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Acoustic Emission Monitoring of Compression-after-Impact Test of
Nano-Particles-Coated CFRP Damaged by Simulated Lightning Strikes
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Abstract Nanoparticles-coated and impact-damaged carbon-fiber reinforced plastics(CFRP) laminates were tested
under compression-after-impact(CAI}) mode and the propagation of damage due to compressive loading has been
monitored by acoustic emission(AE). The impact damage was induced not by mechanical loading but by a
simulated lightning strike. CFRP laminates were made of carbon prepregs prepared by coating of conductive
nano-particles directly on the fibers and the coupons were subjected to simulated lightning strikes with a high
voltage/current impulse of 10~40 kA within a few microseconds. The effects of nano-particles coating and the
degree of damage induced by the simulated lightning strikes on the AE activities were examined, and the
relationship between the compressive residual strength and AE behavior has been evaluated in terms of AE event
counts and the onset of AE activity with the compressive loading. The degree of impact damage was also
measured in terms of damage area by using ultrasonic C-scan images. From the results assessed during the CAI
tests of damaged CFRP showed that AE monitoring appeared to be very useful to differentiate the degree of
damage hence the mechanical integrity of composite structures damaged by lightning strikes.

Keywords: Carbon-Fiber Reinforced Plastic(CFRP), Lightning Strike, Compression-after-Impact(CAI), Nano-Particles
Coating, Acoustic Erission(AE)

(84 2011 1. 6, $AY: 2011, 2. 1, AANERL: 2011, 2. 1] *<1&im Ay AAFE, At s
i 71AB 8%, TCorresponding Author: Department of Mechanical Engineering, Inha University, Incheon 402-751,
Korea, (E-mail: okwon@inha.ac.kr)



Wb A e s A A3 A1E (20118 29) 63

1. M B ITO Wegiats 32898 CFRP A HE A 4slv)
9)8te] WA Methyl-Ether-Ketone(MEK) £ %02

HZ ERARE =2 vHAEe uPA, 22 prepreg®] resing AAF T AHAF 1TO Y=g
2 547 74 AF 58 w2l &) 2 AE FE H2 BAAA 23 oeH, IHE
224 I AME o] 51 UoHl]. ¥ Ee ul7A G2 %E resin filmAbold]l ¥ hot pressE ©]
& TRAFETAY Fa3 BEF F Fuejth 23t E3te Ao AAstch CAL A E

_?r
A gE A BR8-S el B (CFRP) o] Abg-E AH-E (090187 HEsEa, AW

o] ARgEe wid il gl 27)% 100x150 mm, AHe] W FAE 3.6 mm
gz A Ee] 24 Eeg A% B o]},

A A FRE U=V Fviste EAE o

S s AMgstedE oA Azt EA4 2.2, Ag Hxt

ojth. &3] FAHd g EFASY YFAET

Fre BAxgAY, AL EH F4& @ 7o UE FZAEA4e nAYG AR A7EA

£ AF FEAA #ado2] CAI ¥ AR/ (ICG)E AHE3HET) CFRP A8 FYo] 10 kAY

PEZEY AL BN F2E £4388 Bl 40 kKAZHX] F48 ARE ANEIE BHLE

AA e F03 oz neEviy) Age AFGstarh. CAI AE AAE ASTM
Hoow oE BAe g3l 2ol BEA D71379) AS BERNY ¥ Zpd GEA

