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Visualization and Self-Healing of Damage in Spread Carbon Fiber/Epoxy Laminates

Containing Microcapsules

by

Yasuka Nassno*, Shinnosuke Hirooka** and Kazuaki SANADA™**

Damage behavior of spread carbon fiber (SCF)/epoxy (EP) laminates containing microcapsules for self-healing was
investigated experimentally. The SCF/EP laminates with the microcapsules containing a healing agent mixed with a UV
fluorescent dye were fabricated. The apparent interlaminar shear strength and the healing efficiency of the laminates
were evaluated by short beam shear tests. Damage areas of tested specimens were observed under UV light to investigate
the relation between the damage behavior and the strength recovery of the laminates. Results showed that the cracks
propagating through microcapsules could be visually observed under UV light because the healing agent containing the
UV fluorescent dye flowed out from broken microcapsules into cracks. It can be considered that the damage behavior of
the laminates affected the apparent interlaminar shear strength and the healing efficiency.
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Self-healing Carbon fiber ~ Microcapsule

Fig.1 Schematic image of healing process for self-healing
SCF/EP laminates.
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Ist generation, ¥ 7~ 7 /L KU v F) ZIN L 7. Grubbs
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WS IRE L7z, el 728, Grubbs fil 2 7014 2 i
W2V % — L INODIRATRIR O FRIE % [FERICHIE Lz,
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J =V ARl U HHE JER828 (=254 2 L (1)),
W LA E LTT v 2 > K54 (Air Products and Chemicals)
R ~ A 7 a i e, BEAITEH S DCPD
/<= (WMEs () 12, xAX Ty a—Ly
TV VNI =T E RSy & T D HOEIYE R-ZV B &
O'R-ZE (BdA L 3:1) %0, 5, 10wt%iRE LicbDr~
A7 ah 7w Lic. B~ A 7 a7 OERT
(BR) =vv AT 7 =D THioTe. ~A47uh 7N
DIHREFE d 13 30, 50, 120, 250 pm D& D& iz
DCPD % fifb & A fillit & LC, Grubbs filllt 4 v 7.
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L7z, 20%, BN TEE 60°C% 24 h {755 LT
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EEREZFHT 5720, Grubbs il N Tnzny 7
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Fig.2 Specimen geometry.

Table 1 Summary of specimen types.

Specimen  Grubbs d Microencapsulated
type catalyst (um) healing agent
50,

Reference None 120 DCPD
SCF/EP
laminates None 30 ~ DCPD with 5 wt%
250 fluorescent dye
50
0 )
2.5 wt% 120 DCPD
Self-
healing o 50~ DCPD with 5 wt%
SCF/EP 2.3 Wit 250 fluorescent dye
laminates
50 DCPD with 10 wt%
0 )
2.5 wth 120 fluorescent dye

34 Ya—hrE—LBRBAZE

g — M E—AEIC K D EME A BRI JIS K7078
HUREIHEIL L CAT o 7. BRI, S =Ob e e g
(EHF-FB10OKN-10LA, (FF) EHEERUERT) 2 MV, =i
T, REBRHEE 0.65 mm/min, 3 SEHITERTCITo72. 1A
W, BT Smm, SRR 2mm O b O % FAVviz. )
IR, BeRMTEA /R Lok, PR EME TAET
TR CAM Z P Lic. BRmitk, FAELEZNEL
DRI 2 70 ) ThEOATT, =|IRT 24 h FEL
T, EEF 2 i S 7=, 2 0%, HANBIY 4L,
80°C T 24h ML C, BIEHIZ TR b S 7. B8
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Wrsh EE T J Rk 0 R 7z
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Z ZC, PIIWIMIEER R S T R KA, bIEEER T O
ECTH 5.
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BB B WIHIRER O KW ERF O LIS IT 5
OTHZRAX—2HNT, KAOXLH e L.

d d
B U?ealed _ Uc amage
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JEMELE U 7 7 L2 A SCF/EP Bif@# £t o E#55k
i — NN OHB LN 0T AL —TH 5.
2P, ZOBEEOFEHFIECOWTIE, BE#R D TR
IR BTV S,

3.5 BIEHEEBEAZ

PEEIBLIZL, WIHRBR®% ORI &2 %5, 7V
H <A 7 aAa—7VH5500 ((fk) +—x2 ) =/
UWTATWY, fEHE DT TR seh L CIRE 5 [ O Wi 2 8182 L7z,
F7m, RUBIERAMNR LED & 2 AFAWT, BT ITH I
LARMERE Uz, 2op, R oWrmi, RABRpTick
FE 1000 & DI /KBFEMZ VT, KBKEDITRN5
FEEL 7=,

