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Abstract

The presented dissertation deals with general singular stress concentrators (GSSC) namely with a sharp notch also
known as a V-notch, a sharp bi-material notch and a sharp material inclusion. The review section briefly outlines
the Kolosov-Muskhelishvili complex potential theory of the plane elasticity applied on fracture mechanics problems.
Next, the linear elastic fracture mechanics of cracks, V-notches, bi-material notches and bi-material junctions
is discussed. The review also includes the crack initiation direction and the stability criteria of the maximum
tangential stress, the strain energy density factor and the coupled stress-energy criterion. In the following text,
limits of the single parameter and advantages of the multi-parameter fracture mechanics are presented. The next
section introduces methods to determine the necessary parameters to describe the stress and displacement field
near the GSSCs. The parameters include the eigenvalue )\, and the generalized stress intensity factor Hy. The
A, is determined as an eigenvalue problem, while the methods to calculate the Hj are the W-integral and the
overdeterministic method. Both the methods are applied on the studied GSSCs and mutually compared. Finally
the criteria for crack initiation in the GSSCs are proposed in the multi-parameter form. The crack initiation
direction and the stability conditions are predicted for particular problems in numerical examples. The failure
forces for a V-notch are predicted by above mentioned criteria and compared with experimental data found in
literature. In following section methods to analyze multi-material problem are shown. The final section summarizes
with means of the crack initiation and propagation near the sharp material inclusion.

Keywords

Fracture mechanics, general singular stress concentrator, bi-material notch, sharp material inclusion, composite
material

Abstrakt

Predkladana disertace se zabyva obecnymi singularnimi koncentratory napéti a to zejména ostrym vrubem neboli
V-vrubem, ostrym bi-materidlovym vrubem a ostrou materidlovou inkluzi. V prvni ¢asti prace je struéné nasti-
néna Kolosovova-Muschelisviliho teorie komplexnich potencialii rovinné pruznosti aplikovand na problémy lomové
mechaniky. Déle je diskutovana linedrni elastickd lomova mechanika trhlin, V-vrubt, bi-materidlovych vrubti a
bi-materidlovych spojii. V resersi jsou déle zahrnuta kritéria sméru iniciace trhliny i jeji stability a to kritérium ma-
ximalniho te¢ného napéti, faktor hustoty deformacni energie a sdruzené napétové-energetické kritérium. Nasleduji
text uvadi omezeni jednoparametrové lomové mechaniky a vyhody jeji multiparametrové formy. Dalsi ¢ast predsta-
vuje metody pro urceni nezbytnych parametrii pro popsani pole napéti a posuvii v blizkosti obecného singularniho
koncentratoru napéti. Tyto parametry zahrnuji vlastni ¢islo A; a zobecnény faktor intenzity napéti Hj. Vlastni
¢islo Ap je urceno jako feseni problému vlastnich hodnot zatimco metody pro uréeni Hjy tvoii W-integrdl a me-
toda preurcitosti. Obé zminované metody jsou aplikovany na zde studované obecné singularni koncentratory napéti
a vzajemné porovnany. Kritéria pro vznik trhliny v obecném singuldarnim koncentratoru napéti jsou navrzena. V
ramci numerickych ptikladf jsou predpovézeny sméry iniciace trhliny a podminky stability pro konkrétni problémy.
Kritické sily pro V-vrub jsou pfedpovézeny pomoci vysSe zminénych kritérii a srovnany s experimentalnimi daty
v literatute. V nasledujici ¢asti jsou ukazany metody analyzy multi-materidlového problému. V zavéru prace jsou
shrnuty zpusoby iniciace a siteni trhliny v blizkosti ostré materidlové inkluze.

Klic¢ova slova

Lomova mechanika, obecny singuldrni koncentrator napéti, bi-materidlovy vrub, ostra materialova inkluze, kompo-
zitni material
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Figure 1: Locations in a composite material where a singular stress concentration is expected.

1. Introduction

Fracture mechanics has been developed following the fact that the majority of components and structures in engi-
neering application contain cracks or crack-like flaws [1]. Linear elastic fracture mechanics (LEFM) uses methods
of the linear elastic stress analysis of a cracked part to determine the conditions under which a crack, or crack-like
flaw will extend. The linear elastic analysis of a body with a crack shows that the stresses around the crack tip
vary according to 7~1/2 where r is the distance from the crack tip. It is obvious that the clastic stresses become
unbounded as r approaches the crack tip [2, 3].

As a result of the near tip stress field character of a crack, it is among so called singular stress concentrators. A
crack can be conceived as a special case of a sharp V-notch with an opening angle equal to zero. It has been found
that the stress field in the vicinity of a sharp V-notch tip (with a non-zero opening angle) also has the singular
character, nonetheless different from the case of a crack [8]. The singular stress concentrators discussed above
originate from a discontinuity in geometry. However, singular stress character in a body different from a crack can
also arise from a material properties discontinuity. This may be the case of a bi-material junction which is a model
for a sharp polygon-like inclusion embodied in a parent material. An ultimate case of a singular stress concentrator
a sharp bi-material notch is the case combining both geometrical and material discontinuities.

Nowadays we encounter a rising number of components and structures made out of composite materials. The
composite materials (or composites) consist of two or more combined constituents that are combined at a macro-
scopic level [6]. One constituent is called the reinforcing phase and the one in which the reinforcement is embedded
is called the matriz as shown in Figure 1. The reinforcing phase material may be in the form of fibers, particles,
or flakes. One of the reasons to choose composites is that for example monolithic metals and their alloys cannot
always meet the demands of today’s advanced technologies. Only by combining several materials can the perfor-
mance requirements be met as we can see in the aerospace industry where a combination of supreme structural
characteristics and low weight is critical. On the other hand, the very nature of composites (the material properties
mismatch) brings higher complexity of their description in terms of fracture mechanics.

Advanced studies of the linear elastic fracture mechanics of cracks show an influence of particular singular and
non-singular stress series terms on the fracture behavior of solids with a crack. It is shown in literature that the
first non-singular (constant) term of Williams’ stress series [9] called T-stress plays an important role within crack
behavior assessment both in the case of brittle fracture and in the case of fatigue crack propagation [11, 12, 13, 14].
Similarly, the effects of the T-stress on interfacial cracks in isotropic bi-materials were studied [15].

Contrary to this, the approaches that will be able to assess the influence of the non-singular stress terms on a
fracture initiation in the general singular stress concentrators are in the focal point to be developed. The following
stress concentrators are considered: the sharp V-notch in isotropic material, the sharp bi-material notch composed
of two isotropic materials, and the bi-material junction composed of two isotropic materials. In the case of the
general stress concentrators, the influence of the non-singular terms has not been studied sufficiently, but it is
expected as well. The stress concentrators mentioned above can model a number of typical dangerous points of
components usually responsible for their failure.

Depending on loading conditions and geometry of a component with the stress concentrator, a generalized
constraint can have a positive or negative influence. It can counteract crack initiation or it can stimulate it. Thus
assessment not covering the influence of the constraint provides overestimated or underestimated results. In the
first case the new approaches can save a certain volume of material, while in the second case the new stability
assessment can prevent a fatal damage. Thus the results of the future research can raise the credibility and extend
the application possibilities of the fracture mechanics.

As mentioned above, the general singular stress concentrators (GSSCs) exhibit a stress distribution at their tip
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similar to a crack in linear elastic fracture mechanics. Within the description of the stress distribution in the form
of an infinite series the stress singularity exponents differ from %. Similarly, the higher order terms appearing in
the stress distribution of the general stress concentrators have their generalized form (e.g. the exponent of the first
non-singular term differs from 0).

Some of crack initiation criteria of generalized stress concentrators require establishing a specific distance from
the tip of the concentrator, which depends on material characteristics (the strength and fracture toughness of the
material [23] or the size of material grain, [18, 19]). In fact, these distances are in some cases much larger than
the characteristic dimension of the domain of prevailing singular stress terms [16, 17, 21, 22]. Consequently, the
influence of the non-singular stress terms could be significant and emphasizing the necessity of their study is due to
good understanding of fracture processes at the sharp bi-material notch or the sharp material inclusion tip, Figure
2, studied within the dissertation.
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Figure 3: A coordinate system located at the crack tip and the Cartesian stress field components.

2. Review

2.1. Methods of the Kolosov-Muskhelishvili complex potential theory for plane elas-
ticity

Among various mathematical methods in plane elasticity, the complex potential function method developed by

Kolosov and Muskhelishvili is one of the most powerful and convenient methods to treat two-dimensional problems

[3, 4, 5]. In the complex potential method the displacement and stresses are expressed in terms of analytical

functions of complex variables. The basic equations of elasticity consist of equilibrium equations of stresses without

presence of body forces in the form of:

005g 004y

p— 1
B 9y 0, (1)
00yy  Ooyy 0
Ox oy

where the individual stress components together with the coordinate system located at the crack tip are depicted
in Figure 3. The relations between strains and displacements are:

Oy, Ouy 1 (Ouy | Ouy
= = —= = — - 2
Ezz (.)r I Eyy ay I Ezy 2 < (9:/./ + (.)r > I ( )

and finally the stress-strain relations are:

Ozz = N'(€za+eyy) + 2uezq, (3)
Oyy = N(€gx + €yy) + 2ueyy,
Opy = 2UEgy.

The symbol p stands for the shear modulus and A* is given by:

" 3—kK
A= EKJ - 1§ H:
where x is Kolosov’s constant defined as:
3 —4v plane strain
T {‘;’jr—z palne stress

In the expression above v is Poisson’s ratio. It is common also to use the equation (3) in inverted form, which is:

om0 (04 +022) :

zx — 5 |Oxax —V zz)]s Caxy = 7 Oxy,

& E g Jyy g y 2#0- y
1 1

G = f [Oyy — V(02 +022)], €y = ﬂayz, (4)
1 1

€2z — E [Jzz -V (Jzz + Jyy)} s Ezx = ﬂazz
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Figure 4: A coordinate system located at the crack tip and the polar stress field components.

Throughout presented dissertation, materials are always represented by linear elastic material model. The compat-
ibility equations of strains can be obtained from equation (2) by eliminating displacements as follows:
DPepy | OPeyy  20%,, (5)
Oy dx2 Ozdy
By using the stress-strain relations (4) and the equilibrium conditions (1) the compatibility condition (5) above can
be expressed in terms of stresses as:

2
V3 0us +0yy) = 0,
where V2 is the Laplace operator given by:
0? 0?
— -+ = 0
02 + 0y?

The Airy’s stress function ® is defined as:

9% 0’0 P

xTxT —7 g —7 0-"12 - 5 4
? Oz YU oy Y 9zoy
Using the relations above, the equilibrium equations (1) are automatically satisfied and the compatibility equation
(5) becomes:

Vie = 0. (6)

Any function which satisfies the equation above is called a bi-harmonic function. Once the Airy’s stress function is
known, the stresses, strains and displacements are expressed through equations (3) and (2) respectively. The solution
for the stress field has to satisfy both the equation (6) above and the boundary conditions. The main difficulty
may arise in finding the stress function which satisfies the boundary conditions of interest [1]. The problem can
be approached in reverse order, that is we can first postulate the function ®(z) and then examine what boundary
conditions are satisfied. Finally, the complex potential representation of the Airy’s stress function [3, 4, 5] is given
by:
o = R{zQ(z) +x(2)},
20 = 2Q(2) + 2Q(2) + x(2) + X(2),
where (z) and x(z) are analytic functions (also known in literature as complex potentials). Complex variable is
z = z + iy for Cartesian coordinate system and z = r(cos @ + isin#) = re*? for polar coordinate system as shown
in Figure 4. The line over the symbols stands for the complex conjugate and the symbol R {2} represents the real
part of the complex number z. Considering w(z) = x’(z), where the symbol ’ denotes the derivative by variable z,
the Kolosov-Muskhelishvili formulas for general plane problems are:
Opz +0yy = AR{QY(2)}, (7)
Opo = Oyy +iomy = 2{29"(2) +w'(2)},
KQ(2) — 2 (2) — @(2).

2p(ug + iuy)

10
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By simple algebraic operations and the choice of polar coordinate system the set of equations (7) can be rewritten
into a form used through the dissertation [43]:

O +iore = () +Q(2) - 20"(2) —J(2), (8)
ogp —iorg = Q(2)+ QY (2) +2Q"(2) + &' (2),
ur +iug = ie‘w [kQ(2) — 20/ (2) — &(2)] .

By adding the complex conjugate of first equation of (8) to the first equation of (8) we obtain the expression for the
radial stress component. Similarly we can obtain any individual stress or displacement component. The resulting
equations are as follows:

o = U (2)+ X (2) - %Q (2) — %Q (2) = %w’ (2) = %@’ (2), (9)
oo = L)+ )+ %Q (2) + gﬁ (2) + %w’ (2) + %@’ (2),

o = () - S0 () + Q%,w’ (2) - %w (2),

v = ﬁ {671 [k (2) — 20 (2) — @ (2)] + € [60(2) — 22 (2) —w ()]},

up = ﬁ {7 [6Q2(2) = 2Q(2) — @ (2)] = € [KQ(2) = 22(2) —w (2)] } -

2.2. Fracture mechanics of a crack in homogeneous media

Linear elastic analysis of a cracked body shows that for the stresses o;; near the crack tip it follows that:

where r is the distance from the crack tip as shown in Figure 3 or Figure 4. It is obvious that o;; — oo as r
approaches the crack tip [1, 2, 3]. A fundamental concept of fracture mechanics is to accept the theoretical stress
singularity at the crack tip but not to use stress directly to determine failure or crack extension. This is based on
the fact that the stress in the vicinity of the crack tip has a limit which is the yield stress or the cohesive stress
between atoms. The singular stress field is a convenient representation of the actual finite stress field if the actual
discrepancy between the two lies in a small area near the crack tip, in a so called core region as shown in Figure
5. This concept is known as small-scale yielding. Thus the validity of Hooke’s law in all areas of the body except
the core region is the basic assumption of Linear Elastic Fracture Mechanics (LEFM). When a load is applied to
a cracked body, the crack surfaces move relative to each other and there are three possible modes of crack surface
displacement as shown in Figure 6. These are:

e Mode I, the opening mode when the opposing crack surfaces move directly apart, Figure 6a.

11
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Figure 6: Basic fracture modes, (a) Mode I, opening (b) Mode II, in-plane shear (c) Mode III, out-plane shear

e Mode II, the in-plane shear when the crack surfaces move over each other perpendicular to the crack front,
Figure 6b.

e Mode III, the out-plane shear when the crack surfaces move over each other parallel to the crack front, Figure
6c.

A general case of crack tip surface displacement can be described by superimposing the three modes. In practice,
most cracks tend to grow in Mode I, [1]. In order to describe the stress field in a cracked body a suitable Airy’s
stress function has to be found as discussed in sub-section 2.1. Consider an infinite plate with a crack along the
z-axis as shown in Figure 7. The solution proposed by Westergaard begins by defining the stress function Z(z) in
the following form:

Z(z) = 29'(2)
If both the loading and geometry are symmetrical about the z-axis, then o, = 0 along y = 0 and it follows that:
R{Z(2)} —yS{Z'(2)} - 4,
R{Z(2)} —yS{Z' ()} + 4,
ooy = —yR{Z'(2)},

where A is a real constant. The symbol ${z} denotes the imaginary part of the complex number z. The suitable
function for given geometry and boundary conditions is:

B(2) = 0Oulz—a?(z®—a?) V).

9
8
3]

|

Then the near-tip solution for the stress components is given by:

o = £COSQ<1—SinQSin%>
o 2mr 2 2 2 )’
K . 30
Oyy = 5 cos 5 <1 + sin 5 Sin 7) ,
K 0 . 0 30
Oy = Nore cos 5 sin o cos -

The detailed determination of equations above can be found in [1, 3]. The near-tip displacements are obtained
similarly, therefore:

K 0 36
Uy = Fy= l:(Qli—l)COS§ —COSE:| ,

K 0 36
Uy = 8#—7]' |:(2/<J + 1) sin 5 — sin 7:| .

12
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Figure 7: Central crack in an infinite sheet under uniform biaxial tension.

Thus the formal definition of mode I Stress Intensity Factor (SIF) is:
K = li_r>r(1)\/27rrayy (0=0).

Simple analysis reveals that the unit of SIF is [K;] = MPa - m?. The Williams’s stress function [8, 9] is a generalized
form of the Westergaard’s stress function [1], stresses are expanded into a series. The Airy’s stress function has the
following form:

o = ) rE(0),
k=0

where ), is eigenvalue and F}, () is corresponding eigenfunction. The solution of the bi-harmonic equation (6) is
given by:

Fr(9) = Agsin(Ag +1)0+ By cos(Ax +1)0 + Cy sin(Ay — 1)0 + Dy, cos(A, — 1)6.

For Mode I crack problems, the constants Ay and C}, are zero. It can be shown [3] that for the nontrivial solution
of the remaining constants By and Dy the characteristic equation of the eigenvalue Ay is:

sin (2A\gm) = 0.
Thus the roots! of this equation are A\, = %, k=1,2,... Finally the Williams’s stress series can be written as [2]:

K > k
oij = —=—=fi (0)+ D ker2gij (0),
J \/ﬁf J ( ) kgo J ( )
where the f;; (6) and g¢;;(6) are eigenfunctions. Analysis of stress term behavior when r — 0 indicates that the
first singular term becomes unbounded, the term of stress intensity factor k; with k = 0 is constant and the other
higher terms (k > 0) disappear. Nevertheless, as for Westergaard’s solution, the stress field in the vicinity of a crack
tip is dominated by the leading term of the Williams’s stress function.

Determination of the stress intensity factors

In general there are two methods how to determine SIFs by finite element analysis of a homogeneous body with a
crack. In the first case the mid-side nodes of a special triangular plane element are moved to the 1/4 points as shown
in Figure 8. Such a modification results in a 1/+/r strain singularity, which enhances the numerical accuracy of the
solution. Then the numerical determination of the stress intensity factor by fitting into the analytical relations is
usually a built-in part of an FE system postprocessor. The second widely used option of SIF calculation without
a need for special elements is its determination by the contour integral. The path integration sufficiently far from
the singular point mitigates incorrect results of FEM in the closest vicinity of the singular stress concentrator.

LOnly the positive values of \j, are considered. The negative values would lead to infinite displacements at the crack tip and A\, = 0
leads to unbounded strain energy [3].

13
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Figure 8: Special triangular elements with shifted mid-side nodes.

Criteria of crack propagation direction

Maximum tangential stress criterion. The path of a crack in homogeneous material is sometimes curved.
Generally we can say that a crack tends to propagate in Mode I of loading [1, 2]. Thus for the case of a crack
subjected to a combined loading mode, the crack deflects towards the direction corresponding to a normal loading
mode. The criterion of the maximum tangential stress used for determination of crack propagation direction is
based on the assumption that a crack will propagate in the direction where the stress opening the crack will reach
its maximum [26]. The angle 6y of further crack propagation must meet the following conditions:

3099)
Z700 = 0,
< 00 ) 4y,

02090
<892 >9:90 <0

Strain energy density factor. Another method to predict crack propagation direction is to use Sih’s Strain
energy density factor (SEDF), it states that the crack will propagate in the direction of minimal value of SEDF

[57):

9%y
<W>HO >0

where the SEDF can be calculated using stress components as:

1
Y = 7r[20000m(k— 1)+ (055 + 02.)(k+ 1) + do7y] & (10)
and k is constant defined:
- 11_—1/ 2v  plane strain . (11)
it palne stress

Stability criteria

Critical value of stress intensity factor. A crack does not propagate if the value of the stress intensity factor
K7 is below its critical value Ki.,it. The critical value Ki..it can be represented by the fracture toughness K¢ for
cases of brittle fracture or by the threshold value Ky, for fatigue crack propagation®. Then the stability criterion
is:

K1 < Kiait (12)

2In the case of fatigue crack propagation, the stability condition is written AK; < Kr4, where the AK7 is the stress intensity factor
range. The condition is valid for stress ratio R = 0.

14
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Figure 9: The sharp homogeneous notch with a Cartesian and polar coordinate system at its tip.

Critical value of strain energy density factor. The Sih’s stability criterion states, that the crack will prop-
agate when the SEDF X reaches its critical value Y¢i:

Yo< Bt

The critical value of SEDF ¥, is material parameter, which can be determined in relation to the critical value of
Kieit for given material:

2
Soiy = et (13)
dmp

2.3. Fracture mechanics of V-notch and bi-material notch

In the following we consider the geometrical and material configuration of a sharp homogeneous notch or sharp
bi-material notch as shown in Figure 9 and Figure 10 respectively. In following text we will intentionally omit the
word sharp, however both the homogeneous and bi-material notch are always considered sharp, i.e. with a zero
notch radius throughout this dissertation. Please note that the sharp homogeneous notch is often referred in the
literature by simplistic V-notch which will be also used in this text. The geometry of a V-notch is characterized by
the angles v; and 5 and complementary opening angle 2a. The case of a bi-material notch has three geometric
parameters 1, 72 and 3 and complementary opening angle 2a. The material properties are given by the elastic
constants of Young’s moduli and Poisson’s ratios. The solution mostly presupposes the approximation of plane
strain or plane stress. For the case of a bi-material notch a perfect bonding (displacement and traction continuity)
is assumed at the interface. The material characteristics, therefore, change by step at the interface. Furthermore,
the notch surfaces are traction-free. Stress distribution in the case of a V-notch or bi-material notch [17, 27] is given
by:

n

I
(2 A kZZI \/ﬂr P fzjk (9) (14)

where the indices (i,5) = (r,0) are polar coordinates. The symbol H stands for the Generalized Stress Intensity
Factor (GSIF) with the unit of [H;] = MPa.mP*. The f;;x () is the angular eigenfunction, which is dimensionless.
The stress singularity exponents are given by:

pe = 1-X

where Ay is the kth eigenvalue of the problem, which is real or complex number. In most of the geometrical and
material configurations of V-notches and bi-material notches there are two real stress singularity exponents p; and
po in the interval (0, 1) corresponding to the singular terms of the series [28]. Higher order eigenvalues can be either
real or complex numbers. Since its real part is greater than one, these eigenvalues correspond to the non-singular
higher order terms. The Figure 23 on p. 35 shows the dependence of real and imaginary part of the eigenvalues \j
on the notch opening angle 2a for the V-notch. Similarly in Figure 24 on p. 36, the resulting eigenvalues for the
bi-material notch are depicted.
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Figure 10: The sharp bi-material notch with a Cartesian coordinate system at its tip.

Determination of the stress terms order

As mentioned above we consider that notch surfaces are traction-free and the interface between the materials is
perfectly bonded (ideal adhesion). The eigenvalues of V-notches or bi-material notches are gained from a numerical
solution of so the called characteristic equation depending on the geometry and material properties of the notch
[29, 30, 31]. An effective tool to describe problems of isotropic plane elasticity is the Muskhelishvili’s complex
potential theory [4, 5, 7]. Another advantage of the stress-displacement field description by the complex potentials
is the effortless handling of the complex eigenvalues and the corresponding complex stress singular and non-singular
exponents. For the case of a bi-material notch the characteristic equation originates from equations enforcing zero
stress at the ith notch free surfaces, traction (both oy and o,9) and displacement continuity at the interface. In the
above-mentioned (and other) publications the exponents corresponding to the singular stress terms are described.
The stress exponents of higher order (non-singular) terms will be determined within the dissertation from a set
of the boundary conditions corresponding to a particular problem [32]. The determination is shown in detail in
sub-chapter 4.2 on p. 27.

Determination of the stress intensity factors of particular stress terms

Methods for determination of the stress intensity factors of cracks are generally available in FEM commercial
systems. However, in the case of GSSCs, no simple method incorporated in FEM systems exists, and the amplitudes
of the stress terms must be determined via direct or integral methods e.g. [33, 36, 37, 38] . Both direct and integral
methods are combination of FEM and analytical approaches. For the case of determination of non-singular terms
the direct methods must be further modified. The direct method called the overdeterministic method (ODM) is
based on the solution of overdetermined system of linear equations by least-squares method [36]. The ODM has
been chosen for the study especially because of its minimal requirements for the FE software (there is no need to use
any special crack finite elements like the one depicted in Figure 8). The system of linear equations can be written:

FiomxnHp) = pom)

where Fa,,xy) is the matrix composed of the analytically determined eigenfunctions for displacements in radial
and tangential direction. Hj, is the unknown vector of GSIFs. On the right hand side stands the vector uyp,, of
radial and tangential displacements calculated by means of FEM?. Since 2m > n the system is overdetermined as
stated above and the unknown vector Hj, is calculated as a least square solution. In principal, the GSIFs can be
determined by taking both displacements and stresses from FEA. In such cases the matrix F|2,,,x) has to contain
the eigenfunctions for both displacements and stresses. However, the displacement results from displacement based
FE system should be more accurate than stress results, which are in that case derived from displacement results.
Therefore the ODM based on displacement results only is sometimes preferred. See p. 44.

An alternative method of choice to determine GSIFs is the two state path independent integral, also called
W-integral. The successful application of the W-integral is conditioned by the knowledge of the so-called regular and
auxiliary solutions of the above-mentioned eigenvalue problem, [39], following from the stress analysis of the notch

3Index m does not represent material number m, it is used due to lack of useful indices.
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tip. By means of the U-integral kth GSIF can be calculated as:
(T, M f (0))
W (2 fiji(0), = f74.(0))
where uF is the FEM solution, f;;1() is the eigenfunction by ordinary analytical solution and fi;k(ﬂ) is the one

given by auxiliary analytical solution. Both analytical solutions will be described via Muskhelishvili’s formalism. If
U and V are two elastic solutions, the W-integral is defined as:

vO,V) - % /F (o(U)nV — o(VInl)ds,

H, =

where 7 is a normal pointing towards the origin [23]. Calculations of GSIFs based on the W-integral method require
extracting the FEM results along the path sufficiently far from the notch tip, where the FEM results are rather
accurate (which is also the region where not only the singular terms of the stress expansion are dominant). See p.
38.

Criteria of crack initiation direction and stability criteria

A V-notch, bi-material notch and a crack in homogeneous material are all the singular stress concentrators. Thus
we suppose that the mechanism of crack initiation in a V-notch or bi-material notch is the same as the mechanism
of crack propagation in single material. The criteria of the direction of crack initiation at a V-notch or bi-material
notch tip and the criteria of the stability of a V-notch or bi-material notch are derived in analogy to the approaches
of a crack in homogeneous material. The criteria of the direction of crack initiation in these cases will be described
in detail in sub-chapter 4.2 on p. 55. Note that the definition of the stability of notches means determination
of conditions under which a crack initiates from the notch tip. Contrary to the case of a crack, in the case of a
V-notch or bi-material notch, the stress singularity exponent changes as a step function during crack initiation.
The stress singularity exponent of the initiated crack differs from the original exponent of a V-notch or bi-material
notch. Moreover, in the case of a bi-material notch, each stress term in (14) represents an inherently combined
loading mode (the function f;;x (6) contains both odd and even terms). Note that the dimension of generalized
stress intensity factors is [Hy] = MPa . mP* and depends on py. All these facts lead to the conclusion that it is not
possible to describe the behavior of a V-notch or bi-material notch by applying the standard (classic) approaches
of the (crack) fracture mechanics. The general principle of stability assessment of a GSSC was introduced in [41].
The classic fracture mechanics approach of comparison of the stress intensity factor K7 with its critical value Kigit
(12) is generalized to the following relation:

Hy (Gappl) <  Hicrit (Kierit) - (15)

The stability condition can be understood in the following way. A crack is not initiated at the notch tip if the
value H; is lower than its critical value Hy . The value Hy (0,pp1) follows from a numerical solution and depends
mainly on the level of external loading and on the global geometry. Its critical value H; it depends on the critical
material characteristic K¢ or Kpp and has to be deduced with the help of the controlling variable L, see [41].
The controlling variable L needs to have a clear and identical physical meaning in the case of assessing both a
crack in homogeneous material and a V-notch or bi-material notch. With respect to particularities of a V-notch
or bi-material notch following controlling variables L were chosen: (i) the mean value of the stress component gy
and (ii) the mean value of the strain energy density factor ¥. These two have been found suitable controlling
quantities to derive generalized multi-parameter fracture mechanics (see below) of V-notches or bi-material notches
in the dissertation. The alternative approach is to use (iii) coupled stress-energy criterion by Leguillon [23], which
states that both the energy and stress criteria are necessary conditions for fracture but neither one nor the other
are sufficient. The fracture occurs when the two criteria are fulfilled simultaneously, together they form a sufficient
one. With consideration of single real governing term of the stress series, the Leguillon criterion can be written?:

GC 1—X oc 22—1
< <A(2a,90)> <f99 (90)> ’

where G is material toughness and o¢ is material strength. The coefficient A (2« 6p) is a scaling term dependent on
local geometry (2a) and the direction of crack initiation . Its determination is further commented in sub-chapter
4.2 on p. 59.

