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Abstract

The focus of the thesis is interfacial crack problems in anisotropic
and piezoelectric bimaterials. We seek to solve a variety of problems
using weight function techniques and singular integral equations.

We begin by studying a dynamic crack along a perfectly bonded
interface in an anisotropic bimaterial. Using a weight function de-
rived from a mirrored problem it is possible to derive important ma-
terial parameters which govern the crack propagation. Following this
a static crack is considered. However, in this case the materials are not
bonded perfectly, an imperfect interface is present instead. A method
is derived where singular integral equations for the imperfect interface
problem are derived through use of perfect interface weight functions.
The weight functions are then extended to fracture in piezoelectric
bimaterials which allows equivalent integral equations to be derived
relating the mechanical and electrical fields. In past literature a num-
ber of results have been found which can only be used when consider-
ing a symmetric load system on the crack faces. All of the problems
considered here have asymmetric loading.

Firstly, a steady-state formulation is used to derive asymptotic
coefficients of the crack displacement and interfacial tractions for a
dynamic crack along a perfect interface. The method can be used to
find many asymptotic coefficients but the one of most importance here
is the stress intensity factor which therefore enables the calculation
of energy release rate at the crack tip. As an example an orthotropic
bimaterial with two different loading configurations is used to examine
the importance of crack speed and load asymmetry on the properties

of the crack propagation.
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We proceed to study imperfect interface conditions for an anisotropic
bimaterial. Usually when looking at such a problem it is necessary to
derive new weight functions which correspond to the imperfect inter-
face. An innovative method which makes use of the Betti formula and
existing weight functions for the analogous perfect interface problem
is derived. This procedure is used to obtain singular integral equations
which relate the crack loading, which is assumed to be known, to the
displacement jump over both the crack and interface and tractions
along the bonded area between the materials. Examples of the results
obtained through solving the integral equations numerically are given.

Finally, we extend the weight functions used previously in the the-
sis to a piezoelectric setting. The general form of the weight function
for any piezoelectric bimaterial is given before two specific examples
are studied in depth. The examples are chosen in such a way to illus-
trate the effect that the poling direction of the bimaterial can have on
both the mechanical and electrical fields. For both examples explicit
expressions are derived for the weight functions which are then used
to derive singular integral equations which can be used to study the
effect of both mechanical loading and electrical charges being applied
to the crack faces. To finish we present some examples for both poling

directions to illustrate the use of the derived equations.
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Chapter 1

Introduction and literature

review

The work presented in this thesis consists of a number of problems concern-
ing crack propagation along interfaces in bimaterials with complex properties.
When considering such problems both the mechanical properties of the bi-
material and the nature of the interface separating them must be taken into
account. The problems we analyse in the thesis concern both anisotropic
and piezoelectric bimaterials and also consider perfect and imperfect trans-
mission conditions along the bonded section between the materials. The
work seen in Chapters 3, 4 and 5 can be found in Pryce et al. (2013, 2014,
2015) respectively.

Throughout the thesis we make use of weight functions, defined as singu-
lar, non-trivial solutions of homogeneous traction-free crack problems which
are used in the derivation of important parameters in fracture mechanics.
Weight functions are an efficient tool for studying the behaviour of certain

physical fields in the region of the crack tip.



This chapter presents a historical review of some of the previous work in
fracture mechanics which will be used in the analysis presented in the re-
mainder of the thesis. Specific attention will be given to advances in the field
of stress intensity factors, weight functions and imperfect interfaces. We then
proceed to give a deeper study of anisotropic materials and results concerning
interfacial fracture for these materials. Finally, piezoelectric materials will
be reviewed and the extension of existing concepts for anisotropic materials
to piezoelectric materials will be discussed. To conclude this chapter of the
thesis we will discuss the room for further development in the field and give

an outline of the remaining chapters.

1.1 Literature review

Early studies of elasticity saw the development of Hooke’s law in the late
17th century. However, it was not until the early 1900s that study in fracture
mechanics began to truly flourish. The first major developments were seen
in Inglis (1913) where an elliptical hole in glass was considered. It was
found that applying a perpendicular, tensile load to the ellipse resulted in the
vertices being subjected to the highest level of mechanical stress. Following
the work of Inglis (1913), Griffith (1920) replaced the ellipse with a crack
due to contrasting results between theoretical work and experimental results.
Griffith discovered that the potential energy of the system, {2, was dependent
on the crack length. If the crack was extended there would be an increase
in crack surface area and, at a microscopic level, a certain amount of work
per unit area was expended in the creation of that additional area. This

work per unit area was given the name surface energy, denoted (2;. Using



the equilibrium principle of minimum potential energy gave

%((H—QS) =0, (1.1)

where [ is the crack length. Griffith stated that a crack was at a critical
state of incipient growth if the microscopic increase of the work per unit area
was the same as the decrease in overall potential energy when the crack was
extended and new surface area formed.

It was in 1948 that Mott attempted to extend the work of Griffith to
a moving crack. Mott (1948) adopted a steady-state approach to a crack
moving at a constant speed, where the system was independent of time if the
observer was moving at the same speed as the crack. Finding an approxima-
tion for the total kinetic energy T}, as a function of the crack length and
velocity, Mott also applied the equilibrium principle of minimum potential
energy to give:

0
E(Q+Qs+7}ot) = 0. (12)

It was believed that this formula could be used to find the velocity at which
the Griffith crack would propagate through a material. However, the as-
sumption of Mott that the derivative of the combined total energy of the
system (with respect to the length of the fracture) vanishes was not correct.
Therefore, the conclusions drawn from this work are widely seen as being
invalid. In spite of this the work performed in Mott (1948) was still of great
importance to the field.

The next step of major importance in the study of fracture mechanics
was that of Irwin (1957). It was here that Irwin introduced the stress in-
tensity factor, K, commonly shortened to SIF. The stress intensity factor is

a key parameter in studying the behaviour of physical fields in the vicinity



of the crack tip. K depends on a number of features of the geometry being
considered, including material parameters, crack properties and the applied
loading on the crack faces. Irwin also introduced the notion of crack opening
modes: Modes I, IT and ITI. Mode I fracture opening is that which is perpen-
dicular to the crack faces and parallel to the crack front. Mode II refers to
the shear opening of the crack perpendicular to the crack front and parallel
to the crack face. Finally, Mode III opening is parallel to both the crack
front and the crack surface. The three types of crack opening are illustrated
in Figure 1.1. When considering two-dimensional geometries it is often said
that the Mode I and II openings are the in-plane fields whereas Mode 111

describes the out-of-plane (or antiplane) fields.

Mode I Mode 11 Mode III

Figure 1.1: Crack opening modes

In his analysis, I[rwin considered the energy release rate at the crack tip,
which is often thought as the energy released from the crack tip when the

fracture propagates and more surface area is created. For a Mode I crack a
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relationship relating the energy release rate to the Young’s modulus, F, and

stress intensity factor for the material was found

KZ

G=— (1.3)

Irwin (1957) also discovered a critical value of the stress intensity factor
at which the fracture will begin to propagate, often referred to as fracture
toughness. As a direct result of this and equation (1.3), and considering
conservation of energy, it is possible to find a minimum energy required for
a crack to propagate.

The next major breakthrough in the analysis of energy release rates came
courtesy of Cherepanov (1967) and Rice (1968) in the form of the J-integral.
The J-integral is defined as a path-independent contour integral around the
crack tip which can be used to find the energy released through the crack tip
during crack propagation. It was shown that the energy release rate obtained
by using the J-integral is the same as that found using the equation derived
by Irwin (1957) for a quasistatic crack in a brittle material.

Another area of great interest is when you have a crack lying along an
interface between two bonded materials. The case of a crack between dis-
similar isotropic media was considered by Williams (1959). It was found
that the Mode III stress fields had a square-root singularity at the crack tip,
whereas the in-plane fields had a similar square-root behaviour with an ad-
ditional oscillatory effect. Work on fracture was extended to a homogeneous
anisotropic body by Stroh (1958) and Hoenig (1982). Hoenig found that the
square-root behaviour of the physical fields at the crack tip was also present
for the crack in an anisotropic material. It was also found that the angular

variation of the fields surrounding the crack tip was more complex due to the



anisotropy of the material.

Work on a crack propagating along an interface in an anisotropic bi-
material was not as clear as that for the corresponding isotropic problem,
with some problems arising in finding the properties of the stresses and dis-
placements in the vicinity of the crack tip. Willis (1971) defined a stress
concentration vector, containing three complex numbers, for use in the eval-
uation of the near-tip stresses. However, these results led to complications
in the derivation of the stress intensity factors and therefore progression in
the manner of Irwin (1957) was not possible.

A number of advancements in the field were found in the work of Qu and
Bassani (1989) where they derived conditions for the near-tip fields to be
non-oscillatory. It was found in this case that the fields corresponding to the
three Modes of crack opening could be separated and that the stress intensity
factors took only real values. The work was studied further for a Griffith crack
by Bassani and Qu (1989). Following this work by Qu and Bassani, significant
breakthroughs were made by Suo (1990). Making use of the formalisms
developed by Lekhnitskii (1963) and Eshelby et al. (1953), Suo constructed
near-tip solutions for both non-oscillatory and oscillatory fields. It was shown
that for non-oscillatory fields the structure of the stresses and displacements
at the crack tip were the same for those in a homogeneous anisotropic body
due to the real-valued stress intensity factors. However, when considering
oscillatory fields the in-plane fields were seen to be governed by one complex
valued stress intensity factor whereas the antiplane components were still
derived using a real-valued constant.

The work of Suo (1990) was extended to a dynamic crack by Yang et al.



(1991). A steady-state crack was considered and the formalisms used by
Suo were adapted accordingly for the new, moving coordinate system. The
results found hold up to the Rayleigh-wave speed of the more compliant of
the two bonded materials, that is the lowest of the two Rayleigh-wave speeds.
In the moving coordinate system it was found that the behaviour of the near-
tip fields were identical to those for a static crack and the oscillations still
occurred for the in-plane fields, with the oscillation index becoming infinite
at the crack limiting speed.

Further studies into fracture in both isotropic and anisotropic bimate-
rials have made significant use of weight functions. Originally introduced
by Bueckner (1970) and Rice (1968), weight functions are defined as func-
tions which can be used in conjunction with the loading on crack faces to
obtain integral expressions for the stress intensity factors. Bueckner (1985)
used weight function techniques to find SIF for a penny shaped crack and
a half-plane crack. A number of results on the relationship between weight
functions and stress intensity factors are found in Wu and Carlsson (1991)
and Fett and Munz (1997). Many other examples of weight functions can be
found in existing literature, including for Mode I fracture (Glinka and Shen,
1991), a 3-dimensional semi-infinite crack in an infinite body (Kassir and Sih,
1973), a crack lying perpendicular to an interface in a thin surface layer (Fett
et al., 1996) and a corner crack in a plate of finite thickness (Zheng et al.,
1996). A special weight function was found in Willis and Movchan (1995) for
a semi-infinite crack in an infinite homogeneous, isotropic medium. Defined
as a singular displacement field to a traction free interfacial crack problem,

this weight function was used in the derivation of a reciprocal identity con-



necting the weight function to the physical fields, often referred to as the
Betti identity. The Betti identity has been used in a number of studies, in-
cluding that of a 3-dimensional interfacial crack (Bercial-Velez et al., 2005)
and the derivation of stress intensity factors in an isotropic (Piccolroaz et al.,
2007) and anisotropic bimaterial (Morini et al., 2013b).

All of the work discussed up to this point for bimaterial fracture has
involved perfect transmission conditions over the area of adhesion between
the two materials, that is continuity of both tractions and displacements.
A more realistic concept was developed by Atkinson (1977) where a thin
layer of soft adhesive was placed between the materials. This thin layer
can then be replaced by suitable transmission conditions, provided that the
bonding agent is soft enough. A number of studies into these transmission
conditions were performed, in the early 2000’s,(Antipov et al., 2001; Lenci,
2001; Mishuris, 2001), where it was found that it was suitable to replace
the thin layer by continuity of tractions and a discontinuous displacement,
directly proportional to the traction, over the interface. When considering
such interfaces the behaviour of the physicals fields in the vicinity of the
crack tip are altered significantly. The work of Mishuris and Kuhn (2001)
found that the square-root singularity found for a perfect interface was not
present for imperfect interfaces; a logarithmic singularity was present at the
crack tip in its place. Imperfect transmission conditions were studied more
generally by Benveniste and Miloh (2001) for a thin curved isotropic layer of
constant thickness whereas Benveniste (2006) considered the 3-dimensional
problem of two anisotropic materials separated by an arbitrarily curved layer

of anisotropic material.



With the differing behaviour of physical fields at the crack tip, and there-
fore the lack of stress intensity factors, a more general definition of weight
functions was developed. The new definition said that weight functions were
used in the derivation of key asymptotic constants at the crack tip, which in
the case of a perfect interface agrees with the definition of the stress intensity
factor. However, for imperfect interfaces weight functions are used to find
the asymptotic constants required to find the crack tip opening displacement,
which was originally proposed as a key parameter for studying fracture crite-
ria by Cottrell (1962) and Wells (1961). The importance of the displacement
at the crack tip was further justified by Rice and Sorenson (1978), Kanninen
et al. (1979) and Shih et al. (1979). Recently, weight functions have been used
to look at waves in thin waveguides containing imperfect interfaces (Vellender
et al., 2011; Vellender and Mishuris, 2012) and the effect of material defects
on the propagation of a semi-infinite crack along an imperfect interface in an
infinitely large isotropic bimaterial (Vellender et al., 2013).

Recent developments for semi-infinite cracks in an infinite bimaterial have
seen the implementation of singular integral equations. Making use of weight
functions and the Betti formula, expressions for crack and interface displace-
ment jumps and interfacial tractions have been found for a perfect interface
in an isotropic bimaterial (Piccolroaz and Mishuris, 2013), a perfect interface
in an anisotropic bimaterial (Morini et al., 2013a) and an imperfect interface
in an isotropic bimaterial (Mishuris et al., 2013). Historically singular inte-
gral equations have played a large role in the study of cracks in elastic media
since being introduced by Muskhelishvili (1963). Using the linear singular
operator theory of Gohberg and Krein (1960), Duduchava (1979) analysed



singular integral equations with fixed point singularities. They were also
used by Mishuris (1997a,b) in the analysis of layers and wedges separated by
imperfect interfaces.