4 HRBLIUVER
4-1 HEABHEFEERORE
Fig.3 | ZIEEA & 80 p O IRA TR O B TS
WYL E A RO PBZ R, BAWEROMREL, 2t
BRFEAREOHERITEY, R L7722, #REn IR~
IZRENZ /o Tz, &Y, IRAEIROBEL, 0k
BEEHEEZZE L ERSETH, —EEICNERT S &
FHEEIND. I THCOEE SCFEP BigH B O/ERIT
%, HABEE 5, 10 wi% B A LIciEEAlZ Ao~ A
s ah TR E L.
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Fig.3 Effect of fluorescent dye content on the illuminance of

DCPD/fluorescent dye solution.
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Table 2 (TAETEHI & & JCBBFOIRGIENR O R 12 KT
9~ Grubbs AMEAINO A% /R7°. Grubbs Al 1 wt%
W U7 IRAVER O FRE L, Grubbs iz AN L 7e i3
B EHANT, BB%RE/KTLEZ. ZhiE, BARKETO
HOEEREL & Grubbs filtfit & OALERIRE, & L < 13 Grubbs
fili it = . %5 DCPD & / ~ —DEA RSO FET, 406E
BIBNKIE L2 & B2 B0, SHBaEMR MRS 0E T
H5.

Table 2 Change of illuminance of DCPD/fluorescent dye
solution by addition of Grubbs catalyst.

Mixture Illuminance (lux)
DCPD/5wt%fluorescent dye 111
0,
DCPD/5wt%fluorescent 273

dye/1wt%Grubbs catalyst

4-2 FTE-EMIHR

Figd 1%, EEANTHEEE 5 wi%iRE L7z d = 120
um O~A 7 ah TV ERNED 77y L ABIOH
CUEE SCF/EP FE@H Bt R FEH 2t i — ALt C b
%. U757 LA SCFEP B EIOLA, HE#HER
TN E — A, WIHERBROEE L K& <
Hie o7y, A CMEE SCF/EP MEMEIOgE, E1E%
PR TG S AL — LA, IR BR O 5L & T
WEBIZRT L2270, BOBEEDRIRBD b,

Reference SCF/EP laminates
d =120 pm Virgin
—1.5F
)
—§ Ir Damaged
—
051
0 02 04 06 08 1 12
Displacement (mm)
(a)
2 Self-healing SCF/EP laminates
b d=120 um
= 15 | Virgin
)
= 1
8 >l>ealed
—
051
0 02 04 06 08 1 12

Displacement (mm)
(b)
Fig.4 Typical load-displacement curves of (a) reference
SCF/EP laminates and (b) self-healing SCF/EP laminates

containing 120 um microcapsules with 5 wt% fluorescent dye.

4-3 RENTOER ARG -G

Fig.5 ITEEANC I EEE 0, 5, 10wt%iRE L7z d=
120 um O~ A 7 1 5 7 L% V- A A& SCF/EP f4
JE M B O FIHER SR T D - AR E M T BT o AW
IS — iR A RS e, R E AW THE LR
RHENTOEAWIS 2R L TEY, thRoant xR
B otz LT\ 5. HCAEE SCF/EP HEi ko
FLHNT OF AWIE ST — B RO WI DB, Stk
GHEEICHEDLLT, ZEXRETHLZ NI LN LS
2. ZhEV, =47 uh 7Ol RIETEOE
BIOFBII/NESNWEEZBND.

40

Self-healing SCF/EP laminates 0 wt%
b d=120 um /

30

0wi% W%

0 02 04 06 08 1
Displacement (mm)

12

Fig.5 Apparent shear stress-displacement curves of self-
healing SCF/EP laminates containing 120 pm microcapsules

with various fluorescent dye content.

