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Study on Mode | Fracture Toughness and FEM analysis
of Carbon/Epoxy Laminates Using Acoustic Emission Signal

Hyun-jun Cho*, Min-Hyeok Jeon*, Hae-Ri No*, In-Gul Kim*"

ABSTRACT: Composite materials have been used in aerospace industry and many applications because of many
advantages such as specific strength and stiffness and corrosion resistance etc. However, it is vulnerable to impacts,
these impact lead to formation of cracks in composite laminate and failure of structures. In this paper, we analyzed
Mode I fracture toughness of Carbon/Epoxy laminates using acoustic emission signal. DCB test was carried out to
analyze Mode I failure characterization of Carbon/Epoxy laminates, and AE sensor was attached to measure AE signal
induced by failure of specimen. Fracture toughness was calculated using cumulative AE energy and measured crack
length using camera. The calculated fracture toughness was applied in FE model and the result of FE analysis
compared with DCB test results. The results show good agreement with between FEM and DCB test results.
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Table 1. Test specimen specifications

Specimen | Stacking sequence Size Thickness
(mm) (mm)
Specimen A [0,,//0,] 25W x 260L 3.5
Specimen B | [0,,//+45/-45/0,,] | 25W x 260L 35
Specimen C | [0,,//+30/-30/0,,] | 25W x 260L 3.5
P-6&

260mm

Camcoder

Fig. 1. Schematic of DCB Test
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Table 2. Input parameters of specimen A [0,,//0,,]

E E,-E G,=G,.=G
Pl t 11 22 33 — — 12 13 23
A€ | (GPa) | (GPa) | VTVETV2 (GPa)
Upper | 1247 7.78 0315 3.56
Lower | 1247 7.78 0315 3.56

Table 3. Input parameters of specimen B [0,,//+45/-45/0,,]

E E =E G,=G..=G
Plat 11 2= 33 —y = 1279137 V23
A€ | (Gpa) | (Gpa) | VTVBTVm (GPa)
Upper | 920 11.80 0.538 7.64
Lower | 1247 | 7.78 0315 3.56

Table 4. Input parameters of specimen C [0,,//+30/-30/0,,]

E E =E G,=G..=G
Plat 1 22=F33 v — 127913723
A€ | (GPa) | (GPa) | VTVBTVa (GPa)
Upper | 1063 | 872 0.616 6.62
Lower | 1247 | 7.78 0315 3.56

Fig. 3. FEM model for DCB specimen



64

Hyun-jun Cho, Min-Hyeok Jeon, Hae-Ri No, In-Gul Kim

Table 5. Input parameters for bi-linear cohesive zone model

3
G, (MPa) K, (N/mm>) o (MPa)
- 1 x 106 100
10\!,
P - 105 35
——Load e ]
90 |~O~Crack length ] 100 "
=— = Cumulative AE energy ! )| ; e
8T ’ {95 °
! 1 3
/ 1 25 g
70+ i 190 o
] 1 [3 )
__ 60 /I 185 ‘E, 2 §
< / 1o, ® 2
B sof , {80 & &
3 ; ] % 118<
40 175 ® ®
’ 1 s S
’ ] o 5
30 ’ 170 1 3
4 4 E
? 1 3
20 ‘ 165 o
’/ 1 05
10 & 160
P ]
o 1
0 < L 55— 0
0 5 10 15 20 25
Displacement(mm)
(a) Specimen A
1Olh
100 — — 1105 12
——Load
90 | <O~ Crack length _ {100
= = Cumulative AE energy o ..
80 ey 196 )
1 i =]
) { [+]
70 ! 190 fo i
7 1 ~ 48 £
) ] E { =
__ 6o ! 185 E | &
z 4 i ® 1 B
g 50 : 80 & 16 &
o 1 - w
- 1 {
{ 2 <
40 l 17 § | o
) ! = 1. 2
- | O 4 F
30 e 170 " 2
1 1 1 §
1 =4
20 ! 165 R
’ ] 12
> 1 !
10 , 160 {
s 1 |
0 e 55—
0 5 10 15 20 25
Displacement(mm)
(b) Specimen B
’Oh.
i ———— 1105 6
|——Load ] |
20 !'O-CIEIC‘( length 1100 |
= = Cumulative AE ene S 18 =
80 umulative energy [ {05 5 =
! ] |
# 1 | 8
70 1% _ 1, 8
] E 'S
__ 60 185 E | B
Z i B | @
® S0 {80 £ {3 &
(=] 14 - | w
— { X 1 =
40 17 &8 | o
1 = 1 2
] O J2%
30 170 -
1 ] B
1 - |
20+ 165 4 (§]
10 {60 3
0 le; lsg----1o
0 5 10 15 20 25
Displacement(mm)
(¢) Specimen C

