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Full-field monitoring of damage In
composite aircraft by the ERCM using
resistive heating
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1.1

el

IARIEA IR Glldhe 258 bAs & LTV 28 iE#4 %L fiber reinforced polymer,
FRP) I 1940 FE{CHIHAICHEA: L7z, 1960 1K 0D i EMEHERT & 23 = O A4 EHT
EH 2G5 L ThoB L% 50 0% 5, REMHEHR(LTZ 2F >~ 7 (carbon
fiber reinforced polymer, CFRP) (321553 B 1T 2 ARAEHI 72 M 2 2 7-.

BUETIE, WiEDiRA S, MET 217, BEIOFREICLD WD
RREE IR E B9, LSRN - BRI - BRI e VERE & AN U 7= e, S,
WA, SRALBEE 2, ARISE L CGRBIRTE D L 91IcE Tho72. CFRP I
A JELLEOEREE, LR, W SHEE A L, WMEEICHLENS O, METF
57 B SOMa I R PE S A T T, DOREREERESE, R ERRE, AR — Y HIC
FTHWHRTWD.

FRICHIZEREIC BV T, B O EEBE O ) |, 36 X ORBEAMHRI D 729,
g DR EAL 2358 < SR B, ZEIHIS FIH & CFRP O AT ST & 7=,
1970 FRITIZA B — R 7 L—3%, REOAMIR E O RIS ICHEH S hhs O,
BETITTROIAR R Co—kiEEicE THEA SN TWA, 2011 4 10 HIiZRE
SRR F o T= TSR %K% Boeing 787 g CIIMEEEE DYy (BLE 35
ton) % CFRP 23 5T\ 5. [AIBHED Airbus A330 # & b L C 149 30 % &
DSHI S AU, 20%DIRE R A2 SEEL L=, 2013 4EICEEML T 7E D Airbus A350
HEEMIZL TS50 % EREEMEHES NS BB L Th 5. ITiFE, KEWEE O
FEHT & L CEZ2E 12 T3 (vacuum assisted resin transfer molding, VaRTM) 73EH
I, FERSMEAARLR E ORI NS>EHETZIRD FRP #ik 2 — Kb T 5 & 9
IZhpo7c. ZHICXKY, N RLAT v T TIERELHEELT, R REHFE
MEL, BEEESAREOEY, S EDFRPHMZHETE L L) Icko T,

FBNEEREIEFINSSRFRETH V, FHEEMIE~OWH b 20l
IZHEDR > TN D, AER - A2V XOBE»H Y, FRP OFEIIIETEIIE
RKLTWLEAD.

TR, EAEMRMZEEORST - ARICB W TIFERITE 25, HESR
DRI BEIE LT ICRET 2D TH S.
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1.1.1 FRP OfZEREF~DE A

WLZERE A S 1L, DR ORI E 2 D A2 bR 2 it T & /.
F oMz G~ O FED, MBI ZED, SR EAEL TE L.
ZOREM TR OEHANIERK L TWDDON CFRP 21X U & Dl b stiE

(FRP) Th 5.

RFEM 72 FRP T¥ %5 CFRP, GFRP (glass fiber reinforced polymer), BFRP (boron
fiber reinforced polymer), AFRP (aramid fiber reinforced polymer) D% & & Ktk ik
R 11T, FRPIRHGREE, RIME CRACVE R H 720 Oz, HIvE) (2@,
HEEZS TEX 5720, BREM ENE FFREOMEEX BT, BI bR
EREATE O & B ST E . EITRERK T2ERE IS, MEEED
WD, AT T AR ORIEERES HFFTE, EMORFMEIZE D S
F5. Wiz A3 2 EHERIIR OISR 2, B —REIET 2 Bl
MEME S, RGN T LEOARBIZ X 2 RIRIZIER S KRE V. S 612K
FEXIRS L, EREL Y EWERNRELZFATE 5700, KEOWENMEZ M k-
T&E5.

1112V = v MrREEOEIBOHER &k TR 2R3, 20 F£%I2I135
TEDOR) 25,3 76 THEDFEMNFLAEN TS, ZOKRBEERTHIERDO =9,
FESAEM O Y = T B SN U, FRREEOBIR NSRRI ThI T
D At L EERREEEED 2D, FToT T4 U b O LWERIZIG
R D720, BALO PRI A R BT AT AR Anbind. £od T

Table 1.1 Mechanical properties of various materials™?.

; U]l [
- N . e P D e P
d (g/m’] W& WEH 1 HHRE M SEAEH HeME Mo
[MPa] [GPa] « [10°m] [10°m] + [MPa] [GPa) [10')m] [10°m]
(" GFRP (E #7 2—x# %) ' Vi S
1 S | A o rZ e B
’ JiEr 0 22 1000 40 i s 19 1 1000 40 4.5 1.9
SEQLE 4 FE 0/ £ 45/90 2.2 300 10 ). .05 05 , 300 10 0.5 0.5
15] ———— e e S S S e e e e e e e e e e e R e -~ ——
§ | |CFRP (b L3 T800H —T &%) .
s s ~ £ '
# Jift 0 1.6 2850 160 1 18.0 103 1 1700 155 10.0 94 1
‘}J < S A6 0/ £ 45790 1.6 820 60 0 3.8 660 5 1.1 4
¥ e T e e BT
s BFRP (AVCO 1w ¥ —x ¥ ) '
b fiikr 0 2.0 1700 220 . 85 110 1 2400 220 12.0 11.0
1 BELS A / & 45/90 2.0 500 70, 25 35 7 25 25
it BERUS 4 0/ % 45/9( 1 70, 25 35 | 700 70 2.5 35
AFRP (Kevlar 49 — .7 % &) . J i
it 0 1.4 1500 8 | 110 60 | 300 75 2.1 5.4
\ SERI A 0/ + 45/90 1.4 500 3 ! 36 21 ! 150 30 3.6 2.1
( & ! ]
o 2.8 550 70, v & 200 25 ' 500 75 1.8 2.7
;; J Fruad : ! 3
¥ | Ti6AI6V2Sn 4.4 1300 120 ! 30 27 1 1300 125 3.0 28
M | i
9Ni-4Co 0.3C 7.8 1600 200 ' 20 2.6 _ ' 1500 210 1.9 2.7

______________
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BOBEEMEHMEIL, FEFICRE M TH Y, HRTPO=T 7 4 25@<
TE—LTELED, Ve THAICBOTIRENREREWEELES. 7,
SEIE AL O TR EEEM Th D REMHED, THOHER & THlZK 1.2 12
AT, 2015 A E TIRREMHETIS b, ﬁf@&%%%@okii#k%ﬁ%é
ERIAENTHAY. 20 X 5124 % bHEIINE I 5 8 AWM Rk & o H I
WY, B sUR-CRE O HANBHFE N L 0 EEM AT 724 9.

33457

35000 I I /OVER
ACTUAL FORECAST — 400 SEATER
747A3 310-399
7| SEATER
30000
230-309
SEATER
¢ 25000 170-229
S SEATER
Xy _SEATER
=
o]
% 20000
(0]
15893
£ A316/A320 | 120-189
3 DC10,MD11 747 737-700/800 SEATER
< 15000 L1011 -
> NEW DELIVERY
11155
10000 p— pcs,707
7313 RETAINED 100-119
SEATER
A320,MDS80O/MDS0
5000 727-200,737-300/400 ARJ21,RRJG5 | 60-99
*//_/_—‘ ERJ170/190 CRJ700/900 SEATER
727-100,737-100/200/500, TRIDENT, ——2BIETERITINMAS,CRIZIU | 20-59
0 M ) . ) SEATER

1988 1993 1998 2003 2008 2013 2018 2023 2028
Fig. 1.1 Actual and forecasted operated jet airplanes™®.
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e 25,000 T0%

'E' CF demand for commercial aircraft

[ —o—Toray's market share

e 65%

= 20,000 P

5 2

s 60% |

£ 15,000 )

£ -

[=] =]

= 55% +

i —

=) (]

"_U' 10,000 .E

= At
50% o

E 5

5 [T

5,000 |

P 1 45%

=
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Fig. 1.2 Carbon fiber demand for commercial aircraft and Toray's share forecast™®.

-4 -



&
it
o
il

Boeing #tDEEHEAIZDUNT

% 1.2 13 Boeing f-8fic &> CFRP @12 (F&EI) TH 5. Boeing #Hi%
1968 4Rt D 737 FEIZFRERIZ CFRP M2 H L, 1982 4FEMLEHAED 767 T
X, e, W R, B/IR T =7 ) v 7O ZREEEICE G &2 H 2. £ LT Airbus
1D A330 X° A340 HE~XHLT D728, 1990 E0 5 777 HEDBAZICETF L, 54F
BATTER STz, 77713 767 DIRAEM TH 720, LEFERS T I 4 T A Y
72 ERR 2 7R 0 A S, #EER TS CFRP % 12 WA R ER&E 72
EHEZHTD LTz, B ROBARTEBMEE 2 R =R 5 IR IR L 72 &
L FRP M DBFE & HWVE - T, KFERE, BELER, ~VI7Ry 7 X, K
IRE—AD X HICRE AN EZIT D 1L IREEIC S FEMRAICED ALb i,

] 1.3 12 2011 4F 10 FICHMT L 7= B Bditk 787 O BINAR 2400, gt E

Table 1.2 Toray’s carbon composite materials used for Boeing aircraft™>.

i B737 | B767 | BI77 |  B787
CFRPE 0.1t : 1.5t : 10t : 35t

IR | 2 RABH | 1x@aen |[crrroxsmm|
MBS 19684 19824 1995%

Boeing 787 Steel O;?/?r
- Carbon laminate Composites
[ carbon sandwich Titanium 50%
[l Other composites 15%
Il Aluminum
[ Titanium O
. Titanium/steel/aluminum 20%

Fig. 1.3 Material breakdown of Boeing 7879,
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51 %

B 50 %, #935ton & CFRP 23 50T\ 5. HFARILL EDREHICBWT, #16H
TEECIFAFEHEDIZTT X TE2EHAM LS EEHNRBIEK L W D724 9.
CFRP #1331, LB st i S4HE T800S & ¥l = 7R 3 S48t i 3900
U= 7 ) 7 V7 (B OB IE 2 BRI dE. BELl
DODHMBGEIL ST D) THD. 7V TV 7T —HaEM#EOL DONREL, #H Y
MOBERIZ . 1ZEAEIZY Y Yy RIIX—MELTHYWEND D, 7
=7 U RREEICIET R A v FHEE S N6 TWS. Boeing fHi%, X 1.4
2779 CFRP #JfRIE 1EkD 7T VI G4 b O L0 itfEEEICEND & LT
v 5 (1.7,8)-

One-Piece Barrel B

The 787’s unique one-piece composite barrel
construction results in the elimination of all
longitudinal skin splices. This reduces not only
weight and drag but also significantly reduces the,
amount of maintenance required.

(11,8

787 one-piece barrel sections

el (S

panelized construction

Requires additional joints, fasteners
and splice plates in joint region
resulting in increased weight and
maintenance inspections.

(b) 787 one—piece barrel sections and conventional panelized construction®®
Fig. 1.4 One—piece barrel of the Boeing 787.
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Airbus tDEEHBAIZDINT

1.5, 1.6 I &l D KFTdH 5 Airbus 0D Z N E TOEESHEAIZ DN
TELOEHLOERT. 1974 T L 7= Rt o h AR &8 A300 75 FRP A3
MAINTEBY, BEEHICLTAL %D FRPEMA 7 =7 ) v 7L R—AD
TG ICHN LN, ZO% LA L PR T 5 I FRP =2 5, A300
DOIRAME & U TR iz A310 D, TEEZLER, FIHHE, FBEft/e &o—k

Evolution composite application at Airbus \Au.—.;

, + Wing box
+ Center wing box Fuselage
+ Flaps + Wing ribs
+ Dry HTP box +Rearbulkhead 4 Rear ynpress. Fuselage A350
+ LG doors + "'(“l beam + Cross beams
+ nose
+ Engine cowiings | 556
+ Elevators —
+ VTP box + Wet HTP box
+ Rudder + Aulefons A340-600
Fairings + Spoilers A310
Radome + Alrbrakes 3 N A330/A340 Upper an
A /™ MOOM

% Lwo _ I\L-c—-—

1970-1980 1980 1990 1990-2000 2000-2013

-300 Aun-stsoo

Fig. 1.5 Composite components in Airbus aircraft from 1970 through 2013,

- 2

A} n .
2 50 - S\ P | -
& R e =V o
- r
= L A350-900 XWB
2
U 40 -
; AL00M ’
2 A380
S 30 - e
3]
z o
()]
g 20 - ! A340-300 \ A340.600
v \A320
a \ A310-200 m
E 10 - AB00 B =2
o \ : :
|
o =
0 . :
1970 1980 1990 2000 2010

Fig. 1.6 Increase in Airbus composite parts as percentage of total aircraft weight from 1970 through
201319,
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iE~OWHANMhE - 72, FRPEHRIZ6% TH Y, |ELEMEZ CFRP (L LT
= LT 250 kg DI & 72 5 77 K 1.7 12759/ A320 Tl 10 %/ ] & ),
1990 HARICAD &, BEENRESCS — L E—AD L H kY EERENE
CFRP 1t L 7= A330, A340 7345 L7z, X 1.8 (Z/~3 2007 4Egbfit> A380 TlE,
GLARE % & T e it St O A K % 25 %l 1 L, 15 ton o> & &K sk h L 7=,
[FIRECIE Al §BIC T T A#EAT 28235 L 7= GLARE %, B CTHId ColRk Lk
ERSRFIZHN TN D, 1.9 @ 2013 FOEH AN HIAE TV 5 A
A350XWB %, Boeing f1:> 787 BIEE O Hitkt & LT, 52 %OE G EHE A F
AT B D),

Fin box and rudder

i Trailing ed
A320/A319 composite structures e sdte rling ecge
Aileron
[ AFRP Pylon Sagge";::e'?s“d Fin/fuselage fairing

fairings

Bl CFRP "'-\ ~«——— Flap track Apron
\ ‘7 fairings
Tailplane
Main landing gear Sy
n
Main landing gear_—* iay top pgngel
Floor panels € fairings i
aps
\— ’7 Spoilers
&
— Bottom access
panels and
‘% ) deflectors
Q ' C:
\ \ Leading edge / bottom
access panels
Radome Nose landing
gear doors
Fig. 1.7 Airbus A320 composite applications®*?.
Floor Beams
for Upper Deck :
p Vertical
gy :
Tail Plane

GLARE® in Upper yU
Fuselage 3

Horizotal
Tail Plane

¥ Section 19
Rear Pressure

Bulkhead

Center Wing Box Wing Ribs
Fig. 1.8 Airbus A380 state of the art composites®*?.
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A350 XWB STRUCTURAL DESIGN

Mose sectien (carbonfibre or aluminium)

i 13m
! Rear fuselage

Fuselage section (carbonfibre skin panels, {carbonfibre, one
doublers, joints and stringers, with aluminium frames) piece section)

Fin {carbonfibre)
18m

Four shell skin A350 XWE material breakdown
panel concept v,
o = Aluminium/Aluminium lithium

i & Sieel

g, R 7% g Titanium
\ ; @@ Composite

& Miscellanecus

Aluminium frames
Carbonfibre skin panel Mote: AJE0B00 shown v

Fig. 1.9 Material breakdown of Airbus A350XWB™'2,
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1.1.2 REHEOEE

IREAR O, & A — T — OIERT 2 B A EIZERL L 728l 7 e 7 2
D, JEMISAEIAERE LTV IT Y. BUE, REEDZ < OfEESMITEE
PRI AN O TS, RaHBRE D D HIIR G OFESS, % RKIVRE
ERENBE SN, TN ER L TEGIREE L 2 2RNIIRI IS £ 9,
ZEMOMBRED LN TND., Z L THRIAINTZHEEE, EXA - —0f
TET AREEEFLILUE (structural repair manual, SRM) (ZHEVY, (EFECHE I 2SS
1T, BWIEEOL RN IND X IR TN D.

ik B A D FERERIIR O — Bl &2 % 1.3 17T, eI, SR s o
MBIEIC A, B, C, D EFREND ATROEAGEN N H 573, < DT T4 L TILA
i (Acheck) DERIZ BEfZADOETITo TS, LEB-T, KELITA,
C,DE#filcnfsnsg.

Table 1.3 An example of intervals of each check for a commercial plane 2.

[El N OB {4 AICHE
FEfl A320 B737 B767 B777 A350 B787
Q[J‘ "
m’{.‘ﬂyﬁj"};“m 350 250 500 500 1000 1000
B " 6
iy O & 35 .F ?L ¥ A S
GRfrrepg) 000 4000 3500 5000 12500 vemerm)
o 4% i ? .

Fig. 1.10 Through flight check for commercial aircraft structures™.
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T4 A GRITRLSR) *Th o A BIFIIHRERENE L, ZbEAPT
WENE, TL—%, =Y, BEERICHERT XAV REDE D R EALIC
R L7 Sk e &d (X 1.10). Boeing 767-300 Tk Tl 3040 TH0% 8 A
A DF — LT 5 FEEIZ EDT TIT O . E&BEIER OKMITAT O 720, 1Ef
ZIRIET DB,

R 7 #&fi5** T 5 C ¥l (Ccheck, X 1.11) IXi#Effi % 5-10 A KL L CFT
bihsn. A, BEHONEITIZ, #ERMOEE, Bk, =P, HhEkEER
Ex NRITHRET 2137, BRIAMEE ORA, AEOKaMH, L& fh o W 25 #a 7e
ExITD.