4Single real governing singularity term is assumed, which occurs for instance in the case for a symmetric loading [23].
g g g sing y Y g
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Figure 11: Bi-material junction as a model for a sharp material inclusion.

2.4. Fracture mechanics of sharp material inclusion

The literature review of the sharp material inclusion fracture mechanics revealed that only limited research had
been focused on this field of interest. In the studies found, attention is mostly paid to the order of singularity
determination of a sharp material inclusion model, a bi-material junction, which is the special case of a multi-
material junction [42, 43]. Even fewer studies regarding stress series terms calculation have been found [44] and
none that would describe crack initiation direction or a stability condition formulation. Establishing these will be
in the main focus of the dissertation. The geometry of a bi-material junction as shown in Figure 11 is characterized
by angles 79, 71 and 2. Analogically to the case of the sharp notch, complementary opening angle 2« is defined.
The joint has two interfaces and no free surface. The material is considered as linear elastic and fully described by
Young’s moduli and Poisson’s ratios in terms of elasticity. Perfect bonding is assumed at the interfaces. The material
characteristics change by step at each interface. Displacements and tractions are assumed to be continuous. The
solution mostly presupposes the approximation of plane strain or plane stress. In this dissertation, the bi-material
junction tip is always presumed to be sharp. The stress distribution in the case of a bi-material junction is given
by the asymptotic expansion [42]:

- Hy 5,1 H;
\/ﬂ fwl (9)+ \/Q_T fZJQ (9)+ \/ﬁ
where the indices (i,5) = (r,0) are polar coordinates. The symbol Hj again stands for the GSIF. Please note
that this expansion is identical to the one for a bi-material notch, just the exponents of the singularity are not
denoted by symbol pr = 1 — A\; anymore. Generally, the eigenvalue \j is a complex number. For A\j satisfying
0 < R (Ar) < 1, the corresponding stress term is considered singular. For A\ where 1 < R (\x) the corresponding
stress term is considered non-singular. The dependence of the eigenvalues for the bi-material junction of given
bi-material combination on opening angle 2a has been calculated for one particular bi-material configuration in
Numerical example A. It is shown in a Figure 63 shows on p. 63.

/\3_1fij3 (9)+ ey (16)

0ij

Determination of the stress terms order

We consider that the interface between materials is perfectly bonded (ideal adhesion). The eigenvalues are gained
from a numerical solution to the characteristic equation depending on the geometry and material properties of a
bi-material junction [42, 43, 44]. Similar to the case of a V-notch or bi-material notch, an effective tool to describe
problems of isotropic plane elasticity is the Muskhelishvili’s complex potential theory [5, 43]. The characteristic
equation originates from equations enforcing stress and displacement continuity at the ith interface I';. The stress
exponents of singular and higher order (non-singular) terms will be determined within the dissertation from a set
of the boundary conditions corresponding to a particular problem as shown in detail in sub-section 4.3 on p. 70.

Determination of the stress intensity factors of particular stress terms

As in the case of a V-notch and bi-material notch the overdeterministic method [36] is an appropriate method
to be used for stress terms determination. An alternative method of stress terms determination for the case of
a V-notch or bi-material notch, the path independent W-integral can also be applied to the case of a bi-material
junction. We previously assumed that this integral method cannot be applied, because of the non existing free

18



Ondrej Krepl Review

X\&Z

Y1

‘crack Y Material II ~

Srssssss 000007

Figure 12: Crack terminating at the inclusion/matrix interface.

surfaces. However by prof. Leguillon it has been shown that it can indeed be applied as it will be explained
later in the text. Nevertheless, to author’s best knowledge, these two methods for GSIFs determination has been
applied to V-notches or bi-material notches only. Its application to multi-material junctions will be a subject of the
dissertation. A method of stress intensity factor determination based on the quantity of II was proposed in [44],
but this method does not give reliable results when all of the eigenvalues are small. See details on p. 75 for the W-
integral and p. 82 for the ODM.

Criteria of crack initiation direction and stability criteria

A sharp material inclusion is regarded as a singular stress concentrator, which is represented by a model of a bi-
material junction. As in the case of a V-notch or bi-material notch the criteria of the direction of crack initiation
near the bi-material junction tip and the criteria of the stability of bi-material junctions are derived in analogy to
the approaches of a crack in homogeneous material. Again, the mechanism of crack initiation from the bi-material
junction tip is presumed to be identical to the mechanism of crack propagation in single homogeneous material. The
stability condition of a bi-material junction suggests the condition when the crack is initiated from the bi-material
junction tip. Analogical to the case of a V-notch or bi-material notch, the stress singularity exponent changes as
the step function during crack initiation. The stress singularity exponent of the initiated crack differs from the
original exponent of a bi-material junction. Since an inherently combined loading mode is observed in majority
of cases it is generally speaking not possible to separate the modes from each other (possible only in e.g. the
symmetrically loaded symmetrical bi-material junction). Moreover, the dimension of generalized stress intensity
factors is [Hgx] = MPa.m™ ~'and depends on Az — 1. The discussion above indicates that the classic approaches
of LEFM cannot be applied directly and have to be modified. The stability assessment of a GSSC as it is defined
in (15) for notches can be utilized for the case of a bi-material junction. Then the controlling quantity L regarding
the identical physical meaning for a crack in homogeneous material and a bi-material junction has to be chosen,
approaches (i) or (ii). Similarly as in the case of a V-notch and bi-material notch, coupled stress-energy criterion
can be used to assess the stability of a bi-material junction, (iii). Note that this model will contribute to a complete
description of fracture behavior near the sharp material inclusion (see Figures 83-86 on p. 96). The following four
models can be utilized:

« interfacial crack

o crack with its tip at a bi-material interface (see Figure 12)

o bi-material notch

e bi-material junction
The former two are described in literature, while the latter two are not described sufficiently and will be a part of
the dissertation. See also the chapter 4: Methods on p. 24.
2.5. Limitations of single-parameter fracture mechanics

The area near the crack in which the stress field is precisely described only by a singular term is known as the
K-dominated region (in the case of fracture mechanics of cracks). A similar region can be found near the notch tip
or the bi-material junction tip, and it is again a region where the singular stress terms dominate as illustrated in
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singular stress terms dominated region

Figure 13: Region of domination of singular terms ahead of a crack and a notch or an inclusion, where stress is
precisely described by singular terms only. Dashed line describes the singular terms solution.

Figure 13. This region with dominating singular terms is one of the building blocks of classic fracture mechanics.
However, some criteria based on the parameter of a specific distance from the singular stress concentrator tip require
sufficiently precise knowledge of stresses further away from the notch tip. In fact, this means that a description
only by a singular term may not be sufficient to describe stresses precisely enough and therefore to assess reliably
the stability of a dangerous point. Single-parameter fracture mechanics is not sufficient in the case of assessment
of crack initiation and propagation in silicate-based composites. In these quasi-brittle materials a fracture process
zone ahead of a crack has a larger size (in the order of millimeters) than a plastic zone occurring in the case of
metallic materials (typically from micrometers to 1 mm). For this reason, stress distribution must be described
reliably in a larger area ahead of the stress concentrator by singular and non-singular terms.

Another question arises in the case of a free-edge singularity, which can be modeled as the bi-material notch with
the opening angle 2ac = 180° and as illustrated in Figure 14. This geometrical configuration leads to the existence
of one singular term. When considering only singular stress terms, the crack initiation direction 6y resulting from
generalized fracture mechanics assessment depends on the ratio Ha/Hq, see [32]. Thus for the existence of only one
singular term, the crack initiation angle is independent of the direction of external loading. This fact should not
correspond to reality. Further (non-singular) terms are a promising tool to cover the influence of the direction of

external loading in this case.
ateria,
-
71
2a0 | 72 ( d /
Material H/é/

o

Figure 14: Free edge singularity, where 2ac = 180°. The angles v; = 90° and v, = 180°.

2.6. Multi-parameter fracture mechanics
Multi-parameter fracture mechanics of a crack (T-stress)

In 1952 Williams described the stress field around the notch tip for linear elastic materials as a set of infinite series
expansions [8]. If the notch angle becomes zero, i.e. 2a = 0° , the notch turns into a sharp crack as shown in Figure
15. The Cartesian coordinate system form of the equations for a crack in mode I loading is given by:

20



Ondfej Krepl Review

N

Figure 15: Crack in homogeneous material.
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The first term in each stress component expansion for which n = 1, is singular while the higher order terms are
non-singular. The second term of Williams’s solution for which n = 2, often called T-stress, is a constant term
independent of the distance from the crack tip. The previous studies on the fracture assessment of cracked bodies
have shown that in addition to the singular term, T-stress may significantly affect the process of crack growth. For
example, Larsson and Carlsson in [45] investigated the effect of T-stress on the size and shape of the plastic zone
in Mode I loading. Similarly, Bétegon and Hancock in [46]. Ayatollahi et al. in [47] also showed T-stress could
influence the initiation of brittle fracture. Furthermore, it has been shown that in loading Mode I T-stress is an
important parameter for the stability analysis of the fracture trajectory (Cotterell and Rice, [48]). They suggested
that for positive values of T-stress, the fracture trajectory gradually deviates from the line of the initial crack. In
contrast, specimens with negative T-stress exhibit a stable fracture path. Calculations of non-singular terms were
performed using various methods [49, 50, 51].

Multi-parameter fracture mechanics of V-notches and bi-material notches

The effects of non-singular terms on the behavior of cracks have been assessed by many researchers. Despite this,
almost no results have been reported concerning the role of non-singular terms in the stress distribution description
around GSSCs such as V-notches or bi-material notches. The only notable works are related to Kim et al. and
Ayatollahi et al. In [52] Kim et al. studied the effect of the first non-singular term of Mode I on the size and
shape of the plastic zone around a V-notch. Ayatollahi et al. [27, 53] studied the influence of the presence of
generalized T-stress (so called I-stress) on stress distribution in the case of a V-notch. In [54] Ayatollahi used the
photoelasticity method to determine the higher order stress terms in bi-material notches. Further, they used the
overdeterministic method for calculating the generalized stress intensity factors and the coefficients of the higher
order terms for structures containing V-notches [36] and presented the first studies of evaluation of the eigenvalues
of the first non-singular term for bi-material notches [55].

Multi-parameter fracture mechanics of a sharp material inclusion

Multi-parameter fracture mechanics of a bi-material junction is not available in literature (according to our knowl-
edge). However, methods describing the behavior of GSSCs near the sharp material inclusion are required for a
reliable description of their fracture behavior. Multi-parameter fracture mechanics is indispensable in the case of
assessment of crack initiation and propagation in silicate-based composites. In this case the fracture process zone
ahead of a crack has a larger size than a plastic zone occurring in the case of metallic materials. For this reason,
stress distribution must be described reliably in a larger area ahead of the stress concentrator. Multi-parameter
approaches provide a simple way to ensure this.
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Summary of the state of the art

This review briefly describes current trends in extension of the classic linear elastic fracture mechanics to general
singular stress concentrators. Possible approaches of stress term order determination are discussed with the main
attention focused on the Muskhelishvili’s complex variable function methods and all of its benefits. In terms of the
non-singular terms in the case of a V-notch and bi-material notch this short literature review seems to be rather
complete. The above-mentioned papers deal with initial studies of this field of problems, but they cover only a
small group of geometrical and material configurations of the concentrators. However, for the case of a bi-material
junction in comparison to bi-material notches a noticeably smaller amount of research has been performed. A very
limited number of studies has been concerned with the singular stress terms determination and none has been
published regarding the effect of the first non-singular term on the fracture behavior of a bi-material junction.
Further, there is no study dealing with the stability criteria or the criteria of crack initiation direction or dealing
with it comprehensively both from the theoretical and numerical point of view. Finally, there are no studies or
papers (as far as we know) concerning the effect of higher order terms on the fracture behavior of bi-material
junctions (or sharp polygon-like inclusions in general). The works [27, 36, 52, 53, 54, 55] published in 2009-2011
prove the topicality of the problem. Further it demonstrates that additional research of the problem will lead to
innovative and up-to-date results contributing to higher credibility of fracture mechanics of general singular stress
concentrators.
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3. Aims of the thesis

On the basis of the literature survey, the aims of the research conducted within the PhD study were proposed as:

(i) formulation of multi-parameter fracture mechanics approaches for a V-notch or bi-material notch
a. determination and study of stress exponents of singular and non-singular terms

b. modification of methods for calculation of stress terms factors

c. derivation of multi-parameter criteria for crack initiation direction

d. derivation of multi-parameter criteria of stability

(ii) formulation of multi-parameter fracture mechanics approaches to a bi-material junction
a. determination and study of stress exponents of singular and non-singular terms

b. modification of methods for calculation of stress terms factors

c. derivation of multi-parameter criteria for crack initiation direction

d. derivation of multi-parameter criteria of stability

(iii) developing a complete description of crack initiation and propagation near a sharp inclusion

The generalized stability criteria determining the crack initiation conditions will contribute to overall assessment
of V-notches, bi-material notches and bi-material junctions. The influence of the subsumption of the non-singular
terms in analytical-numerical assessment will be described both qualitatively and quantitatively. The research
is motivated by the attempt to enhance the safety of constructions or parts made of composite materials. The
application of the results of the research in structural design will lead to better utilization of material volume and
thus e.g. to weight reduction of components.
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4. Methods and results

4.1. Fundamental equations to describe general singular stress concentrators

In general, there are three different methods to analyze stress singularities in terms of the asymptotic analysis,
namely the eigenvalue expansion method, the Mellin transform technique and the complex function representation.
The application of the eigenvalue expansion method was studied by Williams on reentrant corners in plates in
extension [8] and on crack problems in [9]. Mellin transform technique was applied on some problems by Hein and
Erdogan in [10] and by Pageau et al. in [42]. All three approaches were clearly summarized by Paggi and Carpinteri
in [43]. This dissertation deals from now on with the complex function representation method. Please recall the
Kolosov-Muskhelishvili’s equations (8) for plane elasticity on p. 11. We assume functions Qg (2) and wgm, (2) of
complex variable z in the form of:

Qi (2) = Lemz™ + Lkmzx’“, (17)
WEkm (Z) = ]\ka'z/\lC + Nkmz/_\k~
where the I, Lim, Mg and Ng, are unknown complex constants. The subscript k& denotes that the particular
constant that belongs to kth eigenvalue Ax. The m defines quantities referred to the material sector m. These com-
plex functions (17) are substituted into the Kolosov-Muskhelishvili equations for particular stress and displacement
component, Eq. (9) on p. 11. The first and second derivative of the functions (17) and their complex conjugates

are found in Appendix A.1 on p. 105 as well as the detailed derivation of following expressions for stress (18) and
displacement components (19) written below:

(18)

1 4 _ 4 4 _ 4
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Let’s write down the most general, complex form of Williams’s expansion describing stresses near a GSSC:
o (r,0) = > {7 fin(0) + Hir™ fin(6) } (20)
k=1

By using the superposition principle we consider the equation which consists of kth quantities (18) as an individual
kth contribution to the actual stress field near the concentrator. This contribution is represented as a kth term of
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the stress series (which contains kth eigenvalue, eigenfunction and GSIF). A V-notch consists of one material only,
therefore the index m is omitted. For the case of a bi-material notch or a bi-material junction m = 1,2. Please
note that in this series we intentionally do not factor out the constant 1/v/27 in contrast to form of the series of
a bi-material notch as written in Eq. (14) on p. 15 or the series of a bi-material junction Eq. (16) on p. 18. We
found the upper form of the series more convenient to work with. The conversion of GSIFs calculated in this work
to form used sometimes in literature (the terms with out-factored constant 1//27) is easy. It just requires division
of individual Hy by v2x. In the case of a bi-material notch we define the angular eigenfunction and its complex
conjugate for stress expansion in terms of material regions as:

fiji (0) (21)

fije1 (0) 71 <0 <72
fijr2 (0) 72 <0 <73’

- fijer (0) m <6<
ik (0) = = ,
i (6) {fijkz 0) y2<<ns

where the angles v1, 72 and 73 are described in Figure 10 on p. 16. The case of a bi-material junction, the
eigenfunction and its complex conjugate are defined:

fijk1 (0) v <0<m

, 22
Jijk2 (0) M <0< (22)

fiji (8) = {

. fisk1 (0) 70 <60 <m
fign (0) ;
fijk2 (0) m <0<y
and the angles 7o, 71 and 72 are described in Figure 11 on p. 18. By comparison of expansion (20) with equations
(18) and (21) or (22) we define eigenfunctions fijrm (0) and fijrm () in terms of complex constants Iy, Lim, Mim

and N, as:

(23)

Jrokm (0) = % {_Ikm/\k (O — 3) @O _ L ae (e — 3) e #0%=1) _ f,\, e ®Ou+1) Nkm/\ke_ig(AkJrl)]
Pt 6) = & [~ (o = 3) 70 = 1,3, (o = 3) 9081 — i By i000) -, 3, (0)].
frokm (0) = 2% {]km/\k O — 1) €06 D _ T (A — 1) e @06 g3 g0t Nkm/\ke_ig(AkJrl)] ’
Frokn 0) = g2 [~Tine (b= 1) €705 4 Ly i (i — 1) €200 — Wi e 0051) 4 N 3?04
foorm (0) = % [Ikm/\k e +1) @D D (A + 1) e 080 A Mgt et Nkmx\ke_w“k“)} ,
Joorn (0) = % ka;\k (e +1) e @O0 4 Ly N (g +1) €906 =1 4 M e 0O 41) 4 Nkm;\kew(iwl)} .
Similarly the most general complex form of expansion describing displacement field a GSSC is:

u; (r,0) = i {HkrA’“fik(H) + ﬁerkﬁk(é))} . (24)

k=1

Again, a V-notch consists of one material only, therefore the index m is omitted, while for the case of a bi-material
notch or a bi-material junction we have m = 1,2. Thus for a bi-material notch we define the angular eigenfunction
and its complex conjugate for displacement expansion in terms of material regions as:

Fir(0) = {fim (0) v <0< (25)

fira (0) 72 <0<ns’
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7 fir1 (0) 71 <0<
w(0) = 9% )
fus (6) {fikz(H) Y2 <0 <3

where the distinct material regions are illustrated in Figure 10. For the case of a bi-material junction we write the
eigenfunction and its complex conjugate as follows:

fik1 (0) v <0<m
ik (0) = , 26
fus (6) {fikz(e) m <0<y (26)

7 fir1 (0) v <0<
fe(e) = Jfm (@ n
firz (0) M <0<
For the description of angles 79, 71 and 792 see Figure 11. Finally by using the superposition principle and by

comparison of expansion (24) with (19) and (25) or (26) we define the eigenfunction firm, (¢) and its complex
conjugate firm (f) in terms of complex constants as:

Form (0) = 4%” |:Ikm (o — M) €9C8=D L T (e — M) e~ 061 _ pp oi0Ont1) _ Nkme—ie(xﬁl)] . (27)
frkm ) = Mim ka (/@'m . ;\k) e—ié)(/_\k—l) + L, (K:m _ ;\k) eif)(/_\k—l) _ Mkme—if)(/_\k+1) _ Nkmeif)(;\k+1)} ’
Form (0) = 4i;m |:Ikm (o + M) €008 F e 4 A) e 00K | g, 00wt _ Nkme—ie(xwl)] ’
forxm (0) = 4@,;7” {—fkm (Km + k) em10(Ae—1) 4 L, (Km + Ar) ¢?(Ae—1) _ Mkme_w(xkﬂ) + Nkmeig(xkﬂ)} .

In sake of completeness, let’s write down the real form of the stress series, i.e. for Ay, € R and Hy € R:

oy = ZHkrA’“_lffjk(é)), (28)
k=1

where the stress eigenfunction f

+i1. (0) is for different material regions m = 1,2 of a bi-material notch defined as:

fra(0) = fiik 0) <<y
K Tk (0) 72 <0 <73

while for the case of a bi-material junction we have:

fk‘k (9) _ ;;‘kl (9) Yo < < ! )
N k2 (0) <0<

The stress eigenfunction f;  (0) is defined:

Jrokem (0) = frrkm (0) + firrkm 9), (29)
Troem (0) = frorm (0) + f;rf)km @),
Toorm (0) = fookm (0) + foorm (0),

where eigenfunction f;jrm (6) and its complex conjugate fijkm (0) are found in set of equations (23). For a V-notch
the same equations apply, only the index m is omitted. Similarly the real form of the displacement series, i.e. for
M. € Rand H, € R is:

up = ZHkr/\kfi*k(e)a (30)

k=1
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where again the displacement eigenfunction f}; (0) is for different material regions m = 1,2 of a bi-material notch
defined as:

ffkk (9) _ szjl (9) T < 0 < Y2
' 52(0) 72 <0<

and similarly for the case of a bi-material junction we have:

ffkk (9) _ szjl (9) Yo < 0 < 71 )
' 52 (0) M <0<

Finally the displacement eigenfunctions f7 . (6) are defined:

Friem (0) = frkm(9)+firkm(9),
form (0) Jorm (0) + form (0),

where eigenfunction fir,, (#) and its complex conjugate fix,, (8) are found in the set of equations (27).

4.2. Formulation of multi-parameter fracture mechanics approaches for V-notch and
bi-material notch

It follows from the literature survey that the fracture mechanics behavior of V-notches and bi-material notches is
well known considering singular stress terms. Non-singular terms are rarely considered, the mentioned publications
[36, 52, 53, 54, 55] cover only a small group of geometrical and material configurations of the singular stress
concentrators. Further, there is no study dealing with the stability criteria or the criteria of crack initiation
direction or dealing with it comprehensively both from the theoretical and numerical point of view. Within the
dissertation it is necessary to determine stress terms exponents, calculate factors of particular stress terms, derive
the criteria for crack initiation direction and the criteria of stability.

Stress terms exponents determination and study

The exponents of series terms depend only on local boundary conditions, i.e. are independent of the applied
loading and global geometry. The stress exponents of higher order (non-singular) terms will be determined within
the dissertation from a set of the boundary conditions corresponding to a particular problem [32, 42, 43]. The
boundary conditions of the V-notch are:

ook (1, 71) (31)

(
orok (r,m) =
aook (r,72) =
(

oror (1,72) =

oS O O O

for Vk, where the angles 77 and 79 defines position of the notch faces and are depicted in Figure 9 on p. 15.
Specifically the equations above enforce zero traction at both free surfaces of the notch. Similarly, the boundary
conditions for the bi-material notch are:

ooor1 (r,71) = 0 (32)
orok1 (r,71) = 0
ugr1 (r,72) = ugk2 (1,72)
U1 (1,72) = Urk2 (7,72)
door1 (1,72) = 0Ogor2 (1,72)
oror1 (1,72) = Oror2 (1,72)
oeor2 (r,73) = 0
oror2 (r,y3) = 0
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for Vk, with the geometry described in Figure 10 on p. 16. The equations above enforce zero traction on the
notch faces, i.e. locations # = v; and 6 = v3. In addition, traction and displacement continuity is enforced at the
interface I' i.e. where 6 = 7. System of equations is formed based on the boundary conditions of the problem for
the V-notch (31) or bi-material notch (32) by substituting Eq. (19) and (18) on p. 24. Such a system contains 4
equations for the V-notch problem and 8 equations for the bi-material notch. The complex constants My, Nim,
It and Ly, are then factored out and the system of equations can be written in the matrix form. For the simpler
case, the V-notch, the system is written as:

A OBy e Okt A Qe D)e CRm) A (e Ok 1) M,
2 2 2 2 0
[ /\kewl(”\k'*'l) /\ke_“*l(*k‘*'l) /\k(/\k_l)eiﬁ’l()\k—l) /\k(/\k—l)e‘“*l(*k‘l) -l Nk 0
21 - 21 27 - 21 k - (33)
Apei2(Art1) Age=12(3x+1) Ax At Detr2 Ok —1) AeQut)e= 720k =) I, 0
2 2 2, 2 (e L 0
Anei12 (A t1) Are= 206+ A (A —1)e2(Ak—1) NeAp—1)e~72(Ak—1) k
20 20 2 20

and v, is the vector:

A V-notch consists only of one material, therefore the index m is intentionally omitted. The full matrix form of the
equations for a bi-material notch is analogical, therefore it is not shown in the text. The main difference is that the
matrix has 8 lines and the vector vy is constructed for the first and second material region, i.e.:

v = (M N Iii Lkt Mio Nio Iie Lo ). (34)

Let’s denote the matrix on the right-hand side of (33) as A (). The determination of eigenvalues and eigenvectors
is virtually identical for the case of a V-notch or a bi-material notch. For the system:

A(Nv = 0, (35)

there are 5 unknowns, i.e. eigenvalue A, and the complex coefficients My, Ny, I, and Ly, and only 4 equations to
be used (or 9 unknowns and 8 equations for the case of a bi-material notch). Therefore the system is undetermined.
Following the basic principle of the linear algebra, the necessary condition for the non-trivial solution of (35) to
exist is that:

det (A (\)) = 0. (36)

Expansion of this determinant leads to the so called characteristic equation, which roots are eigenvalues A\, € C.
A convenient way to study complex function f(z) = det (A (\)), which is function C — C, is to use domain
coloring method (known also as HSV) [56]. Since the graph of complex function is an object in four real dimensions,
this function is difficult to visualize in three-dimensional space. By domain coloring, the phase 6 (also know as
argument) of complex number z = re? is represented as hue and the modulus 7 = |z| is represented as intensity,
see left-hand side of Figures 16-18 in the Numerical example A subsection on p. 30. The equation (36) is in general
transcendental (does not have any closed form solution) and has to be solved numerically. Since the eigenvalues
are complex numbers, the solution of equation is found as a vector [R{Ar}, S {Ax}] by solving system of 2 real
equations, i.e.:

R{det (A (R{\:}))} = 0,

S{det (A (S{N})} = O
This is illustrated graphically on the right-hand side of Figure 16-18, where the blue and red curve stay for the loci
where real and imaginary part of equation (36) respectively is equal to zero. In the graph the solution is represented

as an intersection of the blue and red curve. When the system is solved, i.e. when the vector [R{ Ay}, {\x}] is
found, the eigenvalue A\; € C is constructed as:

A = %{/\k} + i {/\k} .

For V-notches and bi-material notches where the opening angle 2a < 180° we find one or two eigenvalues Ay in the
interval R(0, 1) forming the singular terms exponents. There is also arbitrary number of eigenvalues A to be found
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in the interval R(1, 00) forming exponents of non-singular terms as shown in Figures 23 and 24 on p. 35 and 36.
The characteristic equation (36) has a trivial root Af®?® = 0 which correspond to the term in displacement series
responsible for rigid body translation and the term with A}°* = 1 that stand for the rigid body rotation [36]. Since
these terms do not contribute to the stress field, they are omitted, which is in accordance to approaches found in
literature [23]. By substitution of particular kth eigenvalue A back in the matrix A (\) we can obtain eigenvector
vk, however since the system of equations (35) is a priori undetermined, value of one of the coefficients of vector vy,
has to be chosen and only the ratios between coefficients of v;, can be determined. Practically, after the substitution
of particular eigenvalue \;, we take the matrix A ()\) and create reduced matrix A™? ()\) by removing its last line
and taking its last column as a right side of the new reduced system of equations®. If we denote the right-hand side
of the system as ™4, we write:

Ared (/\) 'U]rged _ ared (37)
The dimension of A ()) is 3 x 3. The unknown vector vi°d and known vector a**? are both 1 x 3 (or in the case
of a bi-material notch 7 x 7 for A*™(\) and 1 x 7 for vi*d and a™? ). In other words the system is determined
and ready to be solved. Since we removed the last line of the matrix A (\), we choose the last coefficient of the
vector vy, the Ly, equal to 1 (or Ly = 1 in the case of a bi-material notch). The eigenvector vy, is finally created by
extending the vector v,rfd, which is the solution of reduced system of equations (37), by the unit coefficient (Lj, or
Liz). Since we have determined both the eigenvalue A, and the eigenvector vy, it is trivial to take their complex
conjugates and to construct the angular eigenfunctions f; (6) and ﬁjk (9) for stress expansion (20) on p. 24 or
fir () and fi1, (9) for displacement expansion (24) on p. 25. Since the choice of unit coefficient in eigenvector vy, is
arbitrary, the eigenfunctions may be further normalized, e.g.:

Joor (60) = 1, (38)

for symmetric terms of the series, i.e. £k =1,3,5... where 6 is the crack initiation angle. For anti-symmetric terms
of the series with k£ =2,4,6...:

frox (00) = 1,

Alternative and common normalization for crack problems is [23]:
foor (60) =1/v2r k=1,3,5...
Nor : (39)
frow (00) =1/V21 k=2,4,6...