b G3E Qs H4A £4E 98 e A HE 1P T AEA FEE FAT6] CAl

olth. FF7e ¢+ F AL 1239 g ¢ Age ARAFE AMRIRL, FEE 125

A #Heh 2 gFve BFAE AMgste A mm/ming 2E AL FYsA AYsiE. 1

& ey o8 EFA FF7] A9 A¢ 2 . A|Fe ApEEo] s 479 AE AlA

2 ArAEEE ld & FHEA 24 F (B1025, Digital Wave)s H23t9i Wl J&

ATH4,S]. G2 AT FHE] 2 FA AE A& A AT

FXE egte] A& B@A FA BS

AFE Aol Y & Qi) ol FAHEA 3, Za o nE

FEEFEe H7IE 93] compression-after-impact Fig. 12 CAINE 9 CFRP A|We] {4
(CAD) A8 HAEA HUth o 7= 3 2 Axelth 9% ARNE RE AR FYFY
o % ALY F AEFAEE WL 9 d@an gogol Aol BMR RE E 5 3
CFRP TA|¢] F7Eiet 22 A% AERE Auk e8% Alde GEEg 99 dAREAA
Atgel 48 4 gloge Mdskant Adoe] RAZ AL & F Aok gy oldF
oyl dAFdiMe Al FHR AMAMERAH, HAe ASTM D7137904 83 5188 & Us

5

ITO 30 % FEAIH, ITO 40 % B A )l =9
HEE Qb F ARAEFEE Hiske HA
X SFFLE FHE ARToER SR A
& BristnA shddch

2. 4 €

2.1, AlE M=

28 HA & CFRP A#2 SK Chemical A

o] USNI2SC prepreg® o] &3k Al 4s Ak Fig. 1 chtc;sr?phs of CFRP specimens after the
sts



64 AAE, BE NS

Fig. 29 Fig. 3 =
0% ZEF AR)A ¢
se] BAZ =

2e Ay
W] AE AA7} AjHElA "ojx Uzkr] 9
AE eventsE HuAdA £7FoE 902

AT =S A"l 3

Sk
ol

Fdg

e A GEFAEE éﬂ}xl 2= ds she d4o] YehiA doh
243 Bojxle AL B 4 Yk olw AE 5 Z579 AN¥E 254 AE ZTAAFTE U7t
eventy AlFE Y27 FA3] Holxd AA B A7l FZFo F/MEFE 98 JEbgeu
40 T o200 a0 200
35 175 35 %, 175
o S 10 0 / \\ e
’E‘ 25 / V-}--\ 125 g E,. 25 “{ (R 125 .:g
% 20 g wo $ .g. 20 / wo ¥
g / 75 uu: 8 s "',- 75 ﬂ
Pos ‘fi e BECEmOLE so < - © / 0 <L
o S OE 25 R / 25
- S o o o
400 200 1000 o 200 00 603 800 1500
Timelsecond} Time(second}
(@) Uncoated and 10 kA (@) ITO 40 % coated and 10 kA
49 200 40 200
35 175 35 - 175
30 — 150 30 — 150
z s o e - [T j \ i 125 &8
— e = = / Laag [
_z_.zo mgg = 20 / T 100 E
S 75 : .§ 15 /- 75 #
ol «f wd
10 50 1¢ 50
5 - E‘* zs 5 / 1 25
¢ . : o 0 . o
o 200 00 800 200 1000 [:} 200 400 600 800 1000
Time{second) Time{second)
{b) Uncoated and 20 kA (b) ITO 40 % coated and 20 kA
A 200 40 "p 200
35 175 as s
30 150 30 150
s 125 3 — s 125 B
2 20 mo§ E 20 100 §
g w U (Y]
8 75 1y g s 5
= 10 50 < 10 0 <
s 25 5 25
o 7 : . ko] o Y a
° 200 550 200 1000 o 200 400 600 200 1000
Time(second; Time({second)
(c) Uncoated and 30 kA {c) ITO 40 % coated and 30 kA
40 200 A 200
35 175 175
30 g 150 150
z . s 2 z us &
-:—-0 20 )( :‘“’"-5 190§ "::‘ 100 %
S P P — - 5w g 75wy
=~ 1 A . s - 50 L
5 ot 75 25
Q T T o S
iy 200 200 B00 B0C 100C 1000
Time{second} Time{second)
(d) Uncoated and 40 kA {d) ITO 40 % coated and 40 kA
Fig. 2 Relationship between load and AE events Fig. 3 Relationship between load and AE events with

with time for uncoated CFRP

time for ITO 40 % coated CFRP



v ALk 2] A3 AllE oird 2¥) 65

i £ AE A%l 9 ¥

A UrEM—t— AS B F Aok dii¥ez FHu
Bxo)} AFEEFSE ITO 40 % ZEI A
IEEA] e AWMW o oubA el
wiehs o} e

ojct, o] Fig 4% RBWl &Pl 2ol uty
i AERE Hs 4EyaA Yepdo
Fig. 4v 4&2=9 A7F AF9 A7 g2
e zolrt, ZEEHA & RAE, ITO 30 %
FEAH, ITO 40 % IEAH ZFAM &7
7 ARY AV A9 wmgsie AL