A (heavy maintenance visit, HMV £ 7-1% D check) L& & % fMUEHRA 4
DRy V7B THD. HAEETM 2 0 UIEBEER AN (1131 2]) =M
WTHEOBREZFEMICRAET 5. FFETERWHEER RS> GA81X, &
FECZHAN 72 I ND . FROBRESCHEEHE, RIAOFBRESHTES XT LR
S b D b A TYITh 5. Boeing 767-300 #Uk T 4,000-13,000 T 5H»
SREY, 2M-1 » HREE &5,

ZOMIZEH 7 T A MEIZEM I A RATRIAR (pre-flight check, PF) 47
1T# 4% (every post flight check, EPR), #&4TR]~4% (thru flight check, TH) 72 &
MWV, RO (SN BHMRE) BN dhsd. KIFE T,

Platform mounting

Installation of airplane structures

Engine check Panel opening
Fig. 1.11 Dock check for commercial aircraft structures™.

S URGEIY, T TA FERATMEENIRO T T4 FEITI) ETICEBESNLIEFHETH 5.
WEITESTIThD.
*2 R 7 BAEIIASIE (N =) ITHMAAIRA L TITO B TH 5.

-11 -
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ZOmT7 TA b ARICHLAZ TR 2R RS R O E R AL AR T 5.

1.12 1% Boeing tED FcE itz 787 (X 1.3) OEfHMREE A>T+ A
IR N, RO 767 LHEL7-b O TH D, EHBMAE 12 MDA >~
TFTUATREZE 767 HD 70 %FE TR TX, 124FMT7 74 MAliEH % 52 H
LT 2N TEDL L LTS, EEfHIT 12 FI2 1 EEITHITRVWE LT
W5, ZhubiE, FRP MEEFBEE LT WISV Z &0, —1KE
BEZED 77 2700 a4 FOBAEW D LT Lix KigHIR L7 2 &
IZEDETHD. LnL, ZOLICEWEMERTH - T eaettaz o
2%, IR BEEICERE LT iE e 7w, izeiid i, ZR0IC T
WARENEELIEEAE L, KB kOB ELZDzZ 65N L), HEETET
HEEFI D EN TS, B3 A M &2 200F T TR CTh L, iR
LT, MEREEZXLIEKARONDITTTHD. BEMEZHT S
Boeing £L0> 787 #%=° Airbus 10> A350XWB i, F&iE DRI R eI o £
k) ZiR> TWADA, T AEIREIE, MRATI AR U R 23 a1k
SNTHEITIE, K VBEREIROEB TR RIS ND.

RIATIE, EAEMEREROREER AT OBIRICOWN TR,

Lower Maintenance Costs - More Flying

maintenance $

0/. savings additional flying days
30 / 0 at m:du?m 52 over 12 years

787 e i

longer mature period

Fig. 1.12 Lower maintenance costs of Boeing787"2.
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1.1.3 FRP & IRE#HDIEERE M

fiiZer% A FRP (fiber reinforced polymer, FRP) & DENIIE 2L, T O
BRSO A, THEEME O3 BT STV 2. KT FRP
A A B AT B A RIEH L T <, Wi e 2 IR
"L, BENAODSTHEITITEBICHLT D X5 RIEHIN AR E2S.
L2x L7222 BT O B RRASCIEBIEEMR A TIlX, ZRARM, a2 &2 L,
R P o3 S I AR I ZE 2AEIC L o TRERFRERD. ik, HAM
DAL 3 B~ D2 788 LR & 51T 5 BRI 72 ) 2ndazgv,

FRP [IFEHIE CTH D T &b, AN S RImSMiE Th - T b AR
F<BELTLE S, ERIE<BEE Jidn s Z o EE, HEOWNE THRAET S
7oA ERmOBRBILE TCIIMHRETH 5 L, BEWRHER KX <HRDbLD Z
EMBLERBERRMEE SNTWS. il LT Boeing 787 gD =370 ST H
W BT A Fd CFRP A4 Ol 8 4% 54 70 2 78R (compression after impact, CAI)
OFER AR 113 173, #EZmEFEIC LT 1000 mm? LLF 0/ & 22 @ 1T < B
ThoTHEMBEITFALLTICETIRTT 5. HiZEiL, Tio X5 Z2mst
FALOEEMELZZTH LT, BRIZKBENBETHARICFEIZELENT
W5,

- BATREOE BT, BEETERO/INA OB TS0 S22 (bird strike)

- EREREOIKRI OIE AR & Ol (tail strike)

- AT COMEM & OBt CREMFERE : Svbr YUy —RT7 v T —,
MR E . h—Tue—F—, BEHOBPEEE >V —h—, HhE .
Vba—x2 V7 h—, RITHEEZFERETERNT h—A T T 7 & —,
Fa/KHE, J5KH2 L)

- KR, RO TEE TOEEAR L o

bDZ Lnd, BiZettdoRit i, WRERZeERE S > T < i
L BERER TSR 7. T 70bh, ZE3EANC T E R < B3
ALTYH, ERLTEMELERDIANIKROBRE - BliEz2dxonsd Lo, BE
ICHEERBRFNE OIS . BUK T, JEMME D20-30 %OESHW S TE D,
BERMEE WV D R DR NH53ITTED STV, EEM R &R O
BE®RELZ, 774 bMRcERFEETENE, ZefErmvond ko, ik
DEEFIHNC L > TRIERBEEANEET L. DI Hb- DEJET F
A MMEbm ETE, RERRFODEL L OBREAMKBIREI SN, &
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77 A MREOEHIZIL, REEDO AL T T A T H 2 1R ORI
EEMOEHERGHRA LK 2RI UTR5 720,

150mm = 1000 ——1M600/133
E —&—TBOOH/3900-2
I = 800 -
! = —~e-T8005/3900-2B
c Impact (6.7 J/mm) 5 ~%-T800H/3633
£ i g 600 —=-T800H/3633 textile
§ N _ 2
i S 400
| 7 N
i 5 200 ~x
o
900 \ O 0 1 1 1

, Undamaged sample  [45/0/-45/90] 0 1000 2000 3000 4000
Damaged sample [45/0/-45/90] 4 Projected delaminated area [mm?]

Fig. 1.13 Compression after impact (CAIl) of various CFRP laminates obtained by the Suppliers of Advanced
Composite Materials Association (SACMA) SRM 2R: specimen configuration (left); CAI results (right) 2.
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1.1.3.1 JEIRRE

MLZepEH FRP (2 H I BB 2R FEMEE MR BRI, B ESCHEERAE (FIEk
), BEREGRE, XRRE, WEREERE, VAP —F7 77 1k
RENRDDL. BRAEHIMN EEOF] R - RAEZNEISIERTWHL D, HZEmiic
ROONDEFEEZAL, 2227 74 MEICHERI SN 7] 58 72 R R A 137 7E
L7aw. FEIITZENEN, @ LCEGOREE, SMOMEEE VI bORH
L7280, EBBEICBONTY, £ 1.4 0L 9IRS THEWSITF ST
A8 Lo T, ST, MiEarRsammichE L, BEREORDN
L BT 2RO AT EANT 2SN S AuaduiE, T D OIERIERRAHAT & AL A TR
R ZWEIT) ZENTED. INSRBREXNSRY THIVUXERE - SEE M
DA N AIHEZR EREOIEMIEMR AT &, KRS T b MR © 52k vl AE 72 i
ZWRRA DS, FHRH BRI 2 0 W v A7 ADHEATIUE, EE R R 2R
DB HRELNEBT H.

Table 1.4 Various non—destructive inspections for commercial airplane structures “*%.

Bty ik o G RIS E
ol Wl AT FUh, AT uF
AT BRIA AR Te— g v, Bk

W D %2 P A o FiE (&)

il SR, 7TV vy <l

e B RN, 2 R A4 o TR > T
s AR, WKSOLME SR, A E, RIRA
| = e - - K o F-HEE

Xt r o tioTme KA, N=H LT O

AR - S ey ) I
fad : Y F Ay F S, (FRER)
MR B, 7T vy
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(1) B#RRE (visual inspection) VEHERE (FTERZE)

BRI < BB FER, BREBRESCEERE (FIEme) b —miT
5. X114 T HEBRE TCIIMESEOT~, AT vTF, Tr—US
V(B EOWMEEIC X HEERE), BERAZ RIS L9010,

T v MIEBMEEZ 2T CHEREN S IFRERETHY, ZTOTE (HEEN
W) BRI BERTFET D REENRSH S, LR THHEBRETIE, T
M52 & T, MEMICERIEBEOFEZFI TS, Airbus #1i3,
EHIR 72 B CREBBEZ RN TX 5 X 92 FRP i 25t <X LT
W5, EMHEEABRAICT, (BHEBEOTRO LS 7)) NS REERE TH - T
b, 90%DfER (FEIXME : 95%) THRIITE2 L5, TV MESIKZ 4TV

|

Fig. 1.15 Sound signal processing system in hammering test.
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T BT T 58,

F7o, (T MEHENT DM BREIX<BEO BRBHRAX, B
B EAEIC LT 300 mm? & Wb D ZENnG, Hii-RBERHTFEE BT
HEIE I N, EORPEE 2 B LT HLERD 5.

X 1.15 |TR T HERATIE, BHESCT7 =TV U ZICH BN RA v T
HigEaRtg L U, BEIEHIC X2 5802z miti+5. UL, FEEEMT
IRHIHZ AT D Z L IxTE A,

HTFEE B ADHRCTICHEHAT-RETH D720, HIELZFRT 5%k
BrL &NV, EREEORMES, FHER (BEREOSGIIMIABRE
MEELRS. BAREOLAEITA N2 LE) ICbEASH, RERMEB X OB
A PHREV. RATATAR TS 02 BRREDO BT, A BT
HoTHENE, TL—F, =V, XAVREURTDEWENAL LG
v, HIERESEEREICL S, 1R, BHE, KR CofRBGEni%s
7T A MEICERIFEMT H 2 L ITEELV.
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(2) BERIFERE (ultrasonic testing, UT)

HEM B E 2 RS L, TORGEH D 0 ITEEEZ T 5. 5 TO
SRR, BREFEN R D Z 0 n, ZEWHIEOEE X OELRE DR
nE, HESLTOMEEZRIETE S, ERF—7y MIBRIZBE RA K,
HWRANTH 5. BEFHREMREITRE <AL T, BERGEORAREE,
AE R DNERO KM TR L CZER 7 v —7ICBET SR O 6 Kt %
PRAE34 % Time of Flight Diffraction (TOFD) ik, HRESRMNOEE O SICEBE
WEERTSETET I 72— A RT LAER’DD.

AE RGNS BETH > THURIFTRETH Y, ZOBIRZ EfICH
TE DI B BEE B EERTE 5. BICHZEMENEAREROW 215
THFE L7z 787 #H O AR — & 7 VA SR IR R AL E (B 1.16) 1%, BHA
B RCEAT & BRSNS O 3 ot kA EBL L, Boeing thd A T A M
fEERAEBICEA I THAY) =0 k5 T REEL, 8O Rk &k
IZBWTY, EEEENOEREEOR N IFERARIFE H I T s,

Lo, it (Fe—7) Z2EESE THEESBOREZ Ay 950
FRd DD L PR A R L—L 7 SR OB B B 5 IR A
HHZEIZEY, MZEEO X S 7 KBRS TR 72 AR SO = 2 R 23
MEELE 72 5. KIERBERBRAES, 7o —7MRATE R2WEFTOMREIL, #
EONRE BT D720, BEME - REIZSDICELRDID. LRS- TIZE
FEREYE I, 3 B S IR ER AL 4 5 10 I —FEIF CICHIBEN TV D,

IR TIE, AREARE DI TOMRAE % 76E & 3 2 22 s 5 I O
B 3 A TN 5 (120 117 (R T L—F —FhiE B (laser ultrasonic) 1
IR THY e’ D, L—F—FOBEmMNEMEIZ L @V iFRE & HIFF T X

5(1.21)
Detection Laser
Scanner
Interferometer

. f D

— % N

H

3 i

4
/
1 |
/
Object Computer

Fig. 1.16 3D ultrasonic inspection system Fig. 1.17 Damage diagnosis system using laser
Matixeye™ developed by Toshiba™'?. ultrasonic?.
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(3) X RERBERE (X-ray testing, XT)

X BRI R E LS DE L TR &L B aEN & 5.

[EIPTRRAE T, BRAEXNEWIC X B2 RE L, WEANORREIE 1-IC L > THEr
ENELOERETS. ZOERPTHEIE, WEORSSEE, TEMK, BB
BOEREGEATND. FECTEREDISNOMANREETE 5720, HEHESS
HENEE O, R IRERM R EORIMLND, NSREFHLET, KEx
RREIZHONBENTND.

—J7, CFRP OIFMIEMRAIZIIRITHZBEREDSHNOND. ZilREA TIL, B
BRI G A TE LT X AT 5. X B3R L OMAEERIC X - TRIYL -
BELL, WR LD OMRAENG A ZRT 5. HENFET H5E61E, BEme
DEEARENEL D0, Fim X ENSZET D, £ ZEICET SRF/H O
ZEFATIHELH D, MEHRE CIIEL, $ESCT7 2TV o) R
Ay TFHEED, WAKRN=T L a7 OEFRORBIZHN LTS,

B O~A 7 a7 4—0A X #H CT & (microfocus X-ray computed
tomography inspection) *EETHHEZ IT 2 h r—/L 8¢ TOSCANER-30000
) — XOHEEMIE A K 1.18 1T X #A SEIk TR, SRTna—yr
TR CHEARIZIRA L (X 1.19), FZd L7z b0 a2 Fm X ffitas (flat panel
detector, FPD) THUHIT 25 Z & T, 1EDAFX v 12 L » THEAD =R T NH
B2 RSGTE 5. BMASRNER 10 mm 128 THUE, 2.5 pm ORI K E
ThoThRHREL 2D, —F, RRAF v = U TILEA200mm X5 S
300 mm CTH Y, ZDOHADOZEMEEILR 100 um & 720, ZHLLFOHEED
BT L 2%, 72, AFy oo U TICRE LA TH-TH, X BH
BB TERWEALH Y (RKFERFES : 7T/ =7 AT 150 mm, $TiE 30

MF‘EM ANI/F| |CPU

v

Fig. 1.18 Micro—focus X-ray computed tomography Fig. 1.19 Schematic system of Micro—focus
inspection equipment, TOSCANER-30000 X-ray computed tomography
developed by Toshiba*??. inspection®??.
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51 %

mm), MEICL > THRRAF Yy U TIEIRDTS. flE LT, WEHOXT
AL (BERASLEBHIE O DD ar v b)) OBRBEMREE O
b & UCBRA%E S iz ik B b b7 4 & (CISIC THEVEAHTED @, ~A 7
07— A X CT Fifg A 1.20 1TR9 82, BEAITITVIEE X BRI R
K<, IREEH 2 W T RO 2 R~ 7. XFH O AEHIE SIC RIS L,
BAHO I HITSIC A+ FICHE I TORWIEEN A LS.

DX, vA a7 4= A X CT AL, HMUNNEHEED =%
M2 BFT 256X, Wikt B IRPEHIZR CTh 255 1I33ER I/ 172w
PERERRATE & 72D, L7as o TREEM BEOWFZE - BRI B CTO HEIZA % b Ik
KTDHEAH. Lol, RPEICIDRERO KRB EREIL, RERME =
A N DR BBIER TR,

Fig. 1.20 Cross section of a C/SiC composite material observed by the Micro—focus X-ray CT®?2,
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(4) BEFRIFHRE (eddy current testing, EDT or ET)

WEMPEEGETIE, RABRICEHEER LB ESE, BEIC X 2WEROZ
EZETHZETWT 4. MBRIKITEEELZ AT 20 DICRLNLS. M 1.21(a)
R T L 9IE, REREHIR Lz a4 VOIS M OBSE NSRS b.
A NEREMGICEAE S Y5 &, EBRGEEEERIC L RBRIRNIZ I E A b
HEND., TR EORNEGHPFAET 2551, K 1.21(0)0 L 912, —HoD
WEROENAEIND. WEROEIIE DS EE KITL, 2L
MEERE LT 2 EENEZEILESED. Z0oaf VoEENELERES
52T, HERENAREE D, IWERRKICS L CREREHEEAT D
BPEZERBEENELS 25720, BEOFE, (iE, mEiaslt T v—7
EIEIRT S Z L CRIBIEENN ET25. 7 o—71C3 8 CiFEm LA A
NHY, El-aA VoL ORERIICE > TH—H (X 1.22), HOEkE
HH (b)), EHEREGR (o) IThEInb.

METRRE T, FEREMRAE S AT RE, H T IR GRS R A A3 AT RE,
LA 72 5%, PO BENAREE Wo Rl a2 H T 5. £0FE, Bl
DEALHRREZFIH LB EEE Y (supercoducting quantum interference
device, SQUID)ZSEA & h205h 0, KilRAKEE N L3R Sh T2,

— FiERREGEOERT & LTIE, BEORE S - (EICL > THIMET~
DN L - 00B) MG S SHBEY A XL IROER A T& 72
WZ ERET NG, £, REXNG L Tr—TOREHOENL (V7 h 7D
A e, MAMNBERMOBEM ML ->TH ) A ANRRET L0, B
TR ORI 720, @ REOBEBRETHEMEIOY6, RO ZE)
O i S A2 FHE B D RAE G ORI I D 7o, BTG DG
(AFIET 24818 - Kz i35 Z &8 L. CFRP FEJ@i o X 5 7e AU 5
FMEAFFOMEITIE, WERORKPEMEL 20, @R TRLNET —# X
— AR UNTPNEPET, ZEEF LG L ZBEET D7D DT — F T

Testing coil Q) < l —>
; Induced electric

= : current

(@) Induced electric current on a specimen with no (b) Induced electric current on a specimen
flaw with a flaw
Fig. 1.21 Principle of Eddy Current Test.

