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Abstract

In this study, numerical models based on finite element method are developed for several
applications of fracture mechanics. The use of cracked specimen formed by different material
properties has allowed us to analyse the effect of the crack position to the interface and to have
a well understanding of mismatch effect for the case of mixed mode of fracture. In other hand,
we have noticed that it is very interesting to see the effect of the interface position and loading
for the case of symmetrically cracked ring specimen under compression loading.
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1. Introduction

Actually,most of the structures and mechanical components are formed within at least two
dissimilar materials. For almostallcases, the use of heterogeneous materials is due to strength
issues, protection against corrosion, rubbing.......etc. The difficulty is to describe the stress field
which is perturbed at the crack tip near the interface. So many researchers have tried to analyse
stress fields and to evaluate fracture parameters of cracked bi-material specimen. In the mid
1960, various research works have been carried out by [Erdogan 1963], [Rice and Sih 1965] to
verify [William’s 1959] finding of complex singularities and oscillating stresses near the crack
tip. The well know [Dundurs 1977] parameters where used by so many researchers to predict
the stress intensity factors for bimaterial when the crack was perpendicular to the interface.
[Comninou 1977] resolved the crack interface problem by assuming that there is a small contact
zone near the crack tip which is extremely small. For interface crack in tension, the contact zone
model provides a contact zone of the order 10 of the crack length. Recently, some
formulations and new technics were developed such as [Wang & Stahle 1998], [Marur and
Tippur 1999] who have solved the interfacial crack problems in bi-material plates analytically
by developing the stress field relationships as analytical series. Stress intensity factor for crack
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in bi-material interface has been studied by [Bjerken and Persson 2011] and [lkeda &Sun
2001]. The first authors have applied integral method for the determination of complex
relationships of stress intensity factors, the second authors have used the virtual crack extension
technique for cracked bi-material specimen under thermal loading. [Kang Yilan and Lu Hua
2002] have developed a calculation procedure for displacement field near the crack tip
emanating from interface. Experimental methods have been used by [Jiang & al 2004] to
describe the evolution of J-R curves and to study the propagation of cracks emanating from
interface of bi-material specimens under three points flexion loading. Another experimental
method based on RGB photoelasticity has been carried out by [Cirello and Zuccarelo 2006] to
analyse the propagation of cracks perpendicular to interface of bi-material plates. Numerical
models have been developed by [Madani & al 2007], [Ouinas & al 2008] and [Kazi Tani& al
2009]to show the effect of interfaces on crack propagation in bi-material specimen. The
restitution energy rate G and the stress intensity factor(SIF) have been determined by those
authors for several crack positions between dissimilar materials.

In this present paper, two important points are discussed; the first one is to describe the
effect of mixed mode on the decreased curves of stress intensity factor obtained by Cirello and
Zuccarelo using RGB photoelasticitytechnique [Cirello and Zuccarelo 2006] and confirmed
numerically by [Kazi Tani& al 2009] on bi-material plates PSM1/AlPolycarbonate/Aluminium,
for the first mode of fracture. The second point concerns the influence of the interface position
and loading direction on the stress field near the crack tip of bi-material ring specimen where
cracks are symmetrically located.

2. Stress intensity factor at bi-material interface

For a crack of 2a length located at the interface between two dissimilar materials subjected to a
uniform tensile load, the complex relationship of the stress intensity factors are given by [Rice
1988] as:

K, +iK, = 0,(1 + 2ie)(2a)~*(na)®® (D
Bi-elastic constant is given by :

e=—In(y) ()

With

_ G1+K1Gy

- Gy +K2Gq (3)
Where
k; = 3 — 4v; in plane strain;
K; = (3 —v;)/(1 + v;)in plane stress;
and

__E

Gy = 2(1+vj) 4

Gj, Ejandv; are respectively shear modulus, Young modulus and Poisson ratio of material j.