Fig. 4. Load, crack, and cumulative AE energy-displacement

curve

Yot e S S 5749 B ANSHel 48siint.

Dy i(1-vipvy) (1)

t3

7|4 vy, Vo= EOkE W], t= AJHO] AHE T |o]T). Table
=54 99 949 oY WHESER G 72> 8 Aol
of wg} Mztel= ghS A -85t 7] wi&el =2 dE kel
t}. oo gt Atz Aut W EEof A AAHGI T

E,,=12x

4.1 DCB A& Z 1}

411315, 4 Zo] 3 74 % WE oluA] -9

Fig. 4= Specimen A, B 4 Coj tjj3}o] z}z+9] 315 -
91, 2 Zol-89] U A LF W ol A9 FA
= HojEth B ot E dol= sk Fofshs A%
7|Z&2 2 55 mmiE 100 mm7tA] 5 mm HA0 8 =34
Qltt. Specimen AQ] AL, F4 A 0| slFo0] H2A
2 745 ATES Bk HHE specimen B} specimen
Col A% 2 AAl oIF sl A% Frksicirh 54 W
_?_] o]ﬁ 3}%0] x4;<114 oz 71—/\—5],_1:_ 7:]‘815_9_ E_o};]\;]__ o]%
44 WA o]F 4G 71l (Fiber bridging) AL 2 215}o]
749 AH &= AQEL §1Fo] Zlsict AS 7t
Mgk Aol Bl ALbEA ShEo] HAH o R hast

0 Y AH SEoh weAE Ao Relch

= e

1

lo o m rE o

a=axCE+y (2)

A
Fig 62 4 ) 8 4 9% UE
(e 2 go] 9 Yooz 4 2 do]g wwat 4
o)t} Specimen A9} specimen G= AXKE o+ Zo] 4l =
A F Apolo] & UAsHe A weleh Tent
specimen Bi= 12 AJHo] ulato] AT A o2 S 0x1S
2ok o)z 45 A ¢ W A gk Wk o] olaf
o] E¢HA% 4 el 71%Ig ez Heltte].

4.2 seteasiM ot
421 73 S W= AUAE o8t T A AL
At uty] Q1A Zhyt Bi-linear $3 99 @45 AME
8= 21 Mode I ot 72 BAfsh=t 7P Thebet o
Holth. eyt o] 2Rk WS Bt RS Fekgt +4E 4
&2 BARE o= fHAES 7HAIAL Stk & ¢loll4 DCB



Study on Mode | Fracture Toughness and FEM analysis of Carbon/Epoxy Laminates Using Acoustic Emission Signal 65

106 T T

95 7 §
90 z 1
85 7
80 [

75+ @

Crack Length(mm)

701 @
65

60y Visual crack length data

= Trend line(Power function)|

55 . L .
0 1 2 3 4 5 6 7 8 9 10

Cumulative AE Energy(aJ) x1018

(a) Specimen A

90 o 1
85 -
80 s

75 &,

Crack Length(mm)