Flaw
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FEID RN TH D, £7- CFRP FEEMIL, mIMNGF I A~ TEEMEO &V
NG FHEERPIE SN D720, BRIZBED X O IZmN T &7 &
W z=HT 2HREORHEENMEL 72 d 720, TOwR%E B L7- BRI
I TN,

AEWRA L RIS, I/ LV EER S THERROREEZ 2 X v 3 54
EndY, EEHOTA RL— NV E2ET 5720, REHKD L O 72 KRS T
IER 7R CRk i 2 A R LI & 72 D, & B ARZE I OM g S SR 7 e
77 5TTlE, Being 747-400 Ok 5> B, T v 7V a A v NSO FRAIC
HOMWRIEERERA NN TS Lo LEESBREO T THRH L
4,500 O THAEVHE L L, ZHENOMRAERRIZX 9,000 771 ~, 3,000 771 b
ERABRESNTWS. EOZ ENLEEGEE 1 774 MEORAEIZHW
HTEIFHEELV.

y

| ]
% (@D

Test piece Comparative piece
(a) Absolute coil system (b) Self-comparison arrangement (c) Standard comparison coil method

Fig. 1.22 Various eddy current testing probes.
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(5) IMVAY—FES S5 T 4BRE (pulsed thermography)

NNVAY—FT T 7 4 RETIE, BEICX2MEENO RPN R REE( %
FHT 5. EMORE 27T v 2T A g8 THRIFICED, NE~OI
BURE OB 2 K mIREOEBZ RN —F 7 7 7 ¢ TEIT 5. FlxIEN
BRI BERRAET HHEES, BEH LY DEMREENKL 2D, Liano
T, W 123 D X5 I1TiE< B B oRmIBEX, FTREND. FEEEALCRE
AEETH Y, 1EBELIAMNC, TR, KSR L, BAME, IR, K
SEERBECTHETES. ry A4 FREXEINsmEETIE, 79 vv=
T A N ETHERIEY 2 MR UNEN L, SR A S & Bus LR sk &
fEMT 95 Z & T, K0 ERBERBERRE, BEREMEDOREIZET 5 HEH
NELND.

PIVAY—F T T T 4 REIIHRED OFH H D\ VITEHUE ORI E T
LN, JEHREE DV IR LB OB T Ly, BEEY O E£ R A —kE
NG ZUVNTIR AT AMERNH DT — 2 R0nE 2B+ 5. E-HEEm
DOMESANE, METTIE (BEIFIE) SCEUREOEE L Z T30, Rk
D/INSWEGEERC, IHEEHEINTZHATRE T 25E8IZMEL 25200, ik
FRED L O 72 KA I —IRES 2 5T 5O IERFICHEETH 5. iREH
PEEINEN DN T —NTH-> THREFHIIHELL, T4 VO X IR
SATITON DB ~OBE I EAFIEETH S, S HICh—FE7T7 7 4 WA
TR =X EEBEIELDDOHA FL—LE2HERTHILERDY, KEHED
£ 9 7 KAURETE CIIME R AT R, B =2 A M3 5.

Heating period 7 = 40 min.

(1.27) (1.28)

Concrete specimen with delamination cracks Automobile tire at a high speed rotation
Fig. 1.23 Lock—in thermal images.
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1132 BEANILRE=ZAY DY

T, WEMELRICERT L2720 E~VAE=4Y 2 (structural
health monitoring, SHM) 231 H S#UAH TWB WP =i, wiE, xt% e+ 5
S OEEMAZERT LS TED Z & TH 0 HZeIc RS R 7 x0T
GRS, ¥ 20/ EOLARBEY R Y, B LUWRE Nk BiEy
IZBWTIEBEICADOHAM & 7o T D, IR a A 9 %83 5 EHMR
BRARRIR & 72 5 KBRS EY) CIIFFIC, KIBICRSFEHAZHIKTE 5.

IREREEE SR OREMEZFICER L, BERAEDEDIL D & & FfE T
DHAIVAET =X Y T EARE, 1.1.3.1 T - IERUERR A A & AR 72 5
ERIETHLOTHY, MBEBEHLEDEDZ LT, HEMEMZEKOE T T A
MERAEDEB RN EEND.

ANV AE=Z Y BT AR, HBEICRET ST — Z iRk
EF—ZBUSHTIEICET HI5E (o Z8dl) &, F—2nbiEEoRkE
W 2 HARICET o058 2lrEdl) I ens.

FRP SfiZE A~ 2 =4 ) 7 OREN B X, 77423

(fiber bragg grating, FBG) T %53V, FBG & v H DG A=Y R DZE(EH
HBRRFICHEE T MO T AOSMAERETE 5. £FRNS, B & HEER
AR DHIRES N EOBRELZ IS L TR Z T, HEOMHE, (i, K
XIEHETDHIELTED. N7 7 A NOREEN~OHLA R DS FE R 24T
FLLARWEELE 25 2 LRBESNTOEROD, v o3 o/ MBI &
negEsNTE YO, [ 1.24 \RTHHBSE SN2 FBG & o B 40 um

(RYU A 2 PP 52 um) 128 TR HEA THAEEY, —Rok7 7
ANDOEHTEHAOFHBNAETHY, 774 NABHEHNTEBDOMREIC

o Ez;rgc;n fiber

ES B 8!

90° ply

- Coating § SR -

Optical ﬁbr

—J
10 um

Fig. 1.24 Jet fan for tunnel ventilation system®%,
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X0, HIELVAT AR a L Ea—H LlARDLETA Y T4 L OBENA[RET
boD. Fiz, K7 7 A NRNOERETEL R ICHESLSNS>2H Y, 500 RO K
BRI Lo TIREBRE CLRYMICHEH T 5 2 &%) FBG HIAZ FRP #iD
To—Vg B ) OO CRSTE AN S, BEELWLWRRE L
EHITERENEE > TV D, W22 545 L7- CFRP B R OB ER
HFREES AL, FEAICHIT TERICEATND LN S.
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1.2 EERZTIEEIZELD
BEMME#DODB I SA FMEEDIRE

1.2.1 EERESEMEILE

AWFFE T, HESCEFICL > THEL 28/ 2 CFRP OESIEIIZ % i
T 5 ERIEHEECT D2 HW 5. CFRP OM{LIENCH 2 IR FEHEITER R
HBRTH Y, KEITHHETmICEm O EEEZE T 5 (X 1.25()) . flMEE A 7 1m,
JEEFHWNE, B CThIBIEDHERETHDL DD, %@f%ﬁ%n‘ﬁf’ﬁﬂi@
Befih (X1 1.25 (b),(c)) & XV BIMMARENIRENDD, ZOBEKIIUEIL, ik
J7Te & b LC 10,000 f5LA B & 72 B, %’i?ﬂﬁz@mﬁ , Z O CFRP OHEZEN
AL, #HEOEEBER LI > MEM OBRIIE L E RN T 285 TH
LSRR E & LCRIHT % A~ — MELE (smart structure/material) &,

P

(a) Fiber direction

(c) Thickness direction
Fig. 1.25 Electrical paths in a CFRP laminate.
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B~V AT =H ) 7O T E8RICE N A RERE VW . oI,
%] 1.26 ™ X 52 CFRP MR m I/ L /- EmE AW THIET 5. RFEMKER
KR OEEZ R TZ 06, B OBIARIC X 5 SO R
TR, EEEOEMOOEITRW. £, BEANET LT THLED
EEHZMTHY, FHEFFENOEEICHRETE L2200, BEKL 7 T4 M
IR FREZ T LW A E LCHIff STV s, 61, %75 FRP il
e EOMERHSRE Y — NV FE, BHOERE L CIRHAT 2 2 N TE
AT, MEICKLEZ2EOIZIET X TEBATHE (th B THZEICHEE S
TWbbH?D) THADEIITes. ZiuE, ERL7 FBG & YFIHD~L A
Fm BV T EHRTHERERT R T—U LY, EREIELED KX
IR D—D L N2 D,

L)L, 2T E COELEIEIEDORARS L, CFRP G2RIEER /<> 200 mm
UUFOFM I E/NS 72 b D TH o 7=, FEREE K UED S FEMECHE G R HIRE &
2572020, SR EICERZFEICRE L CEEOBESGUE 2 BUET 2 4%
NGB0, R OBEBLE ORRR, BIORESRZET D 2 ENRE M
Lo TWAD. 21T 100 cm? H72 0 —oDREXMZEE TS &, KHD
HRALc % B Boeing 787-7 O EE LA E &Y, B AU EORIENMLE L 7
D, BIEXEERESROERUIRZICH SRR A2 ES 5. LzBn->T, K
I CFRP #1E A AT 572012, LD LRDNEICRS.

FlpERIEL, BRI BEOMLECTHEZRIET 57201, =2—F /xRy
kT — 2 G w472 By ) LT X WY 7 EEFIE L7 R AT
FEPHONLNTE ., OO FEEERERBEREZFEZIEL TV 508,
B L BRI LR S BE L OBREZMN D721, MERS X OHEDO R %
HEA 5272 CFRP MOT — 2 ZIUET H2ENRH Y, %< OB, £/
%, BEEZET L LT 2O ERIT = 545, B b CFRP k34X Tic

Electrodes

Bridge circuit

Fig. 1.26 Measurement system of electrical resistance resistance change method (ERCM).
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%L, BRAHEET —Z 2INET S Z L%, FREE X ORER2RHRIC XY
BLEMTRWEAENZ V. L L, BEOFESCEBEANSMI /2 Fiz X 0
RRVE Y A7 OFMIZR LT, SfEEME - BEEOBRERENE IR
INDHT=, WEEN FEIZFEO LS HBEEZTEARE LTV,

T, Bk BEOFROHE) OARIZRELT, =X MNEIE, &
HEEM OB L, MEEEOMEILEZXK = FELRFI STV D, B2
BWTIE, BERTSCT7 T v 77 ERERMEEZFTADRWEBERR 07
Wi, ma A MhomiEEOBRERE BEDONIE, i, SO EM2RE)
Tix7e <, K= 2 b ol BERHAERENS. £ 2T, HERFOEXK
et & A i L TG 2 FECO 8RR Sonr, SZRECiT

230 Unit: mm
40 Electrode 30 Thermo couple

| | |
< —
\ | |

|
30mA  CFRP lamina L@_) 30 mA

Fig. 1.27 Configuration of measurement of temperature characteristic of resistance of unidirectional
CFRP monolayer [0]+ (PYROFIL #380; Mitsubishi Rayon Co. Ltd.) by means of the four—probe method.

15

x 107
0

§ 1 224 =
©
% -05 S
é 1228 g
£ 1 c
@ 122 &
(@) 7]
S e
5 L 1221 8
© =
5 S
= -2 y =-0.0913x + 225.96 220 ﬁ
o R2=0.9985
L 5 ' ' 219

20 40 60 80

Temperature [°C]

Fig. 1.28 Temperature characteristic of resistance of unidirectional CFRP [0]r (PYROFIL #380;
Mitsubishi Rayon Co. Ltd.) measured by the four—probe method.

* AWFIET & 3K 1.25,26 & FEROFFTHIT — & AT Fik 2 OB IR 2 R L 975,
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BONKIBICHIR S e, 7272 L 2n OiFgEIE, EPHEREE S —E & W9 SED T T,
ERHRS A AE I ThI T 5. EEII B PRS0 039 - I v St
T2 5. S HICESEHZREE T 572D CFRP #E1E R 2 7% E 9 2 EMED
DOIEE°, k& CFRP & St i OB IE ORRFEZLENZ L - T, BRI
PINEEN 5. CFRP &M & iB‘é%@r@cw O DOESEHA TR E
RSN DD, HlE LT, RERIC X D2BEXIEIZ LORETIE LR E TN
%hl12128gTT‘ﬂﬁ%@%@ﬁ#%ﬁﬂbfm@@&G?P@@ﬂﬁ#ﬁ%
HIETE D 4 EME (EREBMNAEE) &I FECEY, JBA o BT
LOHRE 30 mm DX ZIE Lz, 1REEA 10°C 2 k9% &, B 09% 2L
LTLEW, EELWZEIINEEE 72 5.

L7z C, EPHEREDZEZ H HREFATENL, KUEDORR L AT
X T2 E SRR OMZERESC, WUEEOZELIZHE S D HEEDORAE I W CTE#EM:
R TE S,
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122 ZEEREICL DREED 1 BERE

AT, EROBRIBIALIEA R S, FRP ®REH O TEEL
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Fig. 1.29 Jet fan for tunnel ventilation system®“®),
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AR L E O ITRETH Y, SV INEE, mNAEZE T 2528, HEEE
ETHDHZ ENDEMMEITKS, mAAFMOEEFEIC XLV RS ICEEBE
AT LS. EEBELIE, BRI CEST U M0 5 A RBEORKT
H%. BRIE< BT & 0SS OB ERS K E < HBRbn @) R 5 &
BAIROWIEIZ DN D720, W ITHH L T LT 20 ERH D,

EAEMBIM O EREE LRI, 794 MEICERBMIZ Mr i
L, #eatErEmdond ki, = OAET 74 MO EomME
DREPERIKB A EHTE S, L UKREEREICKRO DN mVEEEL AL,
— 872 7 7 A NERE T o D LR LANIC 4 = AEE 2 22 W AT 68 7 R R A 1
FE L0,

ZAUTK L, WEORII Th o REMHENGEELFFO>Z L 2HAL, 8
B X D BREFHEDOEAL) B2l 2 ERBHIELIENRE I N, RN ED
HILTE . AFEIC TIRET 2 RBEEZWEZ 2. U R, ERFEE - 2
PO OREE DDA T v 3T Tnd. A7 v 7UTT, HEEEEND
BRI TF v b (BRWESICAE LD ERFO~IH) ZHHT 50, F o bz

Step 1: Quick detection of
indentations in a whole structure

Step 2: Delamination detection in
each area around the indentations

Diagnosis using Resistance—
Temperature characteristics

ARAiARB:ARC:ARD

Suspected delamination
around detected indentation
e A=\ .
<A _C
A H\
B Electrode D

Fig. 2.1 One-hour impact—damage inspection for composite airplanes developed in this study.
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G OMBRE 2 K E S BLEE D Z L idpangy, £l 8 o iR F il 2 5%
fihSE D720, BRENZEZNDH LWERRKEZEKRT 5. 2z kv EHMic
Al LB DOE L T v MIEFR L, BT k> TR SIS L0 &
BED®, BESHPCEEECICER T 2ESEIE 6T > et
TX 5. KFEOT » NOBRHEEIZIEFICE S, BIMIER LT Dz
MR PHBREOREZICE S SN TWT S, ER EFSREEEZHETE 5.
=Pl Ty ERET AT TR, BRIZEEORE DGR,

L TAT v FATTT v MNEDEO A ZFHMIRAE L, ERIE oA EE
HIET B0 25 o 71 L [FIRRIC bR il 2 07 L CINEL L, SRPTR S (R
FEACICRIK T 2P L) ZFHT 5. @2 L < B i, B
WROZER N DIRELECRFIC R 2BE R 2T 5720, B2 b &L < B
DEBEEZ TS, ZHERHOTECI Y T2+ 25 Z & Tz Bo
WAEMELEBIFHMECE 5. A7 v 71, 2128\ T, CFRPHLERMICHKE
T HEM, BRR, FHESSCERRETRTCoORMEELA TE, A s BELT
X DD ANTEES 2.

ATy U TSN SHEERENEDNDEHT (T2 MNED) 20 iA
Fry AT TATTRR Y A ATERE T O I % FERNZ T~ CTRa L < B A 8 2 4] E
THZET, RICIELKBEREICHIBEORMZE L= LTYH, MR
IRV, FIZERED K 9 22 KA 2 1R LANICZ I+ 52 Z LT 5. 13<
BERAICHM 20T S b7, MAEOKESCEEELEERFETES. Uk
P> DR A FINIZ 72 VN B - SR DML FREIC 2D &2 b,

AETIE, 2.2 filCC CFRP MG ICRAT 2 BMIZ<H L T Moo T
W, 23 EICCHBGE ETNTNSY —F v b ET D B R RA O E & 5
ER
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2.2 CFRP FEB B EDEEEG

2.2.1 EPREl& < B

ARIETIL CFRP MEfEMiEIc A U2 BMIT<BED, AR L EEFIEIZ O
Tk~ %. JEMIT<HEE X, FRPEEHEOMWIRESRXD 1 >THY, 22
T L9 @M O R m BRI BT D5 1IN ThDH. MO
Retk CRRICIEMERE, JEAERIME) 238 L IR T S8, RmaxERE L CEpE
EEIT. SE»OEHEOERMEIE B0, X< BEOENEST— KA
MO TIZHERT D Z &, MM BBEORmBEDIZSSX, Bl (FRP Dfk
i, MR Z2 Bt S 2 TRE2ETe) (2L 0 /E U D8N REEG T
Gl O BLH Y, 1I<HOERSEEZ EREICTRTZ ST LWL, L
Mo T, FBERBAE L OERT RN L, BT BRSO 27 &
DIEZ DT ENEEERD.