The study of cracks in piezoelectric materials has also seen some impor-
tant developments. In order to formulate the problem suitable boundary
conditions on the crack faces are required. Parton (1976) suggested using
the continuity of both electrical potential and displacements over the crack,
However, these conditions are unrealistic due to the vast difference between
permeability of the materials and the space separating the crack faces. As an
alternative, Pak (1990) used the zero electric displacement condition on the
crack face instead. With these conditions Kuo and Barnett (1991) performed
asymptotic analysis of the behaviour at the crack tip in a piezoelectric ma-
terial. This work showed that the singularity present at the crack tip was
similar to that in a non-piezoelectric material apart from an additional real-
valued constant which is involved in the asymptotics of the out-of-plane and
electrical fields at the crack tip.

A major breakthrough in piezoelectric fracture mechanics was that of
Suo et al. (1992). Similar to his work in Suo (1990), a perfect interface in
a bimaterial was considered and the Stroh formalism was extended to the
piezoelectric setting. Full field expressions for both mechanical and electri-
cal fields in the vicinity of the crack tip were found and the results agreed
with those of Kuo and Barnett (1991) with the existence of the additional
constant governing the out-of-plane and piezoelectric asymptotics. Follow-
ing from this work Gao and Wang (2001) used an alternative method based

on Green’s functions to formulate singular integral equations to derive the
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fields. However, as reported by Pan and Yuan (2000) and Pan (2003), these
formulations usually result in the need of complicated schemes in order to
calculate the integrals numerically. The further restriction of all of the re-
sults reported so far is that they were restricted to symmetrical loading on
the crack faces.

The derivation of the general, extended Stroh matrices for piezoelectric
materials usually results in the need to numerically solve a highly complex
octic equation. As an alternative to this Hwu (2008) extended the Lekhnit-
skii formalism to piezoelectric materials and made use of this to formulate
the Stroh matrices for piezoelectric materials with transversely isotropic be-
haviour. In recent years another significant development was that of Had-
jesfandiari (2013) where the Betti reciprocal identity was also extended to a
piezoelectric setting to relate two sets of mechanical and electrical compo-

nents over the same geometry.

1.2 Thesis structure

It is clear from the review of the literature that the breadth of knowledge
in the field of fracture mechanics is already vast but there are some areas
that still require further investigation. The remainder of the thesis will con-
sider three separate problems concerning different material and interfacial
properties.

Chapter 2 will give more information on the background knowledge re-
quired for further analysis. This will include an in depth study of anisotropic
materials, the Stroh formalism and interfacial fracture in anisotropic bimate-

rials. We also give more mathematical detail on piezoelectric materials and

11



how the existing methods for anisotropic bimaterials have been extended
to include the added electrical effects. Finally, an insight into some of the
mathematical techniques used in this thesis will be given.

The third Chapter sees the beginning of the new research. The work
presented concerns the derivation of stress intensity factors for a moving
semi-infinite crack along a perfect interface in an anisotropic bimaterial. The
analysis here extends the approach of Morini et al. (2013b) for a stationary
crack to the steady-state moving crack with an arbitrary load on the crack
face. A method for computing further asymptotic terms, which can be used
in perturbation analysis, is also developed. The newly derived stress intensity
factors are then used to find the variation in energy release rate as the crack
velocity is changed. Moreover, the effect of the crack speed on the oscillatory
behaviour of the near-tip fields is also considered.

Chapter 4 proceeds to study a crack along an imperfect interface in an
anisotropic bimaterial. In the same vein as Piccolroaz and Mishuris (2013),
Morini et al. (2013a) and Mishuris et al. (2013), singular integral equations
are found which are then used to find the displacement jump over both the
crack and interface. However, a variation in approach is used here. Pre-
viously, corresponding material properties and interfacial transmission con-
ditions have been used in the derivation of the weight functions required
to obtain the integral equations. Here, we use an approach where weight
functions formed using perfect interface transmission conditions are used to
obtain the physical fields for the imperfect interface problem. Finite element
simulations are also performed and their results compared to those obtained

through numerically solving the integral equations.
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Piezoelectric materials are the main focus of Chapter 5. We introduce a
weight function similar to that of Willis and Movchan (1995) for a perfect
interface in a transversely isotropic piezoelectric bimaterial. Following this,
singular integral equations are derived which relate the components of both
the mechanical and electrical fields in the material. Two specific poling direc-
tions are considered: firstly we consider when the piezoelectric effect couples
with the in-plane fields and therefore has no effect on the antiplane defor-
mations and secondly the opposite case, where the piezoelectricity decouples
from the in-plane fields and affects only the antiplane deformations.

The final Chapter of the thesis will summarise the main results from
Chapters 3, 4 and 5. We also discuss the possibilities of extending the work

further and possible applications of the new results to other fields of research.
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Chapter 2

Background

In this chapter we present a detailed summary of some of the important re-
sults used in the remainder of the thesis. We begin by looking at the math-
ematical models used when considering displacement and traction fields in
anisotropic materials before proceeding to look at known results for fractures
along perfect interfaces in anisotropic bimaterials. The extension of these re-
sults to piezoelectric materials is also discussed in detail. The final part of
the chapter will consider some of the mathematical techniques which are used

extensively in Chapters 3, 4 and 5 of the thesis.

2.1 Anisotropic materials

Anisotropic materials are classed as those with physical properties that are
directionally dependent, as opposed to isotropic materials which have iden-
tical properties in all directions. Hooke’s law for anisotropic materials was

developed in the 17th century and relates stresses and strains:
0ij = Cijricni, €ij = Sijmom, fori, 5,k 1=1,23, (2.1)

14



where o and ¢ are the stress and strain respectively. Cjji; and S are the
components of the fourth-order stiffness tensor, C, and compliance tensor,
S. Tt is immediately clear from (2.1) that S = C.

Due to the symmetry of the stiffness tensor, o5, it is possible to reduce the
fourth-order tensor, Cj;, to a second-order tensor, Cj;. In order to do this
Voigt notation is introduced, that is 11 — 1,22 — 2,33 — 3,23(or 32) —
4,13(or 31) — 5 and 12(or 21) — 6. Through use of this notation the first

part of (2.1) can be rewritten in matrix form

o1 Cyy Cip Ci3 Ciy Cis Cyg €1
op Cia Chy Oy Coy Ch Oy €9
o5 | _ Cis Coz Csz Oz Cs5 Csg €3 (2.2)
04 Ciu Co Cs Cy Cys Ciyg €4
05 Cis Cos Cs5 Cus Css Csg €5
06 Cis Co Cs6 Cas Cse Ces €6

For general anisotropic materials the stiffness and compliance matrices both
contain 21 independent components.

In this thesis, certain subclasses of anisotropic materials will be consid-
ered. One such material is an orthotropic material which has three mutually
orthogonal planes of symmetry. In such a case the stiffness matrix reduces
further and only relies on 9 independent components. Another type of mate-
rial that can be considered is a transverse isotropic material which has sym-
metrical material properties about an axis which is also normal to a plane
of isotropy. As a result of this further restriction the stiffness matrix for
transverse isotropic materials depends only on 5 parameters. For perfectly

isotropic materials only two parameters are required in order to classify the
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entire material: Young’s modulus and Poisson’s ratio.

2.1.1 The Stroh formalism

In the 1950s the study of anisotropic materials was evolved by the results
introduced in Eshelby et al. (1953) for calculating stress and displacement
fields for two-dimensional geometries in the (z1,x2) plane. The complex
variable formalism introduced by Eshelby is commonly referred to as the
Stroh formalism after its appearance in Stroh (1958). The method used was

developed form the governing equations of linear anisotropy
1
Uij,j = 0, 51']' = é(um + Ujﬂ') ’i,j, k),l = 1, 2, 3, (23)

where u is the displacement field. When combined with Hooke’s law, (2.1),

the following second order partial differential equations were obtained
0ij = Cijrilie, Cijrrur,; = 0. (2.4)

A solution to (2.4) was found as a linear combination of the two co-ordinates,
r1 and xo,

up = ag fr(2), where z = x1 + o, (2.5)

where p is a complex constant. When considering fracture mechanics with
interfaces this form of the solution is of great use if the geometry is oriented
sensibly to the coordinate system. Specifically, if the crack and interface are
said to lie along the z; axis then the displacement along them is a function
of x1 only.

Using the desired form of the solution, (2.5), along with the second part

of (2.4) yields an eigenvalue problem which can be solved to find p and ay:
[Q+ u(R+R") + *T]A =0 (2.6)
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where Qi = Ciir1, Rir = Cige and Ty, = Ciope. In general, for anisotropic
materials the six eigenvalues of (2.6) are found to be three pairs of distinct

complex conjugate numbers. This gives a final result for the displacement

field as
U Ay A A13 f1(2’1)
u= [y, | =2ReAf(2) =2Re | Ay Ay Ay fa(z2) | > (2.7)
Uus Asp Asy Asg f3 (23)

where the columns of the matrix A consist of the three eigenvectors, ay, for
the three solutions of (2.6) which have real positive imaginary part (u where
k=1,2,3) and 2z = x1 + pugrs. The methods used for the degenerate cases
of (2.6) have been discussed in detail by Ting (1996).

Following a similar procedure an expression for stresses in the materials

were also found to be
09; = QRGLf/(Z), where Lm = (Cile + /,LCiQkQ)Ak-u. (28)

At a similar time to the work performed by Eshelby another method for
finding displacement and stresses in anisotropic materials was developed by
Lekhnitskii (1963). Despite a great difference in the approach of Lekhnitskii
it was later realised that the resulting matrices, A and L, obtained from
his work gave a specific normalisation for the eigenvalue problem given in
Eshelby et al. (1953). Further details on the methods used by Lekhnitskii will
be seen later in this chapter where their extension to piezoelectric materials

is discussed in detail.
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2.1.2 Results for a perfect interface in an anisotropic

bimaterial

The work presented here is that of Suo (1990) where a semi-infinite crack
along a perfect interface in an anisotropic bimaterial was considered. The
static crack is said to occupy the region {z; < 0,29 = 0} with the interface
bonding the two materials lying along the region {z; > 0,25 = 0}. The
material in the upper half-plane (z2 > 0) and lower half-plane (z2 < 0) are
referred to as materials [ and II respectively. The transmission conditions
along the interface, given as continuity of displacement and tractions, are

represented mathematically as
IIU]](Il) = ll(l'h 0+) — 11(1131, 0_) = 0, HO'QZ‘]] (CL’l) = O, for T > 0, (29)

where the superscript £ refers to the approach from above or below the
x1—axis respectively. Using this information Suo (1990) found expressions
for the near-tip displacement and tractions when a symmetric loading system
was applied on the crack faces. Expressions for energy release rate and stress
intensity factor at the crack tip were also found.

In order to proceed further the single material matrix B = iAL™", com-
monly called the surface admittance tensor, was introduced. The bimaterial
matrix H = By + Bj; is also defined, where the subscript is used to notify
which material the matrix is associated with and * denotes complex conjuga-
tion. It was shown by Stroh (1958) that B is positive-definite Hermitian. It
follows that H is also positive-definite Hermitian and is therefore invertible.

Making use of the transmission conditions (2.9) for a traction free crack

face problem, the following Riemann-Hilbert problem was found along the

18



crack for the unknown function h(z) (Suo, 1990):
h'(z;) + (H) '"Hh (7;) =0, —oo <z <0. (2.10)

The branch cut of h is situated along the negative x;-axis and the superscript
=+ refers to the limiting value of the function as the branch cut is approached
from above and below.

The method used by Suo (1990) found a solution in the form h(z) =
w23+ The real valued parameter € is known as the oscillatory index of
the bimaterial. When inserted into equation (2.10) the following eigenvalue
problem is obtained

H*'w = e*™“Hw. (2.11)

The three sets of eigenvalues and eigenvectors which solve (2.11) are given
by: (¢, w), (—e, w*), (0,ws), where w is a complex valued vector and wy is
purely real-valued.

Using the solutions of the eigenvalue problem (2.11) it was found in Suo

(1990) that the interfacial traction is given by

1
O-Qi(xl) - \/Fxl

where K = K; + 1K is the stress intensity factor associated with the Mode

I and II fields and K3 is the Mode IIT SIF. The jump in displacement over

the crack face was also found:

K(—l‘l)iEW K*(—J,j)_iew*

_ o, [ (=71)
[[u]](xl) - (H +H ) (1 + 2i6) cosh e (1 — 2i6) cosh e

2T

+ KSWS )

for —oo <z <0. (2.13)

In order to find the energy release rate at the crack tip, GG, the relationship
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developed in Irwin (1957) was used:

G- i /0 oT(A — r)[u] (F)dr, (2.14)

where A is an arbitrary length scale. Using equations (2.12), (2.13) and
(2.14) Suo (1990) found the following expression for G

wT (H + HO)w|K[? | wi (H + H)w, K3

G =
4 cosh? e 8

(2.15)

The final result needed from Suo (1990) is the formulae used to derive
the stress intensity factors when a symmetric loading, p = (p1, p2,p3)7, is

applied on the crack faces. The expressions found for K and K3 were found

to be
2\ 2 0 2\2 [°
K=— (;) coshm/ (—xl)féfiepldl’lj Ky = — (;) / (—901)7%2?31(1901,
(2.16)
where
_ wHp _ wiHp
b1 = wTHw' P31 = —WsTHW:&.

2.2 Piezoelectric materials

We now proceed to study the mathematical framework used when considering
piezoelectric materials. The definition of a piezoelectric material is one that
produces an electric charge when subjected to a stress field. These materials
also deform when an electric charge is run through them (commonly referred
to as the inverse piezoelectric effect and illustrated in Figure 2.1). There
are many uses for piezoelectric materials in modern industry; for example

they are commonly used in cars in both the collision detection system which
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No Electric Current With Electric Current

Piezoceramic

Figure 2.1: Inverse piezoelectric effect

activates airbags for safety and also in actuators in diesel engines which
control the fuel flow in the vehicle.

To study piezoelectric materials it is necessary to find expressions relat-
ing the mechanical and electrical fields in the material. Using an energy
based argument Suo et al. (1992) found the following governing equations

for piezoelectric materials
0ij = Cijiem — eijilly,  Di = wa k) + e, (2.17)

where FE is the electrical field, D is the electrical displacement, w is the
material permittivity tensor and e is the piezoelectric tensor of the material.

