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FINITE ELEMENT ANALYSIS OF DELAMINATION
IN A NEW WOVEN COMPOSITE
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The objective of this work is to develop a delamination model that can be used to predict delamination growth
in a new hybrid composite for orthopaedic use. The composite is obtained by incorporating a natural organic
load (granulates of date cores) into a laminated woven composite makes it a hybrid. The matrix of the composite
is based on methyl methacrylate, the reinforcement contains glass fiber and a perlon fabric, which plays an
absorbing role. The walk cycle has been used to determine the working conditions of tibiae prosthesis. Hence,
the bending tests were discussed with orthopedists and they approved it. A 3ENF tests were carried out on the
composite to detect delamination phenomenon. In modeling, assumptions of a bi-linear softening behaviour of
the interlaminate surface and a special interfacial bonding were made. A scalar damage was introduced and the
degradation of the interface stiffness was found. A damage surface which combines stress-based and damage-
mechanics-based failure criteria was set up to derive the damage evolution law. The damage model is implemented
into a commercial finite element ANSY'S program to simulate the delamination of mode II. Numerical results
obtained for a (90, 45, 0) laminate occur to be in good agreement with experimental observations.
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KOHEYHO-2JIEMEHTHBII AHAJIU3 PACCJIOEHUSA
B HOBOM KOMIIO3UTE C TKAHEBBIM APMHUPOBAHUEM

A. Ceanax, /1. ben3sep:xa, A. Xagau
Hnowcenepro-mexanuueckuii paxyromem Anxicupcrozo yHugepcumema

Lenb paGoOTHI COCTOUT B TOM, YTOOBI TOCTPOUTH MOJIENb PACCIIOCHHUS, TIO3BOJIAIONIYIO0 PACCUUTHIBATH
ME)KCII0EBOE PACCIIOCHHE B HOBOM T'HOPHIHOM KOMIIO3HTE, UCIIONBE3YeMOM B opToneaun. K oOpraHOMY
apMHUPOBAHUIO MATPHUIIBI HA OCHOBE METHJI-METaKpUiIaTa CTEKJIOBOJIOKHOM TOOABIICHBI ITIEPJIOHOBAS TKAHb
Y YaCTHUIIBI, TOJTyYeHHBIE poOeHneM KocTouek (puHuKa. LIMKII mara yenoBeka nCnoinbp30BaH IS OIpe-
JICHUS YCJIIOBUH HarpyxeHus: 00ibiie0epioBoro nporesa. McmnelTanus Ha U3rud OBUIM COTIIACOBAHBI C
sKcnepTaMu-opronearcraMu. Kommorepasie sxknepumenTs! npoBoaminch 1o cxeme 3ENF. Ilpu mone-
JMPOBAHUU PACCIOCHHS TPAHUIA pa3Jiesia MEXKIy CIOSIMHU HaJeJieHa OMIMHEHHBIM «pa3MITrdeHuEM.
Mopenp noBpeX/1eHNs: OCHOBAaHA Ha KBaIpaTUYHOM KPUTEPUHU HAKOIUIEHUS IOBPEXKIECHNUS, UCTIOIb3YyET-
sl [P 3TOM cTaHaapTHas nporpamma B nakere ANSY'S. [lokazaHo, 4TO YHCIEHHBIE PACYETHI XOPOIIO
COITIACYIOTCSI C DKCIIEPUMEHTOM.

Knwueswie cnoga: apmMupoBaHHbIE IIACTUKH, THOPHU/BI, PACCIOCHHUE, MOJIEIIMPOBAHUE, OPTONEIH-
YECKUE NPUIIOKEHUS.

Introduction

Delamination is one of the predominant forms of damage in laminated composite due to the lack of reinforcement
through the thickness. The mechanisms of delamination are complex. It is widely recognised that the major
contribution to delamination fracture resistance is done by the damage developing in matrix-rich interlaminar
layer. Delamination is created by an accumulation of cracks in the matrix. Consequently, the delamination occurs,
generally, after some laminate damage has been accumulated. Transverse matrix cracking can reach the interface
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between two layers of different fibre orientation. The interface between two neighbouring layers can debond
under inerlaminar stresses. As a result, free surfaces occur between the two layers.