BRI < B FRERRE

JE R < BEOR AT 23 IR THONEZ SN LY. Hig i
BB A, ZHICER-EEEE TH D DI BRITS N ER LA
T 5K 230@)-(d)Dr —A L, BEMELZSITCRETDRKE)D T —RZ0T
L.

@)IE=C() AL MLE Y Ze E o B MBERE &, A O S & O BTk
RIRIEHEDIER SN, HELRHEETH-> THRMEITZHRED 1 SakA

“ Interlaminar Delamination Tip A

o e o -
25 g = ARSUOEANT - o il

Fig. 2.2 Exmaple images of delamination cracking®?.
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ELUTIEBEDR A LEED Y, Z OBAITHIT, MRHEBRLIA A D220 K & 723 [
DARBE R E 2D LT V. FRUIRE, ©)=2F 2T —IZLH/FE, HDH W
)7 — SRR D 7T A - Rey Tl biEat s, Eio@-d)T
L, FIOMESCE S M EO T THLEMIXBENBET S, HEEIEOREEER
NZERT 26O TH L2, HHEGHRPFET DR, BEY 27 ZERIC
PEFRTE 2. — 0, Z<HEOESS HHBRICEL TWDH Z &b BEMA T
LT WZ &, BAEGFOTRNES THDHZ L, REEEMEDORET

_____

-

Delamination Delamination

(b) Notch or bolted joint

(a) Free edge

Resin pocket

Delamination i
Delamination

(c) Cocured joint & curved laminate (d) Ply drop

Delamination

{d) Low-velocity impact

Fig. 2.3 Delamination cracking caused by interlaminar stress concentration and out—of—plane impact(z'g).
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(A 7 B R OU O AR (6 KX OB TR BEARAT) 12 K 0 0 AR R EE S e IR &
NHZEND, BEERERFEIZITROBNEZZ LTS,

— X 2.3(€)D & 912, (AIHBEZET D & o 7 Z8FE I 2 B A B & 52 1 C U
BENFET D —ATIE, BAEV A7 ZEEMICHEZ V. — K172 CFRP
PAEER (2 & 5-7mm F2) Tk 3 Jmm UL FO/h S R RAMERATE CTH -
TY, KON FHEGETERK T 2B OENZ LY, BRICKE IR
FBECTEHLKEEICEL Z RN TWA. MEEHEOBEIL, EEICLDE
E8, Y& (hail strike), BEEMEREO/ NG OE T, BEZE (bird strike), 75
BEORSIREER & i AR & o8zl (tail strike), TRITH COMBLI & OB, Sk -
Befiie D TEETOFES & Ol &, H8EmE 25200 2 RIS 7 IT/FE
T5. ZOHEAIE, BEETOTENIEFICRETH Y, X< BEm B B&IC
ELRWEANRZWD, BEBRECTIIRERTI2-BNNHDH. LR, flfi
B EIC L D RAET D EEIE S BEA RE D OMESEICHRINT 5, FEMEER A
HDHNVEINNVAE=F Y THMRO—Z G B VHESL R D HILTW D, AR
AE ORI < BEO B EMBRHHIRAE, JES TR mEc LT 300 mm* &\
5. F72X 2.4 (I8 % Boeing 787 #E3 722 EITH W B 5 & FE CFRP #4 0
JEB R < B B T A & PR EAESRE O RIR NS B 300 mm® LA F OB < B
BRHTEXEMBPMELRD.

1000 ——IM600/133
)L —+—T800H/3900-2
800 —e—T800S/3900-2B
—%-T800H/3633
600

\\\ \I—TBDDH-'BISBB textile
v \\\ \
200

0 1000 2000 3000 4000

Compression strength [mm?)

K

Projected delaminated area [mm?]

Fig. 2.4 Compression after impact (CAl) of various CFRP laminates obtained by the Suppliers of
Advanced Composite Materials Association (SACMA) SRM 2R,
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FEfRlI% < B ER D IS5 %

JERIE< BT FRP HEEM A OBETH 571280, &M & I1TR R DERETIE
ME OGNS, BENIZEMIZBERN O o756, RO X D eFIRETHRS
5. EREIEBEONE, A XZ2E LD, MZEREESHEMERT D
FERHEELFLYE (structural repair manual, SRM) 206V, SEMTESALMERED D\ T
RHEAT 5 7 ZS:#IJL,W“%) EMES O TIXER A TRE R Ga 1L, Eatt
MIIMEENEEEITH . ERET DHAIT SRMICHE SN TV D HIEICHE Y B3, #
[ DA DIERR, iRk 2 W 2EH (4 25), flidsika H VW ER e 2
ST oD, BERMOME (BEM, =0 L3300, JBRNEWRD), EH
PN HDMEORE X, ZhEZT5EHEAT 50, EWREEE TCOEERN
TAEREDS, TEARIZRIERED R ENBIRE I, ZEMEZHER LT 9 2 T bk
IR 72 S 5. BREX D S EM OZN LML E b H 5.

B 2.6 \Io— e R ERE B L~ T, Zaud, BETZI RW-0b, [F

Fig. 2.5 Repaired specimen with titanium patch for strength test used in the phase of development of the
Boeing 777: (a) observed from the internal side; (b) the outer side®*?.

Prepreg or

,;—/2’/ cloth
7 Film
e .

adhesive

= Removal of
damaged part

Fig. 2.6 General bonding repair process.

=49 -



o 2 B AE O M RUTZE B I o0 do R [R] eI B i A

D FRP M2 5S> THOADLEL O TH S, HHGLEHMITIL,
TV TV GRHE R EBIE 2 SR STy — ) R R IA4 777U v (B
JEER SE TV R WikHEREA) RHWVWSLND. RIA4 777 ) v 712iE, #»
OREIIEZFEAL CTER S, b8 5. BETE I BRWEZIIZ, 1:50 &
HW0E 1:30 BOT — N AR TZERRICHID, TV L IR RN TIA T 7T
U7 BB ERQTCHIEZELSE, ES Ny F 2|0 AT 5. BB
THWTFEIREILOBIENANONDEZELH Y, FTREREEY X7 2k
TR UL < BEE, X< BETICEIE 2 1EAT 5 2 & TSI
FHMET 5560 H 5@,
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222 T2k

A TIE CFRP fHEMHE DT » MAGIZOW TR S, 72 M, &l
B E LT IBRI, EEIE B TRAET o EREOBEEZLE (K 2.7
IRTATH, <IEHR) THDH. 1LEITTORLEL I, BRI < Bl 1000
mm® LLFO/NER D Tho THRERMERTEHL<. LrL, Z0LH7%
JENE < BEOIATRIA & 72 2 BT ClE, BE O EL REWBE LT
Y MIRELRW. LER->TINET, 7o b TIERL BRI #ie ¥ —7
v b ELTERAEENA SN TE 2. AFTEIC TIRET 2 B A4 T2 r%
BED “EEMRED AT v 7 2 (ORE 232 H) IZBWTYH, B EEzZ % —
Ty e LTemEZIT Y. L LEMIBEINSEE CH SO, Nk
Y HIADBREETROVRY, EREEORENEL <725 LW ER S
L. HERmMIMo2rOE L YEFEL, B Ioh s BT BiE R
TR E (RFREOGEIXEBXFEOZE(L) L3 2856, Rl bW
EHEEICAE CIE<BEZ E SIN e/ &< 700, R IXIR T3 5. 2,
ERFFE 2 WA AT 2 AR TIEICR ST, < OREFIN L 5 HiEm
DORIETH 5.

T, CEEREORT T 1 T, BICHEEERICEETLTV MCHE
HL, ZhZaitT 5. 7o MIBERMEZ REBESE L2 gy, L
L, Kl _JERORBHHEE M ST CTEMICE 008 LW ERRKE & TP
3 572, CFRP #EIEIC K E REXFELE L Z b6 7. AMTRET LT
MREAEIZOWTIZ 231 HRL I HIZTFE L ERS.

221 HTHIRATZ L O, ARE T R EfRITBHIL<BETH 5. —FH T,
Xk 22 12 TT » FoREE L, BEIZ BEORE L OMICHER A LIS Z &0
WEINTWD (X28). Ziux, HAJREH Boeing 787 H&IZH W B LD &T#
JE FR FEARAME TB00S & =i — 7 % T #itAE 3900-2b 7> & p% % 3 L # CFRP # % H
VY, SACMA (suppliers of advanced composite materials association) SRM 2R-94 (Z
Y U 7= VRSB RR 2 1T > T S CH H. SRM 2R-94 Ti, X 2.9 ® X 912 150
mm X 100 mm X 5.9 mm @ CFRP $#{Ll % /5 f& & ik [45/0/-45/90]4s 22, D 80 mm
X60 mm OANEHT D X 91T, 41 ADEINEEZ T 2 L 91 E T2k
THERAIA TR, HRIZT RV 6.7 JImm OFE RGN ELY 52 5. FERINEER T ¢=8,
16, 32 mm ZEZE W 7-54, T2 FOHES 0.15 mm (< EAEBO Fe KN ENL
&) A5, X 28@)d L oIl MIT<BfokEZmENSTH L, FXb) ©X 9
(TR EAEREE (compression after impact, CAl) 2ME T Lgd 5 Z & & EERAY
IR LT, L -> T 231 HTIHEZ 0.15mm OF ~ 2R HFIRE R REE S
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L)

A SR 7 AR 3 0D R P ] 2 Sl 18 45 e A

BRI D, MEEIEA— T —KFED Airbus £, KEEH FRP # % /-
HERBR L ZHAT> TV D, TORE, FREOERERLF T, EE 6 70D
25 mm OFEx BT A EREIETH, T hORERSINVRES AL/ LN
BEN7=®) BRI EEORE S LFEBEIC, T b ORERTE S 13 fEER

ZEm

TRAXFOWIGHEIMRGFE L CRED. 2OORETIE, BHERETIEIT
FNOWRSIZI TAT VT 25 2 LT, MENICERIZSBEDZ 74707
EEDTND.

Fig. 2.7

indentation load of 20 kN.

DXL DI —AIZBWT, T RDES L, TOTH

Indentation damage caused by a static

O

80

60

/O—y S

(o]
—
O
—

1

<8

Holder Plate

Support Base

[

Test Specimen
[

P

Fig. 2.9 Impact test configuration according to the
suppliers of advanced composite materials association

(SACMA) SRM 2R-94.

2000
G JD
E1500 | * o ]
é . .
51{::[:«3 L ® ; -
E .-
E 500 £ Hemisphere (16mm)
B - -#-Hemisphere (8mm)
= - ~&—Hemisphere (3 2mm)
0 M . @ Flat
=0 02 03 04 05
Residual indentation (mm)
(a) Relationships between residual indentation and

delamination area

00 . ; ) Hemisphere (16mm})
# Hemi-phere (8mm)
4530 ¢ <> Hemisphere (32mm}| -
= i % = @ Flat
&£
% 400 +
350 .
2
¥ 300
=<
= 250 F
=77 0.15mm
200 ' ' :
0 0.1 0.2 03 0.4 0.3
Residual indentation {mm)
(b) Relationships between residual indentation and

delamination area
Fig. 2.8 T800S/3900-2B, SACMA SRM 2R-94
[45/0/-45/90]4s, quasi isotropic 32 ply laminates, with a
nominal thickness of 5.9 mm. An average fiber volume
fraction was 56.2 %. Specimens, size of 150 mm x 100
mm. 6.7 J/mm®?,
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AT DREMIT BEOHFB T —EDOMBIZ RO Z LR ) vz 5%

B2, T3k 2 O PE SRR IZ L VD, 150 mm X 100 mm O/ X 72 CFRP K
MO/ T o MRS & CAl JREDRIfRDS, &M O X 9 72 K% CFRP #iE
IZBWTHE D SLD0 ) W) BEiEm T 5. CAl O TIE, JEMIE < BT
THHBIENFEE LG 725 Z LIZERT 5. L= - CARRMEIE K CFRP
BEICBWTYH, T2 hOBES EEMITBEORE S L oBRMEETE(EL 2N
n) EWORMBIZREET D, £ LTI ORRMEIE, CFRPH#EDOR IR TIXR
<, BEE, WS, FRAOMBIZLE>TETILDEEZLND. 2D
MEZ SN D T2, A=) 7N X 0 EAVEN 2 H R S 5 i 22kt
W, LHHME P 2% 2mimEER: (K 2.10) TEEILEET LV ES X
%. Ak, CFRP HEEMRITZE T MEARNOIEER TH D08, Z 2 ClEfiibor-
WEFEERET D, £, WREBAG TRIFIMELHR > TWDHToD, fff
85T D CFRP lOENTIG S & Bip B naE&te. L, BERAMICZLY
HECDERKMITIG %2, BT VNI R TERT RLXI1THb 2B (2
D= B ENRK E R DBEH) (A C DTG &5 2 E, BiaERne
Wo T ZRB OB/, ORI, BMEREZE, rihEb v oW —
WE—A Y M|, ZOEEREN LA EAE TOHBE a(0<a<l/2), FrEFHE
P LT DL, i bEREX OMEICAECLHITE—AA 2 N MIX

:{((l+2a)x—al)(l—a)2P/l3 if 0<x<a

(-31+2a)x+1(21-a))a?P/1* if a<x<I (2.1)

o | Concentrated load, P

NN\

Center main wing

Fig. 2.10 A homogeneous isotropic beam fixed at both ends with a concentrated load P.

* 727 LK 28 FIZEIT/RENTWD, 5 72 H 24500 % R o8 1T, %S 0.15 mm &0
T THhoTHRERBEIILHEE, K&72 CAlIETRAALNS. ZO7r—ATIEMOSA] 72
EEEAIZHA, T ML RIBICHEMT 2 E2 5N, LR CERAE~DOREL K& L,
231 HTHRDT » MREIEICIVRHABETH D LHEIND. ZO X ) ITHERmICK L
AT B 2SR A U D r— A (TR0 & W22 & OB, e, mCRh SIS 7r—R)
%, B TCIIENTH D, EBEOERD L X, HEMO—AREEDICHEMT 2 g 1
SO ENS.

-53-



o 2 B AE O M RUTZE B I o0 do R [R] eI B i A

LIeRo TRIZRAET 2HIEOT Ho 1L F U 1

2 2 3
u=[Myg-P @—ﬁja3 (2.2)

“hoEl T BEIL I

ER%. BENLE a ICEHBEMELZ T D56, BRI RLE WROTHT R
F U &% LL Db

U=W (2.3)

(CROTZDTRRMEE &S, ZOBREZ L& a ICHRVETPAHTE P 2AMEM L
TOTHTRALERW(EU) L5 BaEEELLE, X 22, (23) XV

6EIW
p_ | °EW
(1-a/l)’a’ 2.4)

b, ERICKY, WHEPIX, HRZ LWL RDHIETE, ZORS
| MRKELRDI1TE (A= T B OMBEARKE L2513 L), hs
KRB ERDLND., T L TEZOMITE—RA L b EMTFIETRICERx=0T
WKRMEZ LD, RRMETICS) oma (TR TR ND.

2
Crax = MI’*“X y=- Pa(llz—l a) y, for OSVaSIE (2.5)

2Ty IIHVENLOESTHSD. RUMEICFR CRE SOMEZZIT 55
B W _IRE— AL MIRRELRDEFE(TROBWENKRELS 251FL),
MENOBRE ARSI NS0, FBAETHEBILBEOFAEIT/ NS 72
HZEERLTND. Flom OtxHEIZa=1/3 D& EHEKRERYD, HRIZH
MEINDEE ra=1/2 LHR32/27=119(F L7 5.

—0, TV NMIEBEOER, TRLOLEENRKIZDAEALDEIODT )
REEMICRAET DO THY, TOKRE IIIMEHM 25 OFEREIZ5R < &RIF L 72
WeEZLND. FEBE, TV FORIIIEBR RLX (HDHVITEIGHE) 12
< ARTET D Z E b o T B, 3Tk 2.2 O T EEEER Ci, #UE 5.9 mm ¢ CFRP
WA vy, BEFHWRICIE 80 mm R, EASHAIZIX 60 mm IREIC CHish AN &
R L7Z BT, PRicli®BE 52 T d. —J7, Bl 2I1EIX 2.11 12777 Boeing 787
OPRERIT, WE6-20mm THY, 23— ) 7OREBEMEIZ60mm LV b
EAY/ N /NS

UbzaEEZD &, WENORRKIT IS NIEESOMEIC LY 2L, X
2.8 DL D ITHIIZAR LIz — AT, KT 20%IF EEINT 2 rlaerEn &
5. Loy UERREBEMEEIL, X 2.8 OFRBBIE LV b aukEi o Bk | 235 ~%%
HEIZB IS, BRIV RET ThIVL, Tov—274E (X 2.10 F
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o5 2 7 O U 2 B 1 oD J ey ] A SR (IR A

D P) 1TFEFITNEL 2D, OV FEHEOBMIZBZAEL 556, K28 &
i L, ERICTRAET LT FOERENLDICRE EEZ NS, ZhIE,
AWFFECCTIRETHT v MMaEEE (231 IH) (CBWT, HEREGHRHERE N5
SRDHIEEERTD. 211 A DN EI TN b H DA, AR
O (eEd) 7 L—2a (H&E X 9) ORBENIEFIZIRWZ, RHEET
FRIBHEEZLNLED, X212 12777 Airbus £ R BTHIE A350 XWB 123
WTHREED Z LN 5.