However, the choice of angle for eigenfunction normalization is arbitrary, therefore normalization by angles 6
different from crack initiation angle can be chosen. From the computational point of view, the normalization of
eigenfunction is performed by its division by the function fper (6o) or frex (60), so:

ik fiik (0) /fror (B0) k=2,4,6..."

o) = {fijkw)/fggk(eo) k=135...

similarly the displacement eigenfunction is normalized:

n ) i (0) [ foor (o) k=1,3,5...
Jil0) = {fikw)/fr%(eo) k=2,46...

The complex conjugates are normalized analogically. In the following text, eigenfunctions are always considered
normalized and the superscript n is intentionally omitted. The above mentioned normalization is in general appli-
cable only for the symmetrical V-notches and other symmetrical problems. The case of a bi-material notch is a
non-symmetrical problem and each eigenfunction f;; (6) consists of both odd and even functions. In other words,
it is not true anymore that the eigenfunction with an odd & is odd function and the eigenfunction with even k is an
even function. In case of non-symmetrical problems, the normalization should be performed on individual basis.

5The choice of line and column to be removed is arbitrary, the last line and column is seen by the author as the easiest choice.
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Numerical example A: Eigenvalues, eigenvectors and eigenfunctions of V-notch. The V-notch with local
geometry as shown in Figure 9 on p. 15 is considered. Let’s study three geometrical configurations, i.e. (i) 2a = 60°,
(ii) 2 = 90°, (iii) 20 = 120°, (71 = @, 72 = 360°— ). The determination of eigenvalues Ay and eigenvectors vy, from
the mathematical point of view is described in the previous sub-section. From the computational point of view, the
roots are found by a code written in Python programming language. The main part of the code, the eigenequation
solver, contains command fsolve which is a part of Python library called scipy.optimize [60]. Numerical module
fsolve is based on advanced MINPACK’s hybrd and hybrj algorithms [61]. The roots can be found with arbitrary
numerical precision by choice of the ztol factor, which is in calculation through the dissertation set to xztol = le —7.
The calculation will terminate, if the relative error between two consecutive iterates is at most xtol. It is advised to
check if the calculated value truly represents a root. This can be done by inserting a root back into the characteristic
equation (36). Only the inputs which result in a close to zero value of the characteristic function are true roots.
Another option is to compare the calculated value with the characteristic function plotted in a graph as it will be
shown later. All the graphs are created by Python library called Mathplotlib [62]. In Tables 1, 2 and 3 we see first
four resulting eigenvalues A for the V-notches with opening angles 2 of 60°, 90° and 120° respectively. For the
sake of completeness, the values of complex coefficients My, N, I, and Ly, are listed in Tables 1-3 as well.

1.0

1.00

0.75

_ : 0.50
‘u 0.25
L ’ 4 = o000
. 5
—0.25
—0.50
—0.75
~1.00
0 05 1.0 15 2.0

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
R(2) R(=)

0.5

0.0

—-0.5

Figure 16: (i) V-notch, 2 = 60°. On the left-hand side there is the graph of f (z) = det (A (\)). On the right-hand
side a contour plot, the blue curve stands for R {det (A (R{Ax}))} = 0 and the red one for I {det (A (I {\x}))} = 0.

k| Ak M, N I Ly
1 0.512221 —0.638227 + 0.049107¢  0.640113 + 0.000006i  —0.997054 + 0.076707¢ 1
2 0.730901 —0.136430 + 1.131423; —1.139619 + 0.000001;  0.119715 — 0.992808:; 1
3 ][ 1.471028 + 0.141853;  2.554167 — 1.346322i  —0.930264 — 0.732678; —2.397982 — 0.441407; 1
4 ][72.074826 + 0.229426i  2.157055 — 7.658169i  —1.275639 + 1.383938; —3.763504 + 1.914963; 1

Table 1: (i) V-notch, 2a. = 60°. First four eigenvalues A, and eigenvector’s vy, coefficients My, Ny, I, and L.
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Figure 17: (ii) V-notch, 2a = 90°. On the left-hand side there is the graph of f (z) = det (A (A)). On the right-hand
side contour plot, the blue curve stands for R {det (A (R {Ax}))} = 0 and the red curve for S {det (A (I {\}))} = 0.

k|| Ak M, Ny I Ly
1 0.544484 —0.806223 + 0.231396i _ 0.838773 — 0.000002i  —0.961193 + 0.275878i 1
2 0.908529 0.350695 + 0.227131i —0.417822 —0.839339 — 0.543608i 1
3 || 1.629257 4+ 0.231251i  —3.174859 — 4.719311i _ —0.290233 + 1.298170i —2.941565 + 3.103293i 1
4] 2.301327 + 0.315837i —15.145801 + 2.378337i _—0.349757 + 2.078146i _ 2.305751 + 6.900075i 1

Table 2: (ii) V-notch, 2a = 90°. First four eigenvalues A, and eigenvector’s vy coefficients My, Ng, I, and L.

As mentioned earlier, the stresses near the tip of a V-notch are proportional to the »~P¢ where pr, = 1 — A,
Eq. (14) on p. 15. It is obvious that with increasing opening angle the strength of singularity decreases as the
value of eigenvalue Ay increases (singular terms considered). This can be illustrated by plotting function r~P* for
the calculated geometries (i), (ii) and (iii) as in Figure 19. Function r~P! corresponds to the opening mode of the
symmetrical V-notch. For the geometries considered throughout the study, the first term of the series which contains
the exponent of singularity p; is always singular. Nevertheless, the second term, which contains the exponent po,
is singular only in cases (i) and (ii), since the case (iii) has ®{A2} > 1. This particular term vanishes as r — 0
as illustrated in Figure 20. Function »~P2 corresponds to the in-plane shear mode of the symmetrical V-notch. As
explained in previous section, once the eigenvalues \; and eigenvectors vy are determined, it is possible to construct
eigenfunctions f;;, (€) and fix (0) for stress and displacement series respectively (or their complex conjugates fijx (0)
and f;1, (6)). For the most common case of the V-notch with right angle, i.e. (ii) 2a: = 90°, the stress eigenfunctions
fijr (0) for k = 1,2,3,4 are displayed in Figure 21. Similarly the displacement eigenfunctions fi; (0) for k = 1,2, 3,4
are constructed and shown in Figure 22. Please note that illustrated eigenfunctions are normalized per equation
(38) and the presumed crack initiation angle is due to symmetry of the problem 6y, = 180°. Also note that the stress
and displacement eigenfunctions of the V-notch are symmetric or anti-symmetric relative to the axis or point where
6 = 180°. To obtain general dependence of Ay (2«t), eigenvalues for angles 2« € (0°,360°) were determined. Such
general dependence of eigenvalues A on the opening angle 2« is shown in Figure 23. Note, that for angle 2ac ~ 103°
the eigenvalue Ay = 1. For larger angles 2, the term associated with eigenvalue Ao is always a non-singular one.
This is in accordance with results of Ayatollahi and Nejati in [36] who report the angle value of 102.55°.
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Figure 18: (ili) V-notch, 2« = 120°. On the left-hand side there is the graph of f(z) = det(A(A)). On
the right-hand side contour plot, the blue curve stands for R {det (A (R{A\x}))} = 0 and the red curve for
S {det (A (S{\}))} = 0.

k| M M;, Ny I Ly
1 0.615731 —0.861987 + 0.767009: 1.153830 —0.747066 + 0.6647500 1
2 1.148913 —0.400153 + 0.542926i 0.674456 —0.593297 + 0.804984i 1
3 ]| 1.833549 + 0.2522517  —4.230350 + 6.048695;  0.638263 + 1.3716247  2.445221 + 4.222029; 1
4 | 2.580479 + 0.3483757  17.643684 + 11.953875:  0.958586 + 2.186906:  7.551600 — 4.757790; 1

Table 3: (iii) V-notch, 2« = 120°. First four eigenvalues A\, and eigenvector’s vy coefficients My, Nk, I, and Ly, .

Numerical example B: Eigenvalues, eigenvectors and eigenfunctions of bi-material notch. The bi-
material notch as shown in Figure 10 on p. 16 is considered with geometrical configuration of 2o = 90°, (y; =
45°, v, = 180°, 3 = 315°) and bi-material configurations of (i) Ey/Es = 0.50, (ii) Eq/Es = 0.25, (iii) E4/E2 = 0.10.
In all cases, F1 = 20 GPa and v; = vy = 0.25. The eigenvalues Ay and eigenvectors v; are determined from
the mathematical point of view as described in previous sub-section. From the computational point of view the
procedure is identical to the one described in the Numerical example A. The resulting eigenvalues A\ are listed in
Table 4. The coefficients of eigenvector v, were listed in Numerical example A for the sake of completeness, i.e. for
illustration and the validation of other researchers’ results. We intentionally omit those in the Numerical example
B. All studied geometrical and material configurations lead to 2 singular terms of the stress expansion. We see
that with increasing contrast in Young’s moduli, the strength of singularity of the first term decreases as shown in
Figure 25. However, again with increasing contrast in Young’s moduli, the strength of the singularity of the second
term increases as shown in Figure 26. The stress eigenfunctions fj (0) for the case (iii) with the highest contrast
in Young’s moduli are plotted in Figure 27. In similar manner the displacement eigenfunctions f;x () for the same
case (iii) are shown in Figure 28. Note that these eigenfunctions are no longer symmetrical or anti-symmetrical as
in the case of a V-notch. Another important fact is that the radial stress eigenfunction f..;(6) is discontinuous at
the material interface I, i.e. §# = 180°. Again, these eigenfunctions are normalized per equation (38) with chosen
angle 0y = 270°. To obtain general dependence of Ay (2«v), eigenvalues for angles 2« € (0°,360°) for some particular
configuration, e.g. (ii) were determined. Such general dependence of eigenvalues A\; on opening angle 2« is shown
in Figure 24.
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Figure 19: The function r~?! of the V-notch plotted on a radial distance of » € (0.1;3) mm. The exponents of
singularity of the first term are: (i) p§°° = 0.488, (ii) p{°° = 0.456 and (iii) p}?°° = 0.384. With the increasing of
the notch opening angle 2a the strength of stress singularity decreases.
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Figure 20: The function =72 of the V-notch plotted on a radial distance of » € (0.1;3) mm. The exponents of
singularity of the second term are: (i) p§°° = 0.269, (ii) p3°” = 0.091 and (iii) ps?°° = —0.149. With the increasing
of the notch opening angle 2a the strength of stress singularity decreases.
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|H frm(9) — S _ fm(f))‘ |0—° Jrr2(0) = frp2(0) w—x  fop2(0)

Fi(0) [=]

Siir(0) [-]

0 [rad]

Figure 21: Stress eigenfunctions fi;; (8) for k = 1,2,3,4 of the V-notch (ii), 2ac = 90°. The yellow dashed line
represents the axis of symmetry of the notch.

| E\/Ey =05 Ey\/E; = 0.25 E,/E, =0.10
A1 0.552239 0.572603 0.608051
A2 0.894288 0.859567 0.806539
As || 1.645612 £ 0.225305i  1.693610 & 0.206185: 1.770118
As || 2.298183 £0.288001i  2.294796 £ 0.164660  2.577451 + 0.219431i

Table 4: Bi-material notch 2a = 90°, (y; = 45°, 72 = 180°,v3 = 315°) and bi-material configuration of (i) Ey/E; =
0.5, (ii) B1/Fy = 0.25, (iii) E1/E2 = 0.1.
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Figure 22: Displacement eigenfunctions f; (0) for k = 1,2,3,4 of the V-notch (ii), 2a = 90°. The yellow dashed
line represents the axis of symmetry of the notch.
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Figure 23: Dependence of eigenvalues A\ of the V-notch on the opening angle 2. The black dashed line divides the
graph into fields where singular and non-singular eigenvalues are found. The yellow dashed line represents notch
free plate.
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Figure 24: Dependence of eigenvalues Ap of the bi-material notch on the opening angle 2a. The black dashed
line divides the graph into fields where singular and non-singular eigenvalues are found. The yellow dashed line
represents the free edge singularity. The geometry of studied case is v1 = «, 72 = 7, 73 = 27 — a. The Young’s
moduli ratio is E1/E2 = 0.25 and Poisson’s ratio is v, = vo = 0.25.
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Figure 25: The function » P! of the bi-material notch plotted on a radial distance of r € (0.1; 3) mm. The exponents
of singularity of the first term are: (i) p{-°0 = 0.448, (ii) p9-2° = 0.427 and (iii) p}-1° = 0.392, where the superscript
denotes F1 /Es.
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Figure 26: The function P2 of the bi-material notch plotted on a radial distance of r € (0.1; 3) mm. The exponents
of singularity of the first term are: (i) p3-°° = 0.106, (ii) p32° = 0.140 and (iii) p3-1° = 0.193, where the superscript
denotes F1 /Es.
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Figure 27: Stress eigenfunctions fi; (0) for k = 1,2, 3,4 of the bi-material notch (iii), 2a = 90°, Ey/E5 = 0.1.
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Figure 28: Displacement eigenfunctions f; (9) for k = 1,2, 3, 4 of the bi-material notch (iii), 2 = 90°, E1/FE> = 0.1.

Calculation of stress terms factors

Determination of GSIFs by the V-integral

This part of the text describes a derivation of the path independent W-integral for a V-notch or a bi-material notch
problem. The employment of the W-integral is a convenient way for determination of the Generalized Stress Intensity
Factors (GSIFs) Hy. By use of the U-integral also another necessary parameter for the Leguillon’s coupled stress-
energy criterion, the scaling coefficient A (2, 6p) can be determined as it will be shown in the following chapter.
For the theoretical description of Leguillon criterion see p. 58. The derivation of the W-integral will be shown on
the more general case of a bi-material notch. However, analogically it can be performed for the simpler V-notch
problem. First, let us consider a zero difference due to symmetry of the elastic tensor C":

/(C:VU:VV—C:VV:VU)dJ: = 0. (40)
D
where U and V' are two elastic solutions dependent on 2 coordinates (z,y) in Cartesian coordinate system or (r,0)

in polar coordinate system and V is gradient. D is an arbitrary closed domain within the material domains 2y and
Q9 as shown in Figure 29. According to the Hooke’s law in following form:

o(U) = CVU, (41)
the equation (40) becomes:

/ (o(U)VV —o(V)VU)dz = 0, (42)

where o(U) and o(V) are stress fields associated with U and V respectively. By applying the Green’s theorem to
the equation (42) we obtain:

_/DVJ(U)de—F/apa(U)ans—k/DVJ(V)UdJ:—/aDJ(V)nUds = 0, (43)
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Figure 29: The path integral surrounding the tip of the bi-material notch. The integration path 0D, the boundary
of D, consists of the paths: 'y, 'y, 31, ¥o.

where 0D denotes the boundary of the domain D and n is the normal of the contour 9D. If equilibrium conditions
apply, the first and the third term of equation (43) are equal to zero, therefore we can write:

/m)(a(U)nV —o(V)nlU)ds = 0. (44)

Since the negatively oriented boundary 9D consists of 4 contours 9D = I'; UT3 U X1 U X, the integral (44) can be
written as a sum of the following 4 contour integrals®:

/ (@(U)nV — o(V)nU)ds + / (o(U)nV — o(V)nU)ds + (45)

T, P

/r (o(U)nV — a(V)nU)ds—l—/ (c(U)nV —o(V)nU)ds = 0,

PP

see Figure 29. Because of zero traction on the notch surfaces, for some terms we write:

I
o

/2 (c(U)nV —a(V)nU)ds

I
o

/2 (c(U)nV —a(V)nU)ds
and equation (45) becomes:
/r (c(UnV — a(V)nU)ds—l—/F (c(UnV —a(V)nU)ds = 0.

Let’s denote the I'y = I'; and change orientation of the path I'g = —I'3, so both of the curves are positively oriented
as in Figure 30. We obtain:

I'p

/r (c(U)nV —a(V)nU)ds = / (c(U)nV —a(V)nU)ds,

which proves that the integral is path independent. There are important implications of the integral path indepen-
dence. Let’s denote such path independent integral as:

vO,V) - % /F (o(U)nV — o(VInl)ds, (46)

SThe symbols I'1, 'z, 'y and I'p in this sub-chapter always stay for integration path, not to be confused with I'; which denotes
material interface in all other parts of this work.
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Figure 31: Two positively oriented circular contours surrounding the tip of the bi-material notch, the I'y and I'g.

which path T is a circle of radius R (such as I'4 or I'g in Figure 31). The relations for stress and displacement near
the singular point are:

U = R"fir(0),
V = Rﬂgijl(g)a
o(U) = Rfi(0),
o(V) = R 1gu(0),

where fi;1(0), gi;:(0) and f;x(0), gi1(0) are the angular eigenfunctions for stress and displacement respectively. The
«a and B are the eigenvalues forming the exponents of singularity. By substitution of relations for displacements
and stress near the singular point to (46) the integral becomes:

/ (R fir(O)n R gi50(0) — B ga(0)n R fiji(6)) RO =
T
27
/ (R® fix(0)nR7 gt (0) — R®gir(0)nR* f1j(0))dO =
0

Ra+ﬂ/0 7r(fik(9)7191‘1‘1(9) — gu(O)n fijx(6))do. )

The integral as we defined it has to be independent of R. If o # —f in (47), the integral:

/O C(Fa @i (6) — gu(@)nfin(0)d8 = 0. (48)
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Figure 32: Area of refined mapped mesh near the singular point of the V-notch and bi-material notch.

since it is the only way for the integral to remain path independent. Determination of the GSIFs using the W-integral
is shown in the following text. The admissible solution of eigenequation (36) on p. 28 are also roots A for which

R{Ax} < 0. These negative eigenvalues are called auxiliary, denoted A, = —A; and they remain without a direct
physical interpretation. However, they play an important role in the GSIFs determination. The U-integral applied
to the finite element solution and to an auxiliary eigenvalue solution A, = —A; can be written:

T(WFE@O),r 2 f,(0)) = W(C+ Hyr™ f;1(0) + Har™? fi(0) + ... + Hor™ £, (0), 772 £7(6)), (49)

where C represents the rigid body translation and f;, () is the auxiliary eigenfunction of the auxiliary displacement
expansion. It is constructed analogically as ordinary eigenfunction f;x (8), only with consideration of auxiliary
eigenvalue A, . The above-mentioned integral (49) can be rearranged into separate integrals:

(), r M f70) = W(CrTMF(0) + HiW(r™ £ (0), 7~ f7(0)) + HoW (r2 fia(0), v~ fi7(0) + ...
e Hy U £, (0), 772 f7(0)). (50)

Since property (48) applies, the terms with A, and A, where k # [ vanish. The expression above becomes:
(™ O),r M1 (0) = H M fu(9), 7 f1(6)), (51)
by which the generalized stress intensity factor H; can be calculated as:

Y(uO), r £ (9))

H . 52
R TN OREHO) o
Thus, in general the kth factor can be calculated as:
W FE 2 —Ak ~(0
Hk (U ( ),’I" fzk( )) (53)

U fir (0), 7= £i5.(0))

Because of the W-integral path independence the analytical term in denominator W™ = W (s f,,.(0), 7= £7.(6))
can be calculated once for all for given problem. The term in the numerator WF® = W(uFE (0),r=* £, (9)) is
calculated from the finite element results. From the computational point of view the FE results are calculated (in
this work) in FEM code ANSYS. The vicinity of the singular point at the 2D model consists of refined mapped
mesh as shown in Figure 32. The numerical values of stress and displacement components are extracted from
nodes which lay on a circle that surrounds the singular point (any closed curve can be used, however the author of
this dissertation finds the circular curve the simplest way to obtain results). The model is meshed with standard
quadratic plane elements (in ANSYS denoted as PLANE183). The size of radius of the integration path denoted
as 71 is optional, nevertheless it is recommended to take results reasonably far from the singularity i.e. r1 > 1.0
mm in order to avoid error caused by the nature of FEM. In the Numerical example C (see p. 43), the effect of
integration path radius on the leading term H; value was always less than 1 % of the resulting value when the
integral was calculated on radii between 1 and 3 mm. The model created by the author of this work enables the
user to choose the size of area of refined mesh by choice of parameters rg and ry as shown in Figure 33. It is
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Figure 33: Area of refined mapped mesh near the singular point of the V-notch and bi-material notch.

possible to extract the entire stress and displacement field on this area. It can be either used for calculation of the
integral WEE on all contours between 7 and 7 or later used as a 2D FEM reference to calculated asymptotic field.
The circle of radius r¢ surrounds the area where the stress becomes theoretically unbounded and the FE numerical
error is significant. This area is not of particular interest in terms of the W-integral calculation. Furthermore there
are no special elements found at the notch tip (as those used for fracture mechanics of cracks, depicted in Fig.
8 on p. 14). As the FE calculation is complete, just before writing of the values into data files, the rigid body
translation C' of the notch tip is subtracted of all nodal displacement values. Then, the values of all in-plane stress
components oL= (1,0), obF (r,0), o5 (r,0) and displacement components uE™ (r,0) , u5® (r,0) in polar coordinate
system are stored in data files. The computation proceeds with an execution of Python script. The first part of the
Python script calculates the desired number n of eigenvalues A\ based on the local geometry and material properties
of the problem, constructs the corresponding eigenvectors v, and eigenfunctions f;;x() and f;x(6) for stress and
displacement components respectively. By considering A\, = —\j; in a similar manner, the auxiliary eigenvectors
vy and eigenfunctions f;;; (0) and f;; (0) are obtained. For the term in numerator in Eq. (53) the infinitesimal
value of the term in numerator as written in the Python script is:

AUEE = % (WP (0) £, (0) + ubP(0) f i (6) — 11 £ (0)0EE(8) — 11 £5,,(0)0FA(6)) df,

and the infinitesimal value of the analytical term in denominator, Eq. (53) is written:

AT = (Frk(0)f7(0) + for(0) fr1(0) = Fri(0) Frrk(8) — f51.(6) fran(6)) 6.

After the script loads the FE results (stress and displacement component values), the numerical integration is
conducted by the trapezoidal rule:

FE _ (AW (Bno1) +dUE" (6,)) AF
\I’k - ngl 9 )
(dqfinalyt (1) + AW (en)> Af
\Ilinalyt _ 5 ,

n=1

where the numerical integration step, the Af is dependent on the circle division by elements (node to node distance).
The script finally returns the resultant kth GSIFs:

FE
\I’k
analyt *
\I’k

Hy,

Circle division by 5° or 2.5° (for notch of 2o = 90° i.e. 54 or 108 integration points) both give results of solid
computational convergence. As shown in the Numerical example C that follows, the choice of the integration step
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[ M A2 A3 A
2a=60° || 0.556318 0.678908 1.495694 + 0.1264557 2.056555 4+ 0.196967:
2a=90° || 0.572603 0.859567 1.693610 + 0.2061857 2.294796 + 0.1646607
2a = 120° || 0.627362 1.098829 1.779801 2.119643 4+ 0.380189:

Table 5: Bi-material notch with bi-material configuration of E;/E; = 0.25 and 3 geometric configurations 2o =
60°, 90°, 120°

H1A9=2.5° 8A9=2.5° H1A9=5.O° 8A9=5.O°

2« r=1lmm 7r=3mm avg. avg. r=1lmm 7r=3mm avg. avg.

60° || 49.074983 49.348909 49.122359 | 0.071201 | 49.105613 49.153084 49.043314 | 0.039942
90° || 51.320719 51.158123 51.234381 | 0.043204 | 51.366651 51.145435 51.199755 | 0.083277
120° || 54.323977 53.909335 54.152227 | 0.114307 | 54.384717 53.867149 54.161656 | 0.143541

Table 6: V-notch W-integral results for various 2a geometries. The values of leading term factor H; determined on
multiple radii with finer integration step of Af = 2.5° are listed in the left part of the table and coarser integration
step of Af = 5.0° in the right side of the table. Both the cases are supplemented by standard deviation of the
averaged value denoted by s.

from 54 to 108 integration steps changes the value of leading term H; by less than 0.5 % in all tested cases. In
Figure 32 a detail of meshed model with element edge division by 2.5° is shown. For the case of the double root
A1 = Ao = ) the stress intensity factors H; and Hs are obtained by solving the system of two equations:

VW e f7(0) = HyU( fia(0),r 2 f7(0)) + HaW (r fia(0), 77 £ (),
VW r M 50) = HiU fin(0),r 7 f3(0)) + Ha®(r fia(0), 77> £15(6)).

From the equations as we defined it follows, that we need to do final adjustment for generalized stress intensity
factors.

oo o H, for S{A\c} #0
PO Hy2 for S{ng =0
Numerical example C: Integration step and path independence of the U-integral for notches. The
test example consists of the W-integral calculation for 3 geometric configurations of the V-notch 2a = 60°, 90°, 120°
(71 = @, 72 = 360° — @) and 3 geometric configurations of the bi-material notch 2 = 60°, 90°, 120° (1 = a,y2 =
180°, v3 = 360° — o) with Ey/FEs = 0.25, E; = 20 GPa and v1 = v» = 0.25. The eigenvalues for the case of a V-notch
were calculated in Numerical example A on p. 30. The first four eigenvalues for the bi-material notch are found
in Table 5. In both the V-notch and bi-material notch test example the effect of integration step size Af is shown
on multiple integration radii. The circles of multiple radii have been taken into account to another test example
purpose, to validate the W-integral path independence. Geometry of the model is identical to the one in Numerical
example E on p. 50 in the case of the V-notch and to the one in Numerical example F on p. 53 in the case of the
bi-material notch. In both cases, the model is loaded with force F' = 100N (per 1 mm of specimen thickness b).
The leading term factor Hy for the symmetrically loaded V-notch and leading term factors H; and Hs for the case
of the bi-material notch are calculated on 71 = 1 mm, 7o = 3 mm and as an average on all the radii between r;
and 7o (the script adjust the mesh automatically, so there are 10 circles in the case of larger integration step and
22 circles in the case of smaller integration step). The results for the V-notch are listed in Table 6. The results
for the bi-material notch are found in Tables 7 and 8. In both cases, the left part of the table consists of smaller
integration step results obtained by finer element division by Af = 2.5°. The right side of the tables represents
larger integration step results obtained with coarser element division by Af = 5.0°. The results are supplemented by
standard deviation of the average value denoted by s2¢=25° or s2¢=50°_ The choice of number of the integration
steps from 54 to 108 integration steps changes the value of leading term factor H; by less than 0.5 % in both tested
cases. The effect of the integration step on the resulting value of second leading term factor Hy in the case of the
bi-material notch is more profound especially towards the large 2a. For such cases, the standard deviation value s
is decreased by using a finer integration step. Therefore the choice of the finer integration step is beneficial. The
effect of integration path radius on the leading term factor H; value was always less than 1 % of the resulting
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HAT=25 SAO=25° HA0=5.07 SB0=5.0°
2« r=1lmm r=3mm avg. avg. r=1lmm 7r=3mm avg. avg.
60° 2.948757  2.935656  2.936589 | 0.000437 | 2.978178  2.950140  2.952096 | 0.001021
90° 9.159032  9.113595  9.123140 | 0.004574 | 9.200633  9.108610  9.125289 | 0.008979
120° || 7.235544  7.210268  7.214646 | 0.002019 | 7.262257 = 7.209313  7.217978 | 0.004529

Table 7: Bi-material notch W-integral results for various 2a geometries. The values of leading term factor H;
determined on multiple radii with finer integration step of Af = 2.5° are listed in the left part of the table and
coarser integration step of Af = 5.0° in the right side of the table. Both the cases are supplemented by standard

deviation of the averaged value denoted by s.

HA0=25 SA0=25° HA0=50° SA0=5.0°
2« r=1lmm 7r=3mm avg. avg. r=1lmm 7r=3mm avg. avg.
60° 8.196698  8.218343  8.186926 | 0.018445 | 7.779961 7.808389 7.755549 | 0.032715
90° 3.197018  3.283971  3.230628 | 0.032228 | 2.845325 2.998096 2.906699 | 0.058189
120° || 0.080194  0.226453  0.153295 | 0.046779 | —0.280710 —0.014312 —0.142072 | 0.085072

Table 8: Bi-material notch W-integral results for various 2a geometries. The values of leading term factor Hy
determined on multiple radii with finer integration step of Af = 2.5° are listed in the left part of the table and
coarser integration step of Af = 5.0° in the right side of the table. Both the cases are supplemented by standard
deviation of the averaged value denoted by s.

value. The trends in the dependence of the integration radius are shown in graphs in Figure 34. Although the trend
is plotted only for one geometric and bi-material configuration, it represents standard behavior of Hy calculation
convergence by the U-integral. We see that the leading term factors H; and Hs show solid convergence on all
integration radii, whereas the higher order term factors converge towards larger integration radii. We therefore
recommend to determine the higher order term factors on the larger distances such as 7o = 3 mm. To check that
the radius to determine GSIFs was chosen correctly, we can compare the reconstructed analytical solution with pure
FE solution (either on particular radius of interest or on the whole field, e.g. 0.1 mm - 3 mm) as it will be shown
in Numerical example E and F on p. 50 and 53 respectively.

