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ARTICLE INFORMATION ABSTRACT

Original Research Paper Studying the behavior of composite materials reveals that various types of failure modes occur when
Received 19 June 2017 material experiences different loading conditions, which may have a significant impact on performance
Accepted 24 September 2017 and properties of a structure. In this research, we study the mechanical response of orthogonal multi-
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vatiable Dniine 27 Lctober layers by considering different failure modes at micro-scale and their development in macro-scale. For

this purpose, the effect of the emergence and growth of fiber separation and subsequent formation of

Keywords:

Micromechanics matrix cracks are investigated in the micro-scale. Furthermore, interlayer separation caused by leaving
Cohesive zone the matrix are studied in macro-scale. To model the separation of fiber matrix which is the first
Matrix cracking dominant failure mode, the sticky area method is used. The model verification and obtained results are

Induced delamination

! compared with the previous research. Then, XFEM method is used to take into account the failure mode
Extended finite element method

of matrix. Finally, using of the sticky area method, we are able to simulate the separation of matrix
layers and the behavior of mechanical properties of cross-ply composites was studied because of matrix
cracking and induced delamination.The FE-program ABAQUS via its user scripting interface (Python)
are employed in this research for modeling of fibers embedded into matrix.
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Cohesive law:

Ta=£16)

Traction« T

Cracked area I Cohesive failure area Healthy area

¥—_\_/

Fig. 1 A schematic model for Cohesive zone and its related damage
mode [26]
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Fig. 2 Three common categories for traction-separation law [26]
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Table 1 Properties of the composite material which has been used for
validation [31]

Fiber (HTA) Matrix (6376)

Ei1 (GPa) 238 3.63
= (GPa) 28 -
E33(GPa) 28 0.34

Y12 0.23 -

Va3 0.33 -

V31 0.03 -
G (GPa) 24 -
G2 (GPa) 7.2 -
Gsy (GPa) 24 -

Fig. 6 The simulated RVE based on the McCarthy model for validation
in ABAQUS software [31]
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Table 2 Mechanical properties of the composite [24]

Fiber Matrix Ply
(AS4) (8552) (AS4-8552)
Ey; (GPa) 232 5.1 141
E,» (GPa) 13 - 14.5
Y12 0.3 0.35 0.32
Y23 0.46 - -
G12 (GPa) 11.3 - 48
Gy3 (GPa) 0.45 - -
o, (MPa) - 121
J
() - 90 220
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Fig. 7 Fracture behavior of the unit cell under the effect of tensile

loading obtained from McCarthy and the presented model in this study

with respect to various levels of the stress [31]
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Fig. 11 Stiffness reduction graph for [0/90/0] composite with, 0.2 mm
thickness and under tensile loading and ignoring the effects of
microcracks
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Fig. 9 Modeling view for the thickness of the 3-ply composite [0/90/0]
with 0.2 mm in the finite element software.

5 yeskee 0.2 cuslsesl [0/90/0] 40Y 3 o jamals (g5l Joe (slas 9 S

Sgdze UL"'” )\)ﬁllb).n

1150 1
£
% agpd 20 oo Befor first
£ crack
<)
% 550 4 after first
;,*:) crack

250 A

-50 T T T

0 50 100 150 200

1200 - Nonlinear ’ =~
—————— linear ,"/

£ 500
E 800 -
£ £=1%
X400 matrix cracking

0 T T T T T T

0 0.2 0.4 0.6 0.8 1 1.2 1.4

Thickness (micrometer)
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Fig. 10 Stress reduction for a [0/90/0] Composite with 0.2 mm
thickness and under tensile loading in comparison to the linear model
without any failure modes
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Fig. 13 Crack density graph for a [0/90/0] composite with 0.2 mm
thickness under the effects of tensile loading

Jinidion 02 Clsesly [0/90/0] cujpualS i o 5 I Jloges 13 S5
S (I35 e

lcm |

Fig. 14 Crack growth view under tensile loading and for different
magnifying scales.

JZA)OLSLQJS)}g)b ;MM.S"‘“ )LMJ)J..).&)sLoJ14 LS-»)“

§ WS g0 S g ilo S gs8y e 0 az 0 0 4 o A haws
a0 0 4y o il maw dxe g SSL il 5l ol e il

1800
=, 1500 \,MP’-J \/— -
< s
S 1200
= v vV v
— 900 A
=}
? 600 - o
- Stress in lamina 0 befor matrix cracking
300 A .
stress in lamina 0 afler matrix cracking
0 T T T T
0 2 4 6 8 10

Lenght (micrometer)

Fig. 15 The graph for changing behavior of the Stress for a [0/90/0]
composite with 0.2 mm thickness-along the border of the composite
layers and under the effects of the crack

2 yoskes 0.2 Coalesl [0/90/0] o jamels 25 JLid, ponss jloges 15 S5
S5 5l o Sy jeels AV 50 G Jb sl