DFED, X 015 mm OF v FE R TTENL, EEM RS T EEEO
EERBERE L LTI ORRBRE LR TE 5.

Fig. 2.11 Center main wing of the Boeing 787 (thickness: 6—20mm, mold dirhension: 6m X 6mXx1.2m)
(left), fuselage (right)®*.

Fig. 2.12 Full composite fuselage of the Airbus A350 XWB (upper), demo parts of side panels®**.
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2.3 EEMMZERBED
“EREEZEGHRE

231 ATy 7 L.EEmmMEEZFRALE-TY FMEH

CFRPI§IE DI « FIE Tk E L THIZE STV 5 BRI Z(LES )
(X, HEOHRIM Th 5 B[R EEROREMMEZ VL LTRHHL, HE%E
ARFOBLIEILCEZFIHT 22 FETHY, mfidEEL2ZS S, £
7 A MEOBEUMERRFHINICHEREZ &2 b D EHfFS TS, L LIEk

BRIEPIA GBI TROMEN K S TV,

PEkDESEBMEILEZOBER

(6) SERGIE H AKYED(FHMECHEMR TR E 2155 7201213, WEREICERE %
IZELE L CE OB Z RS T 5 LERH VD, RO EmHSZE D
FORR, BLOVIESRAZE TS Z ENREARRBEE 22> TV 5. #1213 100 cm?
BT —OOHEXMAZBET D &, HA O P& H Boeing 787-7 O F#
AR A GYE, AU EORENLIEEL 720, HIEXM & HIE RS OB
YLz 12 b SRR A2 ET 5.

(7) MEER IR E LB OB ZJET 57290, BEWHEE TS O~
FCEMEITZIELELZENNEL 70D, ZODEMEBKE D S
(B MLEICAE CTEBEORBEEITE LK T 5. Zhud, EXEHE
ZZWHICFIH T A AR FEICR ST, £ < OIFMERAE RN 2 5 Hm
OREETHLH D.

(8) CFRP FHEHEW DOESFFHEIIZARTH Y, MR WA DR 5 ofEREIA
¥, MO EA R, IR CEEBRO I —R T ) Fa—TC200
%ﬁ%@f)?‘Pﬁ%ﬂw@E) ICE > TRELET D, FED CFRP

Wk L CEKBIEEOREIEN RSN E LTYH, ftifEo CFRP IZxf L
THNTHLINEONOLT, HEOHEEIEE L.

9) BEE R WEEREETH - T, IBES IV BEBLREIITZL T

Lio NG T = RBF ANV R DR B IR O EE 2 HIEH 32 Z 138 L
, BRI GEOGEEEZIR T ¢ 5.

(m) BERERZ OB EZ L TRE AT 5 720, @EEN A HTH 5T

M ORASC, FMRAICE A T e,
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AEICTIRET S [R7 v 71 RFrESUnBFIH O IRk T o MaitiiE 1%, k=
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Thbbvw—h—L L HHTS. T bOFELNEZTETENE, R
I DEBRIBEORENEDON DG ZRK VAL ENTE S, RIRRERIZ,
RIASRCAZ T TR AR D PR OFEMRAE 21TV, HENTICE I < BEA T4 L T
WD, T2 MIFICHERAIZREET D2 &b, ZERREETHM
ERAETL2HADREEENME bR BN . NEEE THIE, i
KEMHEWV (B MEICECZHEEORBEEIXRTT523, 7> M H
Fl& L CHEBBELRNT 52 LT, MEOHRSRES, W OB, &
I DA 70 & DB ZZIFIT W, kR 7o 2 22 W rTRE 72 LA ME O @ v T
BB SR N TRE L 72 5.

7V MERTTIXBRNCAFE T D ASERO FHE A3 E S 30T N O ficke 23 2 ik 5
H128, TV NemiE T T ERRE N E TS, WA T v MEICERT
HZENHEBEIC LY DRSS E D bEIRE R A7, IRESMC, HE
ZACITEK T 2N 6T o M 2R TE 5. CFRPEREICRE I 5K
2130 & 5 RME AR A v 2 2@ IRHUINECHS TN E I L E A B
FOWRE LTHRMAT 2 LRICED, 2o k5 e KAgE Ty, EEn
LT, SHIZEEBROA T 7 L— g CRIEE BT R A A 7T hE
2%, MEA Y v = OFRSERALIE, BEPTIEXE O~ b 7 A& PGt
% (35.21H) Z#AHEL L, MERMOKIEZREMIICLEND. DENDART
v MRAEENE, fRRMZ IR EWEMEEEML TS LNt D,
COLIIHBERNBICT  bEEHDHZ LT, MEOFEIIREIEND,
PERTIRIC VR 2 R 2B ST Z LN TE . Bt BAEIXERM
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Fig. 2.13 Lightning protection shield for Boeing 787 structures by acting as electrical paths for lightning
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Fig. 2.14 Electrical interengagement owing to the difference between the thermal deformation tendency
of carbon fibers and that of resin in CFRP structures.
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JERRE A T 5. =5 M OBEBXFHEZRE T S 720K 3.6 LITRT =FOER
Rz, £ mckt LTHESTOMEL, £OVEEEMTICHND. EHUERE
Ptz MIE T D BRICIEX 3.6 TR IMEGIEZ TR~ T2, HEl & R FAHHE ] O £2
Rz B LB OBEREH 255720, 4 EiEz v,

NG OME (K3.675 1) TIEakER A (2 it 2 BT L TPl Bk
FWOBMAZREST D, WENIC—RARFHRERELIEKT D720, Eit
BRI A Ot R 2 E O L O ICEE LT (X3.6 Lo BEESM) . —77,
JEE G ORENTLRPME L 72 5. JE S FHmOHIE TIEXKZ64 Lok iz

[ Paositive electrode
Hl Ground electrode
[ Electrode serving as voltage contact

0= Unit: mm

- N
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5 |
e / +_#%z#
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\ §§,47
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Fig. 3.6 Configuration for measurement of the three—dimensional electrical resistivity in the fiber
direction and 90° direction (upper left), and the thickness direction (upper right), and heating system for
measurement of resistance—temperature characteristics (bottom).
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Table 3.1 Electrical properties of unidirectional CFRP laminates
(IM600/133, Toho tenax, V¢ = 0.60).

o Electrical Temperature coefficient of
Direction resistivity/ ) .
QOm resistance (TCR)/K™
Fiber 2.8874 x 10°° ~3.114x10*
90° 0.82086 ~2.498x107*
Thickness 308.77 8.940x10°°

“Imlo5F=” RNZEMAELE L TR0, SMUlo R EMmEICER A AR L, N
DIEF TR B OB EZREST L. EHOABRE S TR D0, 8BS
XN TN R THRBURRIEF I Em N 2 D, BENIIE—ERE S
BN S, EMRAENARETHDL EZE26ND.

BIERE R A2 R LR T . MHEERZ T, B HFmoERIEEnZi, i
JiE002.84 x 10* fi%, 1.07 x 10" fF & HEFWITEWMETH - 72, EPUREREIT
20-120°C DIEHTER L #h#f & /s ik CEARELIL, ZOBE O EE L
7. fkHESTI, 90 NI ADEE & o720y, EESHFAIIETH - 7=,
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332 TV MEDESIAREREDHTE

HHIIARIC LD 7 b A S 5 ORI R OBHIE L EFZHL,
Z DRERIZESDWTHIRERMYT (ANSYS 11.0, HE—EXMT) Z21795 2 &
T, 7 v MEOE SRR EHES 5.

3.3.21 T FREERIROEBERERZEILDER

4 3.7 27”9 CFRP EAZ AR D FIAZFHAHTIAIIT LV 7 FFA S, A
HRIEOFRE B OWME N ZRET 5. MBS RN 5720 4 EWE
WD (BEMO@MICERE 52, OQOMOENMELNET L), FHROMEE
ERKIE[0/90]4s (B 252 mm) TH DM, BHOD%EFH JEICHERET L7
B, T 20 mm X —EMBEAE LV, BARIER AR S — R A2 ) & 0y
FoNnDHE S, T 20 mm OFFICOH, JEEZ 50um OF 7u B — & 3
Kbl /o TR Z D, RERZRICT— M &I BRV .

EHREIZIT HEEHO LCR A —% (KA 7 AKX 3522-50) #= M\, HIE
FAEIZ 30 mA, 450 Hz & L7z, BEESERTidA — 75 7 AG-1 100 kN & v,
FERREF (B2 9.5 mm, 15.9 mm @ _FE) % 0.2 mm/min O3 THEIAAT.
TV NDOHREIAESE DT, GFRP AR & 7V IR E FIZHEN T CFRP MO i F
EaMH L, BEIE BEORAELIH Lz, MALAMTEIL, 0-4kN £TIL05
KN "> S, Z D% 20kN £ T 1KkN T >8NS CTiho 7z,

JEFEAL 15.9 mm, 9.5 mm OFERE2ZN i, X 3.8 & 3.9 (T/RT. AT

Indenter 60 Unit: mm
#=9.50r15.9mm

0.2 mm/min '

N 90°
~ 4 LOO
1) (2 —
NEORCA N
sl ol | e —de - [0/90L:s
Ty Electrical e (thickness: 2.52 mm)

interengagement

™~ Indentation load

* Q,
I Electrode
° P~

[90/(0/90)35 /90/0]¢

22 16 (thickness: 2.35 mm)

Fig. 3.7 Experimental set up for the indentation test (left) and configuration for the measurement of resistance
change between the outer two layers caused by an indentation (right).
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Fig. 3.8 Experimental results of the indentation test with an indenter 15.9 mm in diameter: (i) typical results of

Fractional resistance change

HI3F AT v 7 1 R{PTHGUNEEIT O kT > b it

#H L EIRQOM DIRHLZE A ZEAR3/Ro3 O BRI Z- (1)1 T, AR23/R2s D -l % (ii) 2,
T v MEIOEHEZGINIR L TWD. F—OHAZANR TIL, EFBA/HAE0
5 (EFE 95mm, [X3.9) 287 v MES, A LE blckEL<, H#X0.63mm
DT > FEAEKL (20 KN AffR) IIZFEE LT 30 o A6 b, K
XS (B 15.9mm, [X3.8) THES 0.15mm (12kN) @7 > MZ LD 13%
B LTS, ERNEBE BAFER, SEREICE H L TE k0B RIR
PMAIETIE, 20X 2BREARBEICEY, ZHFEERE REIE L) Bl
SINDHZ EF ol LienoT, BEFEDLHIT CFRP OF—, &
(B A AT D IREUIEEL, ERBEGRAEROEBESBEIIOL(LE LV Hilk
WZEBHRXAHIENTEDLENZD.

0.05 Maximum load [kN] 03
I 1 Standard
0 = 3 6 9 12 15 20 T 025 deviation
il £
o @ =
0.2
0.05 %o, 8 £
o T °  0.15
0.1 °o Opo .S é
Oo 000 ‘g % 0.1
-0.15 a = 3 0.05
k] £ 7
-0.2 o
o @ 0
c 2 -0.2 Standard
0 - 5 . 10 - 15 20 s § deviation 0176 3 6 9 12 15
Maximum indentation load [kN] <G -025 Maximum load [kN]

0] (i) (iii)

AR23/R,3; (ii) average of AR,3/Rys; and (iii) average of indentation depth.

Fractional resistance change

Fig. 3.9 Experimental results of indentation test with an_indenter 9.5 mm in diameter: (i) typical results of

0.1 ° Maximum load [kN]
0 2 3 6 9 12 15 20 £
S
o £ 0 £
-0.1 %0, 2 <
%0, 8 g
-0.2 5 -0.1 k]
° 5 5
-0.3 o4 = =
o 8§ -02 2
04 o4 = 5]
%od 5 .

05 ‘ S0 -03
0 5 10 15 20 §£2 3 6 9 12 15
Maximum indentation load [kN] z5 0.4 Maximum load [kN]

0] (i) (iii)

AR23/R,3; (ii) average of AR,3/Rys; (iii) average of indentation depth.
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3.3.22 TV FMERDIRINEDETAVHETE

3.3.2.1 THW /= CFRP i v (X 3.7) & [FAR OB FRE R AT T L2 1ERL L,
F o N ETIVOBRPIRZ A B S TEEHELIC—ET 5 b D2 R
THZET, T2 MNBOBPLEREHTET D, AT TIETRROREE L.

(n?yhk%A%&fiFéﬁﬁmﬁﬁ$®ﬁﬁiﬁé

() 7 FNOEFLESMIT—FETHY, T2 ZFKen

B) 7 FOKRE IXWIRIL, MIAAMEOREIIZLLT —E (2 mmxX2 mm
X0.3mm OEHEK) L35

REQ)TIE, 7 M OmNHHEE A F7m (90° ) OFrERE id/evé L
TWDN, EERITIET > MED OMHEIZE D S, [R5 OB, ﬂﬁ#é
EHELLTWA EEZBND. UL 90° H i OHPTRE X, JEES HIMICH
«fméw L, |ETFEOL S EWE m%ﬂﬁbtﬁ#Mﬁ%Kﬂbf

IELERITLICK W ENO IR CE 5 Ll L7, (RE2), ()b F3E & B
%\%a@# AEOHAL “Rin ZJERICAR LI ERS, EORET
NERDIZED LD ZEBRMICRD D ZETHY, T hORZ IFIR
FCTEE LI BRI 215 5 B0,

ERTARERBNETIV
fEATE T V&2 310 (TRT. AL, BEMEII 37 LRRTH . Eil
O o HOELEIS 1= 1A ZEIN, ER@ o f.Ofisgd 0V &L, B,

Electrode

Indentation model
Electrode No. (4) (3

LB . —

0 1 10 102 108 10* 105 108 A/m?
Fig. 3.10 Finite element model with an indentation Fig. 3.11 Calculated conduction current density
for estimation of electrical resistivity of an indented distribution when supplying 1 A between
area. electrodes 2 and 3 (magnified ten times in the

thickness direction).
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BFNFEND L DY EBAL DFE Vg & FHW,
(4 BRIE) .

‘/}tiﬁi)) é'-é'x *EE:J:J‘ Ros %%—lﬂj L7=

Ras = Va3 /| (3.1)

FHiH T BICEABEFERROT > FEF L (2 mmX2 mmxX0.3 mm) &{EK L,
T M ETNADOESFEITEE D LT OB SN 5 ARy a0 IK LA
LTS, ZDOEZLTHEONDIPIENLFARS/ R 73, FEHI L7 Hi AR
AR3/Rp3 (X1 3.8(ii) D 15.9 mm D F-ERIRIE T A LRERIER) & —EHT 2585,
FET V NBOBRHERE L TEHAT 5. CFRP 7 /L{Z1% SOLID 226 %3 % H
W, BRI~y 7 h Ay 2 (I mmX1mmx0.15 mm) Zfuvwi-. &k
1% 407,616, ZFE#K1L 56,656 TH - 7-.

BTk R

XU I
A1 10 {1
BIMEEIT—2Da X —HERTT 10T 28T 5.

CFRP fi& N OB EEoAiss R (¥ 3.11) 125\ TE x5, EST
WCHER L TERLTWS, a v — 3k EmnEsEmezr~ LT,
ERO@R A S

Table 3.2 Through—thickness resistivity of a damaged area obtained from an indentation test with a

hemispherically shaped headstock (g 15.9 mm).

Indentation depth [mm] 0 0.041 0.074 0.107 0.145 0.176 0.228
Indentation load [kKN] 0 3 6 9 12 15 20
Through-thickness resistivity [Qm] 309 89.2 28.2 15.7 6.68 5.58 4.61
Resistance between electrodes 2 and 3 [Q]
@ 17.3 21.6 25.9 30.2 34.6 38.9 43.2 —
S

é - 1 T T T T T 308.8 0 <

'E s . Indentation depth of 0 mm: Qo 3

13 0.8 | ® Experimental | | Undamaged 2470 % ;;

2c O Analytical =G

20 [ o

= 0.6 1853 ©3T

s = Sharp 3L

S < decrease £

26 0.4 1235 5 £

§ g’ 0.15mm 0.04 mm % 5

=S >

T @ 0.23mm 11 mm w3

E- g

u‘&j‘ 0 -O—O=———-O—0 0.0 =

0.4 0.5 0.6 0.7 0.8 0.9 1

Fractional resistance between electrodes 2 and 3
Fig. 3.12 Analytically estimated relationship between the through-thickness resistivity of an indented

part, peent, and the change in electrical resistance, AR,s, after each indentation test with an indenter 15.9
mm in diameter. Red values represent the maximum load.
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AVTCFEIED 99 %Ll LR Jg@E 2 TWD 2 EBnbhoTz. Led» T,
BEAIEPL R 1%, £ M OBEXFMEAR KB LB E 25, X, £m
TSR A = S 2 H VT (A EEEIT 90° Th D BT RY), WNEOFE
JEREROMRIE D B D% 72 CFRP M ICAREDT » Mg EHTE 5L F
WX BILDTZD, AMFRICBWTEHERGR TH LS. FEERIZ, Mo Tk
ERE BB DT, 45, 45° @ THHHANE.