In the present paper, a simple continuum damage model is proposed. A non-dimensional damage parameter
is introduced to describe the distributed micro-defects macroscopically at a local point on the interface in the
context of continuum damage mechanics. By adapting a procedure proposed in Ref. [1] and making use of a
constructed damage surface, the damage evolution law is established. The damage surface combines the
conventional stress-based and damage-mechanics-based failure criteria unifying the simulation of the initiation
and propagation of the delamination. Such an approach allows reaching the main objective of this paper, which
is a developing of a model to simulate delamination growth in new woven laminated composite doped by particles
of cores to be used in orthopedic applications. The walk cycle has been used to determine the operating conditions
of tibiae prosthesis. The bending tests were validated by orthopedist experts. 3ENf tests were carried out on the
new woven composite to detect delamination phenomenon. We assume that the interface has a bi-linear softening
behaviour and regarded as being a whole of several interfacial bonds. Each bond is supposed to be made up of
three stiffnesses acting in the three delamination mode directions. The method developed has been used to
simulate delamination in mode I1. The numerical predictions are compared with experimental results.

Interface damage fundamentals

The laminated composite structures are normally composed of layers with different fibers orientation. The
phenomenon of delamination occurs between two adjacent layers. Laminated structures can be considered as a
homogeneous stacking of orthotropic layers. An interface between two adjacent layers can be introduced into
the zone where possible delamination can occur. The interface behaves as a surface entity [2] with zero thickness.
Delamination takes place in these layer. The interlaminar stresses of tension and shearing before delamination are
written as

S® =kiu;s (1=123), (1)

whereu , are the relative displacement components across the interface and k% are penalty stiffnesses of the

interface. We define a local co-ordinate system where subscript 33 indicate the direction normal to the thickness,
and directions 23, 13 are two other orthogonal directions in the plan of the interface where a potential delamination
can occur.

The stiffness of the interface must be both sufficiently large to ensure reasonable a connection and small to avoid
problems in numerical calculations [3]. A reasonable choice of the interface stiffnesses was suggested in Ref. [4]:

kS =ksS"® (=123),

where S (i =1,2,3) are the interlaminar tensile and shear strengths and k;; = k =10° ~10” mm™®

As the load increases, the delamination damage occurs and starts to grow. From a micromechanical point of
view, there are often zones containing micro-defects such as the microcracks and the microvoids, which are
potential sources of damage. Macrocracks are formed as a result of the growth and coalescence of the microdefects.

Considering these micro-defects in terms of continuum damage mechanics, a damage parameter is necessary
to introduce to describe macroscopic effects caused by these microdefects. Effective properties of the material
can be expressed by using the damage parameters. Delamination in a process zone can be characterized by the
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surface of micro-delaminations. Dimensionless parameter w, which is actually a fraction of micro-delaminations
in a representative volume of the interface [5]. The interlaminar stresses can be then written as

S° =k3(l-wshis (1=123). 2)

Equation (2) is the constitutive law of an interface undergone to damage. The effective stiffness of the interface,
kOB( 1 -w,), decreases gradually with the delamination damage increases. Damage parameter , = 0 represents
the undamaged state and W, = 1 correspons to a completely damaged state.

The free energy potential has the following form

13 )
U|3: :EZ (st [Uls]

The tractions at the interface are

0
'[iszauL!J3 1 (*)|3 ki [U|3]

The thermodynamic conjugate forces associated to the three delamination modes are

0 1
isz_%zikig Ui3]2- (3)
13

The mechanical dissipation inequality for isothermal conditions

3
Yig3 2 0.
1=1

A model

For an intact interface, the delamination initiates when an interlaminar stress or a combination of stress
components reaches a limit. The Hashin quadratic failure criterion [6], is taken as a criterion of the delamination

Initiation that is
833g 823 813
el e @

Equation (4) can be rewritten in the following form

f,(s?)-1=0,
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where

g
~33

LTI
g et ¢ st<o

For the delamination, a damage mechanics approach has been proved as successful desribe its propagation.
Considering the thermodynamic forces as being the energy release rates, the criterion the propagation of
delamination can be expressed by the following equation [7, 8]:

%‘5@5%

which can be rewritten in the form

fys)-1=0,

where f ( ') is the left side of Equation (5) and G, (i =I; 11, 11]) are the corresponding critical energy release

rates. Normally o = 2 is taken, which corresponds to the quadratic failure criterion. It allows finding a traditional
form of the surface of rupture propagation [2].

In continuum damage mechanics, two damage stage are usually considered, the initiation and growth of
damage. A damage surface is then introduced [9] as

F(S2.va)= (8- -1, ()] =0.