Similarly to the results for anisotropic materials the Voigt notation is used
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to give the following matrix expressions

01 Cin Cip Cig Cyy Oy Cig €1 €11 €21 €31
02 Cia Co 023 Co 025 026 E2 €12 €22 €32
E,
03 Cig Co Csg3 Csy Css Oy €3 €13 €23 €33
— — E2
04 Ciy Cy Csy Cy Cys Cyg €4 €14 €24 €34
E3
05 Ci5 Oy O35 Cis Css Csg €5 €15 €25 €35
06 Cis Cyp Cs6 Cis Cse Cigs €6 €16 €26 €36
(2.18)
€1
€9
D, €11 €12 €13 €14 €15 €16 W11 Wiz Wiz Ey
€3
Dy | = |ea ex €3 e e e T | war war wag E,
€4
Dy €31 €32 €33 €34 €35 €36 W31 W32 W33 Es
€5
€6
(2.19)

The permittivity and piezoelectric tensors are also simplified when subclasses
of anisotropic materials are used as the poling direction of the material would
be changed. An example of this is a transverse isotropic piezoelectric material
with poling direction parallel to one of the cartesian axes. This will be

discussed in more detail in Chapter 5.

2.2.1 Extended Stroh formalism for piezoelectricity

As seen previously in this chapter the Stroh formalism is a very effective
tool to use in the study of anisotropic materials. With this in mind it was
extended to piezoelectric material in Suo et al. (1992) in order to find the

electric potential, ¢, and electrical displacement in addition to the physical
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displacement and traction fields. Here we present a summary of the results
from that paper.
In order to obtain the desired results the following definitions for the

electrical fields are required

)

Inserting equations (2.3) and (2.20) into equation (2.17) yields
(Cijrug + €1j:0),: =0,  (—wud + egur),; = 0. (2.21)

The extended displacement field, u = (u1, us, us, ¢)7, was introduced by Suo
et al. (1992) and a solution was once again found in the form u = afy(2)
where z is the same linear combination of z; and x5 used in the Stroh formal-
ism for anisotropic materials. This yields the following eigenvalue problem

which has the same form as that for anisotropic materials
[Q+ u(R+R") + *T]A = 0. (2.22)

Despite looking similar to the previous results for non-piezoelectric materials
this problem is significantly different as 4 x 4 matrices are now involved
to incorporate the additional piezoelectric effects. For general anisotropic

piezoceramics the matrices have the following form:

Ciy 016 015 €11 016 Cia Ciy €16

Cis Ces Cs6 €16 Ces Ca Cug €12
Q= , R= :

Cis Cs6 Css  ers Css Cos Cus €14

€11 €16 €15 —W1i1 €21 €26 €25 —Wi2
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066 026 046 €26
Cop Cop Cu e
Ci Cau Cu e

€26 €22 €24 —W22

The eight eigenvalues of (2.22) are found to be four pairs of complex conju-

gate numbers and therefore the extended displacement field is given by

Uy A A Ay Ay f1(2’1)
U A A A A z
2 — 9Re 21 22 23 24 fz( 2) ’ (2.23)
us A1 Asy Asz Ay f 3 (23)
¢ Ay Ag A43 Ay f4(2’4)

where zp = 1 + o (for k = 1,2,3,4) with py, once again being taken as
the four eigenvalues of (2.22) with positive imaginary part.

When considering the tractions and electrical displacements Suo et al.
(1992) introduced the extended traction field t = (o9;, D3)”. Using the same
method as used for anisotropic materials this extended traction vector was
found to be given by

t(x1) = 2ReLf’(2). (2.24)

The components of the 4 x 4 matrix, L, are given by
3

L, = Z[(Cerl + 116 Cojra) Ari] + (€1j2 + preajo)Agg, for j =1,2,3,

r=1
3
Ly, = Z[(emﬂl + MkQQTZ)Ark] - (wl? + /Lkwﬂ)A‘lk'

r=1

2.2.2 Fracture in piezoelectric bimaterials

The paper of Suo et al. (1992) considered the same geometry previously con-

sidered for anisotropic materials earlier in this Chapter. The transmission
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conditions used had continuity of displacements and tractions over the in-
terface but to incorporate the piezoelectric effect both the electric potential
and electric displacement fields were also considered to be continuous over the
bonded portion of the interface. Following the same procedure as Suo (1990)

for anisotropic bimaterials the following eigenvalue problem was obtained
Hw = ¢ Hw. (2.25)

Despite being similar in appearance to equation (2.11) the bimaterial matrix
H is now the 4 x 4 matrix resulting from the matrices A and L obtained
when extending the Stroh formalism to piezoelectric materials.

The solution to (2.25) consists of four pair of eigenvalues and eigenvectors.
These are given by: (¢, w), (—e, w*), (—ir, w3) and (ir, wy). Once again w
is a complex valued vector whereas ws and wy are real-valued vectors. With
these results the extended traction field t was found along the interface:

1
V2T,

where K is the electric intensity factor, introduced by Suo et al. (1992) as the

t(zr) = [Kziw + Ko7' W* + Ksafws + Kqry"wy] (2.26)

equivalent of the stress intensity factors for the electrical fields. The following
results for the jump in the extended displacement, u = (uy, us, us, ¢),over the

crack and energy release rate at the crack tip were also found:

(—21)
2

K(_le)iew K*(_le)—iew*
(1 + 2ie) coshme (1 — 2ie) cosh e

[u](z1) = (H + H”)

Ks3(—x1) w3 Ky(—x1) "wy

(1+2k)costr (1 —2k)cosmk |’

(2.27)

4 cosh? e 4cos? Tk

G = (2.28)
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2.2.3 The Lekhnitskii formalism for piezoelectric ma-

terials

When finding the fields for a crack propagating along a piezoelectric bima-
terial interface it is clear that the single material matrices A and L are of
utmost importance. While it is possible to use the extended Stroh formal-
ism, as seen in Suo et al. (1992), to find these matrices it often leads to a
very complicated eigenvalue problem (2.22) which is not easily numerically
solvable. It is therefore helpful to use another method to find the matrices.
For anisotropic materials Lekhnitskii (1963) provided an alternate method to
find A and L. The results presented here are the extension of this approach
to piezoelectric materials, as seen in Hwu (2008), which results in the need to
numerically solve a sextic equation as opposed to the octic equation obtained
through the extended Stroh formalism.

When using the Lekhnitskii formalism the plane strain and short circuit
conditions are imposed, that is ¢ = 0 and E3 = 0. The inverse of equations

(2.18) and (2.19) can then be written as follows:
e, = S,0p, (2.29)

where ¢, = (£1,¢€2,€4,65,86, —E1, —En)T, 0, = (01,09,04,05,06, D1, Da)T
and S, is a 7 x 7 matrix constructed using the compliance tensor, dielec-
tric non-permittivities and piezoelectric strain/voltage tensor of the material
(Hwu, 2008). We note here that the expression is simplified by the plane
strain and short circuit conditions mentioned previously. For the general
case, where €3 and Ej3 are not equal to 0, the full 9 x 9 matrix representation

of S, would be required.
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The stress function ¢; = [; f(2) is introduced where the [; are the unknown
vectors required to construct the material matrix L and z is the same linear
combination of the coordinates x; and x5 as used for the Stroh formalism.
The function 9 is related to the stress fields by the equations: o;;1 = —1); 2 and
oi2 = ¥;1 where 045 = D;. Using this definition of 1) along with equations
(2.3) and (2.20) gives

D.u=S,D,v, (2.30)

where the operator matrices are given by

2 0 0 0 -2 0 0

0 2 0 0 0 & 0 0

0 0 Z 0 0 0 = 0
D.=]10 0 8871 0|, D,= 0 0 _6% o |. (2.31)

= = 0 0 &= 0 0 0

0 0 0 & o 0 0 -Z

0 0 0 Z 0o 0 0 =

To continue with deriving the matrices Hwu (2008) used the compatibility

equations for two-dimensional problems, given as
€11,22 + 2211 — 261212 =0,  —ea31+ €132 =0, Eio—Er; =0. (2.32)

Combining these three relationships gives the equation D¢e, = 0, where D¢

is the matrix differential operator:

52 52 52
57 22 0 0 —z2— 0 0

De=]0 0 -2 2 0 o 0 |- (2.33)
0 0 0 0 0 8%2 —8%
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From equation (2.30) it follows immediately that DeS,D,1 = 0. Substitut-
ing in ¢; = [;f(z) and recalling z = x1 + pwy, where the unknown complex

number p is required to find A and L, yields the equation

I'eS,I';1 =0, (2.34)
where
- 0 0 0
0o 1 0 0
pr 1 0 0 —u 0 0 0 0 1 0
'e=10 0 -1 0 0 0], I'v=10 0 —u 0
00 0 0 0 p —1 1 0 0 O
0 0 —u
0O 0 0 1
(2.35)

This is a system of three equations, however, there are four unknowns, [;,
to be found. In order to find all four components of 1 the symmetry of the
stress tensor must also be considered. This gives us 015 = 091, which in turn
gives that 11 1 = —1; 5. From here it is seen that [; and [, are related by the
additional constraint

With these four relationships it was possible for Hwu (2008) to proceed to
find the vectors 1.

Making use of (2.36) the equation (2.34) is reduced to

IS, Tl =0, (2.37)
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where

p 0 0

0 O

lo 0O 1 0
Ly=114]. ;=10 —u 0 (2.38)

ly -0 0

0 0 —u

0o 0 1

Solving this eigenvalue problem Hwu (1993) once again found that the eight
values obtained for p were four sets of complex conjugate numbers. Once
again taking those values of p with positive imaginary part it is possi-
ble to find four distinct vectors, 1_, which can then be used to find 1 =
(—pula, la, 13, 14)T. These eigenvectors are then used to construct the required
matrix L.

With the matrix L now found Hwu (2008) made use of equation (2.30)
in order to find A. Substituting u; = a;f(z) along with ¢; = [;f(z) into

equation (2.30) gives

I'.a=S,I',l, (2.39)
where
T
10 00 u 00
0 p 00 00
I, = (2.40)
00 g 1 O0O0O
0 0 00 1 u

-, which satisfies the relationship

In order to find the vectors a a matrix, T’

I_T. = I is required. It was found in Hwu (2008) that the matrix which
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satisfies this condition is given by

10 000O0O
0L 00000

. = K (2.41)
00+ 0000

“w
00 00010
This means that it is now possible to write an expression for a:

a=I_S,T,L (2.42)

Using the four vectors, 1, found from the eigenvalue problem (2.38) it is now
possible to use equation (2.42) to find the four corresponding vectors a which
are then used as the four columns of the matrix A.

With the matrices A and L found the single material matrix B can once
again be constructed and in the context of a bimaterial it is then possible
to find H. The decision over which formalism to choose out of Stroh and
Lekhnitskii is dependent on the preferred method of the author as both give
the same results. In this thesis we use the Stroh formalism when considering
anisotropic materials in Chapters 3 and 4 whereas we use the Lekhnitskii

formalism when considering piezoelectric bimaterials in Chapter 5.

2.3 Mathematical concepts

Here we present a number of mathematical techniques that will be used
throughout the remainder of the thesis. To begin we define an analytic func-
tion in the complex plane before proceeding to look at the Cauchy integral
formula and its inversion. We then define the Fourier transform of a func-

tion and discuss the many useful properties associated with these transforms
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that make them such an efficient tool when solving partial differential equa-
tions. Finally, Green’s second identity is presented and its application to

displacement and traction fields in a half-plane are introduced.

2.3.1 Analyticity

When using functions of complex variables analyticity is an important prop-
erty of said function. A function f(z) of a complex variable z = x + iy is
said to be analytic at z if f is infinitely differentiable with respect to z at
that point. For an open and connected region of the complex plane, I'; it is
said that f is analytic on I' if it is analytic for every point z € I". If f is
analytic on the region I' then it will satisfy the Cauchy-Riemann equations
which state that if f is written in the form f(2) = u(z,y) + iv(z, y):

ou  Ov Ju v
— = — = (2.43)
or 0Oy dy ox

for every point z € I". As a direct result of the Cauchy-Riemann equations it
is clear that if f is analytic on the region I' then both v and v are harmonic

in I

2.3.2 Cauchy integrals

Throughout the remainder of the thesis we will consider integrals on closed
domains and contours in the complex plane. Here we demonstrate some
important results which will be of use when solving such problems.

If a function f(z) is analytic on the track and inside of a closed Jordan

contour, I', then the Cauchy integral theorem states that
/ f(z)dz=0. (2.44)
r
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Under the same conditions, if a is a point inside of I" then the Cauchy integral

formula is given by

fl)= o [ I

= dz. 2.45
2mi Fz—az ( )

A more generalised Cauchy integral formula can be written as
|
£ gy = M / (&dz (2.46)
r

21 Jp (z —a)rtt

where (2.45) is obtained when n = 0.
A number of the problems seen later in the thesis are of the form
1 t

f2) =5 /L gdt, (2.47)
where L is the union of smooth arcs and closed contours. When considering
such problems it is often desirable that the function, g, satisfies the Holder
condition on each arc or contour of L. The function is said to satisfy the
Holder condition along an arc, T, if for any ¢1,t5 € T the following condition
holds: |g(t2) —g(t1)| < Alta—t1|°. A and c are both positive constants called
the Holder constant and index respectively. If 0 < ¢ < 1 then g is a Holder
continuous function and in the specific case where ¢ = 1 it is said that g
satisifes the Lipschitz condition.

When integrating over arcs it is common convention to refer to the pos-
itive and negative side of the arc as the left and right sides relative to the
direction of traversal respectively. Closed contours are traversed in a counter-
clockwise direction so that the positive side is the enclosed region inside the
contour and the negative side is the outer region. The limit of a function,
f, from the positive and negative directions shall be denoted f* and f~ re-

spectively. Making use of this notation, the Plemelj formulae state that for
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the problem considered in (2.47):

fH(z) = %g(z) + %M/L%dt, (2.48)
f(2) = —%g(z) + %/L%dt. (2.49)

In turn these equations can be use to derive equations relating the approach

of the functions f* and f~ along L. Firstly by subtracting (2.49) from (2.48):

P = 16 = 500 + o [ Sk o) - o [ 2

271 t—z 2 211 t—z

= g(2). (2.50)

Additionally, if (2.48) and (2.49) are added together the following important

relationship is obtained:

PR+ = g9+ o [ 2 f+ o [ M

2m Jpt— 2 2 2m Jpt— 2
1 t
L[ (2.51)
m Jpt— 2

Muskhelishvili (1963) made use of all of these properties to invert the

following problem:

1 e

f2) = — Lt_zdt, (2.52)

where L is the union of a finite number of non-closed arcs, ¢ is an unknown
function and f is known and satisfies the Holder condition along L. The
inversion of this problem will be useful for the remainder of the thesis, in
particular Chapter 5.