FEWNTF 3.2, 312127y MEOREE HFRFE oM EME R~T. gk L7
SOOFENIE LITIUE, T2 MRRAEL & BITERPURIZBENICED L, X 0.04
mm O7 > M (3 kN FIAZ) (3 EEARAED 30 %, RS 0.07 mm (6 kN) Tl
10%FE TIKFL/ZZ 1272 5. 0.15-0.23mm (1220 kN) O TIZ FifikF v 23
FrBHA0, ERIREED 1-2 WFEDIPIRICE HHE W=, B E 0.04 mm BREDT
N CToh o THRME MO RICEE SN B2 65,
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3.3.3 BRI HEIZK SIBEREZILEDHEFTHHTE

332 IHTIR7=T v M LD EXFHEAL L T 5720, F—, “JEHic
BRI #EA2 A5 CFRP fitht 7 v 2Bk L, I (LEZF T 5. B
FL B, BoBoKE S, "o RO S E SIS 2 (BiAo &

EFR) CHREELZ. ZhicLy, 1I<8imo E Mgk ng. EFRROIX
<BfEm (—h4,8,12,16 mm) & akBR A S ERL L=,

1% < BERT 5-R012 O IBHTA L3 AR,/R:3 % [X[3.1312 7~ §. g & [/ U16 mmd
JERIE < BEATEA L T HIBIZLREITL %ici =72 <, T v MTH_TIHFIT/N
VN, ZAUEXB14%E VT TE 5. CFRPIEENICIZ I O BRI T
FELTEY, ZhDOWHEBIRPIAEMEEPTE 70D, K314 RO XL 9 1Z,
BRI BEIC X0 —H#oRENER SN TH (bW mL <) , i
FIEBHRPUEIZ 5 2 D B3NSV, —FR314ED X 51T, 7 Mok b ikt
DINS T2 7R DNIER S D &, BIRO KN Z OB ZRND X 5 I
720, EREIUEEZ RE B IS,

0.01
8
= 7.75x10-3
£ 0.008
‘»
o
£ 0.006
]
(o]
c
£ 0004
o
2 1.61x10-3
S 0002
8 2.32x10-5 3.51x10-4 .
CR 0 1 I 1

4 8 12 16

Delamination length [mm]

Fig. 3.13 Calculated fractional change in electrical resistance AR,3; caused by a delamination crack of
different sizes.

Undamaged Delamination, Indentation
CFRPstructure Matrix crack (new path)
W,

Electrode Shut off W
R AR AR|

|~ Resistance < <

Fig. 3.14 Schematic circuit representing the electrical network in a CFRP structure and resistance change
AR caused by several types of damages.
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3.4 BFTENEFAD

_\\

v MEREDER

EAREL

3322 THEE LT=T v M OEPTEZ W TE-B RGBT 217V, TN
BN X0 MNEBIZED X ) BB E AN,
AET 5. FENTIZH VD IM600/133 DY % %% 3.1-3 12/~ 7. % 3.3 @ CFRP ®
LN OSTERCE NGB L=b D TH Y, MRS

EMRE =R LR,
2 0.47 ® IM600/133 OWIEETH 5.
AN 718 CER D DX

CFRP it St & O ik

M OIFTRA NS E TN L0 ThHh 56,

341 TV FOBRHEICE T 5B

fR A

7 MR

Thol-. BmET NO, @O LiHh.OHEi

= /=
B

B EE AR IS TR X 30D Dk

S IR T d 2 SRR O HEHLAR S Y,
BB RSB LC, AN

B AREFIEOGEEMRGET 5720, 7 M&H T 5 CFRP
R & RGUNEN L - BROIREE S 2 /3 5. 7 1I2iX, 3.3.2 ST
7V (K 3.10) OFEEERL % [0/90/+45/-45],s &
Ay aO~EZ2mmX2mmx0.15mm & L7-.

EELEZHDOEZHW, BHHE
iS5 104,702, B4 14,164
HEZFEh, 0V,5V & L CTHEE—

BESIT 21TV, 7 P E2A L DRIMEOMIEZNEIIUTKT L, B E A
Table 3.3 Electrical or thermal properties used in coupled thermal—electrical analysis)
Material Item Unit Direction Value
CFRP Thermal conductivity wWmtk? Fiber 11.8
IM600/133 90° 0.609
Thickness 0.609
Specific heat Jkg™ 1065
Density kgm* 1520
Copper electrode Electrical resistivity Qm In-plane 16.78 x 10°°
Thickness 3.98x10°°
Thermal conductivity wWmtK? 401
Specific heat Jkg™ 380
Density kgm 8920
Air Heat transfer coefficient Wm?K? 8.334
Stefan-Boltzmann JKAM2S? 5.6704x10°®

constant
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CIRESHEREH L. £, HIRELE EEESAOBBREHRD -0, B
OOz 10V OBEMEZAMT D7 —A bR LTZ. &5, —i4 16 mm O IES
RIS B2 —, TEREICES CFRP £ VO b Ahb e TITW, 7
v hEA=y NMZTAEA L, BMELEE Y —7y Mo %560, BE
BIZB T2 H ML i U7, 13 < B o BYRE S (thermal contact
conductance, TCC) 1%, JERIIC/E & t=0.02 mm D Z4EK)E (BVmER: k = 26.14x10°°
WmTK M) 3B n L LT, Uk v B L.

1CC=%=BW[Wm2Kﬂ (3.2)

CFRP E7 /L1% 300 K DZEKHFUTENIL TV D & L, WS < & BRXR A2 Z &
L7-.

TSR

EMODMIC 5 V AR O BHTE L0 % K 315 (R, SHEEH ICE,
Fr N AU TE, Kl 0 EEABKES A IS TT v Maf D &l
BAHML TS 2 EBbns. —77, 1< Mia AT 5 L s o
K& RARIIHR DN,

FEVWNTIX 3,16 125 V AMRFOIRE DA 27~ 3. BIAEP LR E Z2HGT AN
T AT MRICEBWT, BETRELEL 25, K317 1%, e e R

Delamination Indented 6 kN
16mm square Indentation depth 0.07 mm

Indented 9 kN Indented 12 kN Indented 15 kN
Indentation depth 0.11 mm J Indentation depth 0.15 mm | Indentation depth 0.18 mm

Fig. 3.15 Calculated conduction electrical current density distribution on the surface of a structure, which is
undamaged or has a delamination crack or a dent of various scales, when supplying 5 V between electrodes 1 and 4.
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MIZBITORRNBEDETHL. KR&ET v M olEIxy, E LA
K&EL 5. —JF, FEEFETH2#EORmELY, BEHEXL VIRV, JE
I < BElC L AEHTE L (K 3.13) &N AR OZ . (M 3.15 EEHH) A3/
XN ED, ZHUTERIEBEC L0 BIUBRBAEO AN AL LR TR
72, FEENOEBERHENEN LR TH D EHEIND. ZogE, Bt
MBHERZ RKE < LTHIT< BB IR L <m B L7y, ERBRIC, |
< HEC X B AL 2RI L2 FECII s ST a8y, 1< Bl
FICRE LI AET 501 Tlide <, BEWEEONTICHAE Lo IL BEO#M
HIFEE LV, —F T v MIMTHEERmIZAETS. D Ers, BHINEIC X
DEERE (T b, E<EE BRI, MR & ORK) AT 51
BRI <BEL D ST v hE2 Xy FEeTHHFRELTWVAH ENZD.

X1 3.18 1%, SEFRICT v R & FFD CFRP (% 5 V OFELE THPUINE L - DIR
BENAiZ, Y— 2777 ¢ AZ (InfraTec GmbH % mobile IR M3, HEFRZE +2
K or 2 %, IR/ fERE 0.12 K) TR Lt%@f%é fiENT & SEBRTTIIAA SR
f: (EPHIREE, CFRP OBVRESR « LB - B ITEVWRH L7120, IRESTR

EEIIZ—F L TRV, T2 MBI TRRBENSG LN D 2 & NERD
I RSNz,

Bz, HIFELE%Z 10V (X13.16 D7 —AD 2 %) £ T EFTERUNEA L 72
BROIRFEA A2 3.19 12, M LT v MICBIT 2R RIBE DX 3.20 (2
r# PR EL TEBIREEO 3 EMPURORE| (BT 5720, 20k

INCRERBIREAMT DITE, T2 M EERIMOEEZNEE T, B

Undamaged Delamination Indented 6 kN
16mm square IndERtationdepth, 0.07 mm

Dented par

©

Indented 9 kN Indented 12 kN Indented 15 kN
Indentation depthpbsl]l mm | Indentation depth 0.15 mm || Indentation depth: 0.18 mm

Fig. 3.16 Calculated steady-state temperature distribution on the surface of a structure that is undamaged or has a
delamination crack or an indentation of various scales, when supplying 5 V between electrodes 1 and 4.
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MEEZEDDLZENTEX D, 10 V TERIUNA L7254, MHBETH HIES
0.15mm O F > MIIF+31°C DIREENBA L, Winie 2 B BHRE LS %25 1F 5
BETCOLHEICHRHAETHI LWL S, Biigd oy bu—L1T5771F T,
BOEERETE 280, ATV MREBEEORE RN THD.

Indentation Indented 3 kN °C
r55

e}

[«5)

g 40

g Necessary to L 50
0 detect

L 30

c O

L5

£5 20 L45
P 10

[«5)

£2 10 8

= 3

Gl alm
g£S oL oem . NN .

= 8 0.07 0.11 015 018

Indentation depth [mm] _ 1Y

Fig. 3.17 Calculated difference in maximum Fig. 3.18 Measured steady-state temperature distribution of
temperature for the undamaged and indented structures the structure surface when supplying 5 V between

after supplying 5 V between electrodes 1 and 4. electrodes 1 and 4 after each indentation test.

Delamination Indented 6 kN
16mm square Indentation depth 0.07 mm

Undamaged

106
T
65
63

61

59

57
Indented 9 kN
Indentation depth 0.11 mm

Indented 12 kN Indented 15 kN
Indentation depth 0.15 mm [ Indentation depth 0.18 mm

55

53
51

. e

Fig. 3.19 Calculated steady-state temperature distribution on the surface of a structure that is undamaged or has a

delamination crack or an indentation of various scales, when supplying 10 V between electrodes 1 and 4.
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7 I
0.07 0.11 0.15 0.18
Indentation depth [mm]

o

Temperature difference compared

to undamaged sample [*C]

Fig. 3.20 Calculated difference in maximum temperature for the undamaged and indented structures after
supplying 10 V between electrodes 1 and 4.
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342 TV M RERBDEEIZE ITH2EMNE

X321 o ORIE XM 4 F 3 % CFRPEENTE T A& FIVC, 70 MR
X DREICB T DARFIEOFIEZMEET D, ETREMET LV ZHNT,
B R AR AR X[ 23 & 25D FE KUK HTR2s, Ros% Z AL EALEHESRNTIC K 0 FHE
T5. TOOHLRXM223OF R, B HFHHEIIRZf2RAEDSL %L LT v
FET L (QKNDFRIIHAZIZ L VA LR E0.11 mmO T > MIHY) &/
FTHCFRPET NV EERK L, HKPIAILEAR, ARxE TNENHEE T 5. FERIX

AR23/Ro3 = —0.0590 (3.3)

AR2s/Rys = —0.0575 (3.4)

&0, Ty MIBHEXKEICFEREOENE I EAELSEDL I EnbhroT.

T MTEVHE -, TEIERTIOREAEREND &, BRODH, Bk
OOMD EHBIZEREZAR T H2HETY, K320 X 5127 v Mzl d %
B E £, BEEHERXFICFEREOZENIAND. L ->T, i

Indentedpart Seg.23 Seg.25

(i) (ii)
Fig. 3.22 Schematic electrical paths in multi-segment structures when applying voltage between electrodes:
(i) 1 and 4; and (ii) 1 and 6. Arrows represent current flow.
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10V Indented part

53 56 59 62 65 68 71 74 77 80 ‘C
Fig. 3.23 Calculated steady—state temperature distribution of the surface of a laminate that has an indentation

in segment 23.

EOENLT > MRAERBZRET D2 EITREEE 72 5.

—7J7, EBUNAERIHT 2 FETIET v M OERENC L 2EE LS 2K
M2 &06, Tv MREXKBOREIXENES L7205, IRENSRITHIC
FERTZDE, ERERNGTEEDLT V MNEOKRTHLINE THDH. X3.21DfEHT
ETMNZBWT, BRET VO, @, @O LmfOofiREZnEn, 10V,0V,0
Vi L, BRI 21772, K3.23DIEESAKICRTI®Y, 7 v MEUE
I bEWREEZMNETE, TV MORAEXKM 2B I ETE 5.
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TA T EMB L OERE LR L TEE 2RI R ERE 57
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5.1 TIE, & 856 mmDCFRP- A 1fif 85 S A ~ Z A 7% H THREUINZL
L, W=7 774 2FHLTRESANOT > ME2RHT 5 HiEEREET 5.
FRAT X G % KAE G I CIRIR T D BRI A U155 EH EoORBE S 2 20T, fx 7e il
SRR D IRAEEHE~ O B2 TR R 5 .

3B5.2IHTIE, mild& ol v MENEL O XL VIRV IR AR5 2
EERFAT 2MEELZRET S, £ 51256 mmOCFRPEAR ZHGTUME L 720 b,
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Fig. 3.24 Impact-damage visualization with a thermographic camera for observation of the temperature
distribution after resistive heating using the metal strips of an aircraft lightning protection system.
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Fig. 3.25 Analytical homogeneous model for the impact-damage visualization system without
misalignment of electrodes.
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Fig. 3.26 Analytical homogeneous model for the impact-damage visualization system with
misalignment of electrodes.

-03-



FH3% AT v 7 1 R GUNERIE O T h

43.27DiF H OWMHURZFRIE L. oM & [FEE, LMIS>DXH & T imoz
MR D10 V2 5 2 THEGUNE T 5.

= 0.00004
S
> 0.00003 |
=
2 000002 |
é 0.00001 |
% 0 Unit: mm 90
123 456 7 8 910 0°  Symmetry boundary
Segment number k 160 S|
(a) Fiber direction Seg. ] H\ [ =
= 1 140].© ]
g Se92] | H H
2 Seg. 3| }\ ]
% Seg. 4| H\ [ —H |
g Seggi@\ [8 i i
% Seg.iu\ [
1 23 456 7 8 910 4 ﬂ
Segment number Seg l]\ [ ]
(b) 90° Seg.i]\ ”
& Seg.9 m—
> 300 Seg EH\ [E ﬂ Ground
> 250 .10,
2 500 H\ \ [ H elect{ode 10V
£ 150 = —
S 100 :===T%ffi
£ 50 120 < |
2 0
. 1 23 456 7 8 910 (i) Analytical model (if) Boundary conditions

Seament number
(c) Thickness

Fig. 3.28 Analytical heterogeneous model for the
Fig. 3.27 Fluctuation in electrical resistivity —impact-damage visualization system without misalignment of
used for a finite element analysis as shown electrodes.

in Fig. 3.28.
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Indentation load [kN] / Indentation depth [mm]

Fig. 3.29 Calculated steady-state temperature distribution of the surface of homogeneous laminate models
without misalignment of electrodes when supplying 10 V. Indentations of various scales were present in
segment 2.
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Fig. 3.30 Calculated steady-state temperature distribution of homogeneous laminate models with
misalignment of electrodes when supplying 10 V.
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Indentation load [kN] / Indentation depth [mm]

Fig. 3.31 Calculated steady-state temperature distribution of heterogeneous laminate models without
misalignment of electrodes when supplying 10 V.
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Fig. 3.32 Impact—-damage visualization system without thermography. The change in resistance is measured after
resistive heating using the metal strips for lightning protection. The electrical contacts and electrical current

(white arrows) are indicated on the magnification.

Segment 1 90° conducting line Ampere meter

490“ (3—electrode layout)

|
Low Voltage High
(i) (if)
Fig. 3.33 Schematic of the voltage distribution: (i) using both the zero potential method and three—electrode
layout when segments 1 through 3 are measured simultaneously, (ii) using only the three—electrode layout. The
white arrows indicate current flow.
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Fig. 3.34 Electrical interengagement between the orthogonal two stripes caused by an impact load.
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Fig. 3.35 Analytical model of the impact—damage visualization system without thermography.
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Fig. 3.36 Calculated steady—state temperature distribution of the surface of laminate models with
indentations of various sizes in segment 2 when supplying 10 V.
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Fig. 3.37 Calculated difference between damaged and undamaged structures for the resistance change of
each segment after applying electric heat. Indentations of various scales were present in segment 2.
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BEEM Rz A L@ EBIRE (KMAL R T >, BRI B, R’
AL, WRHERRIEr OFFR) 2 =RBNTHE T D BRI O X T v T2 H T D
JE T < BEDFEMIRAIZ SV Tik %

JERE < BEO SR A TlE, 221 TR K 91T, HEEE300 mm2o & i
T BEA BT A LA ANET 5.