For the case where the crack is at the interface (Fig.1), [Tan and Gao 1990], Emin Ergun &
al [18] expressed SIF relationships from displacement correlation method.
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From displacements values of nodes a, b, ¢, d, e obtained by finite element method, it is
possible to express opening and shear fracture modes by the following equations given by
references [Tan and Gao 1990], and [E. Ergun et al. 2008]:

Ky = 2 [Co(—ve + 4v® = 3v3) — Cy(—vE + 4vP — 3v2)] 5)
K, = \/2;” [Ci(—u® + 4u? — 3u?) — C;(—u® + 4u® — 3u?)] (6)

s is the distance between nodes a and ¢ or a and e.

u’ andv'’ are respectively the node displacements with respect to x and y axis.

v
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Fig. 1. Interface crack in bi-material specimen
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3. NumericalExamples

3.1.Mismatch effect in mixed mode

To have a well understanding of mismatch effect, we have taken back the numerical example
which was in analyzed in references[A. Cirello and B. Zuccarello 2006] and [N. Kazi Tani et al.
2009].1n our case, an inclined central crack of 2a length with an angle6 fromhorizontal axisxas
shown in Figure 2 is studied. The cracked bi-material formed by polycarbonatePSM-1 (Material
1) and Aluminium (Material 2) which it’s dimensions are W,/W;=1.5, H/W,=12.5, W;=12mm
and the thickness is equal to 5mm. The bi-material plate is subjected to a tensile load in y
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direction, c4=20MPa. It is possible to determine the applied stress on each material by applying
the principle of Matrix-fiber system where the applied stress is given by [12] as follows:

Gy = Gg1 [v1 +(1- Vl)i_i (10)

If we suppose that both materials 1 and 2 behave elasticallyand the global deformation is the
same for each side of material 1 and 2, then we can write:

%91 _E1 (11)

g2 E2
From equations (10) and (11), we can split the total stress oy into two components o ;andaoy;.

Numerical modelcarried out by usingANSY'S software finite elementhave allowed us to
determine the displacement field and stress intensity factors for mode | and mode II. The
solution of the problem has been calculated by using 8 node quadratic elementsin plane stress
by computing K;, K, from the nodal displacements on opposite sides of the crack
plane[Madenci and Guven 2006] with singular element size around 5% of crack length.For
symmetric configuration of the specimen, only the quarter of the plateis considered in finite
elements model (Fig. 2).
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Fig. 2. Numerical model of bi-material plate containing a central inclined crack

The numerical results of stress intensity factors obtained in mode | and Il are plottedin Figure 3-
a and Figure 4. For well representing those results, thevalues of SIF are normalized byK, =
gg1Vma . Results of K;in Figure 3-a are compared with the case of mode I,Figure 3-b obtained
by [15].
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Fig. 3-a. Evolution of normalized stress intensity factor K, with crack length and inclinaison
angle 71, E, /E, = 0.047
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Fig. 3-b. Evolution of normalised stress intensity factor in mode I (6=0°) [15]
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Fig. 4. Evolution of normalized stress intensity factor K;; with crack length and inclinaison
angle O7,E, /E, = 0.047

According to the results plotted in Figure 3-a and Figure 4, we have noticed that for the most of
0 inclinaison angles of crack, the normalized stress intensity factorsk;andKj,are decreasing as
the crack becomes longer. In the case of mode I, the decreased valuesare more significant when
Ovariesbetween 0° and 30°. The values of K, seems constant for the case when6>45°. This
decreased curve is well described by [Kazi Tani et al. 2009] for a central crack in mode I. The
same evolution has been noticed for mode Il (Figure 4) except for the case 6 = 10° where
thenormalized SIF increases with crack lengths a/W>0.6.

In order to compare the numerical results with first mode of fracture mode | (6=0) [Kazi
Tani et al. 2009], we have represented in Figure 5,the equivalent stress intensity factor for the
mixed modeK,,, which it is given by the following relationship:

eq!

Keq = VK +Kj (12)

In Figure 5, the equivalent stress intensity factor K,,decreases when inclination angle 6varies

between 0° and 45°. For angles 6 = 60° and 75°, I?eqvalues seem to be constant and do not

depend on the crack length. This can be explained by the presence of mismatch effect which is

more significant when the crack tip is nearthe interface.The presence of the crack in weakest

material and mismatch effect yield a “closing” bridging stress intensity factor that decreases the

stress intensity factor resulting from external loading, especially when the crack tip is close to
the interface.

Elsewhere, we have taken back the same model by changing the position of materials where
material 1 is Aluminium and material 2 is PSM-1.