Muskhelishvili (1963) introduced the holomorphic function ®(z) which
vanishes at oo, given by:

@(z)_i 90)

o J t— 2

dt. (2.53)
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It then follows immediately from (2.51) that

o)+ (2) = = [ 2 gy~ 1), (2.54)

m Jpt— 2
which can be used to find ®. Once @ is known (2.50) can then be used in
order to find ¢.
Muskhelishvili (1963) solved for ®(z):

B(z) = vV Ri(2) V() f(2) dt + Qp-1(2)
2min/Ro(2) Jo \/R1(t)(t — 2) R(2)

where (),_; is an arbitrary polynomial with degree less than or equal to p—1

, (2.55)

and p is the number of arcs contained in L. The remaining terms in the

solution are given by:

Ri(z) = [[(z =), Ralz) = ] (= =),
R(z) = Ri(2)Ra(2) = [ [(z — ).

Here, ¢ are the end points of the arcs contained in L and ¢y, ..., ¢, are all the
endpoints at which the solution is bounded.

Using the Plemelj formula Muskhelishvili (1963) found that
VIRi(2) V() f(2) Py-1(2)
_ d 2.56
N = R b VRO -2 VRG) (256)

where P,_; is an arbitrary polynomial defined in a similar manner to Q,_1.

The types of problems in this thesis concern cracks along the negative
real-axis along which we’ll need to integrate. We now consider the specific
example when L consist of of one arc along this portion of the real axis:
{z1 < 0,25 = 0}. To do this we first consider the region {—a < 1 < 0,29 =

0} then take the limit as a goes to oco. The problem to invert is therefore

fo= L[ oy, (2.57)

o _,t— %
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For the problems in this thesis the solution is required to be bounded at —a
but unbounded at 0. With these additional constraints the equation found
by Muskhelishvili (1963) yields the following expression for ¢(z):

CVEta [ Vi _h
0= iE Lo - 9"t e )

where Fj is an arbitrary constant. Taking the limit as a goes to oo gives
10 \/7 f(®)
= — ——=dt. 2.59
#(2) Wi/_oo zt—z ( )

2.3.3 Fourier transforms

, (2.58)

When working with partial differential equations it is often useful to use
Fourier transforms in order to solve them. The Fourier transform of an

integrable function f(x;) is defined as

Flre)) =10 = [ feedn, (2:60)
If the Fourier transform of f is also integrable it is possible to reobtain the

original function using the inverse Fourier transform, given by:

— r 1 ® 7 —i€x
FRRO) = ) = o [ F©e e (2.61)
We now present some of the properties of Fourier transforms that make
them such an effective tool for the solving of partial differential equations:
LINEARITY. For two integrable functions f and ¢ and two constants
a, B € R the following result holds:

Flof (1) + Bg(x1)] = af(€) + By (8). (2.62)
CONVOLUTION. The Fourier transform of the convolution of two inte-
grable functions f and g is:

Ff xglan)] = [(£)3(6). (2.63)
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DERIVATIVE. The Fourier transform of the derivative of a differentiable
function f is:

FLf (z1)] = —i&f(6). (2.64)

2.3.4 Green’s second identity

In this final section of this chapter we give Green’s second identity and show
how it can be used in solid mechanics to relate displacement and traction
fields.

Green’s second identity. For two functions v, ¢ which are both continuous
and differentiable on a volume, V', Green’s second identity states that:

8¢ O
<¢a—n — 6 ) ds, (2.65)

[ wao-savav = [ o

oV
where OV is the surface of the volume, V. The derivative terms are taken
with respect to n, the normal of the surface, and can also be written in the
form: 0f /Oon =V f -n.

We now consider a simple example of Mode III fields in a two-dimensional,
infinite, homogeneous, isotropic body. Two displacement fields over the same
body will be denoted u”, u® with both disappearing at infinity. In an
isotropic material both of these displacement fields must satisfy Laplace’s

equation (Au™) = Au® = 0) and therefore
/ [u®Au®) — WAL AV = 0, (2.66)
v
for any volume V. Making use of Green’s second identity:

/ [u(g)vua) n—uDve® . n] dS = 0. (2.67)
ov
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In isotropic materials pVu = ;3 where p is the shear modulus of the material.

This gives
1 2
/ woy -n _uloy n ds = 0. (2.68)
oV H H
which then simplifies to
/ [U(Q)O'i(;) ‘n— u(l)ag) : n} dsS =0. (2.69)
oV

As an example of the direct application of this type of equation the vol-
ume, V', is taken to be the semi-circular domain of radius r in the upper-half
plane with flat edge along the x;-axis. If we denote the curved portion of the

domain as R then the integral can be split in the following manner:

/r [u(z)ag) ‘n — u(l)ag) ~n} day +/ [u(z)oi(;) ‘n — u(l)ag) ‘n|dS=0.
- " (2.70)
Taking this integral over the whole upper half-plane, that is as r tends to
infinity:
/ X [u@)ag) ‘n— u(l)ag) ‘n|dz; =0, (2.71)
22=0

with the second terms disappearing as a result of both displacement fields

vanishing at infinity. This then simplifies to
/ [u(z)aé}s) - u(l)aé?} dzy = 0. (2.72)
ro=01

A similar equation can be found using the lower half-plane

/ [u@)(,%) _ umgg} day = 0. (2.73)
xo=0"

In the problems considered in this thesis we consider bimaterials with a
semi-infinite crack and interface situated along the z-axis. By taking linear

combinations of equations (2.72) and (2.73), or similar equations for Mode
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I and Mode II fields, it is possible to find relationships between the average
and jump in displacement and stresses of the two fields. Explicit examples of
how weight functions are used to find physical fields using similar expressions

to (2.72) and (2.73) will be seen in the remaining chapters.
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Chapter 3

Weight function approach to
derive stress intensity factors
and energy release rates for a
dynamic semi-infinite crack
lying along a perfect interface

in an anisotropic bimaterial

This chapter sees the beginning of the new work for the thesis. We begin
by looking at a dynamic semi-infinite crack propagating at a constant speed
along a perfect interface in an anisotropic bimaterial. For the purpose of this
chapter only the in-plane (Modes I and II) fields are considered as Mode 111

fields are non-oscillatory and we seek to examine the effect of the velocity
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on the oscillations at the crack tip. The main focus here is to find a method
which can be used to derive stress intensity factors for arbitrary loads acting
on the crack faces. Making use of these stress intensity factors it is then
possible to calculate the energy release rate and see the effect that the forces
acting on the crack faces and the velocity have on the propagation. Further to
this, we also present a method which can be used to derive further asymptotic
coefficients for any loading configuration.

The analogous problem for a static crack has been studied previously for
isotropic and anisotropic bimaterials in Piccolroaz et al. (2009) and Morini
et al. (2013b) respectively. Both papers employed Betti’s reciprocal theorem
and the weight function developed in Willis and Movchan (1995) in their
analysis. The same method is used here with suitable changes being made
to incorporate the crack speed.

The chapter is organised as follows: Chapter 3.1 sees the mathematical
formulation of the problem and gives some extended background specific to
the work in this chapter. The incorporation of the crack velocity to the Stroh
formalism (Stroh, 1962) seen in Chapter 2 is given. The method shown is
that of Yang et al. (1991) which is based on the previously discussed results
seen in Suo (1990). A full definition of the Willis and Movchan (1995) weight
function, and its incorporation in the Betti identity (which is the matricial
extension of the results reported in Chapter 2.3.4), is also given. Chapter 3.2
sees the beginning of the new work with the derivation of weight function
matrices for a semi-infinite crack propagating at constant speed at the inter-
face between two dissimilar orthotropic materials under plane deformation.

In Chapter 3.3, using the newly derived explicit weight functions together
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with the Betti integral theorem, general formulae for stress intensity factors
and higher order asymptotic terms are obtained. By means of the developed
approach, both symmetric and skew-symmetric loading configurations acting
on the crack faces can be considered, and higher order asymptotic terms can
also be computed for non-smooth loading functions. The derived stress inten-
sity factors are then used to evaluate the energy release rate. Two illustrative
examples of numerical computations for a specific asymmetric load are pre-
sented in Chapter 3.4. To conclude, the effects of the loadings asymmetry on
the energy release rate and the dependence of stress intensity factors on the
crack tip velocity are discussed, and possible physical implications of these

results on the continuing propagation of the crack are explored.

3.1 Problem formulation

We now introduce the mathematical framework of the model used for the
remainder of the chapter. Existing results regarding the extension of the
Stroh formalism to a dynamic setting, weight functions and the Betti formula
are also reported.

The model used consists of a semi-infinite crack propagating at a constant
speed, v, along a perfect interface between two semi-infinite anisotropic ma-
terials. The crack is said to be occupying the region x; — vt < 0,25, = 0, as
illustrated in Figure 3.1.

Considering the Cartesian coordinate system shown in Figure 3.1, the

traction on the crack faces is defined as follows

o9i(z) — vt,05) = pF(x, —vt) for x; —vt <O, (3.1)

)
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Figure 3.1: Geometry

and body forces are assumed to be zero. The only restriction on the loading

considered in this chapter is that it must vanish within a region of the crack

tip.

3.1.1 Extension of the Stroh formalism to a steady

state interfacial crack

Here we present the changes to the Stroh formalism (seen in Chapter 2) when
the crack is no longer static. We begin by recalling that for both anisotropic
elastic media, occupying the upper and the lower half-planes in Figure 3.1,

Hooke’s law is given by

0
045 = Uijki€rl = Cijkla_z.k7 for iaja kal = 17 27 (32)
l

where o is the stress, € is the strain and C' is the stiffness tensor for the

material. Furthermore, the following relationship relating the stress and
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displacement is also used

80,] B
or; t2 ’ (3.3)

j=1

where v is the crack speed and p is the material density. Combining (3.2)

and (3.3) gives

0%y, 0%u;

A new coordinate system is now introduced: (Z; = z1 —vt, T = x3). The
following relationship is therefore found in this new coordinate system

~ 82U,k
Ciji——— =10, 3.5
M Ok,01 (3:5)
where éijkl = Cz‘jkl - PU25ik51j511-
From this stage, for convenience, the steady state coordinates will be
written as ;1 = x and T, = y. Following the same procedure as was used for

a static crack (Stroh, 1962), a solution is found in the form u; = A; f(z + py)

to yield the eigenvalue problem

[Q+ u(R+R") + °TJ]A = 0. (3.6)

Despite looking identical to the eigenvalue problem seen for a static crack it
is important to note that there is a fundamental change to one of the material
matrices. The matrix Q is now given by Q = Cjj11 — pv2ds, and therefore
depends on both the material constants and the crack speed. However, R =
Ciike and T = Cjope depend only on elastic constants of the material. This
eigenvalue problem has previously been solved and general expressions for the
traction and displacement fields can be found in Yang et al. (1991) and Ting

(1996). At this stage we remind ourselves of the following single material
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matrices:

L= (R"+uT)A, B=iAL"

It is also important, for further analysis, to re-introduce the bimaterial matrix
H = B; + Bj; and define the additional matrix W = B; — Bj;. It is
important to note that, in the considered dynamic steady-state case, the
matrices A, L, B, H and W all depend on both the elastic constants for the
materials and the crack speed, v.

The work seen in Suo (1990) has been extended to the steady-state crack
by Yang et al. (1991) using the new coordinates x and y . Considering the
traction-free condition, the following Riemann-Hilbert problem is satisfied

along the negative portion of the real axis (Suo, 1990)
h'(z) + (H*) 'Hh (z) =0, —oo <z <0. (3.7)

Once again the solution, h(z), is found in the form h(z) = wz~21 where
z = x+ py and the branch cut of h(z) is placed along the negative real axis.

Combining this solution with (3.7) gives the eigenvalue problem
H*w = ¢*™“Hw, (3.8)

which can be used to find € and w, both of which depend on the crack velocity
(Yang et al., 1991). Making use of the results obtained from (3.8) expressions
were found for the interfacial tractions and displacement jump over the crack
faces by Yang et al. (1991). The expressions found once again look identical
to those reported for the static case in Chapter 2 (Suo, 1990) but differ due to
the incorporation of the moving crack into the material matrices and moving

coordinate system.

44



For the physical problem with forces acting on the crack faces the asymp-
totic expansions of the physical traction and the jump in displacement across

the interface, as  — 0, can be written as follows (Morini et al., 2013b):

= & €T ﬁ X (—;(:)g T)Y: —x %
[u](z) = Tor U(r)K+ o U(x)Yo+ Ton U(x)Y3+0((—2)2), (3.9)

t(x) = %T(:ﬁ)K + %T@)Yz + %T(m)Yg + 0, (3.10)

where K = [K, K*] and Y; = [V}, Y;*]. K = K + iK is the complex stress
intensity factor and Y; are constants derived in the same manner as the in
order to find further terms in the asymptotic expansions. The matrices U (x)
and 7T (x) are represented as follows

2(H + H*) [w(—xz)"* w*(—z)%
cosh e 1+ 2ie’ 1 — 2ie

U(z) = : T (z) =2 [wa', wrz™"] .
(3.11)
An explicit formula for computing the stress intensity factor for symmet-
ric loading was given in Suo (1990). Whilst this expression is correct it is
highly restricted as it is often desirable to use a non-symmetric loading con-
figuration. In this chapter we will often split the stress intensity factor into
two parts corresponding to the symmetric, K¥, and asymmetric, K4, parts
of the loading, given as (p) and [p] respectively. The expression found for

the symmetric load (Suo, 1990) is written, using the notation of this chapter,

below:

N

2 0 1
KS = — (—> cosh e / ()3 (py) (x)de, (3.12)
™ —0o
where the vector (p)(z) is related to the applied traction p(z) in the follow-

ing way
w* H(p)
P = W
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Once the stress intensity factors are found it is possible to evaluate the
energy release rate. The expression found by Irwin (1957) was for a static
crack:

1 A

G=n /0 ¢7(A — r)[u] (r)dr, (3.13)
where A is an arbitrary length scale. However, it was stated in Yu and
Suo (2000) that this equation can still be used with an arbitrary A as long
as the crack is moving at subsonic speeds. In order to use the moving co-
ordinate system introduced in this chapter only sub-Rayleigh wave speeds
are considered. Therefore it is still possible to use equation (3.13) for our
steady state formulation as sub-Rayleigh waves are always subsonic. As only
the in-plane fields are being analysed in this chapter the portion of the energy
release rate we seek to find is given by

~ wT(H+ H)w|K|?
B 4 cosh?®(re) '

(3.14)

The value of G will change as the crack moves at different speeds and this
is one of the key features we seek to explore in this chapter, with the results

being shown in Chapter 3.4.