382



6330 Ld )y 303 9 63LTENS ol

SISl x5 Solsio (SLAAYIED )3 SIAY (i 5 DI 9 S pile 3 A Sub) w2

O 50 00 GRS a8 g Gl il el Vs §re ay g le S G,
SloY g Gllas g aslol o G5 S el ol A 09l e Yo

D9 s

&lp-5

[1] S. A. K. A.F. Bijan Mohammadi, Matrix cracking and induced delamination

in symmetrically laminated composites subjected to static loading by using

multi scale damage mechanics, Journal of Science and Technology of
Composites, Vol. 4, No. 1, pp. 9-24, 2017. (in Persian _.,\s)

[2] M. T. Abadi, Micromechanical fracture modeling of unidirectional
composite material under transverse loading, Journal of Science and
Technology of Composites, Vol. 3, No. 1, pp. 93-106, 2016. (in
Persian .,l5)

[3] J. Goodier, Concentration of stress around spherical and cylindrical
inclusions and flaws, Journal of Applied Mechanics, Vol. 1, No. 1, pp. 39-44,
1933.

[4] L. J. B. Peter Yeung, The effect of glass-resin interface strength on the
impact strength of fiber reinforced plastics, Polymer Engineering Science,
Vol. 18, No. 2, pp. 62-72, 1978.

[5] R.J.J. B. DH Allen, Micromechanical analysis of a continuous fiber metal
matrix composite including the effects of matrix viscoplasticity and evolving
damage, Journal of the Mechanics and Physics of Solids, Vol. 42, No. 3, pp.
505-529, 1994.

[6] J. D. Eshelby, The determination of the elastic field of an ellipsoidal
inclusion and related problems, Proceedings of the Royal Society of London,
Series A: Mathematical and Physical Sciences, Vol. 241, No. 1226, pp. 376-
396, 1957.

[7] K. T. Tanaka Mori, Average stress in matrix and average elastic energy of
materials with misfitting inclusions, Acta Metallurgica, Vol. 21, No. 5, pp.
571-574, 1973.

[8] R. Hill, Elastic properties of reinforced solids: Some theoretical,
Mechanics and Physics of Solids, Vol. 11, No. 5, pp. 357-372, 1963.

[9] S. S. Z Hashin, On some variational principles in anisotropic and
nonhomogeneous elasticity, Mechanics and Physics of Solids, Vol. 10, No. 4,
pp. 335-342, 1962.

[10] B. Budiansky, On the elastic moduli of some heterogeneous materials, the
Mechanics and Physics of Solids, Vol. 13, No. 4, pp. 223-227, 1965.

[11] R. McLaughlin, A study of the differential scheme for composite materials,
International Journal of Engineering Science, Vol. 15, No. 4, pp. 237-244,
1977.

[12] Z. Hashin, The differential scheme and its application to cracked materials,
Mechanics and Physics of Solids, VVol. 36, No. 6, pp. 719-734, 1988.

[13] K. L. RM Christensen, Solutions for effective shear properties in three phase
sphere and cylinder models, Mechanics and Physics of Solids, Vol. 27, No. 4,
pp. 315-330, 1979.

[14] T. C. JW Ju, Effective elastic moduli of two-phase composites containing
randomly dispersed spherical inhomogeneities, Acta Mechanica, Vol. 103,
No. 4, pp. 123-144, 1994,

[15] X. Z. JW Ju, Micromechanics and effective transverse elastic moduli of
composites with randomly located aligned circular fibers, International
Journal of Solids and Structures, Vol. 35, No. 9, pp. 941-960, 1998.

[16] T. M. C. JW Ju, Micromechanics and effective moduli of elastic
compositescontaining randomly dispersed ellipsoidal inhomogeneities, Acta
Mechanica, Vol. 103, No. 1, pp. 103-121, 1994.

[17] X. L. JW Ju, Micromechanical damage models for brittle solids. Part I:
tensile loadings, Journal of Engineering Mechanics, Vol. 117, No. 7, pp.
1495-1514, 1991.

[18] J. a. Y. Ju, Elastoplastic damage micromechanics for elliptical fiber
composites with progressive partial fiber debonding and thermal residual
stresses, Theoretical and Applied Mechanics, Vol. 35, No. 3, pp. 137-170,
2008.

[19] G. I. Barenblatt, Mathematical theory of equilibrium cracks in brittle fracture,
Advances in applied mechanics, Vol. 7, No. 1, pp. 55-129, 1962.

[20] D. S. Dugdale, Yielding of steel sheets containing slits, Journal of the
Mechanics and Physics of Solids, Vol. 8, No. 2, pp. 100-104, 1960.

[21]  A. N. X-P Xu, Numerical simulations of fast crack growth in brittle solids,
Journal of the Mechanics and Physics of Solids, Vol. 42, No. 9, pp. 1397-
1434, 1994,

[22] L. T. A. B. E. G. F. P. V Manti¢, Application of a linear elastic - brittle
interface model to the crack initiation and propagation at fibre-matrix
interface under biaxial transverse loads, Materials Science, Vol. 1, No. 2-3,
pp. 1-23, 2013.