701
65:‘,

60, Visual crack length data

= Trend line(Power function)|

551 | ; .
0 1 2 3 4 5 6 & 8 9 10
Cumulative AE Energy(aJ) x10'8
(b) Specimen B

105 T T

951 = 1
90 + \, 4
85 )
80

751 )

Crack Length(mm)

701
654

€0 Visual crack length data

= Trend line(Power function)|

55 : ; :
0 1 2 3 4 5 6 Z 8 9 10
Cumulative AE Energy(aJ) «10'6

(c) Specimen C

Fig. 5. Relation between cumulative AE energy and visible crack
length

A Bolol B RO sl Aol sl
2 ool e Zolo] wh uh el4 gk
Z

=2 ] L
@%ﬂw}. + ol ubZ =k Q14 e A5t

25 T T T T T T T T T

201

Displacement(mm)

OVisuaI method
|= AE based method
n i

- - -

L L L L L L

50 55 60 65 70 75 80 85 90 95 100 105
Crack length(mm)

(a) Specimen A

25

Displacement(mm)

OVisuaI method
= AE based method|
i T

50 55 60 65 70 75 80 85 90 95 100 105
Crack length(mm)

(b) Specimen B

25

201

Displacement(mm)

Qvisual method |
= AE based method|
roech

50 55 60 65 70 75 80 85 90 95 100 105
Crack length(mm)

(c) Specimen ¢

Fig. 6. Predicted crack length versus measured crack length

fleto] 72 5% W oAuA 9 A 215 Fto] ALtd
T dol g AN E& sk B WS o &sto] wthy
A& AAretct Fig. 72 ASTM D 55289] 4 A A]E



66

Hyun-jun Cho, Min-Hyeok Jeon, Hae-Ri No, In-Gul Kim

Fracture toughness(kJ / m2)

Fracture toughness(kJ / mz)
o
o

o
w

Fracture toughness(kJ / m2)

o
w

o
©

o
o

o
~
T

o
=
T

o
»

o
N
T

o
T

=CC ||
+MBT

55 60 65 70 75 80 85 90 95 100 105

Crack Length(mm)

(a) Specimen A

e
2

b
IS

occ
- MBT

L L

<-mcc| |

56 60 65 70 75 80 85 90 95 100 105

Crack Length(mm)

(b) Specimen B

(=]
[=2]

o
o

=
IS

o
N
T

=]
-
T

0
50

55 60 65 70 75 80 85 90
Crack Length(mm)

(c) Specimen C
Fig. 7. R-curve using cumulative AE energy

Load(N)

Load(N)

Load(N)

100

70

60

50

40

30

20

0 5 10 15 20
Displacement(mm)

(a) Specimen A

100 —————

90

80

70 -

60 -

50

40 -

30 -

0 5 10 15 20
Displacement(mm)

(b) Specimen B

100
90
80
70
60
50
40

30

0 5 10 15 20
Displacement(mm)

(b) Specimen C

Fig. 8. Comparison of load-displacement curve

==Test result
= = FEM result
i

—Test result
- FEM result

25

—Test result
- - FEM result

25

25



Study on Mode | Fracture Toughness and FEM analysis of Carbon/Epoxy Laminates Using Acoustic Emission Signal 67

25
20
- o
E
E1s ®
=
@
E
@
o
5
% 10
Q
@ Test result
CIFEM result
0 L
0 5 10 15 20 25 30 35 40 45 50

a-a, crack length(mm)

(a) Specimen A

25

Displacement(mm)

@ Test result
{IFEM result
i | i | i | T
0 5 10 15 20 25 30 35 40 45 50

a-a, crack length(mm)

(b) Specimen B
25
20
E 15
/=
Q
E
[T
o
K
210
8
5
@ Test result |
CIFEM result|
0 i i
0 5 10 15 20 25 30 35 40 45 50

a-a, crack length(mm)

(c) Specimen C

Fig. 9. Comparison of crack length-displacement curve

Modified Compliance Calibration (MCC), Compliance
Calibration (CC) ¥ Modified Beam Theory (MBT)E ©]-&
sho] AAte why] 914 Zrolch(13]. Specimen A= Al 2o
2 P Al R-EAL By ot #+49 7)Al(a,=55 mm) U
AF 2 A7 (@ =100 mm)el 4 2] sha] el o] gro] Holzt
U 2S shelatsc.