3.1.2 Weight Functions

The weight function U is now defined in the same vein as Willis and Movchan
(1995). U = (Uy, Us)T is the displacement field with a square root singularity
at the crack tip that is obtained from the problem where the steady-state
crack occupies the region of the x-axis with z > 0. Therefore U is discon-
tinuous over the positive portion of the real axis. Despite being defined as

a singular displacement field, the weight function is not a physical field and
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is merely a function used to help solve the problem defined earlier in the
chapter.
The symmetric and skew-symmetric parts of the weight function are given

by the following expressions:

(U)(z) = %(U(m,O*) +U(2,00)). (3.16)

The traction field associated with the displacement field, U, is denoted as
3 = (X1,%)7 and is said to be continuous over the interface (x < 0) and
the zero traction condition is imposed on the crack faces. Therefore, the
following Riemann-Hilbert problem stands along the positive section of the

real axis for this problem, as seen in Morini et al. (2013b)
h, (z) + (H*) 'Hh_(2) = 0, 0 <z < oo, (3.17)
A solution for h(z) is found in the form
h(z) = vz 2t (3.18)

where the branch cut is now said to be along the positive z-axis. This gives

the eigenvalue problem

H*v = ¢ ™ Hyv. (3.19)

H is positive definite hermitian and therefore it is clear, by comparing (3.19)
with the solutions of (3.8), that v = w™.

An expression for X along the negative real axis is given by

¥(z) =hi(z) + (H") 'Hh_(z), —o00 <z < 0. (3.20)
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Therefore the singular traction in the steady state has the form Morini et al.

(2013b)

s() = T Re(R(—a)ew?), (3.21)

where R = Ry + iRy is an arbitrary, complex number in a similar fashion
to the stress intensity factor for the physical problem. By considering the
results obtained for ¥ when {R; = 1, Ry = 0} and {R; = 0, Ry = 1} it is
possible to obtain two linearly independent vectors, and therefore a 2 x 2
matrix representing 3 (Piccolroaz et al., 2009).

Expressions relating the Fourier transform of the symmetric and skew-
symmetric weight functions were found in Morini et al. (2013b) following

from the work seen in Piccolroaz et al. (2007)

[O+(¢) = %(isign@ﬂm(H) — Re(H))S™(€), (3.22)

(O)(¢) = %usign@)Im(W) — Re(W))S™(€). (3.23)

Here the superscripts 4+ denotes whether the function is analytic in the upper

or lower half plane respectively.

3.1.3 Betti Formula

It was mentioned previously that there are now two displacement fields to
consider; the physical displacement, u, and the singular displacement, U.
However, U is discontinuous across the x-axis for £ > 0 whereas u is discon-
tinuous across the x-axis for x < 0. Also considered is the traction associated
with U, given by 3, which is continuous when x < 0 and the traction t as-

sociated with u which is continuous when z > 0.
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It was shown in Willis and Movchan (1995) that the Betti formula still
holds for a crack moving with constant speed. Therefore, the following ex-
pressions are found along the upper and lower parts of the real axis, respec-

tively

/Oo (RU —2,01) - or(2,0%) = RE(2' — 2,0 - uz, 0") bz = 0,

- (3.24)
/_Z {RU(z' —2,07) - o(2,07) — RYE(z — 2,07) - u(z,07) }dz = 0,
(3.25)
where
-1 0
- 0 1

The homogeneous case of (3.7) is now considered. Combined with the ap-
plied traction on the crack faces, p(x), the following expressions for traction

are obtained
oz, y=0")=p*(z) + t(2), os%(r,y=0")=p () +t(zx). (3.26)

Subtracting (3.25) from (3.24) and using (3.26), along with the definition of
the symmetric and skew-symmetric parts of the weight function, the following

formula is obtained
/_00 {R[U](z' — ) - t(x) — RE(z' — 2,0) - [u](z) }dx

- /_Oo {R[U](2' — 2) - (p)(z) + R(UY2' — 2) - [p](x)}dz.  (3.27)

Here, (p) and [p] refer to the symmetric and skew-symmetric parts of the
loading respectively.
Using the Fourier convolution theorem the following identity, which re-

lates the Fourier transforms of the weight functions and the solutions of the
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physical problem, is obtained (Piccolroaz et al., 2007; Morini et al., 2013b)
[U]"Rt" - =7"R[a]” = ~[U]"" R(p) - (U)" R[p], (3.28)

where the £+ once again denotes whether the transform is analytic in the
upper or lower half plane.

Further work performed in Piccolroaz et al. (2007) and Morini et al.
(2013b), combining (3.22), (3.23) and (3.28), found an explicit expression
for finding the stress intensity factor, K, using the weight functions and the

loading applied on the crack faces. The following expression was obtained

1
2w

K-z [ [0 ORE)0 + (ORIl (329)

where Z, is a constant matrix derived from the asymptotic representation
of (3.28). It can be shown that both expressions for K, (3.12) and (3.29),
are equivalent when the loading considered is symmetric.

Following the method developed in Piccolroaz et al. (2007) and Morini
et al. (2013b) an expression for further asymptotic coefficients can be found
depending on whether the applied loading is smooth and has a Fourier trans-
form that vanishes at a fast enough rate at infinity. If this is the case the
general expression for the asymptotic coefficients can be found using the

equation

1

Y= o2 [ o IO ORE) ) + (O (RIpl)r. (3:30)

Here, Z; is also derived from the asymptotic representation of (3.28). An
example of finding Z, for orthotropic bimaterials is shown later in the chap-

ter.
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3.2 Steady-state weight functions for orthotropic
bimaterials

In this section, expressions for the symmetric and skew-symmetric weight
function matrices corresponding to a steady-state plane strain interfacial
crack in orthotropic bimaterials are derived. Substituting the solution for
w found in Yang et al. (1991), and shown in Appendix 1, into (3.21), and
using the method used in Piccolroaz et al. (2009), yields the following linearly

independent traction vectors for —oco < x < 0

, (—a)~2 [ il(=2) = (=2)7]
V2 \ L[ (—) o (—a) 7
22($) _ <_l')_% _[(_I,>i5 + (_I)_ie] (332)

2o \i\ (=) - (<o)
where Hy; and Hyy, are parameters depending on the crack tip speed and
elastic constants of both considered materials. Explicit expressions for Hyy
and Hay have been introduced in Yang et al. (1991) and are given in Appendix
1. The branch cut for these vectors is situated along the positive real axis
and polar coordinates with angle between —27 and 0 are taken. The Fourier

transforms obtained are
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() =

(i6)52 — [(=3 =T (2 +ie) (i)~ + (=1 + ie)1(3 — ie) (i€)*]
(L 4e)Vm \ G, [ [(—1 —ie)D(L +ie)(i€) 7 — (— 5 +iO)T (L — ie)(i€)"]
(3.34)

where I'(+) is the gamma function and the branch cut of ¥~ is situated along
the positive imaginary axis. Note that the expressions (3.33) and (3.34)
are written using a different representation than was used in Morini et al.
(2013b). The reason behind this will become clearer in Chapter 3.3.

The Fourier transforms (3.22) and (3.23) can now be computed, for £ € R,
with the expressions for H and W found in Yang et al. (1991) and Morini

et al. (2013b) respectively

1 —H11 —’iBSigH<§>\/ H11H22 _

H'[j‘]]-‘r(é’) — E_(g)v (3'35>
€] iBsign(§)v/ Hii Ha —Ha

T e e B e
2/¢| —iysign(&§)v/ Hyy Hao —02

where branch cuts are now situated along the negative imaginary axis. Here
B, v, 61 and 9y are all dimensionless parameters depending on the elastic
coefficients of the bimaterial and the crack tip velocity (Yang et al., 1991).
Full expressions for both matrices, H and W, are stated in Appendix 1,
including full expressions for the parameters 3, v, 6; and do. It is clearly
seen from the results of Yang et al. (1991) that [ is of great importance
when considering the oscillations near the crack tip as the oscillation index

€ =0 when 5 =0.
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3.3 Evaluation of the Coefficients in the Asymp-
totic Expansion of the Displacement and

Stress Fields for the Steady-State Crack

3.3.1 Determination of the Stress Intensity Factor

It is now possible to develop a method in order to find the stress intensity
factor for an orthotropic bimaterial, similar to that seen for the static crack
in Morini et al. (2013b). Making use of the eigenvalues, w, found by Yang
et al. (1991) for the case of orthotropic materials, the matrix 7 (x) in equation

(3.10) is given by

T (z) = (3.37)

—1x (o
H i€ H —ie
ViRt T
Note that this result is equivalent to (3.11) with the known value of w in-
serted. The Fourier transform of this expansion is computed in order to find
the asymptotic expansion as §& — oo, with Im(§) € (0, 00). The result is
L o3
E(5> _ (_25) 2 ( 5) 2
2V 27 227

T(OK + T Y2+ 0((€)72), (3.38)

£,(6) — —i(—i€) 7T (L + ie) i(—i€) T (L — ie) (539

(i) T(h +ie) 3 (—ig) T} ~ i)
—i(—i&) 7T (2 + i) i(—i€) (3 — ie)

V(i) TS +ie) (/I (—i) T (S — ie)

It is noted here that these expressions differ to those seen in Morini et al.

Ta(é) = (3.40)

(2013b) and Piccolroaz et al. (2007) to incorporate the different branch cut
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used in this chapter. It is now possible to find the asymptotic expansion
of the members of Betti’s identity from equation (3.28), using expressions

(3.35) and (3.36), as £ — o©

[U]TREY = €1 Z2IK + €2 25Y0 + €723 Y5+0(67Y),
where Im(&) € (0, 00),
(3.41)

STRA]” = €2 K+ 22,y + €0 Z,Y3 4067,
where Im(&) € (—o0,0).
(3.42)

The matrices Z, and Z4 are given by

2 Hy, — O BB+ 1)(1+ 2ie)
1 = - _ 2 . . )

Astsm(L+4e?) | w-00-29  jp2(g 4 1)(1 4 2ic)

- —2t€ 2 i€

_ H,  [-Ehee Semo

2 4(1 +4€?) | iB-1D)A-2i)  iE2(B+1)(1+2ic)

gts—E? stg—
where
_El:eeg7 S:t_ (1+2)ﬁ + (].—Z)ﬁ

Tar(Lxi) Y Tar(Bxie)
Following the method of Morini et al. (2013b), (3.28) is rewritten as

Pr(§) — ¢ () = —[U]""R(p) — (U)"R[p]. (3.43)

using the Plemelj formula it is possible to find 1= (€) using the formula

v = — [ 20, (3.44)

Comi ) T &
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where (1) = —[U]*T(7)R(P)(7)—(U)T(7)R[pP] (7). The solution of (3.43)
is given by
[O]""RtT = o™, where Im(€) € (0, c0),

STRU =, where Im(§) € (—o0,0).
The asymptotic expansion of the Plemelj formula as £ — oo™ is given by

pre) = L [T 20

Comi ) T —&

dr = EIWVEHE2VE+ 0(E79). (3.45)

Comparing the terms of this asymptotic expansion with the terms of the
expansions (3.41) and (3.42) it is clear that V;E = Z,;Y,, where Y; = K.
Using (3.45) it is easily seen that the stress intensity factor, K, is given by

-1 / * £ (=[0I (n)RP)(r) — (U)" (1) R[p](7))

K= lim L.Z
T—¢

oot 271

dr,
(3.46)

where the explicit expression for Z; ' is given by

_ E? iE?
z,1 = 25757 (1 + 4€°) (B=1)(1=2ie) B—1)(1-2i0)
Hyy _ 1 i

(B+1)(1+2ie) E2  (B+1)(1+2i€) B2

Assuming that the loading disappears in the region of the crack tip the limit
in (3.46) exists and therefore the general expression for the stress intensity
factor, K, for the steady state is identical to that found in Morini et al.
(2013b) (see equation (3.29)). For symmetric loading ([p] = 0) equation
(3.46) yields the same expression for the stress intensity factors as (3.12).

Now that an expression for the stress intensity factor has been found
it is possible to determine the energy release rate(ERR). Using (3.14) the

following expression is obtained for the ERR in orthotropic materials

_ Hu(l= @)K

“ 4

(3.47)
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The effect of crack speed on the energy release rate is explored in Chapter

3.4.

3.3.2 General Expression for the Coefficients of the
Higher Order Terms

Using the asymptotic expansions (3.41), (3.42) and the corresponding terms
of (3.45) a general expression for the jth coefficient of the asymptotic expan-
sions, Y}, is found

j 1 j—1 o dj*l J—1
vi= i [t [ g (Tl e

— 00

This gives a general expression for the coefficients of the asymptotic expan-
sion of the displacement and stress fields as
¥, = din oLz [ O R O (R () ar
g—oot 2mi 7 f_ E—7
(3.49)
If the limit can be taken through the integral and the loading is applied
in such a way that the limit exists it is clearly seen that equation (3.49) is
identical to (3.30). The limit in (3.49) can be computed directly for j > 2
if the loading is given by a particularly smooth function which is therefore
differentiable, otherwise it is computationally challenging. However, we wish
to use a general asymmetric loading system in which case equation (3.30)
cannot always be used. An example of loading for which (3.30) cannot be
used is when point forces are applied on the crack faces (Piccolroaz et al.,
2009). To find further asymptotic terms, for arbitrary loading, an alternate

method must be used.
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Figure 3.2: Integration Shift in the &-Plane

As the function p only exists on the negative real z-axis its Fourier trans-
form is analytic in the lower half {-plane. Therefore, [p] and (p) are also
analytic in the lower-half plane. As long as the applied loading p vanishes
within a region of the crack tip it is clearly seen that [p] and (p) decay
exponentially as ¢ tends to —ioco. It is also known that both [U]* and (U)
are analytic in the lower-half plane apart from the negative imaginary axis.