[23] M. N. amin farrokhabadi, Micromechanical study of fibre- matrix debonding
and matrix cracking using cohesive zone model and extended finite element
method, Journal of Scince and Technology of Composites, Vol. 1, No. 3, pp.
21-30, 2015. (in Persian ...,5)

[24] D. M. F. N. C. S. L. C. G. J. L. Miguel Herréez, Transverse cracking of
cross-ply laminates: A computational micromechanics perspective,
Composites Science and Technology, Vol. 110, No. 1, pp. 196-204, 2015.
P.H. G. Y. Y. H. Dhirendra V Kubair, Analysis of rate —dependent cohesive
model for dynamic crack propagation, Engineering Fracture Mechanics, Vol.

383

& 1.04%

0.931mm

1.16 %

1.2 % 0.532mm

Fig. 17 The obtained results of numerical [0/90n/2]5 models with
different n initiation matrix crackings and the induced delamination.

€959 b alizka sla N L [0/90n,, ]s soue slaJos odelawsds gl 17 JsCi

Sl G Gl 4 o) 5 (e e S5

Slappille (So5d Gilodae Sobll 4 (lyior adbanng by, sblje
U5 ooy Cnl Gezen )5 o)Ll Gl G (b 5 e ile S5
&y sl esliiul e 1y ead S3 sla oS By 5 ad) il Jue
i 28 ] s 4 gl 0T 51 Ol 5 diluise ealp Sl
e 5 31 B b Sl o S (6L o o jgnlS

2,5 oolawl gy o olos g

&5 4o -4
DS g adgl ol a4l Joe jl colatul L ol dllis o
IB eapse Y Gl ey 5 0 9 S oo o5
245 395 oo ool oiezr plall ) 5l Jsere slarmgly 5o 288
3,l05 392 g aBlypons Sgaze Lol Joo b Hlejen colainl Jow g4 o
O opl jo Sl wes o Gibg |y Sis ol sdius 4l 3, a5
a8l pans Sgaote Hladl Joo NS 4y (3, ;0 S5 Al 0,5 Jae Bus
aS ol cdwlin BB SG5d O jgods S b, 0ed oo el a5 Conl 00
B el 5 Silre Djgens S wd, L alie ol o
30 Ojsods ek ol j0 Geizmes  Cewl cdsline B
5 g2 50 4S5 Oygoipdy el ol oolatul 2l 5 ples SIS e
ol ua|9> u.:i:L:.a J5 50 9 Cnd plp ua|9> otz 4>l 3 glas=b
H8ls Jaw 5o a8l w1 blie o295 Jade ply g axly Jlade O
Ay g ol Gl o eols las wdel sy @l jo .l sasls
Pler Zdl g a5 cul N6 o] 25,5 - 25 sl lsges o
Sgden Cajerals (S

S S el Gl 5l am S5 dee jo S s iores

10 o leis 17 0951396 5o (I3 SHlle (Swiue



6330 Ld )y 303 9 63LTENS ol

GBS )l a5 Swolsio SLRAIYIID )3 S1AY s T IBISS 9 il I3 D Jub) w22

[30] Abaqus Standard, Version 6.14. Dassault systemes, Simulia.

[31] C. M. TJ Vaughan, Micromechanical modelling of the transverse damage
behaviour in fibre reinforced composites, Composites Science and
Technology, Vol. 71, No. 3, pp. 388-396, 2011.

[32] C. G. J. S. J. L. Luis Pablo Canal, Intraply fracture of fiber-reinforced
composites: microscopic mechanisms and modeling, Composites Science and
Technology, Vol. 72, No. 11, pp. 1223-1232, 2012.

[33] P. P. C. Carlos G Davila, Physically based failure criteria for transverse
matrix cracking, 9th Portuguese Conference on Fracture, Setabal, 2004.

[34] A. T.P. M. J. C. S. M. P. L. L Zubillaga, An energy based failure criterion
for matrix crack induced delamination in laminated composite structures,
Composite Structures, Vol. 112, No. 1, pp. 339-344, 2014.

10 opless 17 095 1396 (5o (o) Sulle Swaie

70, No. 5, pp. 685-704, 2003.

[26] M. M. F Javidrad, A Cohesive zone model for crack growth simulation in
AISI 304 Steel, Journal of Solid Mechanics, Vol. 6, No. 4, pp. 378-388, 2014.

[27] C. P. R Toni-Liong, Application of the cohesive zone model to the analysis
of rotors with a transverse crack, Proceedings of the 8th International
Conference on Structural Dynamics, Leuven, 2011.

[28] T. B. Ted Belytschko, Elastic crack growth in finite elements with minimal
remeshing, International Journal for Numerical Methods in Engineering,
Vol. 45, No. 5, pp. 601-620, 1999.

[29] I. B. Jens M Melenk, The partition of unity finite element method: basic
theory and applications, Computer Methods in Applied Mechanics and
Engineering, Vol. 139, No. 1-4, pp. 289-314, 1996.

384