4-4 RENTOEBMEEANEELBEE
Fig.6 1X, B CUE1E SCF/EP F&@tf o> LT o it
AR EE B8 K OMBE RICRIE T # e b & A R 2
EZRL7ZbOT, ()l d=120 pm, (b)lE d=50 um D
BThD. BEAICFOLEEZ 5, 10 wtiRA LTz d=
120 um O~ A 7 v 51 7 & = 8 O SCF/EP 4
JEMEED LN o @ R AR 3 L OMEIE X, B8
KN IR S LW~ A 7 ah T2 v
LA LIZFREOMAESR LZ. 2L, EEAICEE
Y2 iR A LCH H CMEM SCF/EP BB B I T
JEME ABRE S X OMER R IR EL RITS N &
BN ETeoTz, L, #AEREEZ S, 10 wthike
L7= d=50 um O~A 7 1k FvrgAn-[ el
SCF/EP FEHEMEIOEERIL, SN ZREG L~
A7 a T e ERHWEGEIZHAT, FLED L.
ZhiE, d=50um O~A 7 2B 7T, d=120 um
D<A 7B TENVDOBFEILRT, v~ 7 ah S
RUGERE I, HOBBEHNRINC X 2 EE B ORE L2
ZAR < T, WET 2EERIN D 72 < 78 o To AT REPED
borlEZLND.

— 5T, WmEEEE S, 10 wt%iRA LT d =50 pm ®
~A 7 ah7eE AW HCEE SCF/EP MEE ko
AR T O BRI AW L, SRR RA L~ A
s af TN ERNGE SZEREOfE R L. Z
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nLv, BEAICEREBZRE LI~ 7 ah 7L
Z A= H CAE1E SCF/EP FEB# kO (5 R 25681,
HOEREZRA LA 7 a7 Ani-iEEe
ERICHFEEBEZTRTEEBEZLND.

50 100
Self-healing SCF/EP laminates

40_d:120pm§; 0. O ”_80
S 300 % % 160 ~
[a W) =)
S S
<20 140 =

10 - 120

0 0
0 5 10

Fluorescent dye content (wt%)

(a)
50 100
Self-healing SCF/EP laminates
d =50 um ¢ t | % a »
40 | .y 480
I =
S 30t 160 ~
= S
=200 140 =
10 L 95_20
0 0
0 5 10
Fluorescent dye content (wt%)
(b)

Fig.6 Effect of addition of fluorescent dye to healing agent 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.

4-5 BISEEICHITEEHEREE)

Fig.7 1%, d=250pum ®V 7 7 L v A SCF/EP F&E#HE
DL OREGHEIBIER R AR L b DT, (i
RN Z RSB L1250, (b)ITRIMRZ RS L
TBIE LA Th D, RENTOREREARREL, 35
MPa %7~ L72. Fig.7(a) TlE, AP EHBAEL TN DH D
EDHERTTE D, THOMEREEEEER K OF &
PR CTH 5. ZAUK LT, Fig7(b) T, EEHIN
RiE LEEHRFALL > TEBY, v~ 7 a7 kih
SIEERIN & HEIRE L TV DT 0SHBRICEIZ T
&= F, BELE~A 7 a2V EREEL T
WA 7 TN ERSTHIENAEL ot &
bz, XZIBRITZ T TR, A 7 a b TR EEH
T 2ERICRID A4S EICHER L TWAH Z & LR TE 7.

Mierocapsule N

Carbon fiber

4

Broken microcapsule

Y

\

(b)
Fig.7 Optical micrographs of damage areas of reference
SCF/EP laminates containing 250 pm microcapsules with 5
wt% fluorescent dye: (a) without UV irradiation; (b) with UV

irradiation.

Fig.8 1X, U 7 7 L A SCF/EP Fif@ bl DR ER %
OB GERBZEREZ R L2 b DT, (a)ldd= 120 um,
OIEd=30pum D~A 7 o B TN EANTHETHS.
Fig.8(a), (b)DFBITIX, ZIE4L 38, 41 MPa O FLEHNT
DBRIEAWHRE 2R L2, WTHOBEA b & RoitR
FENEBIET H LN TE. LL, Fig8(b)TiE, i
WINo~A 7 ah T eV ERRTE R -T2, A5
THWAL~A 7 1B e /LDRET, Rtz h 6T
FE—TETHHEZEZLNDIZD, ~A 7 a7 kLDRL
BT B E, =A 70 FRADOBEMNG LTS,
FTDD, ~A a7 ERNT AR, SRR
L, BESHiz~A 7 a0l ZAND ekt nd 5.
F£ 72, Fig7(b)L Fig.8(a), )&+ 2L, ~f7uh
TRIKRIFBRDIRIZIED, EREINBE AR L. Zhig,
~A 7 a7 e NVRIROERIZED, < Y v 7 ATO
ISTEFOESVWRHK LIz EEZ LN, HOBHE
SCE/EP FEEM B D BT O & R AWrREE MK T4 %
SEKCThHDHEBEZBND.
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(b)
Fig.8 Optical micrographs of damage areas of reference
SCF/EP laminates containing microcapsules with 5 wt%

fluorescent dye and various d: (a) d = 120 um; (b) d =30 pm.