Determination of GSIFs by overdeterministic method

The overdeterministic method (ODM) belongs to so called direct methods and is based on the least-squares
solution of overdetermined system of linear equations. The method was firstly proposed by Seweryn in [34] under a
name of method of analytical constraints. In [35] Ayatollahi and Nejati applied this method to calculate SIFs of a
crack problem. In an article that followed, they applied the ODM to the sharp notch problem [36]. Next Ayatollahi
et al. studied ODM in application to the bi-material notch problem in [55], however they studied effect of first
and real non-singular term only. The ODM is chosen especially because of its minimal requirements for the FE
software (no need for special elements). The ODM takes large number of results, namely displacements from FEM
to compute chosen number of GSIFs (stress components can also be used for GSIFs determination by the ODM).
The displacements are usually preferred because the majority of FE codes is displacement based, which leads to
increased inherent precision. The method can be used for calculation of Hy € R when the real form of the stress
Eq. (28) and displacement series Eq. (30) on p. 26 is considered. As stated above, the goal of the ODM is to find
n GSIFs as a least square method solution of an overdetermined system of linear equations. These equations can
be written in a matrix form as:

o (01) T
fi (B2) ™

Fia (01) 122
fia (02)

o (01) A
o (62) 7
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Figure 34: Dependence of the Hj on the radial distance r. The bi-material notch, 2o = 60°, E1/E3 = 0.25.

Calculation by the U-integral.

On the left-hand side the eigenfunctions of the first n displacement series term factors are listed in 2m lines which
form the matrix”. First the m lines of this matrix are filled with the eigenfunctions for the radial displacement
components. These are followed by m lines of eigenfunctions for tangential displacement components. The vector on
the left-hand side is composed of n unknown GSIFs Hj. Finally, a vector of 2m length composed of FEA calculated
m radial displacements and m tangential displacements stays on the right-hand side. For an overdetermined system

of linear equations (54), in a short form written:

F[men]H[n] = UE];:R], (55)

no exact solution exists, since 2m > n. The approximation of solution (vector Hy, that contains n GSIFs) is found

by minimizing the residual vector:

r = F[Qan]H[n] — UFQ];:R] (56)
by the least square method. In the general case of Hy € C, the complex form of the stress and displacement series
is Eq. (20) and displacement series Eq. (24) on p. 25 is considered. According to [34], the series is decomposed to

"The index m used in this sub-chapter does not correspond to the index m for mth material region. Identical index is used because

of lack of useful indices.
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real and imaginary part which is written in the matrix form as:

[ R{fr (00) ) S{fa ()Y o R )M S {fen (1) ] i
R{fr1 (92)7“1{ S{fn (92)7“1{ cor R frn (62) Mn{ S { frn (02) rkn{ 2}?{
: : : : R {H)
R{fr1 @)™} S{fr1 @m)r™} oo R{frn O) 7™} S { frn (0) 7} S{H} | _ ®
R {for (91)7»1{ S{for wlwl% e R fon (1) Mn{ S { fon (61) Mn{ : [2m]’
R { for (62) r™ S{for (02)r*} .. R{fon (02) rn S fon (02) T :
) ) ) ) R{H,}
: : : : S{H,
L R{for (0) 7™} S {for 0m) ™} oo R{fon 0m) ™} S {fon On) ™} | {Hn} ]

where n’ = 2n and the FE vector qu?n] is identical to the previous real case. The equation is in matrix form
written analogically to (55) i.e. FiomsnHip) = uEE and the solution is found also by minimizing residual vector
analogically to (56) i.e. r = FromxnHpy — u[2 - The resulting GSIFs are finally reconstructed as:

H, = R{H.}+iS{Hy}. (57)

The nodal displacements in both radial and tangential directions are again taken from nodal points lying on a
circle surrounding the singular point r1, see Figure 33. These nodal points are therefore characterized by the fixed
radial coordinate r; and variable angular coordinate 6; € (1;m) as shown in Figure 33, which describes the FE
results extraction. As for the W-integral calculation, the ODM can be calculated on any circle between rg and rs.
Furthermore the method does not require to take values from nodes laying on a circle. Values from basically any
pattern can be used to calculate unknown GSIFs Hj by the ODM. Choice of circle is again seen by the author as
the simplest mean of Hj computation. However, there are some setbacks related to the displacement based ODM.
By the form of the ODM used in this work, the valid results are obtained for symmetrical problems (in terms
of geometry and loading) of a V-notch and bi-material junction. The problem of a bi-material notch is always a
non-symmetrical one. In the symmetrical cases the rigid body rotation of the specimen is equal to zero and does
not enter into the calculation Hy . If the problem is non-symmetrical, the rigid body rotation is present. Please
note that it cannot be as easily subtracted from the FE displacements as the rigid body translation can be. The
rigid body rotation may be included in the displacement series by adding a term with A\}°* = 1 , which describes
it, as in [35, 36, 55]. The general determination of this term is nevertheless difficult. By substitution of the unit
eigenvalue back into matrix A (), one is unable to obtain the needed eigenfunction, since there is no solution of
reduced system of equations Ared (A1°t). The development of method to include rigid body rotation of a general
problem in terms of methods of plane elasticity used in this work could be a subject of further research. Therefore,
in the author’s opinion, in non-symmetrical cases it is recommended to use the stress based ODM, which completely
eliminates the problem. We consider the stress series, Eq. (28) as in p. 26. Similarly as in the displacement based
ODM, we need to find a approximation of a solution of an overdetermined system of linear equations, which in the
case of H, € R is:

[ f rl (91) r/\l f r2 (91) r/\z e rrn (91) ’I" T _ frl (’I" 91)
f:rl (92) r/\l f:r? (92) r/\z e rrn (92) r rr2 (’I" 92)
fr*rl ( m) r/\l ’:’I‘Q (Hm) r/\z e :rn ( m) ’I" rrm (’I" Hm)
Fran (00) ™ frgy (01) 1™ ren (61) 7“ H, a1 (61)
Fror 02) 0 frga (B2) 7™ o fro, (92) A Hy orgs (r,02)
. . . = . . (58)
Fror (Om) A fro2 (0m) e on (Hm) A Hy 'r9m (7“ Om)
Foo1 00) ™ fon (B1) 72 o fe (01) 7™ g (r,01)
fom (02) M fo02 (62) e foon (02) rAn UeFeEz (r,02)
L Foo1 (Om) ™0 fo00 (Om) 722 o [ (Om) 72 ] L oom (7” Om) |

The matrix on the left-hand side is formed of the known analytical eigenfunctions. On the left-hand side we also
find the unknown vector of n GSIFs. The right-hand side vector consists of radial, shear and tangential stress
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components, determined by FE. For an overdetermined system of stress based linear equations (58) that is in a
short form written:

as in the previous case of the displacement based ODM, since 3m > n no exact solution exists. The approximation
of the solution is found by minimizing the residual vector:

r = FupnHp) — SEEI]
by the least square method. In the general case of Hy € C the system has the following form:

_m{fm(el)rkl{ %{frrl(el)wl{ 5 %{fwn(el)m{ C\}{f”n(el)r%{ ]

§R {frrl (92) r/\l % {frrl (92) r/\l §R {frrn (92) r/\n % {frrn (92) r/\n
%{frrl m)r/\1} %{fr'rl m)r/\l} %{fr'rn (.Hm)r/\"} %{frrn m)r } 2}51{
?frf)l 91)7“1{ %ifrf)l 91)”& %ifrf)" (91)7“%{ %if“)” (0:)r { %{Hl}
Rl @)} S Gy R Gr) S o 0D Gy | g
§R {fr91 (Hm)r/\l} %{fTGI (Hm)r/\l} ... §R {ern (.Hm)r/\n} % {ern (Hm)r/\n} ;
R { foor (91)7&1{ S { fom (91)791{ o R{foom (91)7“%{ S { foon (91)7"A"{ gigﬁ
R{ foor (02) ™} S{foor (02)r*} ... R{foon (62)7™} S {foon (62)r*" - o
LR {foor 0n) ™} S oo 0™} o R {faon On) P} S {fagn (0) 0}

where n’ = 2n and the FE vector SJE;EL] is identical to the previous real case. The resulting GSIFs are constructed
using Eq. (57). Since the factors are determined on particular radius r, it is recommended to check if the dependence
Hj, (r) exists. If the strong and linear dependence exists, the singular leading term factors Hj, can be extrapolated
to 7 — 0 by the linear regression (it is not recommended to calculate the GSIFs directly on a radius too close to
singularity because of a significant numerical error). The method of calculation of Hy by the linear regression is in
accordance to the definition of the stress intensity factor by a limit. If the dependence exists in the case of higher
order terms the averaged value can be calculated however, in the author’s experience, when the GSIFs are calculated
reasonably far from singularity, the radial dependence is in general week, which will be shown and commented in
numerical examples. To make sure that the used methodology is valid, we can compare the reconstructed analytical
solution with pure FE solution (again as in the case of the W-integral, the comparison can be made on particular
radius of interest or on the whole stress field). From mathematical point of view, the values of factors Hj should be
dependent on the vector Hp,/j length (number n of factors being calculated). This effect is investigated in following
numerical example with foundation that the first two terms factors H; and Hs converge when n’ > 4 and the higher
order terms Hs and H4 when n’ > 16. Although the behavior is demonstrated only on one numerical example, it is
a general one and is in accordance with results published by Ayatollahi and Nejati in [36]. We therefore recommend
to chose n’ > 16 when the higher order terms are of interest.

To conclude, we now compare the advantages and disadvantages of the ODM and W-integral. General advantage
of the ODM is its simplicity and its low computational cost. The general disadvantage of the ODM is its dependency
on the number of term factors to be determined, which origins from the mathematical foundation of the method.
Such effect will be examined in the following Numerical example D. The main advantage of the W-integral is, that
the Hy are determined mutually independently. In any case it is beneficial to compare results calculated by both
methods with each other to prevent random errors. The comparison of results determined by both methods is
shown in Numerical example D.

Numerical example D: Determination of GSIFs by the ODM. We consider the identical bi-material notch
as in previous Numerical example C on p. 43 with 2a = 60°, 90°, 120° and E;/E2 = 0.25. The leading singular
terms with H; and Hy and higher order terms with Hs and H, are calculated by the stress based overdeterministic
method. Since we calculate the singular and non-singular term factors, the radius for the ODM determination is
chosen as 71 € (0.2 — 1) mm which is the area where the above mentioned singular and non-singular terms prevail.
In addition, for the model created in this work, this area is characterized by low FE error. The effect of element
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HAT=25 SB0=25° HAT=5T° B0=5.0°
2a r=02mm r=1mm avg. avg. r=02mm r=1mm avg. avg.
60° 2.918742 2.940974  2.917949 | 0.000630 2.911692 2.958155  2.909008 | 0.002037
90° 9.116427 9.177946  9.113761 | 0.001769 9.104589 9.230813  9.093580 | 0.006558
120° 7.210331 7.249287  7.208264 | 0.001346 7.207143 7.286563  7.199797 | 0.005228

Table 9: Bi-material notch results for 2a = 60°, 90°, 120° geometries and E;/E; = 0.25. Values of leading term
factor H; determined on multiple radii with finer division Af = 2.5° are listed in the left part of the table and
coarser division Af = 5.0° on the right-hand side of the table. The both cases are supplemented by the standard

deviation of the averaged value denoted by s2¢=25° and s20=50°
HA0=25 SAO=25° HE0=5.0 SBO=5.0°
2a r=02mm r=1mm avg. avg. r=02mm r=1mm avg. avg.
60° 8.627544 8.696743  8.630076 | 0.003981 8.581582 8.732149  8.585571 | 0.004568
90° 3.558906 3.575628  3.558123 | 0.001460 3.545283 3.573771  3.538515 | 0.002979
120° 0.461848 0.461554  0.461771 | 0.000072 0.464420 0.457764  0.461831 | 0.002264

Table 10: Bi-material notch results for 2o = 60°, 90°, 120° geometries and F;/FE; = 0.25. Values of leading term
factor Hy determined on multiple radii with finer division Af = 2.5° are listed in the left part of the table and
coarser division Af = 5.0° on the right-hand side of the table. The both cases are supplemented by the standard
deviation of the averaged value denoted by s2¢=25° and s20=50°

edge length division by 2.5° and 5.0° is studied. The resulting values are listed in Tables 9 and 10. The transition
from coarser to finer element length has very low effect on the resulting value of leading GSIFs, with change less
than 0.3 % in averaged H; and less than 0.6 % change in averaged H, for all studied configurations of 2. The
radial dependence of calculated leading singular terms factors H; and Hs is shown in Figure 35. The graphs
show that very slight linear dependence of the values exists (see values listed in tables above). Thus the singular
terms factors extrapolation to r — 0 is performed using the linear regression with resulting values shown in Table
9 and 10. This is in accordance to the fact, that the values of Hj calculated too close to the singular point may be
heavily distorted by FE numerical error. Figure 36 shows radial dependence for non-singular terms factors Hs and
H,. Non-singular terms factors show solid convergence towards » = 1 mm. The Table 11 and 12 compare values
determined by the U-integral (averaged) and ODM (linear regression extrapolated) with highest discrepancy of 22.1
% in the case of Hy calculation and coarser mesh. This discrepancy is reduced to 10.2 % when finer mesh is used.
The first singular term factor is calculated with almost identical values by both methods with maximum difference
of 1.4 %. In all cases by mesh refinement, values with lower difference are obtained. We therefore recommend to
use finer element division. Next, the effect of number of terms in vector Hy,/ is studied, with results shown in
Figure 37 for singular terms and in Figure 38 for non-singular terms. The results show that the first two terms
factors H; and H, converge when n’ > 4, as the difference between subsequent values of factor H; is always less

linear regression

‘ «— H,(R) by ODM | w— Hy(R) by ODM

— linear regression |
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T B .................... .................... .................... .................... ,%T 30k ............................................................ ....................
'_": : : : ﬁa‘ 251 R e
E O s R ] E
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Figure 35: Dependence of the leading singular terms factors H; and Hs on the radial distance r and fitted curve
by the linear regression. The bi-material notch, 2« = 90°, E;/E> = 0.25. Calculation by the ODM.
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Figure 36: Dependence of the non-singular terms factors Hs and H4 on the radial distance r. The bi-material
notch, 2a = 90°, E;/E; = 0.25. Calculation by the ODM.

HA0=25 HA0=50
2« ODM extrap. W—integral avg. difference | ODM extrap. W—integral avg. difference
60° 2.919937 2.936589 0.6 % 2.916078 2.952096 1.4%
90° 9.118604 9.12314 0.1% 9.111950 9.125289 0.2%
120° 7.211273 7.214646 0.1% 7.211940 7.217978 0.1%

Table 11: Bi-material notch results for 2a = 60° geometry. Values of leading term factor H; determined by the
ODM extrapolation and as averaged value of the U-integral. Both determined with finer division Af = 2.5° in the
left part of the table and coarser division Af = 5.0° in the right part of the table.

than 0.5 % and the difference in Hs subsequent values is always less than 1.5 %. In the case of higher order terms,
the convergence rate of first non-singular term under 1.5 % is achieved with n’ > 8. The second non-singular term
H, convergence rate under 1.75 % is achieved with n’ > 16. For researchers interested particularly in non-singular
terms, we recommend the size of vector Hp,/ at least n’ = 16.

HAT=25 HAT=50°
2« ODM extrap. W—integral avg. difference | ODM extrap. W—integral avg. difference
60° 8.641101 8.186926 5.6 % 8.623311 7.755549 10.2 %
90° 3.560358 3.230628 10.2 % 3.548921 2.906699 221 %
120° N/A 0.153295 N/A N/A —0.142072 N/A

Table 12: Bi-material notch results for 2a = 60° geometry. Values of leading term factor Hs determined by the
ODM extrapolation and as averaged value of the W-integral. For the case of 2a = 120° the regression is not
performed since the term factor Hy is this case is non-singular. Both determined with finer division Af = 2.5° in
the left part of the table and coarser division Af = 5.0° in the right part of the table.
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Figure 37: Dependence of the Hj value on the number of terms in vector H,,. The bi-material notch, 2ac = 90°,
Ey/E; =0.25.
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Figure 38: Dependence of the Hj value on the number of terms in vector H,,. The bi-material notch, 2ac = 90°,
Ey/E; =0.25.

Numerical example E: Stress reconstruction for a V-notch. The specimen with the V-notch is modeled
in 2D as shown in Figure 39 and it is characterized by the following dimensions: L = 76.2 mm, h = 17.8 mm,
a = 3.56 mm, so the notch depth to height ratio is a/h = 0.2. The notch opening angle is 2a = 90° (y; =
a,y2 = 180°,v3 = 360° — ). The specimen is modeled with PMMA (polymethyl methacrylate) material model,
E = 2.3 GPa, v = 0.34 and loaded with force of FF =1 N (per 1 mm of specimen thickness b). Plane strain state
is chosen. The first five GSIFs Hj, are calculated by the W-integral, with integration radius » = 3 mm and by
the linear regression extrapolated displacement and stress based ODM with » = 0.2 - 1 mm. The eigenfunctions
are normalized per Eq. (38) on p. 29 with 6y = 180° where the coordinate system is shown in Figure 39. The
parameters which form the mapped mesh near singular point as in Figure 33 are chosen as: ryg = 0.01 mm, r; =1
mm and ro = 3 mm and the element edge division is by 2.5°. The results are found in Table 13. We see that
both methods for GSIFs calculation return values of the leading term factor H; close to each other (within 0.3 %
comparing the W-integral and the stress based ODM and 0.1 % comparing the U-integral and the displacement
based ODM). Because of symmetry of the problem, the odd terms factors of the expansion should be zero. This
is true for Hy since both methods give a number smaller than 107°. The higher order terms factors Hs, Hy and
Hy values are complex and determined by both methods with signs of solid computational convergence. The factor
Hj3 value of both methods is close to each other, within 4.6 % when the stress based method is considered. For
both methods, the odd term factor H, is again in terms of numerical methods equal to zero as it should be. To see
how the asymptotic solution fits the pure FE solution, we can plot individual o;;(r, ) on desired distance. Then
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we can compare the FE solution with singular terms solution H;, Hs or with singular and non-singular solution
Hy =+ Hs. The results can be even compared on a polar plot and the error between FE and asymptotic quantified as
in [22]. First, lets take the GSIFs determined by the U-integral. The stress field solution is reconstructed on radius
r = 1 mm as in Figure 40. The FE solution is represented by the black squares. The singular terms solution is
given dominantly by the singular term with A; (the blue line), the consideration of second singular term containing
A2 (the yellow line) does not lead to any change (as expected since Ha = 0). The overall trend of the singular
terms solution is close to the trend of FE solution. The consideration of non-singular terms however increases the
precision of stress reconstruction. The highest increase in precision is given by considering the first non-singular
term with A3 (magenta line). Employment of higher order terms with A4 (the cyan line) and the term with A5 (the
red line) does not lead to significant precision increase as all the three lines overlap each other. As expected, the
fourth term with Ay does not increase precision of the analytical solution since Hy ~ 0. The Hj5 does not make
significant change because the stress is reconstructed on a relatively small distance from the singular point. The
contribution of the fifth term would become significant on larger distances. In conclusion, the analytical solution
given by the W-integral with consideration of non-singular terms highly increases the precision of stress description
and almost perfectly overlaps the FE solution. Next, a comparison of analytical solution with GSIFs determined by
the stress based ODM is shown in Figure 41. We see a similar trend as in the previous case, that the singular terms
provide solid stress description on this particular radius, nevertheless the precision is increased by the employment
of higher order terms. Since we have seen in the Table 13 that both methods gave GSIFs close to each other and
seen that the stress reconstruction by the U-integral fits the FE quite well, such results are not very surprising.
In conclusion, the singular terms determined by both methods approximate the FE solution well in terms of the
overall stress trend. The higher order terms provide a slight increase in precision (see o, stress component for the
highest increase in precision). Both methods can be recommended for GSIFs calculation and the following fracture
mechanics analysis. The choice of a particular method in this case is left to the preferences of the researcher.

H Ak H]g; H]?DM,oij H]?DM,ui
0.544484 0.511508 0.512873 0.512086
0.908529 6e — 06 —3e — 06 7e — 06

1.629257 £0.2312517  —0.031952 £ 0.016126¢ —0.06112 +0.041541: —0.047005 £ 0.02195¢
2.301327 4 0.3158371 —5e — 06 £ 2e — 06¢ —1.1e — 05 £ 4e — 06¢ —2.6e — 05 £ 0.000197
2.971844 + 0.3739317  —0.000438 £ 0.0005777  0.003176 £ 0.000503¢ 0.05861 £ 0.059737:

QY = W N | &

Table 13: V-notch, first three eigenvalues A\ and GSIFs Hj calculated by the W-integral and the stress and dis-
placement based ODM.

Figure 39: Model of V-notched specimen subjected to 3 point bending.
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Figure 40: Reconstruction of .., 0.9 and ggg on r = 1 mm. The V-notch 2a = 90°. The GSIFs by the W-integral.
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Figure 41: Reconstruction of ¢,.., 0.9 and ggg on r = 1 mm. The V-notch 2a = 90°. The GSIFs by the ODM.
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. a iy T
1 0.574837 0.103935 0.103929
2 0.846410 0.017645 0.020187
3 1.601034 0.059421 0.053779
4 || 1.886466 £ 0.328683¢ —0.025273 £ 0.008627: —0.055768 4 0.0244027
5 || 2.578256 £ 0.3636867 —0.001147 £ 0.000857z —0.001897 £ 0.0069682

Table 14: Bi-material notch, first three eigenvalues A\; and GSIFs H} calculated by the W-integral and ODM.

F

\\\\\\\\ Te =

Figure 42: Model of the bi-material notch specimen subjected to 3 point bending.

Numerical example F: Stress reconstruction for a bi-material notch. The specimen with the bi-material
notch (BMN) is modeled in 2D as depicted in Figure 42. The dimensions of the model in this numerical example
are identical as in the previous Numerical example E, i.e. L = 76.2 mm, h = 17.8 mm, a = 3.56 mm, so the notch
depth to width ratio is a/h = 0.2. The notch opening angle is 2a = 90° (71 = «,v2 = 180°,v3 = 360° — o). The
material region 1 is modeled with PMMA material properties Fy = 2.3 GPa, v; = 0.34 and the material region 2
with aluminum material model E; = 69 GPa, v = 0.33. The Young’s moduli ratio in this case is E1/E2 = 0.033.
Ideal adhesion on the interface is assumed. The model is loaded with force of ¥ = 1 N (per 1 mm of specimen
thickness b) and plane strain state is chosen. The eigenfunctions are normalized per Eq. (38) on p. 29 with
Ay = 270°, where the coordinate system is shown in Figure 42. This angle is chosen and does not represent the
expected crack initiation angle, which is yet unknown. The parameters which form the mapped mesh near singular
point as in Figure 33 are chosen as: rg = 0.01 mm, r; = 1 mm and ro = 3 mm and the element division is by
2.5°. The first five GSIFs Hj are calculated by the W-integral, with integration radius » = 3 mm and the linear
regression extrapolated Hy, Hy or the averaged ODM Hj + Hs with » = 0.2 < 1 mm. The first two terms factors
were extrapolated since slight linear dependence existed for Hy (r). The higher order terms factors were averaged
since the linear regression is not applicable for these. For the reason discussed in theoretical part discussing the
ODM, only the stress based determination is used. The results are found in Table 14. We see that both methods
for GSIFs calculation for the singular leading terms factors Hy and Hj return values very close to each other (0.01
% for Hy and 12.6 % for Hy ). In case of non-singular terms, good agreement is also found (10.5 % for Hjs, 9.4
% for Hy and 20.9 % for Hs). The method for calculation of GSIFs for a given problem should be chosen by the
comparison of reconstructed analytical solution by each method and pure FE solution. This is shown in Figures 43
and 44, where stress solution on a radial distance » = 1 mm is compared. In the first set of graphs in Figure 43,
the Hj were determined by the W-integral method. Since the problem is not symmetric, contrary to the problem
in the previous numerical example, both the singular term with H; (the blue line) and with Hy (the yellow line)
are needed to obtain the right trend of the stress distribution (solely the first singular term with H; marked as a
the blue line does not approximate the FE solution trend well). When we plot the solution by singular and only
the first non-singular term, which contains A3, we actually obtain solution which is in the material region 2 of less
quality than singular solution only. However, when we add to the singular solution the first (which contains A3)
and also the second non-singular term which contains A4 and is denoted by magenta line, we obtain great match
to the FE. The fifth term, which contains A5 does not increase precision on the distance of 1 mm by any means.
The same is true for analytical solution obtained by the ODM, which gives results of high quality (in accordance to
the to the previous case of the V-notch). In conclusion, both methods produce results which correspond to the FE
solution very well. In case of both methods used, the employment of non-singular terms leads to increased precision
of stress description. The choice of the method in this case is again left to the researcher.
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Figure 43: Reconstruction of .., 0.9 and ggg onr =1
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T ] ANSYS

R15.0

Figure 45: Tangential stress near the tip of the bi-material notch, area 0.1 — 3 mm. The results of this numerical
example shows qualitative character of the problem, so the values of ogg represented by individual contours are
intentionally omitted.

Criteria of crack initiation direction and stability criteria

The criterion of maximum of average tangential stress

As described in sub-section 2.2 on p. 14, the maximum tangential stress criterion states that the crack will initiate
in the direction of maximal tangential stress. Contrary to the case of a crack, direction of maximum of tangential
stress near tip of a bi-material notch is dependent on the radial distance. This can be observed in Figure 45, where
tangential stress on area r = 0.1 — 3 mm near the singular point is shown by FE analysis. As the distance increases,
the maximum changes its direction as shown in Figure 46, where the results of the same FE analysis are plotted in
the graph. The geometry, bi-material combination and loading is identical to Numerical example F on p. 53. In
order to mitigate the radial dependence of the maximum in tangential stress, an average value over specific distance
d which is fracture mechanism or material microstructure related can be calculated as:

d
Foo (0) = % /O 000 (1, 0) dr. (60)

Then, the maximum value is found by search for function extreme:

() < o

and by complying to the condition:

82599
(Fom) <

Substituting the tangential stress component as in expansion (20) on p. 24, into equation (60) we obtain:

n d/\k—l n d:\k—l -~ n d/\k—l
Goo () = HiY T foor (0) + H1 > Tra—=——foor (6) = 2R H1 Y Ty foor (0) ¢, (62)
k=1 Ak k=1 Ak k=1 k
where the I'y1 is the ratio between individual GSIFs:
Hy,
T = —. 63
v o (63
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Figure 46: Tangential stress calculated by pure FEM plotted on three radii: 0.1 mm, 0.2 mm and 1 mm. Please
note the difference in predicted angles of crack initiation 6y when different d is considered.