=
g F Uk 2L <AVF AF ]*1-“5 ARHA ¥
<

Fig. 5% A¥He 2AEY 798 z2&9
C-scanl & GFA3st Alxioln}, &4 Ko
HHEA] F& AHAA M ZA YEgR 1
g2 ITO 30 % A8, I3 ITO 40 % A
AR " A vebste

Fig. 62 A 7}A] CFRPo] tgt & AE events9}
FAEES A719Y] #AE BoFE g zelth

AE events ¥ 29 23R & &4FH 949
o AN 7194 &9 B HAAE HAFEh
AE events$t 484 9o duAe EFdAR
A F2EY G ost &4 AxE e
e K4 ARE 848 + ok

Felicity ratio= 3 AE 2A8tEE o3 AHx
FFLE vUw PoE HoHy EFARS Lo
ETAS viATZRE R g FRAM &4
d9e &AL Jehd 4 e Feold. Rig 7&
Z7] & A7I2 £48 Y942 CFRP A¥Hd

e
w
3

Streng

—Uncoated
=P 30% coated
e VY 0% paated

o 5 10 15 @ 5 W 35 0 4%
CurreatkA}

Fig. 4 Relationship between maximum compressive
strengths and the levels of impulse current

CAI A8 € 319E W AE %o Yeld A2
2 Felicity ratios & Z#jxzolth o] Teatd
E A3 ¢EAEY AE events7} ThAl Vel
A &g we] gEZAwrE E£gH oAt Felicity
ratios ZEEA @2 AlBAA A7 HFIF F
7hgroll met FASHA #astal 53], 40 kA

e 100 MM ey

150 mm

{a) Uncoated (b} ITO 30 % coated

() ITO 40 % coated (d) Uncoated; visual

Fig. 5 Impact-damaged area measured by ultrasonic
C-scan images for three types of CFRP
coupons after the impulse current of 40 KA
was applied. A visual image of damaged
area for the uncoated is shown as a
reference in (d).

TTO 30% coated —tem=
—to- Uncoated

8

AE Total Events
2

—- 1T(3 40% costed
500

Q 200 A00 B pee) 1006 L300
Lightning strike damage area{mm?)

Fig. 6 Relationship between AE total events and the
impact-damaged area



66 AAE, AL g MR

AFE APSHEe W 1 P2 o At
a2 ITO 30 % 28 2 40 % Z¥ CFRP AJH
& 3 FaEol 40 ka Mo AWPINE 32
A "o A @3 te 2719 WRE s
g W9 AT FEIA BLNE AL B
% Atk ole =WHA e AN Fig 49}
slA 2 R o] 34&4 990 A an
FEFE7 g A UEhd A% A#AL 5

At
1
0.9
a8 "
07 \“ ‘‘‘‘ ..
2" \\“""'-.
‘g 0.6 \\'\ \ % —Uncoated
; 05 LS ~ ~1T0 30% coated
G 04 \ ----- 110 40% coated
803 .
02
01
0 N v o . SR - .
0 5 10 15 20 5 30 35 40 45
Current{kA}
Fig. 7 Felicity ratio decreasing with the levels of

impuise current applied

2000

1600

1200

P o

Total AE events

[ 5 10 15 20 25 30 35 a0
1

[e

g. 8 Relationship between maximum compressive
strength and total AE counts

Fi

- Uncoated

Strength at initistion of AE eventsikN}

Fig. @ Relationship between maximum compressive
strengths and the stress level of AE counts
initiation