For computing Y; the contour of integration shown in Figure 3.2 is used.
However, as there is exponential decay as £ goes to —ioo, L_ and L., do

not contribute to the total integral. Equation (3.49) now becomes

1 . J
Yi= gggﬂc <_ ﬁzﬁ [/L 7 (7) <§§7> dr

_/L~ i Lap(r) (657_)de])
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The limit of (3.50) can be taken to give

Y, =Lzt / P 1p(r)]dr, (3.51)

2mi ico
where [t (7)] refers to the jump of the function 1 over the negative imaginary
axis.

The expression (3.51) can be simplified further by considering the con-
tinuity of (3.22) and (3.23). The first term in both equations is analytic in
the lower half-plane and therefore continuous over the negative imaginary
axis. For this reason they do not contribute to the general expression for the
asymptotic coefficients, (3.51). Therefore, equation (3.51) simplifies to give

V=g " gl (3.52)
! o2mi 7 ) ’ '
where ¢(7) is given by

Re(H){>" (1)R(p)(1)} | Re(W)H{X" (1)R[p](7)}
7] 27| ’

3.4 Specific Examples

Specific examples for computing the stress intensity factors for orthotropic
materials are now considered. Firstly, the loading on the crack faces is given
by a point force of magnitude F' acting perpendicular to the upper crack face
a distance a behind the crack tip and two point forces, both of magnitude
F/2, acting perpendicular to the lower crack face a distance b away from the
point force acting upon the upper crack face. The loading moves at the same
speed and in the same direction that the crack is propagating. This is shown

in Figure 3.3. The forces are represented mathematically using the Dirac
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Figure 3.3: Mode I dominant loading

delta distribution (Piccolroaz et al., 2009)
F F
pi(z) = —Fé(x +a), p_(z) = —55(30 +a+b)— Eé(x +a—"0). (3.53)

It is now possible to decompose the loading into its symmetric and skew-

symmetric components

(B)(@) = 5lpe(a) +p-(2)] = ~ 50z +a) — Tox+a—b) — —o(x+a—b),

Ipl(x) = pi(z) —p_(x) = —Fo(x + a) + gé(x +a+0b)+ gé(x +a—b).
(3.54)

In order to compute the stress intensity factors the Fourier transforms of the

skew-symmetric and symmetric parts of the loading are required. These are

given by
— F —ifa F —ié(a F —i§(a—
(p)(E) = —5e s 1€ slert) 1° s, (3.55)
[p](€) = —Fe % + Ee‘zg(“”’) + Ee‘zg(“"’). (3.56)
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It is now possible to compute expressions for the first and second order
asymptotic coefficients, K and Yy, using expressions (3.46) and (3.52) re-
spectively.

To find an expression for K equation (3.46) is used, which is identical to
using the dynamic equivalent of (3.29). The solution is split into the parts
corresponding to the symmetric and anti-symmetric parts of the loading,

denoted K* and K4 respectively

E? /Hgg\/i
K2 = F—— | ==/=A(1,a,b,¢),
(a) (1 _ 6) Hll T ( )
E252 HQQ\/E
KA =F v/ 1/ = E(1,a,b,¢€). 3.57
(a) (1 _ﬁ) Hll T ( ) ( )

c_ 1 1 c - 1 .
Ae.a,be) =a 57 {5 +3(1+bja) e (1 - b/a)—;“} ,

where

4
= —£—ie 1 1 —£—ie 1 —£—ie
=(c,a,b,€) = a2 {5—1(1+b/a) 2 —4(1—b/a) 2 }

Regarding higher order asymptotic coefficients for the loading shown in
Figure (3.3) the alternate method developed in Chapter 3.3.2 must be used.
Once again the coefficient is split into symmetric and anti-symmetric parts.

The second order term is given by

E?2  [Hy \/5
Y5 = F— =224/ 2A b
2(a) (5 _ 1) Hll T (37 a, o, 6)7
E25,  [Hy \/5
Vi = F— 2= =22 2(3.a.b.¢). 3.58
2(a) (ﬁ _ 1) Hll T ( @, 0, E) ( )

A different configuration has also been considered. This other point load-
ing system consists of point forces acting on the crack faces at the same

points as previously considered but the forces are now running parallel to
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Figure 3.4: Mode II dominant loading

the crack as opposed to the perpendicular system shown in Figure 3.3. This
different loading is shown in Figure 3.4.
For this loading the following expressions are found for the symmetric

and antisymmetric part of the stress intensity factors

E? \/E
S _ l
K = 2F<1 —H\ = A(1,a,b,€),

E2§ 2
A _ . 1 =
K(b) = zF(l — ﬂ)\/;u(l,a,b, 6). (3.59)

Using the method developed in Chapter 3.3.2, the symmetric and antisym-

metric components of the second order asymptotic coefficient are found

. E? 2
YQ?Z)) = ZF(B _ 1) \/;A(?)?aab? 6)7

. E?* 2 _
Yty = ZF@\/;:(& a,b,e). (3.60)

Having computed expressions for the stress intensity factors it is now

possible to calculate the energy release rate for two given materials. The

61



velocity is normalised by dividing by cg, the lowest of the two Rayleigh
wave speeds for the given materials. This is done because the Rayleigh wave
speed is a limiting velocity for which the steady-state coordinate system can
be used. In the results shown the energy release rate is normalised in the
following manner: GCéé) /F?. Here, C’éé) is taken as the value of Cgg for the
material above the crack. In all figures graphs labelled a) correspond to the
Mode I dominant loading whereas those labelled b) refer to the case with
Mode II dominant loading. For the purpose of calculations, a is set as 1.

In this chapter the material constants chosen for material I are those of
Barium Titanate. Information on this material has been obtained from Geis
et al. (2004) which states that the material is transverse isotropic, which is
a subgroup of orthotropic materials. Material II is set as monocrystalline
Aluminium, with a cubic structure, where material parameters have been
obtained from Bower (2009). The properties of these materials are shown
in Table 3.1. Using the method outlined in Appendix 1, it can be shown

L and for

that the Rayleigh wave speed of Barium Titanate is 1,771 ms~
Aluminium it is 2,941 ms™!. Therefore the normalising velocity, cg, used is

that of Barium Titanate.

Material C11(GPa) | Cou(GPa) | C12(GPa) | Ce(GPa) | p(kgm2)
1. Barium Titanate 120.3 120.3 75.2 21.0 6,020
II. Aluminium 107.3 107.3 60.9 28.3 2,700

Table 3.1: Material properties

Figure 3.5 shows the variation of the normalised energy release rate, as

a function of the velocity, for both loadings considered, whereas Figures 3.6
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Figure 3.5: The normalised ERR, as a function of the velocity, for differ-
ent positions of the self-balanced point forces applied to the crack surfaces,

described by the ratio b/a.

and 3.7 illustrate the symmetric and antisymmetric contribution to the ERR,
corresponding to K and K4 respectively. Both G° and G4 are normalised
by the total energy release rate (3, associated with K = K + K4,

It can be observed in Figure 3.5 that the energy release rate increases as
the velocity increases and tends towards infinity as the velocity approaches
the Rayleigh wave speed. This behaviour is observed regardless of the asym-
metry of the loading acting on the crack faces. It is important to note that,
as velocity increases, asymmetry gives a larger ERR, therefore it can be said
that symmetric loading is more energetically beneficial than any asymmetric
load.

Graphs in Figures 3.6 and 3.7 show that for b/a = 0, when both loadings
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Figure 3.6: The normalised symmetric part of the ERR, as a function of the
velocity, for different positions of the self-balanced point forces applied to the

crack surfaces, described by the ratio b/a.

become symmetric, G°/G = 1 and G*/G = 0 therefore the energy release
rate only consists of its symmetric part, regardless of velocity, which agrees
with the results found for isotropic and anisotropic bimaterials in Piccolroaz
et al. (2009) and Morini et al. (2013b). When asymmetry is introduced into
the loading it is observed that the symmetric contribution to the energy
release rate is higher than the total ERR and the ratio increases as the
velocity increases. Upon approaching the Rayleigh wave speed there is an
unexpected sharp decrease in the ratio G°/G. This unexpected effect should
be studied further by performing experiments studying crack propagation at
near-Rayleigh speeds.

In comparison to the symmetric contribution shown in Figure 3.6, the
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Figure 3.7: The normalised antisymmetric part of the ERR, as a function of

the velocity, for different positions of the self-balanced point forces applied

to the crack surfaces, described by the ratio b/a.

asymmetric part of the ERR, illustrated in Figure 3.7, is very small, in par-

ticular for low velocities. As the velocity starts to increase the asymmetric

contribution to G becomes larger. This result is supported by Figure 3.8,

showing the ratio G/G®, which also shows an increased contribution by the

asymmetric part of the loading at higher velocities.

The dependence of the stress intensity factor, K, on the normalised crack

tip speed is illustrated in Figure 3.9. The first graph shows the ratio Ky/K;

for the Mode I dominant loading. Here, K; and K5 are the Mode I and

IT contributions to the SIF, respectively. For symmetric loading there is no

Mode II contribution to K, due to the fact that there is only Mode I opening

of the crack. It is important to observe that if asymmetry is introduced, for
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Figure 3.8: The ratio of antisymmetric and symmetric parts of the energy
release rate, as a function of the velocity, for different positions of the self-
balanced point forces applied to the crack surfaces, described by the ratio

b/a.

all values of b/a, there exists a velocity at which K5 changes sign. The second
image in Figure 3.9 shows a similar result for the Mode II dominant loading
when considering the ratio K;/Ks. In this case, it is the K; component
which changes sign. The velocity at which this change takes place is the
same for both types of loading and does not depend on the asymmetry. This
velocity corresponds to the value of the crack tip speed at which the Dundurs
parameter, 3, vanishes. This characteristic velocity can be found by solving
the algebraic equation S(v) = 0 and depends only on the elastic properties
of the materials and the speed at which the crack is propagating. Therefore

it is clear that the asymmetry of the load does not affect the value at which
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Figure 3.9: The ratios K5/K; and K;/K, for the Mode T and Mode II load-
ings respectively. The graphs of # and ¢, as a function of velocity, are also

shown.

the stress intensity factors have a change in sign. It is also clear from the
results in Appendix 1 that when [ vanishes the oscillatory term, e, vanishes
and this has also been shown in Figure 3.9. This agrees with the obtained
results as, when € = 0, it can be observed that (3.57) consists only of real
terms and (3.59) only has imaginary components.

It can be said that, when the crack tip speed reaches this characteristic
value of the velocity, associated with § = 0, the propagation should continue
along the interface in a straight line. Instead, when neither K; or K, are 0
there is a possibility of kinking or branching of the propagation. Increased
magnitudes of the ratios considered in Figure 3.9 lead to an increased prob-
ability of crack redirection and as the velocity increases the ratios exhibit

this behaviour which explains why straight propagation along the interface
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Figure 3.10: The change in behaviour of the crack propagation when the

material below the crack is changed, for fixed asymmetry of the loading.

is unlikely for high crack speeds. These results are in agreement with many
theoretical and experimental studies which have demonstrated that there ex-
ists a specific sub-Rayleigh velocity which is related to the stability of the
crack propagation (Obrezanova et al., 2002a,b).

The behaviour of the stress intensity factor is also observed in Figure
3.10 for different materials in the lower half plane. The asymmetry of the
load was fixed at b/a = 0.8. The results in these graphs show that the
previously mentioned speed at which the direction of the crack propagation
changes does not exist for all bimaterials. This is due to the fact that there
does not always exist a velocity at which § = 0. For bimaterials which do
not have this characteristic velocity the change of behaviour of the crack

propagation would not be expected. However, the increased probability of
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Figure 3.11: The normalised components of K and K4 for v = 0 with mode

I dominant loading.

kinking/branching at higher velocities is still observed.

Figure 3.11 shows the variation in the real and imaginary parts of the
normalised stress intensity factor when v = 0 and the asymmetry of the
loading is varied. The loading considered here is the Mode I dominant loading
so a comparison can be made to the results obtained for this system in Morini
et al. (2013b). The behaviour of the results shown agree with those in Morini
et al. (2013b) with only the real part of the symmetric stress intensity factor
existing for symmetric loading and the magnitude of all components increases

as the asymmetry becomes more profound. The behaviour is not identical to
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that seen in Morini et al. (2013b) due to the different materials considered

here.

3.5 Conclusions

A general method for calculating stress intensity factors and higher order
terms in the asymptotic expansions of the displacement and stress fields
for a dynamic steady-state crack at the interface between two dissimilar
anisotropic materials has been developed. The proposed approach, based
on weight functions and the Betti integral formula, can be applied to many
crack problems in a wide range of materials, for example, several classes of
anisotropic elastic media (monoclinic, orthotropic) and piezoceramics. As a
particular case, a steady-state plane interfacial crack in orthotropic bima-
terials has been studied. Expressions for the SIF and further higher order
asymptotic coefficients have been found for two different configurations of
loading acting on the crack faces.

It has been shown in our examples that greater asymmetry of the loading
configuration leads to an increase in the energy release rate at the crack tip
and has a particularly large effect for high crack velocities. Moreover, the
analysis of the stress intensity factors for both loadings shows the existence of
a sub-Rayleigh velocity at which the non-dominant part of the SIF changes
sign which could lead to a change in direction in the crack propagation. This
effect is only observable when asymmetric loading was applied and may give
some explanation to the fact that kinking/branching is more probable at cer-
tain velocities. As different materials for the lower half-plane are considered,

it has been shown that this characteristic velocity does not exist for every bi-
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material and therefore experimental study is of great importance in order to
clearly detect the presence of this critical value and its physical implications

on crack propagation stability.
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Chapter 4

Derivation of singular integral
equations for an imperfect
interface in an anisotropic
bimaterial using perfect

interface weight functions

This chapter sees the introduction of an imperfect interface in an anisotropic
bimaterial. For the purpose of the work seen here only a static crack is
considered and both the in-plane (Modes I and IT) and out-of-plane (Mode
III) fields are considered. The Mode III problem decouples from the in-plane
problem to leave a scalar problem whereas Modes I and II are once again
coupled, which lead to 2 x 2 matricial problems. The purpose of this chapter

is to find singular integral equations which relate interfacial tractions and
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crack displacements to the applied loadings on the crack faces.