94 T.Tamine et al.: Evolution of stress intensity factors in mixed mode with presence of mismatch effect

|

D — %
2 = +0=0°
> E g +0=10°
1,2 - a . e
> , 5 e 6 0=20
e — 0=30°
‘g 1 = + + _|_ + + A A A X8:45°
£ + 0
£ B AN + 6-75°
wn o "
gl 061 X X X X x x & “ ;
U =
- 0
S8 g4 NN KKK XX XX
508 ¢
o
Q
- 0,2 -
S
g 0 1 I 1 I 1
g 0 0,2 0,4 0,6 0,8 1

a/W,

Fig. 5. Evolution of normalized equivalent stress intensity factor I_<eqwith crack length and
inclinaison angle 607, E, /E, = 0.047

The numerical results of stress intensity factors in mode | and Il are shown in Figure 6 and
Figure 7.

In Figure 6, the increasing curves of K;are more significant when 0 angles vary between
0 =0° and6 =45°.For 6 =60° and 75°, the values of normalized SIF are very close.

In Figure 7, which represents the second mode, we notice that K, values increase with the
crack length

for allangles except 8 = 10°whereK;,data finishes by decreasing from a/W,>0.6.

To have a well understanding of the influence of the mixed mode (I+11), we have represent
the K,,datain Figure 8.
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Fig. 6. Evolution of normalized stress intensity factor K; with crack length and inclination
angle™10, E, /E, = 21.276
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Fig. 7. Evolution of normalized stress intensity factor K;, with crack length and inclination
angleT10, E; /E, = 21.276
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Fig. 8. Evolution of normalized equivalent stress intensity factor I?eqwith crack length and
inclination angle 6, E, /E, = 21.276

Graphs in Figure 8 show the increase of normalized stress intensity factor with crack length
and this, for all the inclination angles of the crack except for 6 =75°where I?eqremains
constantfor all geometric ratios a/Wj.

From the results, the influence of the interface on the evolution of K., is significant for
a/W:>0.3 and the slope evolution of graphs seems higher especially for inclination angles
between 6 =0° and 0 =60°. This slope is less pronounced for 6 >60°.

These results show that the increase ofl?eq with the ratio of crack size to the distance to the
interface depends strongly on the ratio of Young’s moduli of the two materials: under uniform
applied displacement, K, decreases when the crack inclination becomes closer to the interface
direction if the crack is located in the weakest material.

Also it is important to insist that the width ratio W,/W, has no effect on the I?eqresults and

this is connected to the boundary conditions which states that % = %
2 2
The mismatch effect concerns also the mixed mode of fracture and depends on crack
inclinaison angle.lt is important to established that normalized equivalent stress intensity factors
values in mixed mode will never exceed the ones obtained for the case of the first mode of
fracture, i.e 6 =0°.

The fact to consider geometric ratio of specimen W/W,=1.5 in mixed mode don’t have any
influence on the decreasing tendency of the stress intensity factor which is confirmed by [Kazi
Tani et al. 2009] for geometric ratio W1/W»=1 in mode I.
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3.2. Symmetric cracks in bi-material ring specimen:

3.2.1. Influence of interface position on the stress intensity factors

Figure 9 shows a bi-material cracked ring specimen where the edge cracks are located
symmetrically with a length and subjected to a compression load F. Mechanical properties of
material 1 are (Young modulus E;= 3050 MPa, Poisson ratio v,=0.39) and for material 2, we
have(Young modulus E,= 64300 MPa, Poisson ratio v,=0.33).

Geometricratio of the crack is defined by a/(R,-R;) which varies between 0.1 and 0.7,
radius ratio of ring is R,/R;= 4.0 and the thickness of the ring specimen is equal to 5mm.

Numerical model of the cracked specimen is considered with a flat edge where a pressure
of P=F/S is applied (S is the flat cross section). The resolution is performedin plane stress using
8 nodes quadratic elements, (Figure 9).The global stress for this case can be expressed with the
following relationship given by [20]:

__ 3F(Rz+Rq)
9 mB(Ry—Ry)?

(13)

The calculation of the normalized stress intensity factors is done by using the formulationK,, =
o,Vmaat crack tip A and B. Then, we obtain onthe following graphs, Figure 10 and 11
respectively for mode | and mode llat crack tip A.