Fig.9 I%, B &1 SCF/EP BB Bl W HIFkER % O
EREMBIZE R 2R L2 b DT, ()l d=250 um, (b)iZ
d=120 um, ()L d=>50 um O~A 7 vl 7EMTE
BEE Sw%lRG L7268 Th b. Fig9(a), (b), ()P
BRFiE, R 25, 32, 33 MPa @ BT O BRE A
Wrim e, 48, 60, 25 %DEEZF AR LT, Fig.9(a) T,
EEANERHEIIZE L TV DI E2EETE . Lr
L, Fig9(b), ()b, THOMERFEDZHIET L5 &1
WEECTH 7=, ZHE, Table2 IZ/39KEIZ, Grubbs il
BRI % Z & T, EEA & SO BB OIRG TR O R
MMET L7 BE2 bid. £z, Ak L7z Fig.9(a),
O)DIEERE LT A L, 120 ym O~A 7 0B 7L
AW OEERIT, 250um O~ A 7 0l FEv
RV GICHAT, ALz, Zhug, ~(F7nmed
TRV ORI, EREIVDERTH720, &
BRI EHmMIADICRE L ol BB
%.

(b)

0.5 mm

(©)
Fig.9 Optical micrographs of damage areas of self-healing
SCF/EP laminates containing microcapsules with 5 wt%
fluorescent dye and various d: (a) d =250 um; (b) d =120 pm;
(c)d=50 um.

Fig.10 (2868 E 2 10 wt%iRA L7=d = 120 um O~
A7 ah7wNE AW A CIERE SCFEP i kiR
BB 22 A5 9L 2 897, Fig.10(a), (b)ORBRF 1, Th
ZH 29, 32 MPa @ BMNT OERIEAWITRE, 61, 38 %
DIEEHRZ 77 L=, Fig9bIZ T, &otEREE %
BIBRIZ AT L5 2 &3 T & 7. 2T, Figl I dkk
(2, dEBmEE A RO ALY, EBEAICE L ERE
BE LTI ORENMER Lz EEx N5, £T7,
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Fig.10(a) ClE, ZZUIZL< D~A 7 ah SV EE#T
THRRICHER L, BEAIN I EWITRET DT
DBIETETo. &Y, BEOEHARZHDO~A /1
NTRNEMEE LT72®, < OEEANKEL, @y
EERER LN, KREREGHERNAE U,
T OREREAWTREIZIRT LB 6D, ikt
L, Fig.lo(b)Tik, &Zid~A 7 ah 7w e
DERICHEIE LTV AN, E Lo~ A 7 v 70k
H L EEANT R o T, 0w, RVEE
rRLiztExonhsd. LLEX Y, BAAEE SCF/EP i
BB ORI, ~ A 7 vh SRR
KB L < BE =T, BT oRERE AWmRE RS X
MEEBENELT D RN E o7,

(b)
Fig.10 Optical micrographs of damage areas of self-healing

SCF/EP laminates containing 120 pm microcapsules with 10
wt% fluorescent dye: (a) high healing efficiency (61 %); (b)
low healing efficiency (38 %).

Fig.11 1% Fig.10 & [AERZ2 G RHIREES RA R Lc b
DT, d=50 ym D~A 7 0 F A EHNEHETH
%. Fig.11(a), (b)ORERF 1L, £ 37, 40 MPa D K.
BT ORI AWIRE, 32, 11 %OEBERER L. d=
50 um O~ A 7 v i 7R vz H &S SCF/EP i
BB CHHOEBEIE A EE I0wt% T 52 & T, A
DR Z AR AR 5 2 & TE 7. Figll(a)
T, I C SR, FOMSICEEEE oM

PRI, ZhE, Z2<o~A 7 a7 ernbiE
wmRIPEH S, S RENZE LD EEZ S
N5, FRUSH L, Figll(b)TiE, ZARELLATH
PRVRI S ARRICBLES TE 72, TAUE, K& e & LR
WA CTTo®, SRR ERAINRTE Lol
HEEILND.

(b)

Fig.11 Optical micrographs of damage areas of self-healing

SCF/EP laminates containing 50 pm microcapsules with 10
wt% fluorescent dye: (a) high healing efficiency (32 %); (b)
low healing efficiency (11 %).

5 &

AWFFETIE, EEA & SRIMREE R 2 N Lo~ A
yah 7Nz, HOERE SCFEP Bkl % 1E
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