Singular integral equations have been derived for the analogous problem
with a perfect interface for both isotropic (Piccolroaz and Mishuris, 2013)
and anisotropic (Morini et al., 2013a) bimaterials. Both papers made use
of the Betti identity and the weight function of Willis and Movchan (1995)
(introduced in the previous chapter) in their derivation. The incorporation of
an imperfect interface was seen in Mishuris et al. (2013) where an imperfect
interface in an isotropic bimaterial was considered. The weight function used
here was similar to that of Willis and Movchan (1995) but with an imperfect
interface as opposed to a perfect one. This means that it was necessary
to derive the new weight function before proceeding to derive the integral
equations. The approach seen in this chapter utilises the Betti identity in
such a way that it is possible to use the weight function containing the perfect
interface in order to find results for the imperfect physical problem, therefore
negating the need to derive new weight functions.

The structure of the remainder of the chapter is as follows: Chapter 4.1
sees the introduction of the mathematical framework used for the remainder
of the chapter. In Chapter 4.2 we report the Betti formula and begin the new
work by combining perfect interface weight functions with imperfect inter-
face physical fields in this reciprocal identity. We confirm the validity of this
new method by verifying that it gives the same results for isotropic materials
as those found in Mishuris et al. (2013). Once the relationship between the
existing weight functions and sought solution has been established we then
proceed to look at the out-of-plane and in-plane problems separately in Chap-

ters 4.3 and 4.4 respectively. In both sections we first derive relationships
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between the Fourier transforms of the applied crack load (which is known)
and the displacement jump over the crack and interfacial traction. Inverse
Fourier transforms are then used to obtain the desired equations. We then
present some numerical results for both cases to illustrate the implementa-
tion of our singular integral equations. For the Mode III solution we also
show a comparison between results obtained from finite element solutions in

COMSOL to those obtained from the equations we have derived.

4.1 Problem formulation

We consider an infinite anisotropic bimaterial with an imperfect interface
and a semi-infinite interfacial crack respectively lying along the positive and
negative x; semi-axes. The materials above and below the x;-axis will be

denoted materials I and II respectively.
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The imperfect interface transmission conditions for z; > 0 are given by

t($1,0+) = t(LUl,O_), (4].)
U(ZEh 0+) — U(l’l, O_) = ’Ct(fL’l, O+), (42)
where t = (t;,t,t3)7 = (091, 002,093)7 is the traction vector and u =

(u1, uz,us3)? is the displacement vector. The matrix JC quantifies the extent
of imperfection of the interface, with }C = 0 corresponding to the perfect in-

terface. For an anisotropic bonding material, IC has the following structure:

Ky, K2 O
K= Ky Ky 0f- (43)
0 0 &

Expressions for the components of IC, in terms of the material parameters of
the bonding agent, were found by Antipov et al. (2001). In the case when a
thin layer of isotropic material is used it was shown that K, = 0.

The loading on the crack faces is considered known and given by
t(21,07) =pT(z1), t(z,07)=p (21), foraz <O. (4.4)

The geometry considered is illustrated in Figure 4.1. The only restriction
imposed on p¥ is that they must be self-balanced; note in particular that this
allows for discontinuous and/or asymmetric loadings. The symmetric and
skew-symmetric parts of the loading are given by (p) and [p] respectively,
where the notation (f) and [f] respectively denote the average and jump of

the argument function.
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4.2 Application of existing weight functions

4.2.1 Weight functions and the Betti formula

In this section we introduce a method where integral identities for the physical
problem with an imperfect interface are found using existing weight functions
formulated in a perfect interface setting. Such weight functions can be found
in the paper of Morini et al. (2013b). It is important to note that such
weight functions play a role only as solutions to auxiliary problems and have
no immediate physical interpretation.

The weight function used is that previously introduced in Chapter 3 with
the crack occupying the positive x; axis with square-root singular displace-
ment at the crack tip. The transmission conditions for the weight functions

for 1 < 0 are given as
E(x1»0+) - 2(.%'1,0_)7 (45)

U(zy,0%) = U(z1,07). (4.6)

Note in particular that condition (4.6) corresponds to a perfect interface
weight function problem in contrast to the imperfect interface problem being
physically considered.

It was shown in Morini et al. (2013b) that the following equations hold
for the Fourier transforms of the symmetric and skew-symmetric parts of the

weight function:

[O+(¢) = %(isign(f)lmﬂ) — Re(H))(£)~(6): (4.7)

(U)(§) = %(isign(é)lm(w) — Re(W))(Z)~(6), (4.8)
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where H and W are defined in the same manner seen previously in the thesis.
We note here that for the work in this chapter the 3 x 3 matrices for H and
W are required, as opposed to the 2 x 2 matrices used in Chapter 3. This is
due to the Mode III fields also being analysed here.

The matrices H and W have the form

Hyy —ifvHu Hy 0
0 0 Hss

0 Hyy W\/m 0
W = | —iyvHi Hy 09 Hay 0 : (4.10)
0 0 03 H3s
The entries of these matrices can be expressed in terms of the components
of the material compliance tensors, S. Explicit expressions for H and W for
orthotropic bimaterials are given in Appendix 1.
The reciprocal identity introduced in Chapter 3 will once again be used

heavily in this chapter. In convolution form the Betti identity is written as
R[U] * (6)*) = R(Z)) * [u] = —=R[U] = (p) = R(U) * [p],  (4.11)

where the convolutions are taken with respect to z; and superscripts (*)
denote the restriction of the preceding function to the respective semi-x-

axis. The rotational matrix R is now given as

-10 0
R=10 1 0
0 0 —1
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Applying Fourier transforms then gives

+ —

[0) R(®)" — (%) )"Ru] = ~[U) R(p) — (V) Rlp],  (4.12)
which is the same as the result used in Chapter 3.

Note that the exact nature of the weight functions U and ¥ used in
the derivation of equations (4.11) and (4.12) have not been specified at this
stage and therefore both are valid for a large class of weight functions. In
particular, this is what enables us to use perfect interface weight functions
for the imperfect interface physical setting. In the next section we show how
this method could have been used to simplify the derivation of previous work

in the field.

4.2.2 Verify method for isotropic materials

Here we show that the method discussed previously gives the same results for
an imperfect interface in an isotropic bimaterial as those obtained in Mishuris
et al. (2013). This is done to further illustrate that using the perfect interface

weight functions yields the correct results.

Antiplane (Mode III)

In Mishuris et al. (2013) it was shown that the following expression holds
relating the physical stresses and displacement with the physical loading on

the crack faces

()= F(E)[u] () = —(1+f<~‘F(§))<§?>(£)+%(1+RF(§))[[15]](§), (4.13)
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where t = t3 and u = u3. Explicit expressions for F/(§) and p, are given in

terms of the shear moduli of materials I and II, given by p; and o respectively

; - -
Fle) = —— L e
K|E| + KEo Kb o A+ o

For the Mode III case, equation (4.12) becomes

[UN® = (2)O[u] = ~[ULp) — (U)[p]- (4.14)

where U = Us and ¥ = 5. Inserting [U] = [U]®) + [U]C) and [u] =

[u] ) + [u]) into this expression and using the transmission conditions,

[U]) = 0 and [u]® = k(t) yields the following expression

(U] = k()N = (2O [u] O = ~[U)p) = (U)[p].  (4.15)

Dividing through by U) — x(X)(-) gives

@ - FOM - ~G(&)) - HE. (410
where B
O N
B G e )
(@)

H(¢)

U] - k(2
For isotropic materials, the weight functions with a perfect interface have the

following relationships (Piccolroaz and Mishuris, 2013):

—__:ul'f_,uQ—___"i_&J—_ I __&—

Inserting these expressions into (4.16), and noting that [U] = [U]™ when

a perfect interface is considered, the result shown in (4.13) is obtained.
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In-plane (Modes I and II)

For the in-plane components, it was shown in Mishuris et al. (2013) that the

following equation holds

(£) (&) - F(E)%[[U]]”(S) = —G(&){p)(€) — H(E)[P] (&), (4.17)

where only the in-plane components are considered, that is (t) = (£1,%,)7,
[u] = ([u], [us])” and p = (1, p2)”. Explicit expressions for F, G and H

were found to be

F(¢) = %’R‘l [|€]C* 4 bI — idsign(€)E] ™" [bal — ibysign(§)E]" R, (4.18)

G(§) = —iR [ bsign(6)I — idE] T R, (4.19)
H(E) = R [|€]IC* + b1 — ddsign(€)E] ™" [bI — idsign(€)E]" R.  (4.20)

The matrices in these expressions are given by

-1 0 10 0 1
R = , I= , E= ,

0 1 0 1 -1 0
i — Kll K12 7 1c* :RK:TT\’,: Kll _K12
K12 K22 _K12 K22

The scalar constants in equations (4.18), (4.19) and (4.20) depend on the

materials considered and are given by

b:l_yl—l—l_VQ, d:]_—2V1_1—2I/27
H1 2 211 242
(=) — (1 — vy) ~ pa(1 = 201) 4 (1 — 210)

T — ) (=) 2wl — ) + 2 (1 — )

where v; is the Poisson’s ratio of the material.
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For the in-plane case, equation (4.12) becomes

[0]' R — (2O R[u] = —[0] R(p) — (O R[p],  (4.21)

where U and X are 2 X 2 matrices with each column representing the two
linearly independent, in-plane weight functions that are obtainable for elastic
bimaterials (Piccolroaz et al., 2009). Similar to the method described for
Mode III previously, [U] and [u] are both split into the sum of their +
components. The transmission conditions [U]-) = 0 and [u]®) = K(t)~

are used to give the expression

(U1 R-(Z)O RK) (6) (=)' R[u]O = ~[0] Ri(p)—(U) R[p].

(4.22)

For isotropic bimaterials, the in-plane weight functions where a perfect in-

terface is present have the form:

[O1)(6) = —1g 11 — idsign(© BI{E)C (4.23)

5 loT = irsign (B (E)O. (124)

Inserting these into (4.22) yields the following equation

(U)(E) =

( - Ell[bI—idsign(f)E]T’R - ’RKL) t)H - Ru]-) =

1 C g T - 1 .. T -
(E[bI — idsign(&)E] ’R) (p) + (m[o& — iysign(§)E] ’R) Ip]-

(4.25)

Rearranging and simplifying this equation yields (4.17). Once again we have
shown that using the perfect interface weight function yields the same re-

sults as imperfect interface ones obtained in Mishuris et al. (2013), therefore
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emphasising the validity of the method that has been developed in this chap-
ter. We now proceed to derive singular integral equations for an imperfect

interface in an anisotropic bimaterial.

4.3 Integral identities for Mode III

4.3.1 Derivation of integral identities

We now seek boundary integral equations relating the Mode III interfacial
traction and displacement jump over the crack in the anisotropic bimaterial.
This will utilise the Betti identity in order to relate the physical solution with
the perfect interface weight functions.

The equivalent results for isotropic materials have been reported previ-
ously in Section 4.2.2. However, equation (4.16) is derived by simple manip-
ulation of the weight functions and is a general expression. Therefore it can

also be used for anisotropic materials:

o (X)) T
o (ﬂUﬂ<+> - m<z><—>>ﬂuﬂ( -

_ [[ﬁ]] o\ <[_]> -
<HU]](+) - "@@)(_)) v (HU]] 5 — m<z><—>> [p]- (4.26)

From equations (4.7) and (4.8) the following relationships hold for the

Mode III components of the anisotropic weight functions:

_53H33
2l¢]

SO = 2101 )
(4.27)

[U] = [UID(E) = ——(DOE); (0) =

when combined with equation (4.26) the following relationship is obtained:

B — AOTIT = ~(1+ kAO)D) — 2O +AE],  (429)
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where

H
M H
k|| 4 KHs3 K

Applying the inverse Fourier transform to equation (4.28) for the two

A(§) =

cases, 1 < 0 and x; > 0, the following relationships are obtained:

Foko [AOTIO] = Folo [(1+ £A©) ()] + %f;&o [(1+ kAP :
(4.29)

(1) 1) = Fo Lo [AOTIO| = Foko [0+ £AE) )]

B 114 A

2
(4.30)
To calculate these inversions the following relationships are used:
FAQFE)]) = — (S /) (1) (4.31)
FUO+RAOFO) =~ 2 (B x (@), (432

where

Sty (1) = sign(xq)si(Has|z1]) cos(Has|z1|)—sign(xy )ci(Has|z1|) sin(Has|x1|),
(4.33)
Tyys (1) = si(Hss|z1]) sin(Hss|z1|) — ci(Hss|x1|) cos(Hss|zq]), (4.34)

and si and ci are the sine and cosine integral functions respectively, given by

*sint o t
si(xy) :—/ %dt, ci(zy) = —/ CO: dt. (4.35)

1 1

These functions have the same properties as their counterparts from the
isotropic case considered by Mishuris et al. (2013), but with different con-

stants. In particular, the function Sy, (z1) behaves as
L
Stss (1) = —§Slgn(x1) + O(|z1]), 1 — 0, (4.36)
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__sign(z) 1
Stss (1) = 77‘(33‘1'1| +0 <|$1|3) , T1 — o0, (4.37)

while T, (z1) has behaviour of the form

T, (1'1) = 1H(H33‘$1’) + O(l), r1 — 0, (438)
1 1
THSS(x]-) = —W + O W , L1 — +o0. (439)

We introduce convolution operators Sy,, and Ty,,, as well as projection

operators P.:

SH33§0(Z‘1) = (SH33 * W)(Il)v 77%3380(1‘1) = (TH33 * @)(x1)7 (440)

Paplry) = )l (4.41)

0 otherwise,
in order to rewrite the identities (4.29) and (4.30) as

1 S(S) 8[[U]] =)

Tk B Oy

= [0 S o) =

H s 03 H s
— TS (1) — T BT ] (@), @ <0,
T 2w
(4.42)
1 Ou] =) 1 R
(+) _ _— clo _ (=)
(0 w1) = =840, 75— = [V (07) ()
H c OsH .
+ 22T () an) + 2T ) (21), 21> 0,
T 2
(4.43)
where
S8 =P SuyPo, T =P-To, P-, (4.44)
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are singular operators and
Sy =PiSuPor T =P Ty, P-, (4.45)

are compact. The second term on the left hand side of (4.42) and right hand
side of (4.43) appear as a result of the discontinuity of the derivative of [u] ™)

at x1 = 0.