Deriving the equation (62) with respect to 6 and by forming equation as in Eq. (61) and considering only one part
of the equation (62) we get:

I (61

k=1

by which we will find the angle 8, where the tangential stress has its global extreme, which can occur in material 1
or 2. Please note that detailed derivation of this equation and first and second derivative of eigenfunction fggr (0)
with respect to 6 is found at the Appendix A.2 on p. 107. We presume the crack initiation mechanism to be
identical as in the case of a crack propagation in homogeneous media. The critical value of average tangential stress
follows from the case of crack propagation in material m subjected to mode I loading [40]:

2I(IC,WL
ornd

Gooc (Bom) =

Comparing this equation with equation (62), the critical value of GSIF for a notch problem is for complex A; and
Hy.:

Kicm
Hicm = 1<, (65)

V21 R {ZZ=1 T (Ff\%f%k (90,m)}

As introduced by Eq. (15) on p. 17, the generalized fracture toughness Hic,,, depends on the fracture toughness
Kic m of the material m. In the case of a bi-material notch, there are two materials in which the crack can initiate.
If the value Hic 1 is lower than Hic 2, crack initiation is expected into the material 1, otherwise it onsets in the
material 2. The third option is the crack initiation in the interface. The value Hic interface is determined based on
fracture toughness of the interface, Kic intertace- NOte that for all the critical values Hic 1, Hic,2 and Hic interface,
the shape functions fpg) (€) shall contain corresponding angle of potential crack initiation 6y ,,, (m = 1,2, interface).
The angle 6 ,, is determined by Eq. (64) for the case when the material contains the global maximum of g (¢) and
equals to 7, for the remaining cases of local maximum of Tgg (#) of the interface failure. Then, the crack initiation
occurs if the following stability criterion is violated [20]:

H, < {Hic1,Hicz2, Hic interface } - (66)
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In general, the criteria always compare value H; with critical values Hyc,,. This is true for approach when only
the singular terms factors are employed as well as for the multi-parameter approach. There is no need to compute
critical values for other terms Hj since they are dependent on H; by the ratio I'y;. Finally the critical load for
crack onset from a bi-material notch can be calculated:

e - o min (Hic,1 (00,1) , Hic2 (00,2) , Hic interface (P, mterface))
¢ appl Hi (0app1)

(67)

The average strain energy density factor criterion

In the linear elastic fracture mechanics of cracks, Sih’s strain energy density factor (SEDF) criterion can be used
to predict crack propagation conditions [57]. This approach can also be applied for the same purpose on other cases
of stress concentration [58]. The case of a crack is characterized by independence of the extreme (minimum) of the
SEDF on radial distance. General cases however show the radial distance dependence. Therefore, a mean value of
the SEDF over distance d, which is a distance related to fracture mechanism or material microstructure, is used. In
[18] Klusdk and Knésl applied mean value of the SEDF to assess the stability of bi-material notches. No instances
of the SEDF criterion employment with consideration of not only singular but also higher non-singular terms are
found in the literature to the best of author’s knowledge. As shown in the dissertation, some cases of V-notches and
bi-material notches are characterized by rather weak singularities in comparison to crack problems (e.g. notches
with 2« > 120°). In such cases, the singular terms may describe stress field precisely only on distances smaller than
distance d related to fracture mechanism or material microstructure. Because of that, the SEDF criteria without
consideration of higher order terms may give either overconservative or underestimated failure load prediction. In
order to mitigate such discrepancy, the SEDF can be calculated using n singular and non-singular terms. The
definition of the SEDF is [57]:

dw N
o= TW—T/O ode,

where the 4 W represents strain energy density (strain energy per volume). When considering the brittle fracture

the crack initiates when the SEDF reaches its critical value:
o= ECa

where ¥ is material parameter determined in relation to the fracture toughness of given material Kic n,. Let’s
recall Eq. (13) on p. 15. For crack problems:

kK7
Yo, = —IGm 68
c, . (68)

In the case of a bi-material notch, the SEDF will be determined for both material regions and the interface, thus
for index m = 1,2, interface. As discussed above, to account for dependence of the SEDF on radial distance, its
mean value X, over specific distance d is determined as:

_ 1 [
s - 1 / S dr. (69)
d Jo

Let’s recall the formula for calculation of the SEDF for plane problems, Eq. (10) on p. 14:

1
Em = r [QJGGmJTTm(km - 1) + (039771 + erm)(km + 1) + 4039771] g’ (70)

in which the material constant k,, is defined in Eq. (11) on p. 14. Let’s substitute for each stress component its
stress series form of n terms and integrate the equation over specific distance d. By doing that, the final form of
the formula for the mean value of the SEDF is:

— {Hl ZZ d/\k+/\l 1 ( )} ( )
Y = Tpilii——Up (6 71
“mk 1=k A+ A
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in which the I'j; is ratio between GSIFs defined:

and the augmented shape functions in the following form:

2 ook () frrk (0) (ke — 1) + (f3gx (0) + f71 (0)) (ks + 1) + 4f7, () k=1
U (0) = < 2(foor (0) frri (0) + foor (0) frri (0)) (km — 1) 4+ 2(foor (0) foor (0)+  k#1
+frrk (9) frrl (9)) (km + 1) + 8fr9k (9) fr9[ (9) .

The detailed derivation of Eq. (71) is found in the Appendix A, p. 108. The crack initiation angle 6y is found as a
minimum of mean value of the SEDF. Mathematically, the function extreme is:

(Ze) - o -

%%,
— 0.
(%) >
By substitution of Eq. (71) into Eq. (72) we finally obtain equation by which we will find the crack initiation angle
90:

and for the function minimum:

L dretAai—l oUy,; (9)
INTN - 0. 73
;; A VNS VT (73)

The derivative of Uy, (0) is found in the Appendix A, Eq. 109 on p. 110. We assume that the crack initiation
process in the case of a bi-material notch is identical to the crack propagation process in the case of a crack in
homogeneous media. The employment of equation (71) for mean value of the SEDF together with equation (68)
for critical value of the SEDF leads to formula for determination of critical value of GSIF:

km,
27 {1, Ciy D D S Ui (0)

HlC,m - KIC,m (74)

Note that all the critical values Hic 1, Hic,2 and Hic interface should be evaluated for calculated corresponding
angles of crack initiation 0y 1, 6p2 and O interface respectively, which were determined earlier by Eq. (73). Once
the critical fracture toughness values are known, in order to assess stability, the generalized stability condition as
stated in equation (15) is used. The condition of stability for the case of a bi-material notch is written identically
as in Eq. (66) in the MTS criterion section, since it is a general one. The crack onset load is then calculated by
Eq. (67).

The coupled stress-energy criterion

The coupled stress-energy criterion developed by Leguillon [23] states that both the energy and stress criteria
are necessary conditions for fracture but neither one nor the other are sufficient. The fracture occurs when the two
criteria are fulfilled simultaneously, together they form a sufficient one. The energy criterion, which is commonly
used in fracture mechanics of brittle solids is:

oW,
55

> G, (75)

where §5 is newly created crack surface and G¢ is fracture energy per unit surface, the fracture toughness. The
incremental form of this criterion is the foundation of Finite fracture mechanics (FFM). It requires the knowledge
of the crack increment surface 0.5 [23]. The differential form of this criterion is known as Griffith criterion. Let’s
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Figure 47: Unperturbed and perturbed problem.

consider the symmetrically loaded V-notch which is characterized by single real governing term of the stress expan-
sion (with GSIF H and eigenvalue \). The potential energy change at a crack onset in the direction 6y is written
[24]:

—0W, = H?A(2a,00) 1% d+..., (76)

where A (2a,6p) is the scaling term dependent on local geometry (2a)) and the direction of crack initiation 6y. Its
computation is commented in following sub-chapter. The [ is length of the newly created crack and d is the width
of the specimen. The GSIF H is proportional to the applied load 0. thus H = co. Combining equations (75)
and (76), the lower bound for the crack increment length is:

le—1 S Gc

~ A(2a,6p) o2’ (77

Since the applied load 0., cannot be infinitely large, the increment length [ at crack onset cannot be infinitely small.
The crack jumps from 0 to Iy, which is the illustration of FFM. The tangential stress at a distance [ from the tip
in the direction 6y is:

090 (1,60) = HI* ' f9 (00) + ...

considering the stress failure condition:

oge (1,00) = oc,
where o¢ is the critical tension, i.e. material strength. The upper bond for the increment length [ is:

€00 fo0 (90).

-1
o ol (79)
The increment length Iy is derived by combining (77) and (78), so we get:
Gef?, (6

A (20&, 9()) J% ’

The crack onset criterion can be obtain by substituting Eq. (79) into Eq. (76), thus:

v < (rom) ()

Matched asymptotic expansion for the coupled stress-energy criterion

Let’s consider a domain Q' which is slightly perturbed by a small crack of length [ as illustrated in Figure 47b.
The solution U'(zy,x2) can be expressed as the unperturbed solution U°(zy, x5) defined in Q) see Figure 47a, (Q°
is a limit of Q! as [ — 0) plus a small correction:

Ul(l‘l,l‘g) = Uo(l‘l,l‘z)+91(Z)U1(1‘1,1‘2), (80)
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where gy (1) — 0 as | — 0. This expansion above (80) is called outer and it is valid in the whole domain Q° (or Q')
except near the corner point where the geometry is perturbed [23]. The singular solution U°(xy, ) at the corner
point can be written as:

U(z1,22) = U°0,0) + Hr*u(9) + ... (81)

Where the term U°(0, 0) represents the rigid body translation. Tt is assumed for simplicity that the leading singular
term is single real one (therefore we denote Hy = H, Ay = X and w3 () = w(#)). In order to have description of
near fields, the domain Q! is stretched (x1/1) and as | — 0 it leads to unbounded inner domain Q™ where y; = /1,
y2 = xo/l and p = r/l. The crack length is chosen as | = 1, so the inner expansion is:

Ullzy,22) = Uy, ly2) = Go()V 2 (y1,y2) + G1()V (y1, y2), (82)

where G1(1)/Go(l) — 0 as I — 0. The behavior of outer terms in (80) when approaching to the singular point must
match the behavior of the inner terms in (82) at infinity. The asymptotic character of (81) leads to:

Go(l) =1, VOyi,ye) =U0,0)=C, Gi(l)=HI"

In addition it is prescribed that V!(y1,y2) ~ p*u(0) as p — co. By using the superposition principle the function
V(y1,y2) is written:

Viy,y) = prul8) + V(v ve),
where V(yl, y2) is the complementary term. Therefore the inner expansion of perturbed problem is:
Ul(yr,10) = C+ HM(pMu(0) 4+ Vi, y2)) + ...
and the inner expansion of unperturbed problem:
Ul(y1,y2) = C+ HPpru(0) + ...
The difference in strain energy thus is:
W,(0) = Wy(l) =w(U°%UY) = W(C+ HIMp () + V(yi,y2)) +...,C+ HI*p u(d) +...),
which can be expanded in individual U-integrals:

W (0) = Wp(l) = W(C,C)+ HI'CU(C, p*u(0)) + HINCW(p u(0), C) + H PP (p u(6), p u(0))
+HINU(V,C) 4+ H2PPU(V, pru(h)).
As the properties ¥(u,u) = 0 and ¥(u,v) = —¥(v,u) apply, all the terms expect the last one are equal to zero.

Equality HI*y(V,C) = 0 can be also proven [25]. The final form of the equation for difference in potential energy
is

W,(0) — Wy(l) = AH?, (83)

Figure 48: Domain with a small crack of length .
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Figure 49: On the left: FE model of the inner domain for a calculation of the scaling coefficient
A (2a =90°, 6y = 180°) of the V-notch. On the right: the crack with unit length after deformation.
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Figure 50: The left-hand side shows the convergence study of the scaling coefficient A (2a = 90°,60y = 180°) for
the V-notch in dependence of integration path radius ro. The right-hand side shows the convergence study of the
scaling coefficient A (2 = 90°, 6y = 180°) for the V-notch in dependence of the inner domain size r3.

in which the term A is:

. 1 . .
A = WV, p ) = 3 /(O(V)W)AU(@ —a(p*u(@))nV) (84)
r
and the I' is any contour surrounding the singular point as shown in Figure 48. We refer to A as to scaling coefficient.
It is dependent on the general singular stress concentrator local geometry and the crack initiation angle. Thus we
denote it as A (2, 0p).

Numerical example G: Scaling coefficient A (2¢,6y) of the coupled stress-energy criterion. The values
of scaling coefficient A (2a, 6p) are calculated for the V-notch with geometry as shown in Figure 9 on p. 15. The
V-notch is symmetrically loaded so the crack initiation angle is known, 6y = 180°. The parameter A (2a,6y) is
calculated by matched asymptotic expansion, which is theoretically explained in the previous sub-chapter 4.2 on
p. 59. Circular domain is modeled by FEM code ANSYS with a small crack of unit length at its origin (with
orientation of crack initiation angle 6y). The FE model is shown in Figure 49. The crack faces are loaded with
function 71~ fyg; (#), which is normalized as in Eq. (38) on p. 29. The assumption for the inner domain is, that
it has boundaries in infinity. This can not be modeled by FEM, therefore the domain has to be modeled large
compared to the crack length of [ = 1 mm. The nodes of elements laying on the outer edge of the domain are fixed
in radial and tangential direction. Then, the scaling coefficient is determined by numerical integration of expression
(84). Circular integration path I' as shown in Figure 48 is chosen to fully surround the crack and the integration
radius is denoted ro. The values of stress and displacement components are extracted from nodes found on this
circle. The expression for an infinitesimal value of the integral as written in python script is:

61



Ondfej Krepl Methods and results

=8—A_Leguillon A Krepl

0.300

0.250

0.200

0.150

AQa) (x10%)

0128
> 0.098

0.100 \/4'
0.103 0.079

0.050
0.000

0 50 100 150 200
20 [deg]

Figure 51: Scaling coefficient A (2«r) resulting values comparison. The magenta line represents results calculated
by Leguillon, the cyan line represents author’s results [23].

dA(O) = 12" (r2fon(0)orT(0) + 2 for(B)ary (6) — ur®(8) frrn(0) — ug " (6) fron(6)) A6,

which is later integrated by the trapezoidal rule:

(dAk (Qn_l) +dA, (Hn)) AG

Ay = n; 5 .
As in the case of the W-integral applied on the V-notch of 2ac = 90°, circle division A8 by 5° or 2.5° leads to 54 or 108
integration points respectively. The choice of the finer integration step results in a very small change of coefficient
(by 0.5 % or less). To prove the integral path independence, the integral is calculated on various circular paths
with 79 between 10 and 25 mm. The results which are shown in chart on the left side of Figure 50 show satisfactory
convergence. The size of inner domain is chosen as r3 = 200 mm. This large dimension should represent behavior of
the domain as if it had boundaries in infinity. The convergence study shows that further increasing of its size does
not significantly affect the resulting scaling coefficient, see left chart in Figure 50. The calculated values of scaling
parameter for the V-notch are compared with values calculated by Leguillon in [23]. Graph in Figure 51 shows the
resulting values of scaling coefficient for variety V-notch opening angles 2a.. Good match in results is found (within

7%).

Failure load predictions vs. experimental data. Experiments on three point bending specimens made of
polymethyl methacrylate (PMMA) with a V-notch were conducted by Dunn et al. in [64]. The geometry of specimen
is identical to the one modeled in Numerical example E on p. 50. The actual thickness of specimen is b = 12.7
mm. Dunn et al. tested specimens with notch opening angle 2« of 60°, 90° and 120°. They also varied the notch
depth, so the specimens with a/h ratio of 0.1, 0.2, 0.3 and 0.4 were tested. In [64] Dunn et al. measured fracture
toughness of PMMA as an average value Kic = 1.02 MPay/m with standard deviation of 0.12 MPa+/m and the
average strength o, = 124 MPa. They reported on failure strength o of notched specimens of individual geometric
configuration. By knowledge of failure strength the failure force can be easily calculated by formula:

20fbh2
Fr = Y
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Figure 52: Comparison of experimental failure forces [64], the MTS and SEDF criterion predicted critical forces for
a V-notch. The cyan color represents results of 2a = 60° and the magenta color represents results of 2o = 90°.
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Figure 53: Comparison of experimental failure forces [64], the MTS and SEDF criterion predicted critical forces for
a V-notch. Results of 2o = 120°.

We predict Fe by simple modification of Eq. (67) on p. 57:

Hic (0o)

Fo = Foppl—7——.
¢ apPl H, (Fappl)

Whereas the Hyc,y, are determined by Eq. (65) on p. 56 in the case of criterion of maximum of average tangential
stress or by Eq. (74) on p. 58 in the case of average strain energy density factor criterion. The generalized fracture
toughness is computed by the above stated K¢ of PMMA. The crack initiation angle is assumed to be 6y = 180°
because of problem symmetry. The parameter d related to microstructure or fracture mechanism was varied, so the
charts show predictions with d = 0.001 mm, d = 0.01 mm and d = 0.1 mm. The results for specimens with notch
opening angle 2a = 60° and 2a = 90° are found in Figure 52 and the results for 2a = 120° in Figure 53.

The review of results show, that the very good agreement between experimental data and theoretical predictions
occur for d = 0.01 mm especially in the case of the largest opening angle 120°. The use of the above mentioned criteria
and parameter d = 0.01 mm leads to results which underestimate the actual failure load. From the engineering
point of view, it is a desirable situation, since the results lay on so called safe side. The chosen length d = 0.01 mm
has the same order of magnitude by the material length parameter used by Taylor in [59]:

2 2
d = 1<Km> :l<EEMEﬂ@> = 0.0215 mm

T\ oy T 124 MPa

The criteria used to predict the failure force are multi-parameter, nevertheless on distances in order of 1072 mm,
the contribution of higher order terms is small. The difference in failure loads predicted by the single-parameter
criteria and multi-parameter criteria is in units of percents. The higher order terms contribution would become
significant for materials and configurations where larger d is necessary.
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L 1 2 3 4

Ap || 0.598793  1.142299  1.544159  2.098344 + 0.580010:
Hy || 0.077091 —0.011036 0.018588 —0.004002 + 0.007523:

Table 15: Eigenvalues A and GSIFs Hj, of the bi-material notch with 2o = 120° and E;/E5 = 0.033.

Numerical example H: Crack initiation direction and crack initiation load in the case of a bi-material
notch.

Part 1 The three point bending specimen with the bi-material notch is modeled. The studied problem is
identical to the Numerical example F on p. 53 with only one difference, the notch opening angle is 2 = 120°. As
in Numerical example F, the Young’s moduli ratio is E1/E2 = 0.033. The GSIFs are calculated by the U-integral
method and listed in Table 15. Let’s predict the crack initiation direction and the critical value of GSIF by (a)
criterion of maximum of average tangential stress and (b) average strain energy density factor criterion. The crack
initiation angle and failure load will be calculated using (i) singular terms, (ii) singular and non-singular terms.
Case (i) contains one singular term thus n = 1, case (ii) contains one singular and three non-singular terms thus
n = 4. We have seen in Numerical example F on p. 53, that the employment of the fifth term does not increase
precision by any means, this is also true for this geometric configuration.

(a) The criterion of maximum of average tangential stress. The crack initiation direction is predicted
using the formula (64) on p. 56 to find the extreme of gy (f). The results are illustrated in Figure 54, where the
graph shows averaged stress Tgg (0) over distance d = 1 mm using (i) singular term (the blue dotted line), singular
and non-singular terms (the cyan dotted line). The blue and cyan vertical line shows the maximum of Gy ()
determined by (i) singular term and (ii) singular together with non-singular terms respectively. In addition, the
blue and cyan solid line with markers represents the ogg(r, ) reconstruction on particular distance d. The black
squares denote the FE solution. When (i) only the singular term is used, the global maximum lays in material 2,
which is aluminum. In case (ii) when singular and non-singular terms are used, the global maximum is again found
in material 2. The difference in the angles of global maxima determined by (i) and (ii) is 2.3°. By varying the value
of d, the angles of global maxima slightly changes (for d = 0.3 mm the difference is 1.8° and for d = 3.0 mm it is 1.2°).
Therefore the averaging distance should be chosen carefully in relation to the fracture mechanism or microstructure
of a particular problem. Since the purpose of this numerical example is only to provide illustration of application
of the criteria, the critical distance will remain d = 1 mm. Furthermore the choice of d related to mechanism
or microstructure is beyond scope of this work. The fracture toughness of PMMA is KiMMA = 1.02 MPay/m
[64]. The fracture toughness of aluminum is 1428 MPa/m depending on the particular alloy and treatment. We
choose aluminum alloy (7075) with K#! = 24 MPa,/m. Without an experiment with the particular bi-material
configuration, it is uneasy to estimate fracture toughness of the interface. In [65] Shatil and Shaimoto tested
aluminum /PMMA bi-material 3PB specimens, however they do not provide value regarding fracture toughness of
the interface. To bond the materials together they use epoxy adhesive. Experimental evaluation in [67, 66] show
that the fracture toughness of interface can vary widely depending on conditions and particular configuration of
materials to be bonded. Our estimation for this numerical example therefore is Kigferface = (.75 MPa,/m. The
generalized fracture toughness is calculated by Eq. (65) for global maximum, local maximum and the interface.
The results calculated by (i) singular term are shown in Table 16 and by (ii) singular and non singular terms in
Table 17. Please recall the stability condition (66) on p. 56. According to (i) the global maximum lays in m = 2,
which is the aluminum with the crack initiation angle of 8y, = 183.3°. The corresponding generalized fracture
toughness value Hic 2 is the highest one since aluminum has ~ 20 times higher fracture toughness than PMMA.
Crack is expected to initiate rather to direction of local maximum, in PMMA or to the interface. When we asses
the local maximum, we see that the lowest value corresponds to the interface, therefore the crack is expected to
initiate in this direction. According to (ii) the global maximum also lays in m = 2 with the crack initiation angle
of fp2 = 181.0°. The lowest value of generalized fracture toughness value also corresponds to the interface. The
difference in this generalized fracture toughness value determined by (i) and (ii) is 1.8 %.
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[ o.m m Hic,m
global maximum || 183.3° 1= aluminum 26.405477
local maximum 180.0° 2 = PMMA 1.124533
local maximum 180.0° interface 0.826863

Table 16: The generalized fracture toughness Hic ,, for global maximum, local maximum and the interface deter-
mined by (i) singular term and (a) criterion of maximum of average tangential stress.

| Oom m | Hicm
global maximum | 181.0° 1 = aluminum | 26.940646
local maximum 180.0° 2 = PMMA 1.145156
local maximum 180.0° interface 0.842027

Table 17: The generalized fracture toughness Hic ,, for global maximum, local maximum and the interface deter-
mined by (ii) singular and non-singular terms and (a) criterion of maximum of average tangential stress.

=X
e e o Tpp:d=1.0mm — . %% — 000 =3.199rad =183.3°

Gpp3d =1.0mm 9%65" — 0,0 =3.158 rad =181.0°

- - o0

gpo [I\/IP a]

Figure 54: Mean value of the Ty (6) plotted by (i) singular term: the blue dotted line, (ii) singular and non-singular
terms: the cyan dotted line. The blue and cyan vertical line denotes the corresponding crack initiation angle. The
black dashed vertical lines denote the interface and the free surfaces.

(b) The average strain energy density factor criterion. The crack initiation direction is predicted
using the formula to find the extreme of ¥ (6) Eq. (73) on p. 58. The results are illustrated in Figure 55, where
the graph shows averaged strain energy density ¥ (6) over distance d using (i) singular term (the blue line with
markers), (ii) singular and non-singular terms (the cyan line with markers). The blue and cyan vertical lines show
extreme values (global minimum) determined by (i) and (ii) respectively. Both (i) and (ii) show the global minimum
in material m = 2, which is aluminum. There is difference of 2.9° in direction of global minimum predicted by (i)
and (ii). Because of much higher fracture toughness of aluminum in comparison to PMMA, the crack is expected
to initiate rather to direction of local minimum of ¥ (6) or to the interface. The results are summarized in Tables
18 and 19. Per stability condition (66) on p. 56, the lowest value of Hyc,y, corresponds to the local minimum of
3 () and the interface. Thus crack initiation in interface in the direction 6y = 180.0° is expected. The difference
in general fracture toughness value determined by (i) and (ii) is 5.2 %.
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[ o.m m Hic,m
global minimum || 184.5° 1 = aluminum 27.711504
local minimum 180.0° 2 = PMMA 1.169967
local minimum 180.0° interface 0.860270

Table 18: The generalized fracture toughness Hic, p, for global minimum, local minimum and the interface deter-
mined by (i) singular term and (b) average strain energy density factor criterion.

[ fom m Hicm
global minimum || 181.6° 1 = aluminum 28.83614
local minimum 180.0° 2 = PMMA 1.230542
local minimum || 180.0° interface 0.904810

Table 19: The generalized fracture toughness Hic, p, for global minimum, local minimum and the interface deter-
mined by (ii) singular and non-singular terms and (b) average strain energy density factor criterion.

* T.d=1.0mm — . 21— 0;6c =3.22rad —184.5°

* % ¥ d=1.0mm - ZT = 0;0c =8.17rad =181.6°
0.000010 , , , ,
0.000009 |- i ' : :
0.000008

& 0000007

§ 0.000006

S 0.000005

X 0.000004
0.000003
0.000002

0.000001

Figure 55: Mean value of the X () plotted by (i) singular term: the blue line, by (ii) singular and non-singular
terms: the cyan line. The blue and cyan vertical line denotes the corresponding crack initiation angle. The black
dashed vertical lines denote the interface and the free surfaces. Please note that in the interval (I',~3) the value
3 (0) is multiplied by factor of 10.

Part 2 A free edge singularity as shown in Figure 56 is studied. The dimensions of the modeled specimen
are L = 38.1 mm, h = 14.24 mm and the plane strain state is considered. The angles which define the free edge
singularity by a bi-material notch model are v; = 90°, 7o = 180° and 3 = 270°. The material region 1 consists of
Aluminum material model, while the material region 2 consists of PMMA material model. The elastic constants
are identical to those of Numerical example F on p. 53 thus the Young’s moduli ratio is E;/E2 = 30. The fracture
parameters are identical to those in Part 1 of this numerical example. The force of 0.1 N/mm applied on a line is
constantly distributed on the length h of the upper edge under direction of ¢ (per 1 mm of specimen thickness b).
This particular configuration of a bi-material notch has only one singular term with Ay = 0.721100. The second
term is non-singular with Ay = 1.721014 £ 0.575276. Higher order terms have S {\z} > 1 and do not significantly
add to the precision on d = 1 mm. Both the eigenfunction are normalized by the angle 240°. The crack initiation
direction and material in which the crack initiates is calculated by criterion of maximum of average tangential stress.
According to the theory, when only the singular term is used for prediction of crack initiation direction g ,, this
direction should be independent of external loading direction {. The reason is apparent from examination of the
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formula for crack initiation direction calculation Eq. (64) on p. 56. To account for the different loading of particular
problem, the formulae contain ratio I'y;. However, when only one singular term is used, this ratio remain constant
and single one. Apparently, the angle of crack initiation should be dependent on the angle of external loading.
With employment of the first non-singular term, the crack initiation angle changes as it should be. The distance
d is again chosen as a 1 mm for the reasons discussed above. The results related to the criterion of maximum of
average tangential stress for the case when ¢ = 180° are shown in Figure 57. The blue line with markers represents
the (i) singular term solution of ggg(r, ) and the yellow line with markers represents (ii) singular and non-singular
term solution of ogg(r, #) on distance d. The blue and yellow line represents the averaged distributions 7gg (8) by (i)
and (ii) respectively. The dashed vertical lines represents the global maxima. The results for different ¢ determined
by (a) are summarized in Table 20. The highest discrepancy in location of global maximum of Ggy (f) determined
by (i) and (ii) occurs when ¢ = 180° and with a value of 6.0°. The results of generalized fracture toughnesses for
the case ¢ = 90° determined by (i) and (ii) are listed in Table 21. In similar manner, the Table 22 summarizes
the results for ¢ = 180°. According to the stability condition (66) on p. 56, the lowest value in both (i) and (ii) is
Hic interface- Therefore the crack is expected to be initiated in the direction of local maximum to the interface i.e.
00,interface = 180°. The difference in calculated critical value of Hic interface by (i) and (ii) is 5.5 % when ¢ = 90°
and 20.4 % when ¢ = 180° .

COAVAAN e

Material 1

\

0

xr

_

singular
point

L2

L .

Figure 56: Bi-material plate with a free edge singularity, loaded with load of variable direction (.

(i) singular term  (ii) singular and non-singular terms

¢ o 9o discrepancy
90° 169.9° 171.0° 1.1°
112.5° 169.9° 174.2° 4.3°
135° 169.9° 175.0° 5.1°
180° 169.9° 175.9° 6.0°

Table 20: Variation of the crack initiation angle 6, on the external loading angle ( for free edge singularity. Values
determined by (a) criterion of maximum of average tangential stress.
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Figure 57: Mean value of the Tgp () plotted by (i) singular term: the blue line, by (ii) singular and non-singular
terms: the yellow line. The black dashed lines denote the interface and the free surfaces. The external load direction

for this case is ( = 180°.

(i) singular term (ii) singular and non-singular terms
) m Hicm

( = 90° || 9() m HlC,m
global maximum | 169.9° 1 = aluminum 35.844833 | 171.0° 1 = aluminum 34.219002
local maximum 180.0° 2 = PMMA 1.594816 | 180.0° 2 = PMMA 1.507462
local maximum 180.0° interface 1.172659 | 180.0° interface 1.108428

Table 21: The generalized fracture toughness Hjc ., determined by (a) criterion of maximum of average tangential

stress for a free edge singularity with ¢ = 90°.

