B THRBERMEm A2 R LTz,
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| — Well-dispersion
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NSRRI G NI
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0 0005 00l _ 0015
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Fig.6-4 Predicted shear stress-strain curves for well-dispersion and aggregation

(interlaminar) models with Vfc =12 and 23 vol%.
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4 6-51%~A 7 w1 7N EH SCF/EP MEEMEIOXEL LI~ A 7 vl 7k
JVEAH RVE E7 VO AWHEEEIZKIE T~ A 7 a b 72V BelRin O 8 % 7R
L72b DT, VF =12, BVol%DHETH L. b, WHELLIZ~A 7 nh Tt
VEA RVE BT 0B LNTIG T — O3 Bt O fe Kk 71 % & AR EE & &
Bl B 771300 8MEE, =7 — " —3RKEE F/MEZ R LTS, 2
Fy7efEm & LT, SAWREITZ~A 7 vl 7B VR RO RICHEVME T L,
%52 B 2.3.5 Hi T O AV EBREE IR & Rk m AR Lz, £70, B (&)
TR AWTREEX, ~A 7 0l TR ARFES R 12 70D 23 vol% I KT
HE, KIA0%ET L. Zhud, VE =23vol% ket (B €7 1vo8qha, ~
AR TvANA 7 a7,/ =RX RERE & B8 L7 SCF/EP #
BMEEZREI D720 L ZEZ0N5. S BIZ, W—08ET VO AWmEE L,
BetE (B HM) £7 VB LONHE (HNG) 7 VOHEIZHTHARLE
n, EE (B8 BT VOLAEICHTR T L. Zhug, BE (8 =70
DYe, ~A 7 vy 7w/ TARF R & YEAC L7 SCF/EP G EHE O
REHE CISHETNEL, ~A 70 TR LVEEORENILE A CERSN
Tl EEZLND. ZORRIE, F2FED 2.3.6 HiTHE L FEBRE R L L
LTHY, FEEBRTIX, thoiRBichthxT, RENT o AWmRE N m L L7z
RERAC, v~ 7 vl 7N ECEE SCF/EP BEEM RO EMICEE L T\ D
BRIDBIE SN TWD., RETHIEERIS, ~/ 7 ah 7P EliciE LA
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Fig.6-5 Predicted shear strength for RVE models containing homogenized microcapsules
with Vg =12 and 23 vol% and different dispersion state. The inset figures show

the aggregation (interlaminar) models at Vfc =12 and 23 vol%.
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Fig.6-6 Predicted shear stress-strain curve and damage progressions in well-dispersion
model with V& =23 vol%.
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Fig.6-7 Predicted shear stress-strain curve and damage progressions in aggregation

(thickness) model with VE =23 vol%.
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Fig.6-8 Predicted shear stress-strain curve and damage progressions in aggregation (in-

plane) model with Vfc =23 vol%.
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Fig.6-9 Predicted shear stress-strain curve and damage progressions in aggregation

(interlaminar) model with VfC =23 vol%.
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Fig.6-10 Shear stress t,, distribution of RVE models containing homogenized

-1.72728

microcapsules with Vfc = 23 vol% and different dispersion state: (a) well-
dispersion; (b) aggregation (thickness); (c) aggregation (in-plane); (d)

aggregation (interlaminar).
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Fig.6-11 Predicted shear stress-strain curves for well-dispersion models containing core-
shell microcapsules with Vfc = 23 vol% and various d. The inset shows detail

of the same predicted shear stress-strain curves.
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Fig.6-12 Predicted shear strength for well-dispersion models containing core-shell

microcapsules with Vfc = 23 vol% and various d.
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Fig.6-13 Predicted shear stress-strain curve and damage progressions in well-dispersion

model containing core-shell microcapsules with Vfc =23 vol% and d =5 pm.
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Fig.6-14 Predicted shear stress-strain curve and damage progressions in well-dispersion

model containing core-shell microcapsules with Vfc =23 vol%and d= 113 pm.
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Fig.6-15 Damage progressions in well-dispersion models containing core-shell
microcapsules with Ve = 23 vol% and various d at y,, = 1.5%: (a) d =

5 um; (b) d =20 pm; (¢) d =50 pm; (d) d =113 pm.
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Table 7-1 Summary of chapter 2.

Microcapsule concentration (ch) /

Microcapsule diameter (d)

Low / Small High / Large

Stiffness Increase 4 Decrease W

Apparent interlaminar shear strength (z.) Increase 4 Decrease ¥
Healing efficiency (n7) Decrease W Increase 4
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Table 7-2 Summary of chapter 3.

Microcapsule diameter (d)

Small Large
Crack Short Long
Apparent interlaminar shear strength (z.) Increase 4 Decrease W
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Table 7-3 Summary of chapter 4.

Reference SCF/EP laminates

Hollow silica UF shell
particle microcapsule
Stiffness High 4 Low ¥
Apparent interlaminar shear strength (z,) High 4 Low ¥
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Table 7-4 Summary of chapter 5.
Microcapsule volume fraction (Vfc) /
Microcapsule diameter (d)
Low / Small High / Large
Shear modulus (G,,) Increase 4 Decrease W
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Table 7-5 Summary of chapter 6.

Microcapsule volume fraction (Vfc) /

Microcapsule diameter (d)

Low / Small High / Large
Stiffness Increase 4 Decrease W
Shear strength Increase 4 Decrease W
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