4.1

BFMICTIBARSZAT v 71 KR LV, ek SERARSIAET
HT v b (EEREOBMHEETE « <IEH) @ﬁﬁ&%iﬁﬁ%%ﬁbf:@%
AT T2TIET > FTENC j‘élea'ﬁ;K BEOA AR 5. IRNERREIC
DA AT REIEITNKVIAEINL TS 2D, FRIEOFERRAEIC &)5&525#
2% L CHRAONRETR DbV, KEKO L9 R REMETH, —
727 74 MER TH HIFMOMIZEkEZ A TE 5. A7 v 71, 2lI28 0
TitaeCER e ET R TCoRMA2 LA T, fEFRmIcitf SnsmEHER
A v o RGOS E I LB /e B L O & L C3RIT 5729
HEENZ L THREMNRETHD. F-2BBRITEEETE 5720, AFErEX
721/\

WEOHZECINC L v BRI < BESS AR CFRP #iis D EXIRHIZ L2
THBWHEDEIMEINRENTWD. ABFZETIE, JEHBRES I 0E M
&5, MEEOREEM & ITERER OB O ELRINT 572D, 8
B X A PURE R L 2RI AT 5 FIENTD A, B3R Hi@mb I<

Impact load

Indentation

Matrix Delanﬁination

cracking Carbon fibers
Fig. 4.1 Impact damage of several forms.
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BERR M 2 2Bl 5. F ik PRI EREORIIT — % 2 UET 2L ER H
L. mEIZIESDEDOREV CFRP [IEXIEIIOEKEZBE XS, RUE
WTH- THHEER D L ITERFEOT — X ZINE L7 < Tide b0,

F7, B DN D ZWT 5 O TIIBIERITAE U 2 WK 0O
fEEMERREROEFHEEOREICEA TE LWV E W MENDH - 7. &%
TIE— M, EHEORE A — P12 X B SN SAEETM A, FilE X —
TICTHEAR L L THISLCHN D, BENSHNTETO TR Wl EME%D
Hah b U A, BREL, RS L) CEERHCEBENRAET D Z L3 5%,
IO &S G - ERPICAEC D NEIHEE L RET 51T, BAREBOESKSY
ML DA B X2 WHERLE L 2%, £ 2T, CFRP ZNE L CTEIREE D
AP 2 REE S O PR E /2 b5 2 L ¢, BT —2ZHn
TIERNI<BEZ 32 TRERD AND. F-=IRREZ LA L L2
TR (REZICER T 2IP1210) Z228cHW5 2 & T, BREEIC
LD EIRBPIZL OB LRI T, BHELIHI T 5. ARITRETIE
DAEIWEE, CFRP AR Z x5 & L CEBRMICHRIET 2 2 L 2 B E 5. 2%
FiEOREMIT< BEtae ), ERBEG~OMMEEZ EZRICFHME L, BRIZY —
k24N U OB L 7= W03 X B o HH T REME 2 EBRAVICRRFE T 5.

Fio, ZORT T 2 X< BB TIL, 352 HIZTIRE L, WMEHO4A
B —v RZREMRS L OVEME U CHRMH L TIRPUINEL & IREHEE 1T 5 > A7
L (X332 2Z0FFEFHTES.
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4.2 fatIE < BERH F &

ARETHWDHFHOFTIEE, SIF # (the System Identification—F test
method“'®%) L LiZh s b D TH 5. SIF I, JSEMTEEC X 5 -8
ZROBARKIEE &, FE LZBERAOZ b (FBREIZ XD Z2DIR% dhim
KOFGIERE) 2O S. AT T, CFRP M OBHURE BT — 4 % i
VY, TEkI@ Y D SI-F ik (TEK SI-F 1E) B X OWTZICRET 5 SI-FiE O SI-F
1) O FEIC L BEERINE R LS. “oDFEICH BRAHIT — 5 T
FIEIZFE— O FHICE S D TH LM, MITICHWAS T —ZITEWVWDRH
5. AREITIE, £, 668 SI-F1E &8 SI-F EOBEES L O FIED 2RIz
Tk, H2 T SIF EOFEIZ OV TR~ 5.
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4.2.1 SI-F ;%(System IdentificationF test method) D E

4211 W%3ED SI-Fix (B2T—2FBOHHIL < BRE)

PR OBER T TEL, MA42107 T8 ot R K43 IRT2H ot
2T ensd. FETevRCBWT, RN STV HIEEN B EL
BLETF =20 b thimzEid 5. Z LT 7 ot 22T, etk
HMThAHIWENDT — X 20 L, ISEMhm 2 RS 5. WSS himm o R0
, DHMHRETFETHS F REICEIVHET D, WS ihm o RZEMESFED
S, #HEEIIVHIRET b bESREEZ SR> T D LHIESIND. A%
PERFER SN DGEICE, HEPNRFREICHDL LHET S, DX,
ZOFETIHESREOHENSHE LT —4 &, TOROBKEEOT —X
DHZE AW THEGEREOREZIT S 720, BEREOFERIIAREL 2D, Af
JETIL, TER SI-FEZE T2 T — 2 FIHOMEHIIX < Bt EEY, 205k
BRAVRREIEIL 4.4 HIZ W TR D . IRFEHEOHGTEVAFIH L T CFRP EAk % H &
MEVL, HPURERHEZHIE LM Bomb 2 A5, BRI < B &
2B T 2 BEROZRIERK T 2 BRI (LEOZER 2, T —X
AR ORI BERE ) ICX VBT 5.

LU ERE AR D T — 2 WEEIIARF R TH Y, MEITIEH2EDOKRE
U CFRP [ TESHEHIOMEREZ R TE T, FUBIRTH THERI LIcT—4 %
FRFTHHEND D, FT-fEEIRRE & bl U CHRIBR T2 O TIER I K ba-CiE ik

| Obtain initial data |

v

System identification
Using Response Surface methodology
Output 1 =f(Outputi) i=2,3,...k

—®1Initial Response Surface

‘ End of training mode ’

Fig. 4.2 Learning process.

-111 -



AT AT v 7 2 JRGURERRER O e i1 < B H

R/ SICECTe Xl 2 2 LR TERVWEVWSER® L. Thbb,
B AEe, AEMENRMER TH 2B EY OMAEICHI A T& -, @A
FRE<SHIRSNTLED.

Obtain the data from initial state

>
l

Obtain the data from monitored state

>
l

Create response surface from initial data

Initial response surface

Create response surface from monitored data

Monitored response surface

Calculate F,

Less than r times ?

Yes
No

Calculate average of F,

Compare with acceptance region

Change response output

Judgment of the monitored state

Fig. 4.3 Flowchart of the conventional SI-F method.
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4212 F SI-F & (BET—2TFEDHEHIG < BERL)

Wk SHFIETH o a7 — 2R OREHIE B OIS

T —2ZDOINEa R |~
FTE R B 7 & ORI R A % f T 2 B S0 R (23w A \T
fERPED RMERE T 2 PR 1 (2 R AT

RS DT DT —Z TG A 21T O Fric/e SFRIEZIRET 5.

JERE< B & OB, BEODERER A RATICE KT 5. 2oL &
DOREE DI AL U, HEEED OB TII AT L B % . CFRP f#i&
DOEBELIEPUL, BIRICIE U TELT 5720, HEERROERHUIRLE R 3 4 &
BipZ, LizRo T ooEE (BB L IEE) oBEXENT —4% %
HEL, ZhEhbls LsEmoRESEES FREICE D HET T LW (8
ERHFBELOZEMIT 451 THICTHRRD). ZOHETHE, BEMOBBSENT
— IR L 72D, M EICOEHAMETH D721 T, IO
Bt (RARE) (CbLEARETH D, AWFFETILHE SI-F 5% [T — 2 R
HOMFANI S BERIH ] & LY, ZOFERBIMIEICOWT 452 12T L 5.

Measurement of electrical resistance electrical resistances
at two ranges of temperature (high and low)

Recreating two Response Surfaces

Test of similarity (Calculation of Fy)

Detection of damages (Comparison
average of F, with significance interval )

Fig. 4.4 Flowchart of the new SI-F method developed in this study.
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4.2.2 SI-F iZDRE

4.2.2.1 IcE/@E;E (Response Surface Methodology, RSM)

Je R EGE I L3, R T o 20 ESKELEZ B E LTTER
THWHN TWAREILTFIETH S, ISEMEIEIZD R VWERE RS 5V
FRATRER NS, B —INEMO (D#o/NE7) mRERXE2HE2 -0
WHNLD. INEHEETIE, KEOBBAZEE x (i =1, 2, -, K) &I y OBEFR
M GLINTRWEAID, ERMIC x &y OB EEFRIFET LV TIEET
L. B Hm ST ik TEESNS.

y=f(X, X, -, X )+ & (4.1)

IIT, slFETHD. IR f ICMEREOREIRRERIATE, #il2
RYAT Ay 7 MREHNDZEBAETHY, ZOHEF N~ by
=2 A%y U= bISEME LR CICR5. RIFETIE, &b kAR
—RbHDNETROZEXEM NS, BlE LT, “REEAERRTRT.

k k k-1 k
Y=Bo+ D2 BX+ 2 BN+ DD BiXix; +e (4.2)
i—1 i—1 i1 joi

ZIZT, Bl eN) TR RETH S, K (4.2) 1T R SHEAOINE dhir T,
BRI Z G D T AR S DR p S 1+ K+ k+ k(k-1)/2 HFET S, K (42) ©XkH
RERSEAOINEMEZ HWD5ETH, @REE R E e e d ()
ZIX XX B &V D TIROEE xp EER LB T) 2 & TRRUTRT X 9 e
BT NASOEMBARETH DH.

p-1
y =P+ BX, (4.3)
i=1

T2 (X1, X2, -, XD N LD DA, ISE T A BT AR RYEE T X
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y=Xp+¢
ylW _1 Xp le—l— ﬂo\ (‘91\

B L IV L I R P (4.4)
yn _1 an an—l_ ﬂp_1) €n

Lies. K (4.4) ORZEeD FTe ek f/MET 5, BRREESRZ AP (eR
P peN) O/ TRMEER Db IIRRICTHLND.

b=(X"X)"X"y (4.5)

X (4.5) FREEFSTOERFREXNTH Y, FEZRFHEIC K > T ilim
ERDDLZENTE L. ROLISEMm E LD T — ZHMOFKZEF-T7
SSE(Squared Sum of Errors) ik & 72 5.

SSE=y'y-b"X'y (4.6)

Ry OEE) S, IERR TER SIS,

3r)

Z”j (4.7)
Sy — yTy _ %
S BT D RYRREEE 2R & LT, [ H BRI A ERR SR Rig 28— RIS
fEHIND.

SSE /(n—p)
Tt W )
=7 I(n-1) (48

RZ
FURDN R TH D & XITIE R 1T LITEWEZ & 0, BURAEWSEAICIT 01
TVMEE 72 5.

JREREEDORRIE, R/ iEZ O T D T2 DI H B O SR B DOHEE
R 2Rt FEIC L VAl T & M &, FERGEHE O FEMIZ L0 TEHREE O
WIREME 2R LR TE LRI D, FonBithim e L7 —2 M
DOBROEBEN 2T 5 Z & THEZWZ1T 2 720, NI A =F OREHIEIC
K % HR G H TSN R 2 BE R SR A DA B RCRAZE D R & WEREE N TOMEIE D
BEH D WVITEREORENFTREE 72 5.
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4222 ICEHEORIEFERE

e SI-F 1B, B SIF L BT, —oO0SEimoRZEMNS F BRElc L0y
ET 5. FRELIE, “IHEROTEBHENRMOBEIC, TORWERET DI LI
KOREMEETRET HFETHD.

A ZBE LT 2 OERIFET L2 RATHRT.

Yi= Xlﬁl +& (4.9)

Yy, = Xsz +§&, (4.10)

AREHg LT AWML THY, RUDBERFSERETD. 20O _S>OME
[EUFET BT, KX (411) ORERGZR (4.12) (TR SN DRSIARGIC
*tLTHRETS.

Ho : Bl = Bz (4.11)
H: B, #B, (4.12)

X (49, (410) #F LT, WAD LI ITET.
y=XB +¢& &~N(0,62])

y X, 0 B £
(A= 2= (e
cow, H=(1,,-1), & =013, RIERH (4.11) 2EIFEF L (4.14)
W B BRI Hy & LTR SRS,

(4.13)

H,: HB=¢g, (4.14)

Z OUGROER T EIXEYRE T NV OREE T MAE Tk TSN D
¥k B ZM).

- _ SSE,—(SSE, +SSE,) m-2p
° SSE, + SSE, p

(4.15)

p G M OEUFER O, mTSEE ORYRICHW D 7T — OB TH -
7z. SSEi, SSEx 1Z[FAFEM A IRET 2 D DISEME N ENDIRELTTITH Y,
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SSEq (X — 2 DIGE #hif & & W TG Lo n B im0 2= i fmchsd. o
DIEH NS LWGEA, Hit®E Fo lXEURREORE p &, —ooiRZ dhikla
W= T — 2§08 m IR TF+ 5 F oA (B35 F(p, m-2p)) (2f H 4181929,
ZZ T, &7 —FHPBERICHVS m HERIRL T, X (4.15) I2X 0 #EH
EFRZREMT D EWOMERLBIR L, Fo OMERERLN, [ 4.5 12~ BERE F(p,
m-2p) L RS TH L0 ERET H. AT, HOMBBEEIZEY Fo (Fp @
EEIE) OFEFERMEZZRE L, REEE2EENIC RO M+ 5. FH5E
E¥c% r[El L% & F o 20O BIRERIC & 0 HI7HE E(Fy), 28 o?(Fo) / r DIE
HoA N (E (Fo), o*(Fo) I DIZHED . LI ->TFE 2y, &K (4.16) ITRENDIE
X MICE ENTGEINEMENFSETH D L HET S,

F) — F
E(FO)—Z—G\(/F°)< F <E(F)+ z% (4.16)
ZZT
m-2p
E(F)=——— -
(F,) m_2p_2 (4.17)

2(m-2p)*(m-p-2)

UZ(FO): 2
p(m-2p-2)"(m-2p-4)

(4.18)

TH2. ZIIEEXEORE SICL>TELELHETH .

1 |
|
08 | I
| ——F(p.n-2p)

__ 06 !

< | ——--Fp.n-2p(0)
04 | :
|
|
0.2 r :
0 1 1 |

0 1 2 3 4 5

Fig. 4.5 F—distribution (probability density distribution).
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4223 B\HPURERHMEZMA L& < HRE

KAFZETH 5, BRIEHT —Z 2 W= MEZ IO OW TR 5. 5
TI, CFRP AR Z 1> XM /vEE L, IEEELICHE S BRI AL EOHER
EENEIVESIMIZEEET S, R UEMICHIE L7z >O XM O7T — & 2 —#i
L, BT — X5 BIELICEH 2 BRIN L O oRIEZ1T5. o0
TEIOBELIEPIELRE X1, Xo, X3, Xa &L, Xg ZIE, X, Xa, Xa Zan 2%
LT oL, ATk TREND.

X = (X, X5, X,)+& (4.19)

T — 2, 2T —2nbEnEhn, REREmE, 2Ws2hm a2 Eidd
% (7 (4.20)).

REF REF REF REF
X, =f(X," % X )+e

(4.20)

XlMEA _ f (XZMEA, X3MEA, X4REF) +e
WAt i o R MG, N (4.15) TERSNDIFHE Fo VW THRES
N5, X (4.20) 1%, JI8EHEmET L E L T—®REZERZ WS EASI21ER (4.21)

ey, A EHNWBEEICIE (4.22) 5.

X, = By + BiX; + BoXs + BX, (4.21)

2 2 2
Xl = ﬂO +ﬂ1X2 +ﬂ2X3 +ﬂ3X4 +ﬂ4X2 +ﬂ5x3 +ﬂ6x4 +ﬂ7X2X3

(4.22)
+ XX, + BoX, X,

[FRRIZ LT, INEZNER X2, X3, X EEZDZ E T HMOBXIITT —Z 2251
Y OINEMEZS5. AR T, INEORL DB OIRE 2 ER L,

JSEEE UL T 2I0E i 2 TN 23 5720, W@ O Fy O FEHE % H
M52 &1c72%. Licho THEOAAEIZIEL, WiEY O FoOXYHE%,

S LT EE WD,
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1

4.3 EHnEREDRIE S E

4.3.1 ZXREIDEIEIND EFRRIE

B OEMXEZ AT 5 CFRP HUETMEMEE FRExd5RE L, TN bZEK
OB AZMILI, ORBHIHIE T 272D OEMAELEEZRET S.

4311 ZREMIFFEDLEE EMER

AWFFECTIX, CFRP & OEPURERHE GREZ(LRFOBXIRIZN) ZH)
EL, BEICIDFHEOEERANTECLVRNTLZ LT, HEOARE
ZHIETD.

Mgk 22 e 270121, HERmEICEHEOEMEZEE L, &XMOE
SEHIEBLZHETIHERD D, £70, AEOFKANL BRI FIEICTH
WHESIEIT — 2%, BEICREINZEEOBEMX o, REEZNZBT 5
HEMTHY, FEMXEITHAICTH LR ENEEND. L, X4.6
29 & 91T CFRP HEWNE O R FEMMEII B OBEME B L TV, £<D
BB W TERRKOBEHENIAE LS. ZREOESIEILZ RRFICHIET S
L, ENFNICAHR LEBESKESNEROBRS THT 5. ZhE TOEXK
PEMETIE, 2oL REBRTHOZELZZ TRL S, KEAOE2S2UES%

Electrode Electrical interengagement

|
\
\
\
\

Carbon fiber in surface layer

Fig. 4.6 Electrical interference between multiple segments in a CFRP laminated structure.
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JERBE LTz, LasL, BMXEEZRET S Z & THBETE 5018, EBR
EIEHEROHATHOLTH Y, KXW ZEXHNITHET S TEIW 720,
AW FIE 2 RRICE T 2BRICIE, 2 XKH &2+ B R B 0B S 5 220
b5,
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4.3.1.2 Z XM L R K8 E F O BABEC E O fR AT BI4R 5L

() ZBIEEKE=BITE

A X[ &2+ I ERAR B S DI EMREIN A~ DO E R &2 B kT 5 25
N DN, WH D ﬁﬁM%(l47@)fi@mmiﬁ@@ﬁwmmpﬁgﬁ
ETIXERDEMEIMC LM T L E . B A B2 B2 &SR CEed e B iR
Bl (X 4.7 (b)) & H\W25 Z & T CFRP @R m (FEEmiak [0./90.]s) DR F
TN~ T BB 2 BRSO TE 5 Z AR S hTun a9 i
ST XML ELETILAEE X 4.8 1R T. BEXIPUL, 2o
kiR &, = O OEHEM & O TRIE D, KR 14 OERHUE Ria & XM
1g DIEPUE Rip DA RIEHUEZRIET 2 2 &1/ 5 (K 2,3 bRETH D).
FNFNDGmA M EMR TEEE N TV D72, Bt EMERO T ~IFi
MRS R TR/ INTND. LIETIEZ OEMELE 5 L% — B E &
M5, =FEARELE I X D IMAVEIR ORI RIL, EFHRIC =20 =EMmX[H
A3 % CFRP HAFHE R (FEIEHEA[02/90,]s) Z MV iz, SlaRB iR DR
BUE(LHIE IS L 0 EBRAICHER ST 2 ¢4,

—EMBAE IR FAMORNERZ KB IEL BN TERINZLDOTHS.

