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The Characteristics for Mode | Interlaminar and Intralaminar Fractures
of Cross-Ply Carbon/Epoxy Composite Laminates Based on Energy
Release Rate

Min-Song Kang*, Min-Hyeok Jeon*, In-Gul Kim*', Kyeong-Sik Woo**

ABSTRACT: This paper describes the characteristics for mode I interlaminar and intralaminar fractures of cross-ply
carbon/epoxy composite laminates. We obtained mode I interlaminar fracture toughness and mode I intralaminar
fracture toughness based on energy release rate and Finite Element Analysis (FEA). For this purpose, the Double-
Cantilever Beam (DCB) test and FEA were performed for cross-ply DCB specimens. Also, the behavior of load-
displacement curve at the interlaminar and intralaminar crack was analyzed. The results show that mode I
intralaminar fracture toughness was lower than mode I interlaminar fracture toughness in the cross-ply DCB

specimen.
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Fig. 1. Diagram of DCB Test Specimen

Table 1. Specification of DCB Specimens

Type Cross-ply Specimen

UD Carbon (T700 Grade) / Epoxy
(CP125NS, T&S Advanced Material Co.)

[0/90],//[90/0]

Prepreg

Stacking Sequence

Thickness (2h) [mm)] 3.15
Initial Crack (a,) [mm] 50.0
Length (L) [mm] 160
Width (b) [mm] 20.0
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Fig. 2. Schematic of DCB Test Set-up
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Table 2. Material Properties of UD Carbon/Epoxy Lamina

Property Avg. STDEV.
Longitudinal Modulus [GPa] 136 4.02
Transverse Modulus [GPa] 7.62 0.15
Major Poisson’s Ratio 0.27 0.012
In-plane Shear Modulus [GPa] 3.59 0.06
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Fig. 3. Finite Element Model for Analysis
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Fig. 5. Load-Displacement Curves of the DCB Test for Cross-ply
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Table 3. Characteristics of Interlaminar and Intralaminar Cracks
for Cross-ply DCB Specimen

Conditions Unit Value

Total Horizontal Crack Length mm 42.0
Total Interlaminar Crack Length mm 244
Total Intralaminar Horizontal Crack Length mm 17.6
Avg. Angle of Intralaminar Cracks Deg. 371
Total Intralaminar Crack Length mm 22.0
Total Crack Length mm 46.5
Percentage of Interlaminar Cracks % 52.6
Percentage of Intralaminar Cracks % 47.4
G, kJ/m? 0.713
inter kJ/m? 0.796
Gl kJ/m® | 0478

Table 4. Mode | Interlaminar Fracture Toughness Obtained by
ASTM D5528 and FEA

Method MBT CC MCC FEA
Avg. [k]/m’] 0.944 0.734 0.746 0.713
STDEV. [kJ/m?] | 0.187 0.145 0.168 -
127 —--MBT
-4-cC
il +-MCC
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Fig. 12. R-Curves of Cross-ply DCB Specimen

Cross-ply DCB A|H 9] oL x| wE Ao] A=+ Fig. 103}

Zou, G 0713 kj/m* o2 Aake 9t

T e s we 133 99 4d(Gy,,, & Tk
t}. Fig. 117} Zo] DCB Al oA 7o 2/ w4 o] %
gt 37l 2o HlolE & gHHske] f3taaxsfAle a5t
Ao, oA -+#4d do] HA=E ol&3st] Gy, & T3t
Ak 28 S FE} FW FE o dolH|E 0|85t
Gy, & AAtst St A 8-S Foll 535 o+ E443% o
Q14 F1- Table 31} 2t}

ASTM D55289]] A|A|E DCB A& 7} ¢l MBT, CC,
MCCE o]-&dff 3%l G o F3taas)AS o83 i
A G, = Table 49} Fig. 129} 7t}

ASTM 24 WS 23 G2 7ot 49 2+ Brhu 7

of Bt G, 4ol Aol7t 37 ek ow, EEAARA]
el 20% Wl 2 epe: Helslslct. oleie A%
2 Cross-ply A|H2] DCB A|&@o)|A T= QI 7]515H of
B8], A9 Hal%] Sof o5t uAE AT BolA s 7 A
ol W Aoz FeEih

sl of A F L E3) oA AT 05t 4AS 25

oA WA E o7 o] Apo] = AXLE T3] o] 4 22
o ok mE 127k 4] A%, o) ofui -2 2
o] Ar8] 7|7 ol&38t7] wZol shte] g =&
5)9ieh. 12) 3 7|29 ASTM 24 Mo Rl e} of
4% G, & Gi,,, S =575

e)

O:

intra

4. A4

T

¥ oA DCB A3 W 93ka 4 §j4S o]8-3}d]
21441 3k o JA] Aliks F3l Cross-ply 534 23
=1 33he] 4= grtetglon ot &

o

o
2
Y
>
il

Y,
A=)
o
1
=
=]
Shis
JZ:
fto
4
o
_OIL
8
Q
o

=

=
S fera s A S oS3 H oR B Al 7 A
e L Aol ke Aol PP G2 T
& Sl shalshart

=]

=
= A Oﬂ i sted, 7l+4 ASTM =4 = ‘ﬂii% 77T
ofg& & I 37 #1143 (Gy,,, )T HE TS w2l
(G, )& FHRLI1WE ol §3te] AHE YA o
HE 7R FUHE 5 S-S skl

(3) Cross-ply DCB A|H9| o+ 47 &4 =441}, S4F
T EE 37 29T Y 29 xHE
g AJAA] 5FE-H Y] A ofA] =0 = |

—5—]_0:1 o, A A 2 49 ARA "HYL =78}
sl o Z718lR] = AT 3holslgn).