(i) singular term (ii) singular and non-singular terms
( = 180° 9() m HlC,m 9() m HlC,m
global maximum | 169.9° 1 = aluminum 35.844833 | 175.7° 1 = aluminum 29.665253
local maximum | 180.0° 2 =PMMA 1.594816 | 180.0° 2 =PMMA 1.269263
local maximum 1.172659 | 180.0° interface 0.933282
Table 22: The generalized fracture toughness Hjc,,, determined by (a) criterion of maximum of average tangential

|

I

180.0° interface

stress for a free edge singularity with ¢ = 180°.
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4.3. Formulation of multi-parameter fracture mechanics approaches for a sharp ma-
terial inclusion

Stress terms exponents determination and study

A sharp material inclusion is modeled as a bi-material junction which is shown in Figure 11 on p. 18. The boundary
conditions of the problem are:

door1 (1,71) = 0ogor2 (1,71) (85)
orok1 (1,71) = Oror2 (1,71)
uor1 (r,v1) = uek2 (,71)
Upp1 (1,71) = Upp2 (7,71)
door2 (1,72) = 0ok (1,%)
oror2 (1,72) = oror1 (1,7%)
ugr2 (r,72) = uor1 (1,7%)
Urk2 (r,72) = k1 (7,%)

From the equations above it follows that the traction and displacement continuity is enforced at both interfaces I'y
and Iy = I's. By substituting equations for stress components (18) and displacement components (19) on p. 24
into 8 equations of boundary conditions above and by simple rearrangement we obtain the matrix A (\) analogical
to a V-notch problem, Eq. (33), p. 28. Again, the system of equations can be written as in Eq. (35), i.e.:

AXNv = 0.

The system is characterized by 9 unknowns, the eigenvalue A\; and 8 complex constants in the eigenvector vy, which
has the same form as the eigenvector for a bi-material notch Eq. (34). From the mathematical point of view, the
system is solved in accordance to the means described in detail in sub-section 4.2 p. 27. Brief recall of the approach
is following. Eigenvalue \; is found as a solution of the characteristic equation rising from determinant of matrix
A (X) asin Eq. (36) on p. 28. The kth eigenvalue Ay, a is inserted back into the matrix in order to obtain eigenvector
vi. One complex coefficient of the eigenvector is chosen as 1 and the reduced system of equations is solved, see Eq.
(37) and remaining coeflicients of eigenvector determined. As the eigenvector vy, is constructed, eigenfunctions for
stress fiji () and displacement series fi (6), Eq. (23) and (27) respectively, are fully defined. Normalization of
eigenfunctions is conducted as in (38) or (39) on p. 29 in the assumed direction of crack initiation 6y or another
angle of choice. Contrary to the case of a V-notch, for eigenfunctions of a bi-material junction does not apply,
that the odd eigenfunctions are with £k = 1,3,5... and even eigenfunction with k¥ = 2,4,6... Therefore, in such
case it is investigated if the function is odd or even and it is normalized accordingly. However, straightforward
division to odd and even function is applicable only for symmetrical problems of a bi-material junction, i.e. when
|71] = |70|- General non-symmetrical problem of a bi-material junction is analogical to a bi-material notch, where
each eigenfunction f;;x (#) contains both odd and even functions. In such cases, the normalization should be
performed on individual basis.

Numerical example J: Eigenvalues, eigenvectors and the eigenfunctions of the bi-material junction
(case of inclusion more compliant than matrix). The bi-material junction as shown in Figure 11 on p. 18
is considered. Let’s study three geometrical configurations, i.e. (i) 2a = 60°, (ii) 2« = 90°, (iii) 2a¢ = 120° (for
all cases: 79 = —a,71 = @,72 = 2m — &) . The material properties are defined by E;/Es = 0.25, E; = 20 GPa
and v1 = v = 0.25. This numerical example represents the case of the sharp material inclusion more compliant
than matrix. The eigenvalues \; and eigenvectors vy are determined as described theoretically in the previous sub-
section. From the computational point of view, the search for roots is conducted with the same procedure as in the
case of a bi-material notch, which is in detail described in the Numerical example B on p. 32. The eigenvalues are
roots of the characteristic equation which are being found on a complex plane by solving system of two equations.
Where both the real and imaginary part of the eigenequation is zero a root is found (location where the red and
blue curve intersect). Again it is advised to check if the found value truly represents a root by inserting it back
into the characteristic equation. The resulting value should be close to zero. For the first geometric configuration
(i) 2ac = 60° the solution is described in the graph in Figure 58 and the resulting eigenvalues listed in Table 23. For
the first geometrical configuration in this numerical example, the complex coefficients of eigenvector vy are for the
sake of completeness listed in Table 24 for the first material region and in Table 25 for the second material region
(eigenvectors of first four eigenvalues are considered). For the second geometric configuration (ii) of this numerical
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Figure 58: (i) Bi-material junction, 2« = 60°, E1/E> = 0.25. On the left-hand side there is the graph of f (z) =
det (A (A)). On the right-hand side contour plot, the blue curve stays for & {det (A (R{Ax}))} = 0 and the red
curve for S {det (A (S {Ax}))} =0.

E 1 2 3 4 5 6
Ak [ 0.816623  0.863720 1.252661 1.696219 2.000000 2.058139 + 0.154775¢

Table 23: (i) Bi-material junction, 2a: = 60°, E; /Eo = 0.25. First six eigenvalues Ag.

example, the eigenvalues are found graphically as shown in Figure 59 and the eigenvalues listed in Table 26. The
last geometrical configuration (iii) has the graphical solution of eigenvalues in Figure 60 and the eigenvalues listed
in Table 27. As explained theoretically in the previous section, once the eigenvalues A\, and eigenvectors vy are
determined, one is able to construct eigenfunctions f;;x (6) and f;x (0) for stress and displacement series respectively
(and their complex conjugates). For the most common case of the bi-material junction, i.e. (ii) 2 = 90°, the stress
eigenfunctions f;jx (0) for k = 1,2, 3,4 are displayed in Figure 61. Similarly the displacement eigenfunctions f; ()
for k = 1,2, 3,4 are constructed and shown in Figure 62. The yellow dashed line denotes the location of the interface
I';. The eigenfunctions are normalized with consideration of the 6§y = 180°. We see that the eigenfunctions with
k =1,3,4 are odd and eigenfunction with k = 2 is even in terms of radial and tangential stress®. Analogically to
a bi-material notch, the radial stress eigenfunction is discontinuous, in the case of a bi-material junction on two
interfaces. The strength of singularity varies from case to case and a straightforward conclusion similar to case of
a V-notch or bi-material notch cannot be proclaimed. A general understanding may be provided by plotting the
dependence of A\, on the 2« for particular bi-material configuration. Such dependence of eigenvalues for bi-material
configuration of E;/FE5 = 0.25 is shown in Figure 63.

Numerical example K: Eigenvalues, eigenvectors and the eigenfunctions of the bi-material junction
(case of inclusion stiffer than matrix) Similarly as in the Numerical example J, the bi-material junction as
shown in Figure 11 on p. 18 is considered. Again, let’s study three geometrical configurations, i.e. (i) 2a = 60°,
(ii) 2c0 = 90°, (iii) 2cv = 120° (for all cases: 79 = —a, 71 = @,72 = 27 — «). The material properties are defined
by E1/Es = 4, E; = 80 GPa and v; = 1o = 0.25. Thus, the numerical example represents the case of the sharp
material inclusion stiffer than matrix. The eigenvalues A\, are determined in the same way as described in the
previous sub-section. The solution is plotted only for case (ii) which is a representative one, see Figure 64. The
graphical solution of other cases has similar characteristics. The resulting eigenvalues are listed for the geometric

8By referring to the eigenfunction as odd or even we mean that it is odd or even in part on each of two material domains, see Figure
73.
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A s

Nia

Ijq

L

1 0.715493 + 0.4647867

0.715492 4 0.4647871

0.533424 + 0.3465141

0.533424 — 0.3465151

0.436009 + 0.1989521

—0.435969 — 0.199039:

—0.284583 — 0.12992691

0.284611 — 0.129867:

—0.582004 + 0.591817:%

0.191283 — 0.1945084

0.191283 + 0.194504

2
3 || —0.582004 + 0.5918173
4 0.300250 + 0.4237527

0.300250 + 0.4237527

0.157338 + 0.2220567

0.157338 — 0.2220567

Table 24: (i) Bi-material junction, 2a = 60°, E1/E> = 0.25. First four eigenvector’s vy, coefficients My, Nit, I

and Lyg.

k| My Ni2 Iyo Ly
1 || 0.321620 4 0.7229037  0.791219 + 0.000002% 0.406484 + 0.913658% 1
2 || 0.723878 4+ 0.834526¢: —1.104732 — 0.000094¢ —0.655188 — 0.755466¢ 1
3 || 0.026795 + 1.602508¢ —1.602732 —0.016719 — 0.9998601 1
4 1 0.044471 — 0.126556¢ —0.134142 —0.331519 + 0.943448: 1

Table 25: (i) Bi-material junction, 2a = 60°, E1/E> = 0.25. First four eigenvector’s vy, coefficients Myo, Nia, Ino

and Lys.
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Figure 59: (ii) Bi-material junction, 2« = 90°.
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1.0
R(z)

1.5 2.0

1.00

0.75

0.50

0.25

—0.25

—0.50

—0.75

—1.00

0.00 0.25 0.50 0.75

1.00
R(z)

On the left-hand side there is the graph of f(z) = det (A ().
On the right-hand side contour plot, the blue curve stays for R {det (A (R{At}))} = 0 and the red curve for

El 1 2

3 4

5

6

M || 0.771662  0.963713

1.223471

1.782013 £ 0.0954277

2.229579 £ 0.152656%

Table 26: (ii) Bi-material junction, 2« = 90°, E1/Ey = 0.25. First six eigenvalues \j.

k1

2 3

4 5

6

A ][ 0.778634

1.093457

1.124854

1.900225 £ 0.157971%

2.000000  2.25895762

Table 27: (iii) Bi-material junction, 2« = 120°, E1/E2 = 0.25. First six eigenvalues \j.

72

1.25 1.50 1.75 2.00

2.906718 £ 0.3805367



Ondfej Krepl Methods and results

1.00

0.75

0.50

0.25

—0.25

—0.50

\ —0.75
—1.00

0.5 1.0

.0 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
R(2) R(=)

Figure 60: (iii) Bi-material junction, 2« = 120°, E1/E; = 0.25. On the left-hand side there is the graph of
f (2) = det (A (X)). On the right-hand side contour plot, the blue curve stays for & {det (A (R{Ax}))} =0 and the
red curve for S {det (A (S {Ax}))} =0.
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Figure 61: (ii) Bi-material junction, 2a = 90°, E1/Ey = 0.25. Stress eigenfunctions f; (€) for k =1,2,3,4.
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Figure 62: (ii) Bi-material junction, 2ac = 90°, E1/FE5 = 0.25. Displacement eigenfunctions f; (9) for k = 1,2, 3, 4.
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Figure 63: Dependence of eigenvalues A\, the opening angle 2a.. The geometry of the studied bi-material junction
is defined: 79 = —a, 71 = @, 72 = 27 — a. The Young’s moduli ratio is E1/E2 = 0.25 and Poisson’s ratios are
VG =V = 0.25.
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Figure 64: (i) Bi-material junction, 2o = 90°, E1/FE> = 4. On the left-hand side there is the graph of f(z) =
det (A (A)). On the right-hand side contour plot, the blue curve stays for & {det (A (R{Ax}))} = 0 and the red
curve for S {det (A (S {Ax}))} =0.

configuration (i), (ii) and (iii) in Table 28, 29 and 30 respectively. Note that the first three eigenvalues were real
for all studied bi-material configurations. We have seen this also in the Numerical example J. In fact, the chart
in Figure 63 with dependence Ay, (2a) shows that it is true for all admissible 2« (including both cases of inclusion
more compliant than matrix and inclusion stiffer than matrix). As in the previous numerical example, the stress
and displacement eigenfunctions are plotted in Figures 65 and 66 respectively, where the yellow dashed line denotes
the location of the interface I';.

k] 1 2 3 1 5 6
M | 0790989 1.071939 1.076264 1.740424 £ 0.1541587 2.000000 2.134734

Table 28: (i) Bi-material junction, 2ac = 60°, Eq/E; = 4. First six eigenvalues .

k1 2 3 4 5 6
Ak || 0.840513  0.916435 1.139804 1.678525 1.843408 2.203158

Table 29: (ii) Bi-material junction, 2ac = 90°, E1/FE5 = 4. First six eigenvalues Aj.

E 1 2 3 4 5 6
Ak [[ 0.853884 0.899008 1.221628 1.804944 2.000000 2.117332 + 0.295848

Table 30: (iii) Bi-material junction, 2« = 120°, E1/FE5 = 4. First six eigenvalues \j.

Calculation of stress terms factors

Determination of GSIFs by VU-integral
This part of the text describes a derivation of the path independent W-integral for the bi-material junction
problem. As in the case of a V-notch and bi-material notch, the employment of the W-integral is a convenient
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Figure 65: (ii) Bi-material junction, 2ac = 90°, E1/FE5
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Figure 66: (ii) Bi-material junction, 2 = 90°, E1/E5 = 4.0. Displacement eigenfunctions f;x (6) for k = 1,2, 3,4.
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Figure 67: Two paths defined on two domains D and D* of the bi-material junction which consists of material
regions 21 and Q5. The integration path 9D, the boundary of D, consists of paths: I', I's, X1 and 3s. The other
integration path 0D*, the boundary of D*, consists of paths: 'y, I's, 1 and X3.

way for determination of Generalized Stress Intensity Factors (GSIFs) Hy. Similarly to the notch problem, a
scaling coefficient A (2«,0¢) (necessary parameter for the Leguillon’s coupled stress-energy criterion) can also be
determined by the W-integral. First, let recall equations (40)-(41) on p. 38. We consider a zero difference due to
symmetry of the elastic tensor C":

/(C:VU:VV—C:VV:VU)dx = 0. (86)
D

where U and V' are two elastic solutions dependent on 2 coordinates (z,y) in Cartesian coordinate system or (r,0)
in polar coordinate system and V is gradient. D is an arbitrary closed domain within the material domains 2 as
shown in Figure 67. According to the Hooke’s law in the following form:

o(U) = CVI,

the equation (86) becomes:
/ (c(U)VV —o(V)VU)dz = 0, (87)
D

where o(U) and o(V) are stress fields associated with U and V respectively. By applying the Green’s theorem to
the equation (87) we obtain:

- /D Vo(U)Vda + /8 oV + /D Vo(V)Udz - /8 o(Vnvds = o, (88)

where 0D denotes the boundary of the domain D and n is the normal of the contour 9D. If equilibrium conditions
apply, the first and the third term of equation (88) are equal to zero, therefore we can write:

/a (oU)V — o (V)nU)ds = 0. (89)

Since the negatively oriented boundary 9D consists of 4 contours 9D = I'; UT3 U X1 U X, the integral (89) can be
written as sum of following 4 contour integrals:

/F (@(U)nV — o(V)nU)ds + / (o(U)nV — o(V)nU)ds + (90)

P

/r (o(U)nV — a(V)nU)ds—l—/ (c(UnV —a(V)nU)ds = 0.

3o
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Q2

interfaces

Figure 68: Paths of two integrals overlap on the interfaces, namely the ¥; with ¥} and ¥y with X3.

Let us consider another contour integral which is defined by arbitrary boundary D" laying within the other material
domain €2y as illustrated in Figure 67:

/a (oY —o(VinU)ds = 0. (91)

Similarly as done previously we can subdivide the contour 9D into four parts and the contour integral (91) becomes:

J

(@(U)n*V — o(V)n*U)ds + / (U — o(VIn'U)ds + (92)

*
1 1

/F (U V — o(VIn*U)ds + / (G V — o(Vn*U)ds = 0.

3 3
Let’s lead both the path D and D" in a way that 3 and X7 as well as 3o and X3 perfectly overlap, see Figure 68.
To obtain the same orientation of the path for these overlapping contours a sign of the integral has to be changed,

since n* = —n. Therefore both integral equations (45) and (92) become:
(93)
/r (c(UnV —o(V)nU)ds + /r (e(U)nV —o(V)nU)ds = —/Z (c(U)nV — o(V)nU)ds — /Z (o(U)nV — o(V)nU)ds,
(94)
/r* (c(Un*V —o(V)n*U)ds + /r (c(U)n*V —o(V)n*U)ds = /2 (e(U)nV —o(V)nU)ds + /2 (c(U)nV —a(V)nU)ds.

Because U, V, o(U) and (V) are continuous through the interface, by adding (93) and (94) and a simple rear-
rangement we obtain:

(95)
/F ((U)nV — o(V)nU)ds + / (@(U)nV — o(V)nU)ds +

I

“

Since 'y =T'; + I'; and I'; = T's 4+ I'} the equation (95) becomes:

(c(Un*V —o(V)n*U)ds + /r (c(Un*V —o(V)n*U)ds = 0.

*
1

/r (a(UnV —a(V)nU)ds +/ (e(U)n*V —o(V)n*U)ds = 0,

*
B
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Q2

interfaces”™ Px
i I'g

Figure 69: Paths of the integrals I'y and I'y .

AN

Figure 70: Area of refined mapped mesh near singular point of the bi-material junction.

or for negatively oriented curves I'4 and I'p which are depicted in Figure 69 we finally get:

/F (c(U)nV —a(V)nU)ds = /F (c(U)nV —a(V)nU)ds,

which shows that this integral is path independent. The implications of the integral path independence are in detail
commented in the previous sub-chapter on p. 39. As in the case of a bi-material notch (or any notch problem),
definition of the integral as in Eq. (46) on p. 39 and properties as in Eq. (47)-(52) leads identically to the fact that
the GSIFs in the case of a bi-material junction can be calculated by equation (53) on p. 41. To obtain term WFE
the stresses and displacements are analogically calculated in FEM code ANSYS (in this work). The vicinity of the
bi-material junction tip 2D model consists of refined mapped mesh as shown in Figure 70.

Numerical example M: Path independence and integration step effect for the U-integral. Let’s con-
sider the geometric configuration of the bi-material junction 2o = 90°, which represents the most common case of the
rectangular sharp material inclusion. In this numerical example, two bi-material configurations will be studied, the
inclusion more compliant than matrix with (a) E1/F2 = 0.25 and inclusion stiffer than matrix with (b) E1/Es = 4.
In the former case F7 = 20 GPa, in the latter case Fy = 80 GPa and for both configurations v; = vy = 0.25. The
eigenvalues, which were calculated previously in Numerical examples J and K are listed in Table 26 on p. 72 for the
case (a) and in Table 29 on p. 75 for the case (b). The geometry of the studied problem is in both cases identical to
Numerical example O, as shown in Figure 75 on p. 84. The loading for this numerical example is F' = 100 N (per
1 mm of specimen thickness b). The problem is a symmetrical one. In such case we are mainly interested in terms
with even eigenfunctions. As discussed in the theoretical section and shown in Numerical example J, the parity of
k does not have to correspond to the the kth eigenfunction symmetry (odd or even properties of the function). In
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this numerical example, in the case (a) we find the even eigenfunctions when k& = 1,3,4. In the case (b) the even
eigenfunctions are with k = 1,3. The U-integral is calculated with integration step of Af = 2.5° and Af = 5.0°. The
integration is conducted on 7 = 1 mm, » = 3 mm and as an average between these radii (since the mesh is adjusted
automatically to keep right shape of individual elements, there are 10 circles in the case of larger integration step
and 22 circles in the case of smaller integration step). The results of the configuration (a) are listed in Table 31.
When we consider the dominant terms with even eigenfunctions, the change in Hj by decreasing the integration
step is low, with maximum of 9.0 % in average value of the fourth term. The terms factors H; and H3 show low
standard deviation value in both cases of integration step size. The term factor Hs with odd eigenfunction should
have value close to zero, because of the problem symmetry. Its value is significantly closer to zero, when the finer
integration step is used. Therefore results of better quality are obtained by smaller integration step size. Solid
computational convergence is achieved as shown in Figure 71. We see that the term factor Hy tends to converge on
larger distances as seen in the same figure. For the case (b), the dominant (even) terms are with H; and with Hj.
The results are listed in Table 32. The decrease in integration step size results in very low change in GSIFs of 0.5
% maximum (average of Hp). Considering the dominant terms, both cases of integration step size show very low
standard deviation values. The odd term shows values much closer to zero again when we use smaller integration
step. For the case of finer integration step a good computational convergence is achieved as shown in Figure 72,
with an exception of small valued negative Hs.

H]€A€=2.5° GA0=2.5°

r =1 mm r =3 mm avg. avg.
H, 31.711096 31.671537 31.685866 0.006926
Hoy —0.526437 —0.414348 —0.471664 0.033578
Hs —0.986715 —1.036437 —1.015922 0.013186
H, || —2.607539 — 1.858953¢ —2.323283 — 1.8191217 —2.437986 — 1.833683¢ | 0.081679
H]€A€=5.O° B0=5.0°

r =1 mm r =3 mm avg. avg.
H, 31.841465 31.756351 31.785227 0.01576
Hos —1.117199 —0.908541 —1.014935 0.066322
Hs —0.909882 —0.984984 —0.956533 0.019120

Hy || —3.191347 — 1.831145¢  —2.551828 — 1.797279¢ —2.796666 — 1.806883¢ | 0.177578

Table 31: Bi-material junction W-integral results for (a), 2o = 90°, Ey/Es = 0.25. Values of terms factors Hy,
determined on multiple radii with finer integration step of A = 2.5° in the upper table and coarser integration
step of A8 = 5.0° in the lower table. The both cases are supplemented by standard deviation of the averaged value
denoted by s.

HkAG=2.5 8A9=2.5 HkAG=5.0 8A9=5.O

r=1mm r=3mm avg. avg. r=1mm r=3mm avg. avg.

Hy, || —0.266383 —0.265541 —0.265972 | 0.000204 || —0.265262 —0.263983 —0.264565 | 0.000304
Hs || —0.030557 —0.059586 —0.041799 | 0.008569 | —0.079073 —0.133025 —0.101129 | 0.017091
Hs | 14.666912  14.672885  14.673597 | 0.000304 14.60914 14.634184  14.628421 | 0.003402
Hy 0.018563 0.016835 0.016957 | 0.000667 0.035951 0.032162 0.033113 | 0.001354

Table 32: Bi-material junction W-integral results for (b), 2 = 90°, E1/FE2 = 4. Values of terms factors Hy,
determined on multiple radii with finer integration step of A8 = 2.5° in the left part of the table and coarser
integration step of Af = 5.0° in the right part of the table. Both the cases are supplemented by standard deviation
of the averaged value denoted by s.
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Determination of GSIFs by overdeterministic method

The ODM is mathematically easy and robust method of GSIFs determination. It is based on a least square
solution of overdetermined system of linear equations. Inputs from the FEA can be either displacements or stresses.
First let’s recall the displacement based method and rewrite the Eq. (55) on p. 45:

FomxnHp = uf;?n]-
The displacement based method is applicable only on symmetrical problems since we have not found a way to
subtract the rigid body rotations or to account for them analytically in the displacement series. Rigid body
rotations are typical for the case of non-symmetric problem as discussed in application of the ODM on the bi-
material notch problem on p. 44. The advantage of stress based method is its straightforward applicability on
non-symmetric problems. Let’s rewrite the equation (59) on p. 47:

FE
FismxnHp) = Sy

The Numerical example E on p. 50 has shown that the application of both methods give similar results (as it was
tested in the case of symmetrical problem, when the comparison of methods is possible). The stress based method
will be used further regardless of the problem symmetry.

Numerical example N: Determination of the GSIFs by the ODM. In this numerical example, the GSIFs
will be determined by stress based Overdeterministic method. The geometry, bi-material configuration and loading
in this study is identical as in Numerical example M on p. 79. In the first case denoted (a) we calculate first four
GSIFs for rectangular inclusion more compliant than matrix of which the dominant (even) are Hy, Hz and Hy . In
the second case denoted (b) again first four terms factors are calculated for the rectangular inclusion stiffer than
matrix of which dominant are the terms factors H; and Hs. The use of smaller element edge length and subsequent
input higher amount of input data leads to a 0.2 % change in averaged Hy, a 5.1 % change in averaged Hs, a 14.6
% change in averaged H, and decrease in standard deviation values in all cases. The odd term with H, shows
values closer to zero in case of finer integration step. There is very slight linear trend in Hy, (1) so the value can be
extrapolated to the point » = 0. This is illustrated in Figure 73. The case (b) shows a 0.5 % change in averaged
H; and less than 0.1 % difference in averaged Hs. Again smaller values of non-dominant terms factors are better
achieved by using smaller element edge length. The radial dependence of Hj is shown in Figure 74. The radial
dependence of the second term factor may seem to have little signs of the convergence, however it is necessary to
put it in the context of values it acquires (v~ 107° in comparison to 10~% < 10! of the dominant terms factors). The
H, is practically equal to zero.

HkAe=5.0° SA6=5.0°

regression r = 0.2 mm r =1 mm avg. avg.
Hy || 31.754646 31.740088 31.910209 31.715068 0.017126
H, || —0.006831 —0.006823 —0.006791 —0.006812 8e — 06
Hj N/A —0.982626 —1.026875 —1.019643 0.022973
H, N/A —6.618669 — 3.3826667 —4.784998 — 3.466781¢ —5.634971 — 3.438265¢ | 0.555423
HkAe=2.5° SA0=2.5°

regression r = 0.2 mm r =1 mm avg. avg.
Hy || 31.654585 31.651782 31.737581 31.645112 0.004243
H, || —0.001675 —0.001676 —0.001676 —0.001676 8e — 06
Hj N/A —1.055008 —1.076553 —1.07387 0.010588
Hy N/A —5.435045 — 3.5644617 —4.541765 — 3.560535¢ —4.916542 — 3.564503¢ | 0.259246

Table 33: Bi-material junction ODM results for (a), 2a = 90°, E1/E2 = 0.25. Values of singular terms factors Hy,
H> and non-singular terms factors H3z and H4 determined on multiple radii with finer element edge division by
A6 = 2.5° in the upper table and coarser element edge division by Af = 5.0° in the lower table. In the first column
there is the value obtained by the linear regression. Both the cases are supplemented by the average value and the
standard deviation of the averaged value denoted by s.
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Figure 73: Dependence of the Hy on the radial distance r. The bi-material junction (a), 2o = 90°, E1/E2 = 0.25.
GSIFs calculated by the ODM.

HkAe=5.0° $B0=5.0°
regression r=02mm 7r=1mm avg. avg.
Hy, || —0.266041 —0.26581 —0.267448  —0.26562 | 0.000181
Hy || —0.002643 —0.002777 —0.001786 —0.002969 | 0.000141
Hs N/A 14.679851 14.63162 14.689146 | 0.007211
Hy N/A 0.013506 —0.001887  0.006484 | 0.003380
HkAe=2.5° SB0=25°
regression 7 =0.2mm 7 =I1mm avg. avg.
H; || —0.266972  —0.266914 —0.267815 —0.266899 | 3.6e — 05
Hy || —4.3e—05 —0.000115 0.000876  —6.9e — 05 | 3.4e — 05
Hs N/A 14.707765 14.679417  14.708479 | 0.001195
Hy N/A 0.007971 —0.002087  0.002714 0.002203

Table 34: Bi-material junction ODM results for (b), 2a = 90°, F1/FE5 = 4. Values of leading terms factors H; and
H3 determined on multiple radii with finer element edge division by Af = 2.5° in the left part of the table and
coarser element edge division by Af = 5.0° in the right side of the table. In the first column there is the value
obtained by the linear regression. Both the cases are supplemented by the average value and the standard deviation

of the averaged value denoted by s.
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Figure 74: Dependence of the Hy on the radial distance r. The bi-material junction (b), 2a = 90°, E1/E5 = 4.
GSIFs calculated by the ODM.

Figure 75: Model of the sharp material inclusion specimen subjected to 3 point bending.