At F <0, no damage occurs at the interface, thus Aw=0. Damage initiates if F >0
An infinitesimal change in damage at the interface as a result of a change in tractions requires the satisfaction
of the following equation:

< HOF 3. OF
dF—;%ﬁEdS‘ o iE:o. 6)

Damage evolution law

Making use of Equations (2), (3) and (6), the incremental interfacial constitutive law and damage evolution
law can be obtained in terms of incremental relative displacements as [3]:
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| 3
dS® = k3 (1~ w;)dus ‘kiosuiszAJsdujs (=123)
J:

and

3
w= Z Azdys,

respectively, where

LoF
As - % |%( kl% |35/Z kl% Uiz, 1'213)'

When no delamination geowth occurs

and the incremental constitutive law becomes

Si3 — ki%(l_(*)|3)~1i3(i :1,2) s* k33u33

Numerical simulation of failure of new woven composite

To implement the above method into a finite element scheme, the delamination has been modeled by the
interface element, COMBIN 14, available from ANSYS element library [10]. This is a 1D element with the
capability of taking generalized non-linear force-deflection relations. The option provides a uniaxial tension-
compression element with up to three degrees of freedom at each node, i.e. translations in the 1, 2, and 3
directions. This element behaves as longitudinal spring (no bending or torsion is considered). Consequently, for
each pair of the interfacial nodes, three of these spring elements will be associated acting in mutually perpendicular
directions corresponding to three fracture modes. The
element is defined by two initially coincident nodes.
Penalty stiffness k, which appears in Equation (1) has
to be expressed in spring stiffness form to be used in the
finite element analysis (FEA). Each pair of interfacial
nodes (those belonged to the upper and lower plies) is
initially coincident on the interface. Hence, the interface

Fig. 1. Schematic of the interfacial bond

is replaced by uniform distribution of three springs at based on an assembladge of three springs
each node, Fig. 1. These “‘spring” elements, used for Cxemamuueckoe mpéxnpysncunnoe
the elastic interface, have no thickness. This satisfies the npeocmasnenue o e3aumooeicmeuu bepezos

condition of very thin interfacial zone comparatively to paccroenun
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the dimensions of the constituents. For a spring element

30 L] 1 1 L] 1 1
FEM ] the nodal force between two points depends only on

fara WWovan comiposie JEMNE tesls . . .
5 1 the relative displacements of that node-pair.

E Using the ANSYS language, a subroutine was
Fa bl o . . .

E developed and implemented into the main code to model
- | delamination growth. All parts of the structure are

meshed with 4-noded linear elements. To deal with the
i 5 1 contact occurring at some points of the interfacial crack
| where compression takes place, a contact element
_ available in the ANSY'S element library is used. This
) il S S T S SR SRR S contact element based on a penalty type method
LN U W s prevents negative mode I relative displacement across
the interface. A negative relative displacement would
Fig. 2. Experimental and calculated indeed mean a physically impossible interpenetration of
curves of laminated composite two free surfaces. No friction between surfaces of the
specimens in 3SENF _.teSts crack is assumed, which means perfect sliding [11]. As
IKCNEPUMEHIANLHAS U PACUCIHAT KpUGHIE for the numerical modelling of the elastic interface, it is
KOMRO3UmHbIX oﬂpamoe c ’
HAOpe30M, UCHBIMANNBIX HA U32UD C represented by a spring layer which resists normal
nepepesvléaroueli cunoil extension and shear deformation (Fig. 1). Taking into
account all these points the elastic analysis are carried
out with the ANSYS finite element program. For each position on the crack front of an initial interface crack, the
damage is calculated and compared with the critical value, w = 1. When the damage increases the crack grows
by one step at the evaluated position. This is realised by disabling the spring element at this location.

As was mentioned earlier, the objective of present work is to develop a delamination model that can predict
delamination growth in a new woven laminated composite for orthopaedic use. This composite contains a methyl
methacrylate matrix incorporated with a natural organic load (granulates of date cores) and woven reinforcement
including glass fiber and perlon fabric having an absorbing role/ The laminate (90, 45, 0) stacking ply.

Numerical simulations were carried out in end-notched flexure (3ENF) tests to detect initiation and growth of
delamination in the composite. The length of aspecimen modelled is 60 mm, its width is 22 mm, and composed
of two 1.65 mm thick plies. The thickness of the interface is taken equal to 1/5 of the specimen thickness. The
material propertiesas followsg,, = 1.1 GP&E,,=E,, n,=n_,G,=G,, G, =0.0382 N/mmg_, =0,, =
=4.0 MPak = 248 N/MPaFigure 2 shows the numerical predictions and experimental data for the 3ENF tests
of the woven laminated composite. The results show that the difference between the calculated and experimental
results for a maximum loads does not exceed 6%.

Displacr_.ml-_.n'. T mim

Conclusions

A method based on a damage mechanics approach is developed by introducing softening relationships between
tractions and separations on the interfaces of lamina. The method is now used for simulation of delamination
including both the initiation and growth of the interlamina cracks. A delamination behaviour of a new woven
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laminated composite for orthopaedic use was analysed by both experimental and computer simulation ways.
Resulta of these studies are nearly the same, which proves a reliability of the model.
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