Figures 12 and 13 show the same factors for the crack tip B. In each case, the SlFdata
decreasewhen the interface angle increases. A minimum appears more or less pronounced for a
normalized crack length of 0.4.

al/

Matjriau

a/ Compression loading of cracked specimen b/ FEMeshing of cracked specimen

Fig. 9. Numerical model of bi-material ring with symmetric edge cracks
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Fig. 11. Evolution of normalized stress intensity factor in mode Il (shear) at crack tip A
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Fig. 13. Evolution of normalized stress intensity factor in mode 11 (shear) at crack tip BThe
Figures 14 and 15 show the evolution of normalized equivalent stress intensity K,,, and K,z
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4,00 -
iy
3 3,50 - ¢ a=0°
I3 B a=30°
£ 3,00 - Aa=45‘:
5 2,50 - o=
k74 @ 4 a=85°
EN 500 - P ®a=8s°
= o TS ® a=120
) — o
25 [ ] a=135
3 & 150 - | u a=150°
@ A A =165°
T 1,00 - A *
g 050 - -
5 ¢ @ S c 7
2 0,00 : : : .
0 0,2 0,4 0,6 0,8
a/(Ry-R,)

Fig. 15. Evolution of normalized equivalent stress intensity factor at crack tip B

For o Llinclination angles between 0° and 85° (Figure 14), we notice that normalized equivalent
SIFK,44data are very small and present an overlap when the crack tip A grows in the material
with lower young modulus. For the case of crack tip B which is located in the material 2, the
values of normalized equivalent stress intensity factors I?qu (Figure 15) are very high and their
evolution is on progress especially for crack lengths a/(R,-R1)>0.4. Whena varies between 95°
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and 165°, the crack tip A is located in the most stiffener material (aluminium) and I?eq 5 values
are closeand quite small.

Also, it is very interesting to represent in"1 Figure 16 and Figure 17 the evolution of the
same stress intensity factors I?qu and I?qu with inclination angle a.
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Fig. 17. Effect of interface angle o. on normalized equivalent stress intensity factor at crack tip
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Figures 16 and 17 show the both zones of crack tip evolution where the interface is marked by a
vertical dashed line which corresponds to Lo = 90°. For the case where a is below 90°
(Fig.16), the crack tip A is located in the material 1 and thestress intensity factor values K,
are low and looks the same untilais near 85° where the tendency to decrease is more
significant.Nearo. =90°, wenotice that K, 4increase due to the higher stiffness. This evolution is
even more significant with crack size a/(R,-R;). Figure 17 shows the opposite evolution for
crack tip B.This is due to fact where the crack tip is located inthe weakest material.

3.2.2. Influence of material properties on stress intensity factors

The influence of material properties on normalized stress intensity factorshas been study for
o =75° and 120°, and material ratio E»/E;=2, 4 and 6 (see Fig.18-a and Fig18-b). For the case
where a = 75°, the graphs seem very close for any material ratio.

When o =120°, the crack tip A is located in the stiffer material, I?quincreases more
significantly as crack length ratio increase. The growth tendency has been presented in the
paper of [Madani et al. 2007] for the case of bi-material plate with an edge crack in term of
energy release rate variation with crack length and material ratio E,/E;.
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Fig. 18-a. Evolution of normalized equivalent stress intensity factor with crack length and
material ratio E,/E; for a=75°
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Fig. 18-b. Evolution of normalized equivalent stress intensity factor with cracklength and
material ratio E,/E; for a=120°

Finally it is interesting to study the variation of K,,4accordingto E,/E, for different values of
oand for a fixed crack length a/(R,-R;)= 0.4 (Fig.19). In this Figure, the corresponding values
to o = 90°have been calculated using Excel program based on node displacements obtained by
finite element method and equations (1) to (9). The results show that some of thegraphs followa
growthevolution when o >90° and the crack tip A is located in the stiffermaterial. For o < 90°,
the K,qavalues decrease especially when o =0°, a.=30° anda =85° where theK,,,values are

very close.
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Most of the numerical results show that compression test on the cracked ring specimen formed
by bi-material presents a continuity of normalized equivalent stress intensity factorsevolution in
term of orientation angle, stiffness ratio and normalized crack length. Then, it is much easier to
characterize the fracture strength of cracked interface.