Fig. 82 % AE events 9 ¥&57 =99 B4
§ HAF3 e adzojr. J#Xor H
upo} zro] CFRP A H9 FH/H9 F2&49 A
o} fAIgle] A2 wmldde RS E At
3HEZ % AE events 7F ke AL I A
"o FAE%4 999 A7 A3 FAH7|7A
o 5 4FAEE Yeid F e Ag 9v
g}

Fig. 95 Z+zte] AlHAA H3 4F54E9 AE
events7} A& AAsE AHY AFA=oe #
AE YEbd a¥Ee|ty. 4FFEE Fig 490A
o} go] A7t AR A A whulF ] W
7o Al¥e] Btd W ¥eg A=t 9 @
e RAe 1 AlEHe] 4" Axs ¢ ave
RE ovlgth Fig. 994 ©F olgrt nlE o]
s} e zdd FFach WX gL AW
Al AE events7t “YEl}r] AlZE wje] 4ERR
€ ITO 40 % BT AHRT X @A Yyt
ool HIE AR HFAR FTAFEREY &
4 AZE 7Y F dE ® OE ARE S
F Adth

ftofr 2

~i>

pran

4. 8 E

WAt HEE CFRP AHo st 2]
@ o8 F2H&YE 4ozl F CAINE #
oA 23U E AFS B3P 29 3
AHgg 17t AFY Fd B Horg F UY
ot #ZEEHA &S dERAIE, ITO 30 % ZBA
W, ITO 40 % ZEAHe 2R AL HEL O
<7 2t

1) $4 ¥ 4535 A7 AF A o
B &9 are] 93§ Az Aok

2) 2o ¥ ot FAEG}] AV A-
2 AE eventse U o] A, AE
events7t HAs= AlVIE © WE RS B
F Uk ol HE¥AE FA FEREAA
AA GEHZ A% &4 BxE JIEdte
b f43 AEE B8 5 Uk

3) AEA @& AP AE events7} e}
ol AAE de 473 RS ITo Wiedl
A ZRE AEET g4 WA Jebgeh
ol AL UEFYES AE events7} vhElL}



vl A Abeke Al A3l Al1E 2011 2¥) 67

7] A1ZE o] gEAEee AA4gdE B
A &4 AXE dZ3te U AEE
A E28E 5 Aes v

4) ITO Y=9A4E 29 A|He] 2”3A] ¢
S AERG 29 HF2 A% &4 G0
o ZA Yebgth ol 1m0 YxgA zH
o] BEA &F7) TH FZEAN =
A &FE 2¢ + Ue a747A WP
< ¢ F Ao
Z 7
o] =& st Ao ot AT
A&
HnZd

{11 J. R. Kollgaard and S. G. LaRiviere, "NDE
challenges with future commercial aircraft - A
Boeing perspective,” Review of Progress in
Quantitative NDE, Vol. 27, pp. 23-28 (2008)

[2] F. Aymerich and P. Priolo, "Characterization of
fracture modes in stitched and unstitched

cross-ply laminates subjected to low-velocity

impact and compression after impact loading,"
International J. of Impact Engineering, Vol. 35,
pp. 591-608 (2008)
[3] I. Ohsawa, [. Kimpara, K. Kageyama, Toshio
Akihiki  Yamashita, "AE

characterization of compressive residual strength

Suzuki and

of impact-damaged CFRP laminates," Progress
in Acoustic Emission VII, JSNDI, pp. 511-516
(1994)

[4] S. W. Seo, M. S. Ha, O. Y. Kwon and H. S.
Choi, "Improvement of electrical conductivity
of carbon-fiber reinforced  plastics by
nano-particles coating,” Proc. Spring Conf. of
the Korean Soc. for Composite Materials, pp.
222-227 (2010}

[5] O. Y. Kwon and D. H. Hong, "Acoustic
emission monitoring of impact-damaged CFRP
laminates during flexural tests," Progress in
Acoustic Emission VII, JSNDi, pp. 163-168
(1996)

[6] ASTM D7137-07, "Standard Test Method for
Compressive Residual Strength Properties of
Damaged Polymer Matrix Composite Plates,"

ASTM International, PA, USA (2007)