(4) Cross-ply DCB A]# o] tjgt BE I %ﬁ%a A B
7k A3k 90°F el mE 15 wtwgl
ole] 2= 152k gl et %%% ﬂ‘ﬂfﬂ‘ﬂﬂk
2ol mE g skl WMEE oy o
o) AR A S04 A gol B oA R 7
e LREO 49 Auto| Ao L8R B8 E3)| Cross-
ply DCB Al o] ¢ AAke] Wrabadnh 57F abwjo} Zu u}
7|7} A 0 2 ojuts WA Y Zo] gt S 3
o ool

01

Z
o[)lt
_t:l
3
[
>



12

Min-Song Kang, Min-Hyeok Jeon, In-Gul Kim, Kyeong-Sik Woo

REFERENCES

. ASTM D5528, Standard Test Method for Mode I Interlaminar

Fracture Toughness of Unidirectional Fiber-Reinforced Polymer
Matrix Composites.

. A. Laksimi, M. L. Benzeggagh, G. Jing, M. Hecini, and J. M.

Roelandt, “Mode I Interlaminar Fracture of Symmetrical
Cross-ply Composites,” Composites Science and Technology, Vol.
41, No. 2, 1991, pp. 147-164.

. S. Bazhenov, “Interlaminar and Intralaminar Fracture Modes in

0/90 Cross-ply Glass/epoxy Laminate,” Composites, Vol. 26, No.
2, 1995, pp. 125-133.

. A. De Morais, M. De Moura, A. Marques, and P. De Castro,

“Mode-1 Interlaminar Fracture of Carbon/epoxy Cross-ply
Composites,” Composites Science and Technology, Vol. 62, No. 5,
2002, pp. 679-686.

. ASTM D3039, Standard Test Method for Tensile Properties of

Polymer Matrix Composite Materials.

. ASTM D3518, Standard Test Method for In-Plane Shear

Response of Polymer Matrix Composite Materials by Tensile Test
of a £45° Laminate.

. M. W. Czabaj and J. G. Ratcliffe, “Comparison of Intralaminar

and Interlaminar Mode I Fracture Toughnesses of a Unidirec-
tional IM7/8552 Carbon/epoxy Composite,” Composites Science
and Technology, Vol. 89, 2013, pp. 15-23.

. M. De Moura, R. D. Campilho, A. Amaro, and P. Reis, “Inter-

laminar and Intralaminar Fracture Characterization of Com-
posites under Mode I Loading,” Composite Structures, Vol. 92,
No. 1, 2010, pp. 144-149.

. G. Frossard, J. Cugnoni, T. Gmiir, and J. Botsis, “Ply Thickness

Dependence of the Intralaminar Fracture in Thin-ply Carbon-

10.

11.

12.

13.

14.

15.

16.

epoxy Laminates,” Composites Part A: Applied Science and Man-
ufacturing, Vol. 109, 2018, pp. 95-104.

M. Iwamoto, Q.-Q. Ni, T. Fujiwara, and K. Kurashiki, “Intral-
aminar Fracture Mechanism in Unidirectional CFRP Compos-
ites: Part I: Intralaminar Toughness and AE Characteristics,”
Engineering Fracture Mechanics, Vol. 64, No. 6, 1999, pp. 721-
745.

S. Jose, R. R. Kumar, M. Jana, and G. V. Rao, “Intralaminar
Fracture Toughness of a Cross-ply Laminate and Its Constitu-
ent Sub-laminates,” Composites Science and Technology, Vol. 61,
No. 8, 2001, pp. 1115-1122.

G. Pappas and . Botsis, “Intralaminar Fracture of Unidirec-
tional Carbon/epoxy Composite: Experimental Results and
Numerical Analysis,” International Journal of Solids and Struc-
tures, Vol. 85, 2016, pp. 114-124.

N. Choi, A. Kinloch, and J. Williams, “Delamination Fracture
of Multidirectional Carbon-fiber/epoxy Composites under
Mode I, Mode II and Mixed-mode I/II Loading,’ Journal of
Composite Materials, Vol. 33, No. 1, 1999, pp. 73-100.

A. Pereira and A. De Morais, “Mode I Interlaminar Fracture of
Carbon/epoxy Multidirectional Laminates,” Composites Science
and Technology, Vol. 64, No. 13-14, 2004, pp. 2261-2270.

M. B. M. Rehan, J. Rousseau, S. Fontaine, and X.-J. Gong,
“Experimental Study of the Influence of Ply Orientation on
DCB Mode-I Delamination Behavior by Using Multidirectional
Fully Isotropic Carbon/epoxy Laminates,” Composite Structures,
Vol. 161, 2017, pp. 1-7.

Z. H. Xie, X. Li, J. Zhao, J. Hao, Y. P. Sun, and X. D. Sui, “Study
on the Mode I Interlaminar Fracture Toughness of Multi-direc-
tional Composite Laminates,” Advanced Materials Research, Vol.
718, 2013, pp. 186-190.