L2 F

////y

Numerical example O: Stress reconstruction for the Sharp Material Inclusion more compliant than
matrix. The three point bending specimen that contains the sharp material inclusion is modeled in 2D as shown
in Figure 75. The dimensions of the model are identical as in previous examples for notches, i.e. L = 76.2 mm,
h =17.8 mm, a = 3.56 mm, so the inclusion depth to width ratio is a/h = 0.2. The bi-material junction model is
used with the opening angle 2o = 90° (yp = —a, 71 = @,7 = 360° — ). The material region 1, which represents
the inclusion, is modeled with PMMA material properties E; = 2.3 GPa, v; = 0.34 and the material region 2,
which represents matrix, with aluminum material model characterized by Ey = 69 GPa, vo = 0.33. The Young’s
moduli ratio in this case is F1/Fy = 0.033, thus it is the case of an inclusion more compliant than matrix. Ideal
adhesion on the interfaces is assumed. The model is loaded with force of F' =1 N (per 1 mm of specimen thickness
b) and plane strain state is chosen. The eigenfunctions are normalized per Eq. (38) with 6y = 180°, which is due to
the problem symmetry the predicted angle of crack initiation. The reference coordinate system is shown in Figure
75. The parameters which form the mapped mesh near singular point as in Figure 33 are chosen as: rg = 0.01 mm,
r1 =1 mm and ro = 3 mm and the element edge division is by 2.5°. The first five GSIFs Hj are calculated by the
W-integral, with integration radius » = 3 mm and the linear regression extrapolated Hy, Hs or the averaged ODM
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H3 =+ Hs. The universal stress based ODM is used. The results are found in Table 35. The difference in those
two methods is 0.6 % for the first term factor H; and 13% for the H,, nevertheless the ODM returns values of
non-dominant terms factors Hs and Hjy closer to zero. The stress is reconstructed on the radius of 1 mm as shown
in Figure 76 with terms factors calculated by the ODM. We can see that the stress distribution within v; + 2 by
shape of the curves corresponds to the stress distribution of a V-notch. It is not difficult to explain why. When the
more compliant material fills the V-notch area, which is normally a free space, it acts like compliant reinforcement.
Overall behavior of the notch in terms of mechanics however remains. By overall trend the analytical solution
corresponds well to the FE solution. In the case when only singular terms with H; and Hs are used we see some
difference between analytical solution and FE solution among all stress components. The first non-singular term
with Hs (magenta line) does not increase precision by any observable means. Next non-singular term with Hy (the
cyan line) however increases precision in a way that it fits FEA excellently. Employment of following term with Hj
(the red line) does not add any more precision as its line lays on the cyan line of Hy . We can identify a pattern
in this behavior. Remember that this is a symmetrical problem and as commented in numerical example the odd
terms are with Hy, Hz and H4. The terms H; and Hy which contribute to the solution for most are found among
these and furthermore they are the two with the maximal absolute values.

FEA ApA2 ALA2A3,A0
- G.fTEA G.?TLAZ PN (,-?TLAZARVM mom Oy T A-A O
. A A1, A2, A A1LA2,A3. 00,45
R T R
0.5 0.20 T T T T
i : : : i 3 : ;
: : : : : : —0.10f-- e
: : : : : =0 L5 |
0_0! i i I | i —0.20
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FEA AL A1 A2, A3,
= m Oy T acea Ogy
A AL A2 A1LA2,A3. 00,45
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I
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Figure 76: Stress reconstruction of o, (,0), o (r,6) and ogg (r,0) on r = 1 mm for the bi-material junction with
20 = 90° and E;/E3 = 0.033. The GSIFs for an analytical solution determined by the ODM.

k| Mo HY HOPMow

1 0.539566 0.465328 0.462405

2 0.918297 ~0.006971 —8e — 06

3 1.342835 ~0.007708 ~0.000275

4 || 1.648027 +0.2047i  —0.027841 — 0.018909i —0.063994 — 0.048784i
5 || 2.205327 + 0.294341i  0.002336 — 0.001035i  —7e — 06 + de — 06i

Table 35: Eigenvalues A and Hj by the U-integral and ODM. Bi-material junction, 2ac = 90°, E1/E5 = 0.033.
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Numerical example P: Stress reconstruction for the Sharp Material Inclusion stiffer than matrix.
This numerical example is analogical to the Numerical example O. Only the material region 1, which represents
the inclusion, is modeled with aluminum material properties 69 GPa, v; = 0.33 and the material region 2, which
represents matrix, with PMMA model Ey = 2.3 GPa, vo = 0.34. The Young’s moduli ratio in this case is
Ey/E> = 30, thus it is a case of inclusion stiffer than matrix. Ideal adhesion on the interfaces is assumed. The
GSIFs were calculated by the U-integral and the ODM. If we examine the eigenfunctions, we found that the functions
with & = 2,3 are even. Therefore, the terms with even eigenfunctions should be non-zero. The results are listed
in Table 36. Difference in the second term factor Hs calculated by different methods is 3.6 % and the difference in
the third term factor Hs is 7.5%. For the remaining terms values closer to zero are obtained by use of the ODM.
The stress is reconstructed on the radius of 0.5 mm as shown in Figure 77. The stress distribution is typical for
examples when the inclusion is stiffer than matrix (with consideration of three point bending or tension loading).
Such stress distribution is different both from the case of notches and more compliant inclusion. The explanation
is, that the stiffer inclusion acts like a reinforcement, which bears the load. The analytical stress distribution by
first singular term with H; (the blue line) is completely off relative to the FE solution. By employing the second
singular term with Hs (the yellow line), the analytical solution by trend becomes closer to FE solution. When
we take into account also the first non-singular term with Hj (the magenta line), the analytical solution fits FE
solution with very good precision. Use of higher order terms with Hy (the cyan line) and Hs (the red line) does
not add to the precision by any observable means as all the lines lay on each other. For a symmetric problem like
this one, the even terms are the most significant. As shown in Table 36, these are also terms with highest absolute
values. In conclusion, the singular terms do not describe the solution well even on 0.5 mm. In fact, even if we
decrease the radial distance to the nanometers, the singular terms still does not describe the stress well [22]. Only
by employment of higher order terms, the stress description begins to match FEA.
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Figure 77: Stress reconstruction of o, (r,8), org (r,0) and ogg (r,0) on r = 0.5 mm for the bi-material junction
with 2o = 90° and E;/Es = 30. The GSIFs for an analytical solution determined by the ODM.
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[
0.667580 —0.000136  1.8e — 05
0.783669 —0.014298 —0.013803
1.159292  0.146576 0.136358
1.628595 5e — 06 1.6e — 05
1.676726 —1le—05 —4.2e —05

QY = | W DN || &

Table 36: First five eigenvalues Ay and GSIFs Hy, calculated by the W-integral and ODM. The bi-material junction,
200 =90°, E1/E5 = 30.

inclusion more compliant than matrix (F; < Es) inclusion stiffer than matrix (Ey > E3)
loading case description by s. t.: use of n. s. t.: case description by s. t.: use of n. s. t.:
vertical (i) good increased precision | (ii) poor necessary
vertical (iii) good increased precision | (iv) poor necessary
horizontal | (v) poor necessary (vi) good increased precision
horizontal | (vii) poor necessary (viii) good increased precision

Table 37: Summary of results, the particular cases are shown in Figure 78. The acronym s. t. stands for singular
terms and n. s. t. for non-singular terms.

Criteria of crack initiation direction and stability criteria

When we consider sharp rectangular material inclusion, there are 8 possible cases of loading direction and bi-material
stiffness ratio variation. This determines the character of singularity, which exists at the singular concentrator tip.
These 8 possible configurations are illustrated in Figure 78. For some cases, the singular terms describe the singular
solution with solid accuracy (as in Numerical example O on p. 84), in other instances, the employment of higher
order terms is essential (as in Numerical example P on p. 86). Let’s analyse the configurations with the vertical
loading, cases (i)-(iv). The Young’s modulus of inclusion is denoted by E; and the modulus of matrix by F2. The
cases (i) and (iii) both act like a V-notch, since the inclusion acts like a compliant reinforcement. In the former
case loaded in tension and the latter case in compression. In both cases the singular terms describe the stress state
well. Employment of higher order terms increases precision on larger distances from the tip. On the other hand, we
have configurations (ii) and (iv) which represent inclusion stiffer than matrix. The case (ii) is similar to Numerical
example O, where the stress is not described well by singular terms. The case (iv) is its equivalent in compression,
characterized also by poor description of the stress field by singular terms. Employment of higher order terms is
essential to obtain stresses that truly represents the stress state near the inclusion tip. The configurations with
horizontal tension (v)-(viii) show a different pattern. The cases (v) and (vii), i.e. cases of inclusion more compliant
than matrix are characterized by poor stress description by singular terms. To obtain results that represent the
actual stress field, employment of higher order terms is necessary. In contrast, in the cases (vi) and (vii) with
inclusion stiffer than matrix singular terms describe the stress state well. Again, precision is increased by use of
higher order terms. The Table 37 provides a summary of the cases. The general load of an engineering component
is a combined one. Moreover, the orientation of an inclusion in composite is random (depending on the composite
type). Therefore, we can not state that the singular terms only are sufficient for the case of an inclusion more
compliant than matrix and that the non-singular terms are crucial for the case of inclusion stiffer than matrix. By
comparing e.g. the cases (i) and (v) it is obvious, that even for cases of an inclusion more compliant than matrix,
the non-singular terms do not describe the stress precisely enough.

The criterion of maximum of average tangential stress

As described in the sub-section 2.3 on p. 17, the maximum tangential stress criterion states that the crack will
initiate in the direction of maximal tangential stress. General case of a bi-material junction (non-symmetrical) is
characterized by radial dependence of the direction of maximum oygg (r, ). To mitigate this dependence, as in the
case of a bi-material notch, we determine the average value of tangential stress Ggg (f) over some specific distance
d. This distance d is established by the relation to microstructure or fracture mechanism. The derivation of the
multi-parameter formula to assess stability of a bi-material junction is analogical to the case of a bi-material notch,
see p. 55. Thus we can rewrite the equation (64):
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Figure 78: 8 possible cases of rectangular inclusion loading and bi-material variation
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k=1

by which we find the global maximum of g (f) (and also the local one). Recall that I'y; is the ratio between
GSIFs defined as I'y; = Hi/H;. In the equation above, the angle of global maximum is the only unknown. In the
case of a bi-material junction, there are three possible directions of crack onset. The crack can onset into direction
with global maximum of gy (#), into a local maximum, or in one of the interfaces. These three depend on the
fracture toughness of inclusion, matrix and the interface, the Kic 1, Kic,2 and Kic interface T€spectively. Based on
an assumption that the crack initiation mechanism is the same as in the case of a crack propagation in homogeneous
media, we compute the generalized critical value of fracture toughness as:

KIC,m
—1
V2R {ZZ=1 T (Ff\—szé)f)k (90,m)}

Hicm (97)

The generalized fracture toughness of the matrix, inclusion and the interface Hic 1, Hic,2 and Hic interface have to
be calculated on corresponding angles of crack onset 6y 1, 0,2 and 0 intertace respectively. The condition of stability
is a general one, common for both cases of a bi-material notch and junction, as written in Eq. (66) on p. 56. The
critical load is calculated by Eq. (67) on p. 57.

The average strain energy density factor criterion

The strain energy density factor (SEDF) criterion, developed by Sih, found many applications in assessment of
crack problems. The problem of a sharp material inclusion, modeled as a bi-material junction can be assessed by
this criterion as well. The theoretical multi-parameter approach is identical to the case of a bi-material notch. The
global minimum (and the local as well) of the SEDF is found as a potential crack initiation direction. Thus we
rewrite the formula (68) on p. 57:

L dretri—1 OU; (9)
INTN - 0. 98
;; MEUTNL N 00 (98)

Based on the SEDF approach, we determine the generalized fracture toughness for all potential crack onset di-
rections, the global minimum, local minimum and the interface. This is achieved by Eq. (74) on p. 58, written
as:

km

HlC m = KIC m n n dMeHAL =1 :
™ {Zk=1 2k Tl 575Ukt (9)}

5

(99)

The condition of stability is a general one, common to all general singular stress concentrators, stated in Eq. (66)
on p. 56. Finally the formula for critical load, also a general one, is given by Eq. (67) on p. 57.

Numerical example Q: Crack initiation direction and initiation load in the case of a bi-material
junction

Part 1 First, we consider a problem described in Numerical example O on p. 84, which represents a three
point bending specimen with rectangular inclusion more compliant than matrix where E;/Es = 0.033. To assess
crack initiation direction we use (a) criterion of maximum of average tangential stress and (b) average strain energy
density criterion. The fracture parameters are identical to those in Numerical example H on p. 65.
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(a) The criterion of maximum of average tangential stress. The tangential stress is averaged over a
specific distance d, which is chosen as 1 mm. The averaged tangential stress calculated by (i) singular terms (the
yellow dotted line) and by (ii) singular and non-singular terms (the cyan dotted line) is shown in Figure 79. The
yellow line with markers represents the solution of ogg (r,6) on d = 1 mm by singular terms. In similar manner, the
cyan line with markers represents the singular and non-singular terms solution. For this particular bi-material and
geometrical configuration there are two singular terms. Regarding the singular and non-singular terms solution,
two singular and two non-singular terms are considered (as shown in Numerical example O, the fifth term does
not significantly contribute to the precision on 1 mm). Please recall the formula to find potential crack initiation
directions (96) on p. 89. We see that there are two extremes in the tangential stress angular distribution, the global
maximum (occurs in the matrix, m = 2) and the local maximum (occurs in the inclusion, m = 1). In both cases, the
singular terms solution of extreme (represented by the vertical yellow solid line) and the non-singular terms solution
of extreme (represented by the vertical cyan dashed line) has the same direction (both in the local and global average
tangential stress maximum). The potential crack initiation direction in the global maximum is leb' = 180° and in
local maximum 6’ = 0° which is apparent because of the problem symmetry. Nevertheless, as the solution by
employment of non-singular terms is more precise, increase in precision of the critical parameters is also expected.
In the previous theoretical chapter we stated that the crack initiation can occur in the inclusion, matrix or the
interface, whereas each of them possesses a particular material parameter K¢, and therefore different H¢ ,,. We
calculate these critical values by Eq. (97). The results (i) singular terms solution are found in Table 38 and results
of (ii) non-singular terms solution in Table 39. The methods (i) and (ii) lead to difference of 5.94 % in Hjc 2 which
is in global maximum, 1.72 % in Hjc,; which is in local maximum and 0.83 % in interface critical GSIF value. The
minimum value of Hy¢ y, is found in the PMMA. By criterion of maximum of average tangential stress the crack
is therefore predicted to initiate in this direction and material. Remember, that we assume interface with perfect
adhesion, which allows full traction transmission. If the actual interface does not comply to this assumption and
crack may not initiate in this predicted direction.

am oy 73 ™?;d =1.0mm _ . T — 0,6 =0.0rad =0.0°
A1\ F0.S.. J o5 1>
og e+ o id=10mm 2™ _ ;0 =3.142rad =180.0°
n.s. 9,172 o H=n.s.
A—A 700 g = 0100 =0.0rad =0.0° _ 97" _ ¢, g, =3.142rad =180.0°

gpo [NIP&]

Figure 79: Average value of the gy (6) plotted by (i) singular terms: the yellow line, by (ii) singular and non-singular
terms: the cyan line. The black dashed lines denote the interfaces.

| o.m m Hicm
global maximum || 180.0° 2 = aluminum 177.765048
local maximum 0.0° 1 = PMMA 62.32677
interface +45.0° interface 72.968331

Table 38: The generalized fracture toughness Hic, p, for global minimum, local minimum and the interface deter-
mined by (i) singular terms and (a) criterion of maximum of average tangential stress.
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[ fom m Hicm
global maximum || 180.0° 2 = aluminum 188.317388
local maximum 0.0° 1 = PMMA 61.254716
interface +45.0° interface 72.359732

Table 39: The generalized fracture toughness Hic, p, for global minimum, local minimum and the interface deter-
mined by (ii) singular and non-singular terms and (a) criterion of maximum of average tangential stress.

(b) The average strain energy density factor criterion. The averaged strain energy density factor over
distance d = 1 mm is plotted in Figure 80. The yellow line represents solution by (i) two singular terms and the
cyan line represents solution by (ii) two singular and two non-singular terms. We see that there is a global minimum
and a local one, found by solving Eq. (98). Both (i) and (ii) return identical angular values corresponding to these
points. However some offset of $(6) between solutions exists, therefore difference in critical parameters is expected.
The generalized fracture toughnesses are calculated by formula (99). The results (i) singular terms solution are
found in Table 40 and results of (ii) non-singular terms solution in Table 41. The methods (i) and (ii) leads to
the difference of 9.6 % in Hjc o which corresponds to local minimum, 2.9 % in Hic,; for global minimum and 2.2
% in interface critical GSIF value prediction. The lowest value of generalized fracture toughness corresponds to
the interface, thus the crack is expected to initiate in this direction. We see that the crack initiation direction and
material predicted by (a) and (b) is different as in the former case the crack is predicted to initiate in PMMA with
Hglb' = 0° and the latter case it is predicted to initiate in the interface with 6g interface = £45°. In (a) only the
tangential stress component is used to calculate Hic,,, whereas in (b) all stress components are employed. The
level of tangential stress acting on the interfaces is low, leading to higher value of Hic interface calculated by (a)
than by (b).
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Figure 80: Average value of the X (6) plotted by (i) singular terms: the yellow line, by (ii) singular and non-singular
terms (the cyan line). The black dashed lines denote the interfaces.

[ fom m Hicm
global minimum 0.0° 1 = PMMA 62.786943
local minimum 179.9° 2 = aluminum 187.279553
interface +45.0° interface 39.704644

Table 40: The generalized fracture toughness Hic, p, for global minimum, local minimum and the interface deter-
mined by (i) singular terms and (b) average strain energy density criterion.
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[ fom m Hicm
global minimum 0.0° 1 = PMMA 60.974337
local minimum 179.9° 2 = aluminum 205.32978
interface +45.0° interface 38.813687

Table 41: The generalized fracture toughness Hic, p, for global minimum, local minimum and the interface deter-
mined by (ii) singular and non-singular terms and (b) average strain energy density criterion.

Part 2 We consider a problem described in Numerical example P on p. 86, which represents a three point
bending specimen with rectangular inclusion stiffer than matrix where E;/Es = 30. Again, to assess crack initiation
direction and critical value of GSIF we use (a) the criterion of maximum of average tangential stress and (b) the
average strain energy density criterion. In the part 2 of the numerical example, we use averaging distance d = 0.5
mim.

(a) The criterion of maximum of average tangential stress. The distribution of 7y (f) is shown in
Figure 81, where the yellow dotted line represents the averaged tangential stress solution given by (i) two singular
terms. The cyan line represents the solution given by (ii) two singular and two non-singular terms. In addition,
the stress on particular distance d is plotted by (i) and (ii) and denoted by lines with markers. Please note that
the tangential stress given by (i) is compressive for all §. The black squares represents the FE solution. As in the
previous case, we see two extremes of Tgp (f) represented by vertical lines, the yellow in case of (i) and the cyan in
case of (ii). Both singular and non-singular solution predict identical angles of crack initiation, i. e. 95“" = 180°
and 0{°> = 0° . The difference in stress description by (i) and (ii) is severe, therefore significant difference in value
of critical parameters is expected. The results by (i) are listed in Table 42. The results given by (ii) is summarized
in Table 43. When (i) only the singular terms are taken as an input for critical GSIF calculation a negative valued
Hi ¢, are obtained (since the gg (0) is compressive). For (ii), the minimum value is Hyc,2 and the crack is expected
to initiate in the direction of global maximum found in PMMA.

[ fom m Hicm
global maximum | 180.0° 2 = PMMA (-0.015640)
local maximum 0.0° 1 = aluminum  (-0.117511)
interface +45.0° interface (-0.001800)

Table 42: The generalized fracture toughness Hic p, for global minimum, local minimum and the interface deter-
mined by (i) singular terms and (a) criterion of maximum of average tangential stress.

[ fo.m m Hicm
global maximum || 180.0° 2 = PMMA 0.004104
local maximum 0.0° 1 = aluminum 0.178545
interface +45.0° interface (-0.004031)

Table 43: The generalized fracture toughness Hic p, for global minimum, local minimum and the interface deter-
mined by (ii) singular and non-singular terms and (a) criterion of maximum of average tangential stress.
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Figure 81: Average value of the o9y (0) plotted by (i) singular terms: the yellow line, by (ii) singular and non-singular
terms (the cyan line). The black dashed lines denote the interfaces.

(b) The average strain energy density factor criterion. The angular distribution of strain energy density
factor ¥(6) is shown in Figure 82. The yellow line represents (i) two singular terms solution. The cyan line
represents (ii) two singular and two non-singular terms solution. Because the problem is a symmetric one, there are
two directions where global minimum and local minimum are found. The yellow and cyan vertical lines represent
the locations of local minima. The global minima are found at the interfaces. The results by (i) are listed in Table
44 and by (ii) in Table 45. The difference in Hyc 4, by (i) and (ii) is 1.1 % for the global minimum, 10.7 % for
local minimum and 1.1 % for the interface. The lowest value of Hic,, is found at the interface, therefore it is the
expected angle of crack initiation.
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Figure 82: Average value of the X (6) plotted by (i) singular terms: the yellow line, by (ii) singular and non-singular
terms: the cyan line. The black dashed lines denote the interfaces. In the region of inclusion, i.e. the X () is
multiplied by factor of 10.
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[ 00,m m Hicm
global minimum +45.0° 1 = aluminum 0.027674
local minimum || 85.9°, 274.4° 2 = PMMA 0.001334
interface +45.0° interface 0.000865

Table 44: The generalized fracture toughness Hic, p, for global minimum, local minimum and the interface deter-
mined by (i) singular terms and (b) average strain energy density criterion.

I bo,m m Hicm
global minimum +45.0° 1 = aluminum 0.027360
local minimum || 85.9°, 273.9° 2 = PMMA 0.001477
interface +45.0° interface 0.000855

Table 45: The generalized fracture toughness Hic p, for global minimum, local minimum and the interface deter-
mined by (ii) singular and non-singular terms and (b) average strain energy density criterion.

The angle and material of expected crack initiation is different from (a), but as discussed in first part of this
example, the possible explanation is that the SEDF uses all the stress components rather than tangential stress
only. The thorough explanation of such behavior will be a subject of following research as well as experimental
evaluation of the problem.

4.4. Formulation of approaches for a general problem

The multi-material notch or multi-material junction problem can be approached in general way by forming sparse
structure matrix A () as in Eq. (35) on p. 28 from sub-matrices N&™ for multi-material notch problem:

i /\keis()\k+1) /\ke—is()\k+1) /\k(/\k_,'_l)eis(xk—l) /\k(/\k_i_l)e—is(xk_g
LC— 2 2 2 2
Ng Arei®(Ak+1) A e—t0(Ap+1) A —1 ei0(Ap—1) A p—1 e—i0(Ap—1) ’
K _ 2k —
2i 2i 2i 2i

and M’gm for multi-material junction problem:

Apet?(Ce+1) Ape— 0k +1) /\k(/\k_,'_l)eis(xk—l) /\k(/\k+1)e_is(*k_1)

2 2 2 2
/\keis()\k+1) _/\ke_“’(*k‘*'l) /\k(/\k—l)eis()\k_l) _/\k(/\k—l)e_is()\k_l)
km 27 21 21 21
Mg - ei0(Ap+1) e~ 10(Ap+1) (k= Ap)e (ke —1) (15— Ap)e 102k —1) :
T A - Ap; g )
{ ei0(Ap+1) _eis()\k+1) (Hi_i_/\k)eis(xk—l) (Hi_,’_/\k)e—is()\k—l)
dip; dip; dip; dip;

In the simple case of a homogeneous notch, studied in this work, the matrix A () is:

N1
A = [N
N,
Similarly for the studied case of a bi-material notch, the matrix A (\) can be written:
N%l 0
Ay = [ ML oo
0 2
3

For a problem of crack terminating at the bi-material interface as shown in Figure 12 on p. 19, the matrix A (\)
can be written:

Y1 Y1
A\ = 0 N2, 0
0 0 N2
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As another example serves the case of the tri-material notch

[N;l 0 0

M, M2 0

= 72 72

B R
0o 0o N

which is a special case of a multi-material notch. In fact, multi-material notch consisting of even more material
regions can be described by this approach, such as the last example, the quad-material notch:

N%l 0 0 0
M’Yz _M’sz 0 0
AN = 0o M2, -M 0 ,
0 0 M34 _M%
0 0 0 2

For the problem of a bi-material junction, studied in previous chapter, the matrix A (\) is:

M! —M2
— Y Y
AG) _M’iYo M’272 1

A junction of three material domains, the tri-material junction is described by the following sparse structure matrix:
1 2
M’Yl _lvg’h 0 5
A = | 0 M o
_M% 0 M73

and as the last example, the quad-material junction is characterized by the following matrix:

ML 0o
0 — 0
— V2 2
A (/\) 0 0 Mgs _Mis
1 4
_M’Yo 0 0 M’M

In conclusion, a problem of any number of material domains can be easily described in this way. As the sparse
structure matrix is formed, the eigenequation is obtained by Eq. (36) on p. 28.

4.5. Developing a complete description of crack initiation and propagation near the
sharp material inclusion

This chapter examines possible scenarios of crack behavior near the sharp material inclusion embedded in matrix.
Crack in matrix terminating at inclusion/matrix interface is shown left-hand side of Figure 83. Similarly, the crack
in inclusion terminating at the inclusion/matrix interface is shown in right-hand side of Figure 83. This case can be
modeled as a crack with its tip at a bi-material interface. The geometry of problem is shown in Figure 12 on p. 19
and the methods are identical as those on p. 27. The crack that terminated at the interface can either propagate
to the other material or propagate through the inclusion/matrix interface. The latter situation is examined further
in Figure 84, where crack propagating through the inclusion/matrix interface is shown. In the left-hand side of the
Figure 84 the crack originates in matrix and in the left-hand side of the Figure 84 it originates in inclusion. These
cases is modeled as interfacial cracks (special case of the bi-material notch model with 2ac = 0° and e.g. v = 0°,
v2 = 180° and 3 = 360°, see p. 27). Another situation occurs when the crack reaches the end point of the sharp
material inclusion, as shown in Figure 85 (another special case of the bi-material notch model with 2o = 0° and
e.g. 11 =0°, v2 = 270° and 3 = 360°, see p. 27). Figure 86 shows crack initiated at the tip of the sharp material
inclusion in the matrix (left-hand side) or in the inclusion (right-hand side). This case is modeled as a bi-material
junction (see p. 70). Above mentioned situations capture complete crack behavior near the sharp material inclusion
and all can be modeled by methods described in this dissertation.
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Figure 83: Crack terminating at the inclusion/matrix interface. On the left-hand side the crack originates in matrix.
On the right-hand side the crack originates in the inclusion.

Figure 84: Crack propagating through the inclusion/matrix interface. On the left-hand side the crack originates in
matrix. On the right-hand side the crack originates in the inclusion.

Figure 85: Crack propagated to the end point of inclusion/matrix interface. On the left-hand side the crack
originates in matrix. On the right-hand side the crack originates in the inclusion.

Figure 86: Crack initiated at the tip of the sharp material inclusion. On the left-hand side the crack initiates in
matrix. On the right-hand side the crack initiates in matrix.
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5. Conclusions

Methods of the classical fracture mechanics can not be directly applied on general singular stress concentrators
and its generalization is the current objective of many researchers. The identical motivation stays behind this
thesis. Although the presented work is primarily theoretical, it provides the researchers with the framework in
order to fully assess generalized singular stress concentrators in terms of the multi-parameter criteria proposed
herein. Experiments to verify the theory on general singular stress concentrators different from a V-notch are the
next step to be conducted. For this purpose the specimens modeled in this work can be used.

This work presents methods to determine the eigenvalues to form the exponents of singular and non-singular
stress terms in cases of general singular stress concentrators. When the eigenvalues are determined, the angular
eigenfunction can be easily formed. The cases of a V-notch, bi-material notch and bi-material junction are studied
in detail. However, the methods presented herein allow researchers to determine the order of singularity for any type
of multi-material general singular stress concentrator (for example quad-material notch or quad-material junction).
In the following part, application of two different methods to determine generalized stress intensity factors of
singular and non-singular terms are studied. The main advantage of the W-integral method is, that it allows
independent determination of kth generalized stress intensity factor. The overdeterministic method is simpler and
computationally less expensive. When some requirements are fulfilled, i.e. if the integration path is far enough
from singular point in the case of the W-integral, or number of terms n to be determined is high enough in the
case of the ODM, both methods return results very close to each other. By the knowledge of the eigenvalues and
generalized stress intensity factors, stress field near singular point can be reconstructed. The analytical solution
can be compared with pure finite element solution. When we are interested in the stress field on distances such
as 0.1 — 1 mm, the employment of non-singular terms leads either to significant increase in precision (notches and
inclusion more compliant than matrix) or provides the only means to describe the stress field well (inclusion stiffer
than matrix).