Specimen B2} specimen C&} 72 H|th & &390 34,
Angle ply5- O 2 3t F o] Mol == d/4o] wAYstaL o] o
Ao 7k B4l €90 skl Q4 F7HE olejdit. of
2 9l5}o] specimen B2} specimen Cx= specimen Aof H|3}
o] =2 uly] ol ZHE HYow, Sk A uty] ¢4
7S Bl FA|4 specimen B7} specimen CRT} W %

7] 231 olA ZHe Heglon] vt g Fdo] AAHLE
specimen Bi= specimen Coj| H|3}o] A& o2 =2 1}y
g & =lch

e A=

Fig. 83} 9= f-gta4xel4] 9l DCB AJ 39| sl 9] =
A -2 E Lol Bludt ag ot BE AJH
A fretaasa] 9 AT At Atolofl fARE AR B4
th. SHAIRE specimen Bi= THE Ao H]sto] A3 B {351
SasfA] Aap ato]e] L7t A byl ehad 4124
oA e AAY A ol o B +E 4%
off 7]lgtet.

= A5 9 {3ta sy
7HA = A/ o EA] S @%‘194
23] ]_orlq_ i‘cﬂ—xﬁ PS|

]_

_,d
N
ot 4o

=

S

fj

el

e

1

o

rg

=2

-z

2

ol

o

bt

o

> A

o (L oX

ol

ﬂmﬂmzﬁgmg:

¢

Jg oL dlo Lo

F:LIEm!n

fr e dg

o i o &

A

oftt ol
e
o
f3
)
=
il
AN
o
i
=N
e,
N
o
1o
o
<

fu

N
o,
oh
2
(I
o

o ok
o
T

a7

loh

i
o

o

ft

2

Q i
Y
e

L jf—)‘ N

N
o
32
=

o I
fr
>
Ml oo
o

Mo o fo md mt o 2
o oo
N
N
N
o
N
N
)
O )
oot
I o
£
o 38
-
9

L Jo

[
v
L oX T ox M LM
dr |o
2

>,
r’l
=2
= oy
=
0|
ol
lo

mﬁi

QA= Bt o
el EelAst
DCB A|8-& WAFSH7| 9]8to] Mode I ¢
sh 9 Foll b akAoletn geldl 8%
& ARSIt #2 Zolo] uket Wa sk
$37] gletol S W& A5F Bakol A
S ol&3to] w3y QIS A4tstil o] 5 FIta AR

& o

O
N

°->|J-' oE:_, ~
%
lo

ro i

RO
lo
R i

rz

Ut

oL o8 oX O
2 O g >

e 8 1R o It

IS

Jﬂ

¢

i



68 Hyun-jun Cho, Min-Hyeok Jeon, Hae-Ri No, In-Gul Kim

©
{
_I>~
_?l
32 4
o *
oy
o

T A A4=7F o2 AlEe] dist e
ool do] W] Hi A 2ol Qe uhy| AEE
A4 o] oltt. Specimen B= thE AlHo|| H|Tke] ATy
HOR £ A5 HAAn ol AHlA 2] A4
Ae7h A-dsS AUS el st 2 Qlste] < o]

+ TR S EA R B 2ol kAL AThE . u
2hA ot E dolehs TRt ATE AAT 5 A= Bl
3t A Y S ol

o] :=EL 2020\ HR(WE )] Agow AT
Aeke] 2218 ol 43l 7]291A191] (2020R111A3071845).