Leakage current Leakage current

£J7// i
7~

—> Electrical current 4 Positive electrode 4P  Negative electrode

(a) Two-—electrode layout (b) Three—electrode layout
Fig. 4.7 Electrode layouts; (a) Two—electrode layout: (b) Three—electrode layout.
90

L, [0490]]

|22 Je e ]cc]

EE GND electrode 3 Current applied electrode
Fig. 4.8 Three—electrode layout applied to CFRP beam [0,/90,]s“®.
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CFRP & DA T, RATM~OEWFL SR IER T E R 670, F
7o, MR OZRIZ L BERAKITIZ LT 5. 3Tk 4.25 THW O ZEARTE
JEMEE & B2V, AT O O, BRI L 0 HBHE L 7o D HHEISE 5 MR
JEHETH D, —HEMALE 4 CFRP HHELE T FAIZEM L2386 ORFimE
FOMEF M ORIVEREIZ 2N E TITHRFF SN TN, AR TITAR
FF#yE  (Finite element method, FEM) % H W CHEATROIC G 5.

(i) MWBFETIL

FEM fi#ATIZ 1%, LA RS Y 7  ANSYS 11.0 & fu 7=, CFRP {145
MR DFEMTE T UL, B X 76 mm, 8 76 mm, JE X 1.6 mm O =R IR TH 5.
FEEAE R IL[0/=45/90]s DS HfEE TH Y, FBDE X% 0.2mm £ LT\ 5.
CFRP &7 /L OFHE T HI21X, BRET /L AZE X 36mm, E 4mm, & X 0.2 mm,
HLERE 16mm & L CRRIET 5. MTET L O E, &tk L OB O AN
A 4.9 1 RT. (QIXERAREMm S BEHEME 0° T hIcO &> T~
7o OEMELE TH Y, (O)IXERAMEMEZ D OPEHEMm CHEA 72 =B
BE CH 5. T /I2iE, 3%t 20 SisigdEkss Y U~ K (SOLID226 )
AL, MG —BVESAT A i L. 052k 13988, ZEHEAK 2915 TH D.
FEMTIZ VN - CFRP OBMESR 1T =381 — 3 L #l—J51 7 Y 7 L & PYROFIL#380
DF—H— b &, HHRIT Abry 5 OEI %, BYRER, SRR ETSTEME

_ 90°  pmmmmm Grounded electrode
Unit: mm
, 1 Electrode supplied with 3.0 A

0
e

2| &

16 16

Lo \N\
_|_

76 [0/~ 45/90]

(&) Two—electrode method (b) Three—electrode method

Fig. 4.9 Models of FE—analysis for investigating current density.
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Table 4.1 Material properties of CFRP laminated model for FEM analysis

Direction X (Xy) y (y2) Z (zx)
E [GPa] 141 10 10
G [GPa] 5.0 0.15 5.0
v 0.3 0.4 0.3
plQm] 2.93x10° 41610 4.82x 102
a [10°/K] 0.90 30 30
k [W/m K] 3.1 0.59 0.59
h [W/m? K] 8.334
o [Wim? K*] 5.6704 X107
e 0.90

GOZBIH L7z, MHTICHWEREAE S 4.1 17T, £ x s o, yvix
JE SO, 7 (IHHEEAR OB TH 0, BEERE, K7y 0 W
DFHMOETH D, MEBGELZ BT HHEEREOEREIC N 2 E T 5720, il
(LIRSS 400K %I I B OARFE L L, BV LHEHIC XV EIE 300 K £ THAIL
7o, BMRIEMREL, WEHTERLEIR AL OME Lz, BIREEL, BRANEMHRETT
NV EOLHIAIZ30A ZAM L, BHEMET /L ED 1HSAOENMEZ 0V & LT
HH L.

(iii) MRHHEE

CFRP k3% 1 O BB LA DTG R A X 4.10 1Z-9 . ZEMALE T
BRI ~DOEIRIRNAN A HND N, ZEREEE WA Z & T0 HFRETT
72< 90° F XN ERZIRBTE L2 EnREINT. —ElRilE %
CFRP FARIZHEH T2 X411 D X H 12725, X[H 1a DHEHUE Ria & X[E 15 D
EPUE Rig OARIKHUE Ry OZ b E, 7V v VR 1 2#HWTHIET S, RiD
IR LV IRES.

1,1 (4.23)
Rl RlA RlB
7Y VR 2, 3, 4IZOWVWTHFEEETHD. T XY, CFRP EARICEIT D,
BRI O L X EMANLRRFREN /R L 72 5. 70, K412 DX 517V
v VR AEYIDEEL, FERAMNBBICEBRE AN L, SPrEIC L0 IMXH
EYEITINBATEZ 5.
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|
0 12 24 36  *X10°A/mm?

(@) Two electrode method (b) Three electrode method

Fig. 4.10 Surface current density of quasi-isotropic laminates by FE—analysis.

112
Unit: mm
3
9(Qo°
© iyl ==o===0
Lo0 ~ ( H I |
1 1 1
1 1l 1] 1
1 1l T 1
‘\-- __I' ‘\_- __l’
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Fig. 4.11 Specimen configuration and the electrode layout.
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Fig. 4.12 Electric circuit for heating CFRP structures by Joule heat.
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735Q(IR)
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Bridge excitation,1V

Fig. 4.13 Electric circuit for heating and measuring the change in electrical resistance by detaching a
bridge circuit.
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Fig. 4.14 Measured fractional change in electrical resistance of segment 3 right after switching over by
electrical circuit shown in Fig. 4.13.

AR/R

(XX 3 ZINE - JET DO HRT) . Bk & INEVHEIR 4 #f L 7RiE %
RLTEY, MEAMER MG SN EEMICE VIERIENAE T S, HiEn
BRI E L0, 71 v PREKICYI# 2 TERIPLENET 5. Uiz
I Y L—Z2 VTR, Ui x 1%, HEEEAIKET & BB E ) BN
95T EENIENT EOBKEMEE LTHESNDS. #EOREMEL
BIR D720y, Zh 6 0PI ED, IBEZRIC X A& L EICH L
TEDREDLDOTHL0FHMIT 20 ENH 5. M 4.14 1% CFRP #iiE % N
T, UV L—DU 2 DA EIToTZEZOXRE 3 OBEBSIEIE(LEEZR LZH D
Thb. UV U—I3EAEMEIIO/N S egEl) L— (Eh@ar R —xv
NIRRT —T L— JS12-K) %, 7V v VEEOWEIIZ 7T rarT v
3 (LfnEZER, CDVICDA-T00A) %MW\ -, EE Lien-> o6 OER
BHAIE, 1T 4.4 8112 T 4.25 ([ORTMBEAELT - 12356 0BRSS ZE Lo
10-40% & 720, JIERAEZL LTEMTERWIIEREINWZ ERbroTe. £z,
PERY L— [ TBEEEROMIR & A ARPLOEE DR K Z N2 LB ARMFZE T
FIH X720,

* B Y L — o SRR AR R, EhEa AR —x o MU —Y L — JS-12-K
OHEMIEHUEIZE mQIED i &2 F5>. AT, AFETITERERZ2E T 2B/ U
— DR EUEZDT-DICRO LS BN X 5. BREHNDEREE, MAFIT 3 A
PLETH D2, WETIIBLZF30mA /NS, ZOETHESDY 2 —VRABDEL £,
BERIREZ B ST D, 0% UIES <, BEAREDOBEB IR ST & 32
NEEENNEET 5.

-127 -



AT AT v 7 2 JRGURERRER O e i1 < B H

4322 AIEBREDMG (BEst, TV v OBRZERT 5FiF)

JNEAEI B &SRB E B O B U % | EVTCWP%E@%Aﬁ&%
RGOSR A B 3 4 U 2 FUAIE, CFRP #1E 42 7'V » PRI O —10IZHLA T
@K)V~%ﬁﬁﬁﬁﬁihfbi9; _%5.%;Tﬁt_l4wkﬂﬁ‘
m@ ﬂﬁ@@@i@%%ﬁ%fé ZORETIE, KB 3N L—E2ET

7Y VRO —IIHIAEINLTWA TS, U L —DNERIE#SDwE S
x?ﬁw.M%¢; IEEFHBLOT Y v VEIRO A% YIEE L CiliE (K hiEL
HomEmRNATIViAT Z & 2B <. BEFB LT Y v VBROFBIZIZEN
Y Lb—mEF 50, EEHONTEGUX 735Q, 7V v UERONEHERGT &
7w PRIEOEREPIT 30QUL ETH Y, U L — OB BN IR
W TX D, F127) v VBERRBIEOEENELTE LT v VBENLE L,
AT EOBSIEIAILE L CEHMENTLE D 72, MEERZIZT ) v U%E
JRE 271 QOIEPI R T 5. 21QLE WO DT TV v VEIBAEROS R E
ThHDH7=OME, HERFICEL LT 7Y v VEREIKIC - EBRNTILL Z
7Y, EROBRMLEIIHA SIS, X 416 1IHEEZINEET, VI—0
U2 DB EAT S T2 EZROXE 3 OESKIEIIZ(LEZER L= TH LM, K
4.14 L Lb#E L C, CFRP #1E & I3 EBIR OB XIEPIE I KIG I ST D

5602 WAV

7350 0.44Q
(IR)

Joule heating
currentsource

1560

A\

| 27Q

Bridge excitation,1V

Fig. 4.15 Proposed electric circuit for heating and measuring change in electrical resistance by
detaching a voltmeter.
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Fig. 4.16 Measured AR/R, the ratio of the electrical resistance change of segment 3 right after switching

AR/R

over by electrical circuit shown in Fig. 4.10.
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Fig. 4.17 Delaminatin cracking in CFRP laminates.
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Fig. 4.18 A CFRP laminated plate divided into n independent segments by electrodes.
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Fig. 4.19 Specimen configuration and electrode layout.
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Fig. 4.20 Proposed electric circuits for heating CFRP structures and measuring changes
in electrical resistance of four segments by detaching voltmeters.
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Fig. 4.21 Quasi-static Indentation test for ~ Fig. 4.22 The image of chipped electrode
inflicting delamination cracks on segment 1. in segment 1.
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Fig. 4.23 Measured temperature distribution of surface of a CFRP laminate.
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Fig. 4.24 Delamination crack of a laminate by ultrasonic C-scan image.
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Fig. 4.25 Ratios of the changes in electrical resistance on the basis of those at room temperature before
and after: (a) inflicting delamination cracks subjected to quasi-static indentation loading; (b) cutting off
eighth part of the positive electrode in segment 1.
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Fig. 4.26 The relation between average of F, and diameter of the projected damage area before and after
inflicting delamination cracks subjected to quasi-static indentation loading.
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Fig. 4.27 Average of F, before and after cutting off eighth part of the positive electrode in segment 1.
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(c) With damages to electrodes

Fig. 4.28 Schematic figure of ratios of the changes in electrical resistance to those of segment n.
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Fig. 4.29 Gradual increase in the chip of the positive electrode in segment 1.
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Fig. 4.30 Quasi-static indentation test for inflicting a dent not accompanied by delamination on segment 1.
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Fig. 4.31 Initial defect caused by a teflon sheet embedded into the interlaminar region between the first
and the second layer.
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Fig. 4.32 Falling weight impact test for inflicting damages including delemination cracks to CFRP
structures.
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Fig. 4.33 Falling weight impact test for applying damage to an electrode of segment 1 without
initiating delamination cracks.
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Fig. 4.34 Measured temperature distribution of the specimen surface right after heating by IR camera.
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Fig. 4.35 Ratios of the fractional changes in Fig. 4.36 Average of F, of each intact
electrical resistance to those of segment 4 obtained specimen.

from the typical intact specimen.
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Fig. 4.37 The images of projected damage areas of each specimen revealed after the impact test by the
ultrasonic C—scan.
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Fig. 4.38 Fractional change in electrical Fig. 4.39 Ratios of the fractional changes in electrical
resistance at room temperature of resistance to those of segment 4 after inflicting delamination
segment 1 caused by the delamination. cracks subjected to quasi-static indentation loading.
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Fig. 4.40 The relation between average of F, and Fig. 4.41 The relation between average of Fy
diameter of projected damage area before and after and projected damage area before and after
inflicting  delamination  cracks subjected to inflicting delamination cracks subjected to
quasi-static indentation loading. quasi-static indentation loading.
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4.42 The gradual increase in electrical resistance at room temperature of segment 1 owing to the

increase in chip of the electrode.
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Fig. 4.43 Ratios of the fractional changes in electrical Fig. 4.44 The relation between average of
resistance to those of segment 4 after cutting off a Fo and chip of the electrode of segment 1.

quarter of the electrode of segment 1.
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Fig. 4.45 The ultrasonic C-scan image taken Fig. 4.46 Fractional change in electrical resistance
from the region near the indented area. at room temperature of segment 1 owing to a dent.
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Fig. 4.47 Ratios of the fractional changes in electrical Fig. 4.48 Average of F, before and after a
resistance to those of segment 4 after an indentation dent occurs subjected to a quasi-static load
occurred subjected to a quasi-static load in segment 1. in segment 1.
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Fig. 4.49 Ratios of the fractional changes in electrical Fig. 4.50 Average of F, of the specimen
resistance to those of segment 4 obtained from the that has a teflon sheet embedded into
specimen that has a teflon sheet embedded into the the interlaminar region between the
interlaminar region between the first and the second layer. first and the second layer.

(a) Impact on the electrode-mounted surface (b) Impact on the rear surface
Fig. 4.51 The images of projected damage areas revealed after the impact test by the ultrasonic C-scan:
(a) the specimens impacted (1.72 J/mm) from the electrode-mounted surface; (b) that from the rear
surface.
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Fig. 4.52 Ratios of the fractional changes in electrical resistance to those of segment 4 after applying an
impact load of 1.72 J/mm: (a) on the electrode—mounted surface; (b) on the rear surface.
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Fig. 4.53 The relation between average of F, and Fig. 4.54 The relation between average of Fy
diameter of projected damage area before and and projected damage area before and after
after inflicting delamination cracks subjected to inflicting delamination cracks subjected to
quasi-static indentation loading. quasi-static indentation loading.
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Fig. 4.55 Fractional change in electrical resistance
at room temperature of segment 1 owing to
electrode damage subjected to impact loads.
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Fig. 4.57 Ratios of the fractional changes in electrical
resistance to those of segment 4 after applying three

impact loads on the electrode of segment 1.

Fig. 4.56 Micrograph taken from the interfacial
region between the skin layer and the copper
electrode on the cross section after applying three
impact loads (0.30 J/mm) on the electrode.
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Fig. 4.58 The relation between average of
Fo and the number of impact loads applied
on the electrode of segment 1.
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Fig. D.1 Lightning protection shield for Boeing 787 structures by acting as electrical paths for lightning strikes.
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Fig. D.2 Metal mesh for lightning strike protection.
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Fig. D.3 Analytical model configurations at —10 °C.
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Table D.1 Properties used in analysis.

Material Item Unit Direction Value
CFRP Electrical resistivity Qm Fiber 2.8874 x 10°
IM600/133 90° 0.82086
Thickness 308.77
90° —2.498x10°*
Thickness 8.940x10°°
Thermal conductivity wmtk? Fiber 11.8
90° 0.609
Thickness 0.609
Specific heat Jkg™ 1065
Density kgm? 1520
Copper electrode Electrical resistivity Qm 16.78 x 10°°
Thermal conductivity wmtk? 401
Specific heat Jkg™ 380
Density kgm? 8920
Air Heat transfer coefficient W m?2K™* 8.334
f;er]f;;?o'tzmann IK*M2st 5.6704x10°
Table D.2 Mass density of lightning protection mesh.
Proposed PHOSPHOR BRONZE 166 (GKD Itd.)
0.54 kg/m? 0.37 kg/m?
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Fig. D.4 Analytical model configurations at —10 °C.
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Fig. D.5 Calculated contact area between the two stripes at various temperature.
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Fig. D.6 Calculated electrical resistance between the two stripes, R.
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Fig. D.7 Lightning strike current.
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(c) time =50 [us], max temp. = 66 [°C]

(d) time =100 ps, max temp. = 34 [°C]
Fig. D.8 Temperature distribution while applying lightning strike.
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