The dissertation also presents stability criteria modified to contain higher order terms. These multi-parameter
criteria are namely the criterion of maximum of average tangential stress and the average strain energy density
factor criterion. Both criteria are applied on problems of V-notch, bi-material notch and bi-material junction. In
the case of V-notch, comparison of the predicted failure loads and experimental data show very good agreement. In
other cases, the crack initiation direction and critical parameters are calculated. Use of the multi-parameter criteria
leads to change in the predicted critical parameters in order of percents. The experimental validation of proposed
criteria will be a subject of further research.
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Nomenclature

7. Nomenclature

a

A (20&, 9())
Ak, Bk, Ck, Dk
AN
Ared (/\)
(0%

Q, 6

C

D, D*
aD, 9D
Af

Eij

Em

F. (0)

fij (0), gijx (0)
fiji (0)
1 (0)
fir (0)
7 (0)
fii (0)
fir (0)
Flamxn
[

giji ()
g (0)

Ikma Lkma Mkma Nkm

K
Kierie
Kic
K
km

kg,

half of the crack length

scaling coefficient of the coupled stress-energy criterion

constants of the solution of bi-harmonic equation

characteristic matrix of a problem

reduced characteristic matrix of a problem

half of the notch/junction opening angle

eigenvalues (only in W-integral sub-chapter)

elastic tensor

domain

curve surrounding domain D or D*

element angular length / integration step size

strain tensor component

Young’s moduli of mth material

kth eigenfunction of Williams’ stress function

Williams’ series angular functions

kth stress eigenfunction for 7jth stress component

kth real stress eigenfunction for ijth stress component

kth displacement eigenfunction for ith displacement component

kth real displacement eigenfunction for ith displacement component
kth auxilary stress eigenfunction for ijth stress component

auxilary displacement eigenfunction for ¢th displacement component
matrix of eigenfunctions of 2m rows and n columns

Airy’s stress function

Ith stress eigenfunction for ¢jth stress component (only in W-integral subchapter)
displacement eigenfucntion for ith displacement component (only in W-integral subchapter)
material toughness

angular parameter

ith bi-material interface

integration paths (only in W-integral subchapter)

ratios between individual GSIFs and first GSIF

generalized stress intensity factor

generalized fracture toughness

unknown vector of n generalized stress intensity factors

imaginary part of the complex number z

imaginary unit

complex constants

stress intensity factor of mode I

critical value of stress intensity factor

fracture toughness

threshold value for fatigue crack propagation

elastic constant (in terms of Poisson’s ratio)

stress intensity factor in Williams’ stress series

Kolosov’s constant of mth material

crack length in pertubated domain

controling variable

dimensions of the modeled specimen (only in numerical examples)
kth eigenvalue

material constant (in terms of Kolosov’s and shear modulus)

shear modulus

normal

sub-matrix of a multi-material notch problem to form a characteristic matrix A (\)
Poisson’s ratio of mth material

sub-matrix of a multi-material junciton problem to form a characteristic matrix A (\)
gradient
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V2 Laplace operator

0] (rl/ 2) higher order term of the Williams series

Qn, mth material region

Q(2), x(2), w(z) analytic functions (complex potentials) in general

Q1, Qo material domains

Qin unbounded inner domain

Qpm (2), wem (2)  analytic functions for kth eigenvalue and mth material region
Dk stress singularity exponent

v (U, V) path independent U-integral

PhE U-integral of FE solution

garabt U-integral of analytical solution

r, 0 polar coordinates

70, T1, T2 FE radial parameters

R{z} real part of the complex number z

s standard deviation of generalized stress intensity factor average
Sg]:jl] vector of FE stresses

Oij stress tensor

Ooo far field loading

Cappl applied stress

oc material strength

Gon (0) averaged value of the tangential stress (averaged over r)
Yim strain energy density factor of mth material

S averaged value of the strain energy density factor of mth material (averaged over r)
Yerit critical value of strain energy density factor

Ycm critical value of strain energy density factor of mth material in terms of brittle fracture
¥, Yo integration paths (only in W-integral subchapter)

T T-stress (constant value term in Williams’ expansion)
0o crack initiation angle

U[2m] vector of FE displacements

u,v elastic solutions

Ul (21, x2) perturbed solution

U (21, 72) unperturbed solution

Uk (0) augmented shape functions for average SEDF crigerion
Vg kth eigenvector

vied reduced kth eigenvector

1% complementary term in matched asymtotic expansion
Wp strain energy

‘cll—v“,/ strain energy per volume

T,y cartesian coordinates

Y1, Y2 stretched coordinates (x1/1)

Z (z2) Westergaard’s stress function

z complex variable

¢ external loading angle
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Nomenclature

List of abbreviations

APDL
BMN
FE
FEA
FEM
GSIF
GSSC
HSV
LEFM
ODM
PMMA
SIF
SEDF
3PB

Ansys program design language
bi-material notch

finite element

finite element analysis

finite element method

generalized stress intensity factor
general singular stress concentrator
hue, saturation, value, color model for a domain coloring
linear elastic fracture mechanics
overdeterministic method
polymethyl methacrylate

stress intensity factor

strain energy density factor

three point bending
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A. Detailed derivation of equations

A.1. Kolosov-Muskhelishvili formulas

First, recall the complex analytical functions from (17) on p. 24, i.e.:

Qm (2) = Tim 2™ + Lkmzx’“,

WEkm (Z) = ]\ka'z/\lC + Nkmz/_\k~

The first derivative of the complex function Q4, (2) by complex variable z is:

;Cm (Z) = Ikmx\kz/\k_l + Lkm;\kz;\k_l = Ikm/\kr/\k_leig(/\k_l) + Lkm;\kr;\k_lew(;\k_l) (100)

and by knowing that z = re~% its complex conjugate is:

7;“” () = jkm;\ki;\k_l + LpmAp 2 = jkm;\kr;\k_le_w(;\k_l) + Ekmx\kr/\k_le_ig(/\k_l). (101)
The second derivative of complex function Q. () by complex variable z is:

/k/m (2) = IemAe(Ag— 1)2/\’“_2 + Lkm;\k(;\k — 1)2/_\’“_2 = (102)
= ImAk (/\k — 1) T/\k_Qeig(/\k_Q) + Lkm;\k (;\k — 1) T;\k_QeiG(;\k_Q)

and similarly its complex conjugate is:

O/ (2) = DumdeO — DZ% 2 4+ Ly de (g — 1) 2272 = (103)

= L — 1)rx’“_26_i9(x’“_2) + LigmAe (A, — 1) 727100k =2)
The first derivative of the complex function wk., (2) by complex variable z is:
Whoo (2) = Mg Aez™ 71+ NimM oz ™8 = My Apr = 1e0Ce=1 4 N pAe—1i0(Ae—1) (104)
and finally its complex conjugate is:
B (2) = M A2 ™ 4 Ny Az ™1 = Mg Ar M Le 0= o N e le=®#On=1 0 (105)

By substitution of (100), (101), (102), (103), (104), (105) into Kolosov-Muskhelishvili equations for stress com-
ponents (9) on p. 11 we can show derivation of previously shown equations (18), p. 24. For o,rkm we thus
write:

Crrtom (1,0) = Tg A~ 1e@Oe=D) LigmAgr s 1@ (n=1)

TR 001) 4 Ty e - 1)
—i6 ‘ - ] N
B % {Ikm/\k (/\k - 1) /r./\k—ze’LG(/\k—Q) 4+ Lim Ak (/\k — 1) T/\k_zezg(/\k—z)} _

reif)

2
- % |:MkmAk7"/\k_16i9(/\k_l) —I—Nkm;\krik_lew(ik_l)} -

_ % |:Mkm;\kr/_\k—le—i9(/_\k—l) 4 NkmAkr/\k_le_ig(/\k_l)}

{jkm;\k (;\k — 1) T;\k_ze_ig(;\k_z) + Lim A (Ae—1) T/\k_ze_ig(/\k_z)} —

= ST [Tl O = 3) P05 L (= 3) O M A O R 00D

+ el {_jkm;\k (;\k — 3) e_ig(;\k_l) — Lk (;\k — 3) eig(;\k_l) — Mkm;\ke_ig(;\k+l) — Nkm;\keig(/\k-’_l)} 1.
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The expression for o,.gxn, is again obtained by substitution of equations (100)-(105) into (9). Therefore we write:

Trokm (Ta 0)

+

—if ‘ o ) N
o [T A O = 1) 200D L Xy (N — 1) 20 Ge2)]

0

[jkmj\k (S\k — 1) T;\k_ze_ie(j‘k_Q) + -Z/km)\k ()\k — 1) T)\"’_ze_ie(/\k_Q)} +

% [MkmAkTAk_leie(Ak_l) + Nkmj\k’r'xk—leie(;\"_l)} _

2

% {Mkmﬂerk—le“w(ik—l) + Nkm)\kr)\k—le—w(kk—l)}
2

1 . _ . . _ .
Z{T‘)‘k_l |:Ikm)\k ()\k — 1) 619()"“_1) — Lkm)\k ()\k — 1) 6_19()\]“—1) + Mkm)\kele()\k-H) — Nkm)\ke_lg()‘k-i_l)} +

Pl [—I:km/_\k (A —1) em®0w=1) LimAr (A — 1) e?(w=1) _ My e~ 00x+1) 4 Nkmj\keie(x’c-’—l)} b

and similarly for oggr,, we write:

Gookm (1, 0)

+ o+

+

+

Do At e~ Lei®Or=1) o 3 Ak =16i0(A=1) 4
T Rer 1= 00=1) 4 L\ gl

re=

[Ikm/\k (A = 1) pM 26002 L L N (S\k —1) ,,f\k-,—zeie(x,c_z)] N
? [fkmj\k (A —1) P2 00%=2) L TooA (O — 1)r/\k—2e—ie(,\,c_g)} N
% [MkmAkr)\k_lew()\k_l) +Nkm5\kr5\k_lei9(5‘k_1):| +

% [Mkmj‘erk_le—w(;‘k_l) - Nkm)\kr)\k_le_ie()\k—l)}

%{T/\k_l [Ikm/\k (A + 1) €O 4 L A (A + 1) €708 My At Nkm)\ke_iG()\k+1):| +

Pt |:jkm5\k (A +1) e D) o L A (R +1) €051 4 Wy e 0(t1) Nkmxkew@“l)} }-

The displacements are derived in a similar manner, for 1,,, we thus write:

Urkm (7", 0)

[l

{K/me—iG I:Ikmrkkeiakk 4 Lk:mrj\keioXk:l o

” [fkmjxkrj‘k_le_ie(:\k_l) n Ekm)\kr)\k—le—ie(,\k—n} _
o—i0 [Mkmrike—w}\k + Nkmr“e_i“’“} +
Koy €' karf\ke—w;\k + Ekmr“e_m’\k} -
T I:Ikm)\k’l“)‘k_leio(/\k_l) + Lkmj\erk_leia(;\k_l)] —
it [MkaAkew:\k n Nkmr’_\’“eie’_\’“}}

1
Ao,
’I";"“ |:jkm (’%m - S‘k) e_w()_\k_l) + Lim (Hm - )‘k) ew()‘k_l) - Mkme_w()\k-‘rl) - Nkmew()\k-i_l)} }7

Ar B OA—1) |, T B —ib(A\p—1) _ OAe+1) A7 —i0(Ae+1)
{7‘ Iim (K/m /\k) e + Lim (fim )\k) e M€ Nime
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and finally for the wugg,, we write:

1 ) ) L,
UGkm (7“, 9) = 4ZN {e_zglim |:Ilc7n7ﬂ/\kew/\lC + Lkmr/\kew/\k} -

_ it {Mkmrike—wik 4 NkaAke—wAk} _
. karike—wik 4 Ekmr“e_i”’“} _

+ r [Ikm/\kr“_lew(“_l) + Lkm;\krﬂ’“_lew(i’“_l)] +
1L et {Mkmr“e_i“k T Nkmrikew;k}}

_ 4@1% [ |:Ikm (o + ) €O~ L (e 4+ Ag) e 08— 4 gy 0t D) Nkme—ie(AkJrl)] 4

+ {_jkm (Km + Ak) e 0O 4 Ly (Km + Ak) 01 _ M ®Getl) N, (Akﬂ)}}

A.2. Criterion of maximum of average tangential stress

The derivation of Eq. (64) on p. 56 is shown by substitution of first 3 stress series terms in complex form, Eq. (20)
on p. 24 into equation (61) on p. 55. The equation becomes:

1o | [
d oo [/ (H1r™ ™ fop1 (0) + Har™* ™" fogo (0) + Hsr™s ™ fygs (0)) dr+
0

FH 7 fog1 (0) + Hor™2 ™Y fogz (8) + Har™ ™ fogn (9)} = 0,
which after integration is:

dAl 0f901(0) d*2 8 foo2 0fo02 (0) drs Ofo03 (0) d 9 foor 0fo01 (6) > afe)e)z( ) - d* O fges (0)
Sy on T, T e tH e tHT T o YT T T o

where the first derivative of eigenfunction fggrm (6) in terms of complex constants Irm, Lim, Mgm and N, is:

0 foorm (0)

1.1, ) -
o = S [T Do Ak e = 1) (e + 1) = e Ly (A = 1) (4 + 1)+

+ eig(/\k-"_l)Mkm/\k (/\k + 1) — e‘i"(““)Nkm/\k (/\k + 1)} ,

and similarly for fogpm (6) we write:

781’995;” ) _ %z —em (1) 3, M\ —1) (M +1) + BUCTE) (A —1) (A +1) =
e_ig(/_\k"—l)Mkm;\k (;\k + 1) + eig(;\k-i_l)Nkm;\k (;\k + 1)} .

The GSIF H; can be factored out of the equation, so we introduce factors between GSIFs I'y; as in Eq. (63) on p.
55. Since the crack initiation direction does not depend on GSIFs absolute value, we obtain:

N 0fgor (0) | 1o A 0feor (0) | o A Ofoes (0) o A Ofor (0) | p A 0foer (0) | 5 Ofons (0)
XL 09 X 00 X3 00 N 00 S VY] Ny 00

which leads to the general form of the equation with n terms, equation (65) on p. 56. The derivation of complex
form follows. We can rewrite the stress expansion as:

oy = Hp Z Crrr™ ™ fi (0) + Hy Z f‘klr;\k_lﬁjk @),

k=1 k=1
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which can be analogically derived, integrated and rearranged, so we obtain Eq. (65) on p. 56. For completeness,
the second derivative of function fyporm (f) in terms of complex constants is:

3 form (9) L1 io0n—1) 2 —i0(he—1) 7 2
o = g ™ Iim A M —1)7 (M +1) + e "V L X (A — 1)7 (A + 1) +

+ @D e (ke + 1) + e PN A (N + 1)2] :

and its complex conjugate:

r2 _ _ _ _ L= _ _ _
(9119?;75’21@ = % e_ig(/\k_l)jkm/\k (/\k — 1)2 (/\k + 1) + ezg(Ak_l)Lkmx\k (/\k — 1)2 (/\k + 1) +

T e—ie(ik+1)Mkm;\k (;\k 4 1)2 i eie(ik+1)Nkm;\k (;\k " 1)2} .

A.3. Average strain energy density criterion

The derivation of Eq. (71) on p. 57 for calculation of a mean value of SEDF is shown in following text. Let’s
consider stress expansion, Eq. (20) on p. 24 in following form:

oij = 2%{ZHkTA1_1fijk(9)}~

k=1
The derivation is shown on a series containing first 3 terms only. General form for n terms follows later on. First,

each stress component in its expansion form is substituted into formula for calculation SEDF on mth material
region in case of a plane problem, Eq. (70) on p. 57:

Y = R {rwim [2 (Hir™ ™ foo1 (0) + Har™ ™ fogo (0) + Hzr™3 ™! fop3 () (106)
(Hyr™ ! frpy (0) 4+ Hor™* 7! frpo (6) + Har™3 ™ fr03 (0)) (ki — 1) +
+ <(H17“A1_1f991 (8) + Har*~ fog (6) + Hyr™ ™ fos (6))” +
(T f (6) + Hor™ ™ frz (0) + Hyr™ ™ oy (0)°) (i +1) +
+ A (Hir™M 7 fogr (0) + Hor™ 7 frpo (6) + Har™ ™ fre3 (9))2} } )

Thus after expanding and some simple rearrangements the equation (106) becomes:

1
S r—=R {Hfrwl—l) [2fo01 frr1 (km — 1) + fog1 (b + 1) + f20q (K + 1) + 4791 ] + (107)

20m

+ H3rPO2 D 12 fogo frrn (ki — 1) + fogo (b + 1) + frrg (km + 1) + 4f70) +
H3r2 ™D [2 fogs frrs (km — 1) + figs (km +1) + [ (ki +1) + 4ff5] +
+  HyHyrM—D+e=1)

[2f991frr2 (km - 1) + 2f992frr1 (km - 1) + 2f991f992 (km + 1) + 2frr1frr2 (km + 1) + 8fr91fr92} +
+ HHyrOi—H+0Ge—1)

[2f991frr3 (km - 1) + 2f993frr1 (km - 1) + 2f991f993 (km + 1) + 2frr1frr3 (km + 1) + 8fr91fr93} +
+  HyHzrP2=D+(a=1)

2fo02 frrs (K — 1) + 2fo03 frra (km — 1) + 2fe02 foos (ki + 1) + 2frra frrs (Kp + 1) + 8fre2fros]}

where the all the functions f;;, above are functions of angle 6. For the sake of saving available text field, the symbol
(0) is intentionally omitted. We can identify the functions Ug;y, (6) as:

2foor (0) frow (0) (ki — 1) + (fgr (0) + f2i (0)) (B + 1) + 417, (0) k=1

Ukim (0) = S 2(foor (0) frri (0) + foor (0) frri (0)) (km — 1) + 2(foor (0) foor (0) + Kk #1.
+frrk (9) frrl (9)) (km + 1) + 8fr9k (9) fr9[ (9)

_|_
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Where the function Ug;y, (0) is defined for each material region m = 1,2 of bi-material notch as:

Ukll (9) 7 < 0 < Y2

Ukim (0) =
M () {Uklg(e) 72<9<73

and for the case of bi-material junction as:

Ukll (9) Yo < 0 < 7

Ukim (0) = .
M () {Um(é)) 71<9<72

The formula (107) after further rearrangement becomes:

Sy = 2u R {HFr*M 7 U (0) + H3r* 7 Us (0) + Hr*Y ™ Uss (0) + (108)
+ HlHQT/\H_/\Z_lUlQ (9) + H1H37“/\1+/\3_1U13 (9) + HQHg?“/\ZJr/\s_lUQg (9)} .

The mean value of SEDF is defined in Eq. (69) on p. 57. Thus we substitute the equation (108) above into it,
integrate it and finally we get:

_ 1 dz/\l 1 d/\1+/\2—1 d/\1+/\3—1
b)) = — H? H Hy——— H Hy——— 0
m 2/~Lm§R{ 1 on ——Un () + H, 23 1 Uiz (0) + Hy 3/\1+/\3 Uz (0) +
2d2/\2—1 Ao+A3—1
+ H,; 9 Uso (9)+H2H3/\QT/\3U23 (9)+
2d2/\3 1
+ Hj—— T Uss (9)}

This expression with consideration of n terms leads to Eq. (71) on p. 57. The extreme of function above is found
by substitution of equation above into Eq. (72) on p. 58 and its derivation in dependence of angle 6:

drtii—1 oU1 (9) dritre2—l1 0U1o (9) dritArs—1 U3 (9)
HH HH
AR v vl i s vy vl R L s vy vl R
dr2trz—1 0Uas (9) dr2tAs—1 0Uas (9)
HoH HoH
e VI Ve T e e B VT VR T
st~ 9U55 (0)
HaH _—
R I VR V7

With consideration of I'y, and I'; and for n terms we finally obtain the general formula (73) as found in the main
text on p. 58. The first derivatives of stress eigenfunctions f;;; (€) in terms of complex constants are written:

1 4 _ 4
8frr§;n (0) _ 52 |:_IkmAk O —3) O — 1) @=L T A, Ae —3) (A — 1) e 10 k—1) _

My e N + 1) @6 FD 4 NN (O + 1) e—iwk“)} ,

Wrﬂg—glm — |:IkmAk( 1)2 ezG(Ak 1) + Lkm/\k( o — 1)2 e—i9(/\k—1)+

+ M Ak (A +1) €O 4 N A (A + 1) e‘w(“m} :

O 00— 23 [l Ok 1) O = 1) 75— Ly Ay (1) (g — 1) 0

FMim A (A + 1) e?CetD — N Ay (A + 1) e—i9(Ak+1)} .
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and the second derivatives of stress eigenfunctions fji (0) are written:

82 frrkm (9)

1 ) _ )
902 = 3 [Ikm/\k (k= 3) (A — 1% €D 4 Ly A (g — 3) (A — 1)7 700Dy

M Mg (k1) €7D N Ay (g + 1) =004

82 fr9km (9)

1. (Mg — 7 —i0( A —
o = i [kaxk O — 1)@= Lx (A — 1)% e~ #00n—1 4

+ Mg A (v +1)2 O — N (O — 1) e_w(AkH)} )

02 foorm (0)

1 . _ )
62 = —3 [Ikm/\k O 4+1) (A — 1)2 D LA (g + 1) (g, — 1)% 70Dy

My Mk (g + 1) PO N Ay (g + 1) e 00K

The function Ugyy, (0) for k =1 is in terms of complex constants written:

Ukkm () = 4X [km <Ilzm62iwk_l) + Eime_mw_l)> +
+ (/\k — 1) (ikkameQié) + Ikmeme_Qig) +
+ <(Ak - 1)2 + 2km> Ikmikm + Mkmem}

The first derivative of function Ugiy, (0) for k = [ is in terms of complex constants written

OUkm (6)

D~ 4y [km (2@' e — 1) 12, e200=1 _ 95 (3, — 1) Eime—m“k*)) + (109)

+ (s — 1) (20 L My — 2il,, Nye™29) =
= 8\ (M —1) {km <]zmezi9(xk—1) _ Eime—%f)(/\k—l)> N
+ Ly Min,e?? — ]km]\’[kme—zie]

and the second derivative of function Uy, (0) for k =1 is:

0?Ugim (0)

552 = —16M% (A —1) [km (A — 1) (1,3me%9<%—1> + Ezme—%"w—l)) +

+ EkkameQié) + Ikm]\?kme_%g]

For k # [ the function Uy, (0) is written:

Ukim (9) = 4 N {(/\k/\l —Ar — N+ 2k, + 1) <ei9(/\k_/\l)fkm[/lm + e_ig(/\k_/\l)flm[/km> +

O = 1) (O8N e N e PN 1 M) 4

+
1) (D Ly Ny e NN L M )
T 2k, <Ikmjlmei9(/\k+/\l—2) n e—if)(/\k+/\l—2)Lklem> T

+

My, Ny, e?Os=20) 4 Mlmeme—ié)(/\k—/\l)}

first derivative of function U, (6) is written
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W%Tg(e) = diNN [(Ak ) O — Ak — A 2k 1) <ei9<kk—kl>1klem - e‘i‘)(Ak_A’)IlmLkm> +
=) —AN—2 <ei9“k—kl—2>1kmzvlm - e‘i‘)(Ak_A’_Q)Lklim> +

o= = —2) <ei9(Al_Ak_2)Ilmem - e‘i‘)(Al_Ak_Q)leMkm> +

b 2% A+ A —2) <ka11mei9“k“l—2> _ e—w“k“l—?)Lklem) n

k=) <Mklemei9(Ak_Al) - Mlmeme_ig(A’“_Al)ﬂ

and the second derivative of function Uy, (0) is:

% — AN\ [(Ak — )7 (NN = Ak — A+ 2k + 1) <ei9<kk—kl>1klem + e‘ie(Ak_Al)IlmLkm> +
b Oe—1) (=N —2)? <ei9(xk—xl—2)1klem 4 e—w(xk—xl_z)Lklim> T
IS VIS 15 P Vi 2)2 <ei9(/\l—/\k—2)IZmem + e—if)(/\l—/\k—Q)leMkm> +
T 2%k (M + A — 2)2 <kaflmei9“k“l—2> + e—w“k“l—?)Lklem) n
=N <Mklemei9(Ak_m + Mlmeme_ig(Ak_Al)ﬂ

A.4. Basic two-dimensional elasticity equations

Many problems in elasticity may be treated satisfactorily by a two-dimensional (plane) theory of elasticity [63].
By that the stress analysis is considerably simplified. There are two general types of problems involved in this
plane analysis, plane stress and plane strain. These two types are defined by setting down certain restrictions and
assumptions on the stress and displacement fields. The plane stress is defined to be a stress in which the normal
stress 0., and the shear stresses o,, and o, directed perpendicular to the xy plane are assumed to be zero®. This
approach is applicable on bodies where one dimension is much smaller than the remaining two, e.g. thin flat planes.
The stress tensor is for plane stress problem written:

Opz Ozy 0O
oy = Oyz Oyy O

0 0 O

and strain tensor:
€oz Eay O
g5 = Eyz Eyy O
0 0 e,

Orr  Org 0
oy = oor 0gg O

0 0 0]

Err Ero 0
€yj = cor g9 O
0 0 €.,

To assess safety of engineering structure in terms of yield criterion it is in general required to compute equivalent
tensile stress. The von Misses stress for example is defined:

Oc

1 2 2 2
\/5 [(Jm —oyy)” + (g — 022)" + (022 — 0ua) } +3 (ng + a;z +031) =

_ 2 2 2 _ _ _ 2 2 2
= \/am + 02, + 02, — OpaOyy — OyyOsz — 02204 + 3 (azy + 02, + azz)

9sotropic material is assumed.
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which in cylindrical coordinate system is:

1
o = 5\/(0M —009)" + (096 — 022) 4 (022 — 0r)” + 3 (02, + 02 +02) =

_ 2 2 2
= \/Uzr + 059 + 02, — 0rr090 — 090022 — 02200 + 3 (029 + 05, + 02,)

Since the plane stress case if characterized by o,, = 0., = g9, = 0, the von Misses stress is calculated as:

_ 2 2
O, = \/afr + 049 — OrrOg0 + 307,

(110)

The plane strain is defined to be a state in which the strain normal to the xy plane €,, and the shear strains e,
and €, are assumed to be zero. The plane strain approach applies to bodies where one dimension is very large in
comparison with the dimension of the structure in other two directions. The stress tensor for plane strain problem

is written:

Opz Ogy O
oy = Opy Oyy O
0 0 o0,

and strain tensor is:

€az Eaxy O

o

€ij = Eyz  Eyy

In cylindrical coordinate system we write:

Orr  Org 0

oy = oor o099 O
0 0 0.,
Err Ero 0
€ij = €gr oo 0O
0 0 0
Considering stress-strain relation (4) on p. 9:
1
Ezz = E [Jzz -V (arr + 099)]
The stress component o,, can be calculated as:
Ozz = V(Jrr+099)

Therefore by substitution in Eq. (110) the von Misses stress is:

_ 2 2 2 _
O = \/afr + 05y + V2 (0rr +000)" — Orro09 — 0oV (Orr + 009) — V (Orr + 0gp) Orr + 3025 =

= \/er (1—v+4+v?) 402, (1 —v+v?) — 0pr0p9 (1 + 20 — 202) + 302,
In terms of eigenfunction, the von Misses stress can be written:

ge = > Hur™ T (0) + Hir™ T f (0) = 20 {Z Hyr = fop (9)}

k=1 k=1

where the eigenfunction f, () for plane stress problem is:

Jk(0) = \J P20k (0)+ £ (0) = Frrk (0) fook (0) + 312 (6)

and for plane strain problem:

S (8) = \JF2a(0) (1= v 02) [ (0) (1= v 12) = ok 0) fook () (1+20 — 202) + 312, (0)

and the eigenequations f;;i (¢) are defined in Eq. (23) on p. 25.
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B. Attached scripts

The attachment of the thesis consists of the computer scripts created during the years of the author’s research.
These files can be with author permission distributed and further used for non-commercial research purposes. The
written codes may be divided into two parts: the first part consists of the scripts written in APDL (Ansys Program
Design Language) and the second of Python scripts (Python 2.7 run in Spyder 2.3 development environment). The
scripts written in APDL can be run in commercial software code ANSYS v13 and newer. By these scripts, users
have an access to three point bending specimen models of V-notch, bi-material notch specimen, sharp material
inclusion and the model of free edge singularity. The model of outer domain for matched asymptotic expansion
calculations and script that maps the load on the crack faces is attached, too. The models are parametric, so
geometry, loads and bi-material combinations can be widely varied. The outputs of these models are text files
which contains parameters about the models, nodal displacements and deflections field.

Next group of scripts was written in Python script using python libraries such as Numpy and Scipy. The
Python scripts load the FE data and do the analytical part. Individual scripts calculate the eigenvalues, construct
the eigenvectors and create the eigenfunctions. Another script performs the overdeterministic method or calculates
the Psi-integral to obtain generalized stress intensity factors. Next it plots the stress or displacement distribution.
All the data in tables throughout the dissertation and almost all the pictures were created by Python scripts.
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