REFERENCES

1. Oskouei, A.R., and Ahmadi, M., “Acoustic Emission Charac-
terization of Mode I Delamination in Glass/Polyester Compos-
ites”, Journal of Composite Materials, Vol. 44, No. 7, 2010, pp.
793-807.

2. Yousefi, J., Mohamadi, R., Saeedifar, M., Ahmadi, M., and
Hosseeini-Toudeshky, H., “Delamination Characterization in
Composite Laminates Using Acoustic Emission Features,
Micro Visualization and Finite Element Modeling”, Journal of
Composite Material, Vol. 50, No. 22, 2016, pp. 3133-3145.

3. Barile, C., Casavola, G., Pappalettera, G., and Vimalathithan,
PK., “Damage Characterization in Composite Materials Using
Acoustic Emission Signal-based and Parameter-based Data’,
Composite Part B, Vol. 178, 2019, 107469.

4. Davila, C.G., Rose, C.A., and Camanho, PP, “A Procedure for
Superposing Linear Cohesive Laws to Represent Multiple

10.

11.

12.

13.

Damage Mechanisms in The Fracture of Composites”, Interna-
tional Journal of Fracture, Vol. 158, 2009, pp. 211-223.

. Gong, Y,, Hou, Y., Zhao, L, Li, W,, Zhang, ], and Hu, N.,, “A

Modified Mode I Cohesive Model for Delamination Growth in
DCB Laminates with the Effect of Fiber Bridging”, International
Journal of Mechanical Sciences, Vol. 176, 2020, 105514.

. Saeedifar, M., Najafabadi, M.A., Yousefi, J., Mohammadi, R.,

Toudeshky, H.-H., and Minak, G., “Delamination Analysis in
Composite Laminates by Means of Acoustic Emission and Bi-
liner/Tri-liner Cohesive Zone Modeling,” Composite Structures,
Vol. 161, 2017, pp. 505-512.

. Shokrieh, M.M., Daneshjoo, Z., and Fakoor, M., “A Modified

Model for Simulation of Model I Delamination Growth in
Laminated Composite Materials”, Theoretical and Applied Frac-
ture Mechanics, Vol. 82, 2016, pp. 107-116.

. Zhao, L., Gong, Y., Zhang, J., Chen, Y., and Fei, B., “Simulation

of Delamination Growth in Multidirectional Laminates under
Mode I and Mixed Mode I/II Loadings Using Cohesive Ele-
ments’, Composite Structure, Vol. 116, 2014, pp. 509-522.

. Arumugam, V,, Sajith, S., and Stanley, A.J., “Acoustic Emission

Characterization of Failure Modes in GFRP Laminates under
Mode I Delamination”, Journal of Nondestructive Evaluation,
Vol. 30, 2011, pp. 213-219.

Fotouhi, M., and Najafabadi, M.A., “Acoustic Emission-Based
Study to Characterize the Initiation of Delamination in Com-
posite Materials”, Journal of Thermoplastic Composite Materials,
Vol. 29, No. 4, 2016, pp. 519-537.

Groot, de PJ., Wijnen, PA.M., and Janssen, R.B.E, “Real-Time
Frequency Determination of Acoustic Emission for Different
Fracture Mechanisms in Carbon/Epoxy Composites, Composite
Science and Technology, Vol. 55, 1995, pp. 405-412.

Nikbakht, M., Toudeshky, H.H., and Minak, G., “Delamination
Evaluation of Composite Laminates with Different Interface
Fiber Orientations Using Acoustic Emission Features and
Micro Visualization”, Composite Part B, Vol. 113, 2017, pp. 185-
196.

ASTM D-5528-13, “Standard Test Method for Mode I Interla-
minar Fracture Toughness of Unidirectional Fiber-Reinforced
Polymer Matrix Composite’, ASTM International, West Con-
shohocken, PA, 2013.