The fracture toughness of a brittle biomaterial can be evaluate from Figure 19 according to
Young’s modulus ratio E,/E; and inclinaison angle a.. Due to the fact that we are in elastic case,
fracture toughness is given by multiplying Kega by the ratio F¢/F.mp Where F. is the critical load
and Feomp the computing load,

4. Conclusion

This study has extended the mismatch effect analyses for the mixed mode of fracture as the
published results were only concerningthe case of opening mode. In this paper, it has been
noticed that the mismatch effect can be present in the mixed mode of fracture for both cases
such as: bi-material plates with inclined crack under tensile loading and bimaterialcracked ring
specimen subjected to compression loading.

The results show that the mismatch effect depends on the crack length for bothopening
mode and on the crack inclination angle i.e the bimodality crack loading. This effect is
characterized by the tendency to decreaseof the equivalent SIF in mixed mode when the crack
tip is located in the weakestmaterial. Hence, we confirm the results obtained by [Kazi Tani et al.
2009] and experimentally by [Cirello et al. 2006] whohaveused the same specimen in the first
mode of fracturewith different width ratio.

In order to develop toughnesstests for cracked bi-materialspecimens, we have studied the
mismatch effect by using a cracked bi-material ring. The choice of this specimen is based on the
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fact that its manufacture is easy and cheaper. Furthermore, its shape allows us to change the
bimodality by a simple rotation ofthe interface to loading direction.

The results show that it can be easy to obtain specimen calibration function in order to
determine the critical stress intensity factor. The low cost of the test specimen and the execution
celerity can allow easily getting the intrinsic curve of the interface fracture for bi-material.

Nomenclature

K [MPa.m*?]: Stress intensity factor.

K, [MPa.m*?]: Stress intensity factor for the first mode of fracture.
K, [MPa.m*?]: Stress intensity factor for the second mode of fracture.
€: Bi-elastic constant of material.

E; : Young modulus of materialj.

v; : Poisson ratio of materialj.

G; : Shear modulusof material j.

u':Displacement of nodeiwith respect toxaxis.

v': Displacement of node i with respect toyaxis.

s: distance between nodes a and ¢ or a and e.

a [m]: Crack length.

W [m]: Plate wide.

Kq[MPa.m'?]: Equivalentstress intensity factor.

Req[MPa.m”z]: Normalized equivalent stress intensity factor.
Rqu[MPa.ml/z]: Normalized equivalent stress intensity factor at crack tip A.

Kqu[MPa.ml’Z]: Normalized equivalent stress intensity factor at crack tip B.
R[m]:Internal radius of cracked ring specimen.

R,[m]:External radius of cracked ring specimen.

oy [MPa]: Global applied stress

oq1 [MPa] , o4, [MPa]: are respectively the applied stress in y direction for material 1 and 2
a [°]:Inclination angle of interface with respect tox axis.

0 [°]:Inclination angle of the crack with respect tox axis.

SIF: Stress Intensity Factor

RGB: Red Green Blue

PSM1/Al: Polycarbonate/Aluminium
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Pe3ume

VY 0BOj CcTyAMjU, HyMEPUYKHA MOZEIH 3aCHOBAaHM Ha METOJIM KOHAYHHX €JIeMeHaTa Cy pa3BHjeHH
32 HEKOJIMKO IpUMEHa MEXaHHWKe JoMa. YIoTpeba y3opka ca HpCIMHOM (opMupaHor o
pasIMUMTHX MaTrepujana je oMoryhuna aHanu3y edexTa MoJoXkaja IpCIMHE pa3yMeBambe
Heroxyiapama edeKra 3a CiIydaj MEMOBHTOr pexknma Jioma. Ca apyre crTpaHe, BeoMa je
3aHUMJBMBO aHATHM3MpATH edekar nojioxaja nHrepdejca n ontepehema 3a ciaydaj mpcreHacTe
CHMETpPHUYHE y30pKa Ca IPCIMHOM MO MPUTHCKOM.

Kibyune peun: I[lykotuna, mHTepdejc, OM-MaTepHjall, MEIIOBHUTH PEXUM,(paKTOpPH jadnHe
HamoHa,edekar Heroxynapama
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