4.3.2 Alternative integral identities

The integral identities (4.42) and (4.43) can be formulated in alternative
ways, which depending upon the specific problem parameters and loadings,
can aid the ease with which computations may be performed. Combining

equations (4.31), (4.32) and (4.40) yields the auxiliary relationship

H
337;{3390 T+ Smo (4.46)

Using this relationship, equations (4.42) and (4.43) can be rewritten as fol-

lows:
Mgt S @_l -
s a[[p]] 53 _ (53
(s) .
% Hg:;a_l,l_%[[p]](o )SH33+5|]-]9]]7 X1 <Oa
(4.47)
H . _ 1 ) Op 1 _
() = -7 o - ;8;33% v ;<p><o ) + (0}
o 0 _
- 25, Ay 2 0, >0
(4.48)
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It is also possible to write these equations using only the operator Ty,,:

1 5

oy o110 = 7 ) ST <o aa9)
H H 55H

<t>(+) T 7T/3£3 Hds[[ ]]( ) + 337;—133 <p> + 32 33 Hdd [[P]] 1 > 0, (4'50)

or solely the operator Sy.,:

(=)
LS(S) O™ iﬂuﬂ(f)@f)gﬁsg - lg(s) 9{p)

TR B Oy o M axl
1 _ 3 o(s) O] 03 .
;@(0 )Sss + (D) + %SH% s [[ [(07) S, + 5[[19]], ry < 0;

(4.51)

1 ou] = 1 Y
+) — — g B P (G _ -8l
0 = 250, 2 L uo07)s, - 285, axl

™

4 )0+ ) — 2 a[“’“ 5 0, 1> 0
(4.52)

Each of the four formulations have advantages for numerical computations
depending on the mechanical parameters of the problem and which quan-
tities are known or unknown. The merits of alternative formulations for
the analogous isotropic case have been discussed in detail in Mishuris et al.

(2013).

4.3.3 Numerical results
Results from singular integral equations

In this section, the integral identities found previously will be used to calcu-

late the jump in displacement over the crack and imperfect interface between
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two orthotropic materials. Results for finite element simulations using COM-
SOL will also be presented and compared to the results using the integral
identity approach derived previously.

We will present results for the displacement jump [u]. Note for the Mode
IIT case that for xy > 0, the interfacial tractions and displacement jump
[u] are straightforwardly related via the imperfect interface transmission
conditions (4.2). In particular for the Mode III displacement jump, the

relationship is as follows:
[ul(x1) = k(t)(z1), x1 > 0. (4.53)

Here, we only consider tractions along the crack/interface line; discussions
of full radial asymptotics (for stress and displacement) and their relationship
to the displacement jump can be found in Lenci (2001); Mishuris (2001);
Antipov et al. (2001); Vellender et al. (2013), among others.

For orthotropic materials, the material parameters Hsz and d3 are given in
terms of the components of the material compliance tensor, S, in Appendix
1. It is possible to express Su and Sss in terms of the shear moduli, p;; of
the material:

1 1

S44 - T, S55 = —. (454)
23 13

In our computations, the same orthotropic material will be used as ma-
terial I and II. However, the axes corresponding to each axis of symmetry
of the material in the lower half-plane is altered. The parameters used for
the computations presented are shown in Table 4.1. The values of p;5 are
given in Table 4.1 to illustrate that the materials considered are the same
but differently oriented. Henceforth, the material above the crack (I) will be
material A from Table 4.1.
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Orientation | po3 | f13 | f12
A 1 12/3]1/2
B 1 |1/21]2/3
C 1/212/3] 1

Table 4.1: Material properties

We first consider a symmetric distribution of loadings given by

[Ple) =0, (o)) = — et (1.55)
Figure 4.2 plots the normalised displacement jump along the z-axis induced
by the above loading for the three possible orientations for material II for
two different degrees of interface imperfection which have been computed by
numerically solving the integral equations (4.49) and (4.50) using an iterative
scheme in Mathematica. The normalised displacement jump is denoted [u*]

and defined by
1

)= F sl

A normalised traction, t*, is also used in the calculations and is related to

[u]. (4.56)

the normalised displacement jump by the relationship [u*] = k*t*, where

l 1
t=—t, K=k (4.57)

F [ [\/ 5'44555} I

Figure 4.2 shows that a higher value of k gives a higher jump in displace-
ment across the crack and interface for all orientations of the material II;
this result is expected as a larger x refers to a less stiff interface. It is also

seen that for the same value of k, the orientation of the anisotropy has a
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Figure 4.2: Graph of normalised displacement jump over the crack and interface induced

by loading (4.55).

diminishing effect along the interface (z; > 0) as the distance from the crack
tip is increased.

The difference in orientation of material I has a clear effect on the jumps
in displacement shown in Figure 4.2, with the same behaviour observed for
both values of x studied here. The highest jump in both cases is seen for
orientation C in the lower half-plane. This is due to the lower shear moduli
contributing to the Mode III fields in this case. Orientation A leads to the
smallest displacement jump; this is due to the higher shear moduli in the
out-of-plane direction.

In order to demonstrate that the method is applicable for asymmetric
as well as symmetric loadings, we present in Figure 4.3 a similar plot, but

instead using asymmetric loadings of the form

F F
p(zy) = —Texl/l, p(z1) = a8/, (4.58)
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Figure 4.3: Displacement jump for asymmetric loading.

The results once again show that higher values of x lead to a higher
displacement jump. Asymmetry also varies the point of highest displacement
jump for different orientations whereas this was seen to be at the same point
for symmetric loading regardless of the extent of interface imperfection and

material orientation.

Finite element results

We now compare results from finite element simulations performed in COM-
SOL for a crack along an imperfect interface with computations from the
integral equations. When using COMSOL it is not possible to directly im-
plement the transmission conditions (4.1) and (4.2) across the interface. In-
stead, a very thin layer of a softer material is used for the interface and
the properties of that material are varied to obtain the desired value for k

(see for instance Antipov et al. (2001)). Also, it is not possible to realise
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an infinite geometry in COMSOL and therefore a very large, finite geome-
try is used as an approximation. These issues with the finite element model
demonstrate the advantage of the boundary integral formulation, since the
issues of the very fine meshing required in the interface layer and the large
geometries of the main material bodies are respectively replaced by imper-
fect interface transmission conditions and the lower dimensional nature of
the boundary problem. We present results comparing the two approaches in
a case where the soft interface layer is not too thin in order to demonstrate
the comparability of the two approaches.

An example colour map of the Mode III displacement from COMSOL is
shown in Figure 4.4, using material orientation A for both main material
bodies and an interface layer corresponding to x = 20.

Using COMSOL, values for the displacement jump over the crack and
interface have been extracted for a number of points near the crack tip for
two of the examples shown in Figure 4.2. The results of these comparisons

are shown in Figure 4.5 and Table 4.2. Figure 4.5 shows good agreement

Material -5 -4 -3 -2 -1 0 1 2 3 4 5
Ajk=5 |230|181]1.07]0.61]0.20|0.06 | 0.18 | 0.70 | 3.41 | 2.77 | 4.66
C,k=20053]0.62{0.84| 087|113 |0.55|1.80| 275|381 |5.19|6.70

Table 4.2: Percentage difference between Mathematica and COMSOL.

between the results from the singular integral equations and those obtained
from finite element methods. The difference in results is smallest at the crack
tip but more error can be seen at a further distance along both the crack and

interface, which is emphasised by the larger percentage errors shown in Table
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Figure 4.4: Finite element computations of displacement jump, using a thin densely-

meshed soft layer in place of the imperfect interface.

4.2. This is likely caused by the finite geometry that was used in COMSOL

which leads to an influence caused by the outer boundaries.

4.4 Integral identities for Mode I and 11

4.4.1 Derivation of integral identities

Heretofore, we have derived integral identities for the Mode III regime only.
This section seeks to find boundary integral equations relating the Mode I and
IT interfacial traction and displacement jump over the crack in an imperfectly

bound anisotropic bimaterial. For the Mode I and II components we remind
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Figure 4.5: Graph of the comparison between displacement jumps from Mathematica

and COMSOL. The lines show the results of computations from the integral equations

while finite element computations are represented by dots.

ourselves of equation (4.12):

[0]' R — (2O R[u] = —[0] " R(p) — (U) R[p].  (4.59)

The matrices and vectors shown here contain only the Mode I and II com-
ponents from (4.12). U and ¥ are once again 2 x 2 matrices consisting of
two linearly independent weight functions (Piccolroaz et al., 2009).
Splitting [U] into the sum of [U]® and [u] into [u]®), where (as pre-
viously) superscripts ) denote the restriction of the preceding function to

the respective semi-z-axis, gives

[O] R{) + [O]) R{E)H—()) RIu]® - () R[u])
= —[U]"R(p) — (U)" R[p]. (4.60)
Applying the transmission conditions, [U]J(-) = 0 and [u]*) = K(t)),
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along with equations (4.7) and (4.8) gives the following expression:
B -BEO M = -CO)p) - A©P]  (46)
where
A(€) = SR (€ + Rux — isign(E)Ts) " (Rww — isign(€)Tw) "R,
B(§) = ~R(EK" + sian(€)Rus — ) R,
C(§) = R(IEC” + R — isign(¢)Tn) " (Ru — isign (&))" R.

Here, Rg = Re(H), Rw = Re(W), Ig = Im(H), Iw = Im(W) and K* =
RKR.
Matrices A(§), B(£) and C(&) have the following form

1 A A 1 (B DBi2 1 [Cii Cho
Ay Ago By, By Ca1 Oy
(4.62)

where the denominator D is defined as
D = dy + di[¢] + dof¢]?, (4.63)
dy = HiHays(1 — %), dy = Ki1Hoo + KpHyy,  do = K11 Koy — K},
and the elements A;;, B;;, C;; are given by
An = HyiHao(61 + By) + €] (01 Hi1 Koy — Z"ﬂﬁm/@ sign(§)),

Ay =—1i sign(S)szv H11H22(’Y+552)—|§|(WK22\/ Hy1Hyy Sigﬂ(§)+52H22K12),
A21 =1 Sign(f)HH \/ H11H22(516+’7)_|€|(51H11K12_i7K11 V H11H22 Slgn(g))a

Ago = Hy1Hoo(By + 02) + €| (02 Hao K11 + iy K12/ Hi1 Hao sign(§)),
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By = —i(§Kqy + Hyy sign(§)), Bio = €K1 — S/ Hii1Ho,
Boy = 1§ K5 + 5\/ Hy1Hy, By = —i(lel + Hyy Sign(ﬁ)),

Chy = HiyHyp(1 = 8°) + [¢](Hi Koz + i8K12\/Hyi Ha, sign(()),
Clo = —|€|(Hp2 K12 — i3 sign(€) Kaa\/Hiy Ha),
Oy = —|€|(H11 K12 + i sign(&) K1yy/Hy Ha),

Co = Hy Ha(1 — %) + [€|(Hp K11 — i8K 127/ Hiy Hap sign(§)).

Applying the inverse Fourier transform to equation (4.61) for the two

cases, r1 < 0 and z; > 0, the following relationships are obtained:
_ (= - - - -
Foko [BOSIT| = 720 [CO®)] + Folo [AOBT: (60)

(t)(ar) = f[ GHOE } L [CE)B)]~Fiko [AO)IR]] - (4.65)

The inverse Fourier transforms of the matrices A(§), B(§) and C(§) are
derived in Appendix 2. The singular integral equations obtained for the

in-plane fields are thus

B(s)aﬂu]]( 22:]3 Tg T [[u]] ( )
8x1 7Td2 52 ]:1 I

1 L0 e s .
g 6 2 B SOl 07) = Ul ) + APl )

(4.66)
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for 1 < 0, and

ul
e =L e BT )

WZB(J Se, (1 )[u] 7 (07) — €“p) (1) — A [p](x1),

(4.67)

for 1 > 0. The operators used in equations (4.66) and (4.67) are given by

2
(9 = — (s:)( () gl
A e -6 52 {;A Te 1)+;AI S, (xl)}, (4.68)

2 2
1 . .
B(s,c) - - B(])T(AS’C) ) + B(])S(,&C) T , 4.69
7Td2(€2 _ 51) {jzl R §] ( 1) le I fj ( 1) ( )

2
el — cY'T, +3CVSE @) b (470
m& {]Z (1) le 7'Se () o (470)

Further details on these operators, including their derivation, can be found

in Appendix 2.

4.4.2 Numerical examples

In this section we present an illustrative example of applying the derived
integral equations (4.66) and (4.67) to find the in-plane tractions and dis-
placement jump when an asymmetrical, Mode I loading is applied to the crack
faces. For the purpose of these calculations, incompressible orthotropic ma-
terials will be used. It was shown by Itskov and Aksel (2002) that for such
materials only four parameters are required to express the components of S,

which are related to the matrices H and W (as seen in Appendix 1). The
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components are

1 1 1
Si=—, Sm=—, Se=—,
11 ) 22 E2 66 L1
1 /1 1 1
Sp==(——— - = 471
12 2(E3 E1 E2>7 ( )

where F; are the Young’s moduli of the material in question. The materials

considered here will have the properties shown in Table 4.3.

Material El E2 E3 H12

I 20 10|10 | 5

IT 201015 ] 5

Table 4.3: Material parameters.

We present computations resulting from an applied asymmetric crack face

loading of the form

0 0

+ —
p (%) = , P (951) = ) (4-72)
_§€$1/l l%xlem/l

with F' =1 and [ = 1; the interfacial imperfection parameters are Ky, = 10,
K5 = 2, Ky = 3. The interfacial tractions are shown in Figure 4.6, along
with the displacement jump in the x; and x5 directions. Note that since the
crack face loadings were applied in the zo-direction, the displacement jump
across the crack and interface, as well as the interfacial traction, is domi-
nant in that direction. Note in particular that the presence of the imperfect
interface causes components of stress to remain bounded at the crack tip
along the interface/crack line, in contrast to the analogous perfect interface

problem.
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Figure 4.6: In-plane displacement jump across the crack and interface line (left), and

interfacial stresses for z; > 0 (right).

4.5 Conclusions

Singular integral equations have been derived which relate the loading on
crack faces to the consequent crack opening displacement and interfacial
tractions for a semi-infinite crack situated along a soft anisotropic imperfect
interface for an anisotropic bimaterial. The derivation made efficient use of
perfect interface weight functions applied to an imperfect interface physi-
cal problem; this did not require derivation of new weight functions. As in
the previously studied analogous isotropic problem, the imperfect interface’s
presence causes a logarithmic singularity in the kernel of the integral oper-
ator. Alternative formulations have been presented for the Mode III case
and used to perform computations for orthotropic materials, which display a
good degree of accuracy when compared against finite element simulations.
Examples were given for both symmetric and asymmetric loadings to illus-
trate the benefits of the equations here as a number of previous results in the

literature have restricted the loading to be symmetric which is not always
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possible. For the in-plane problem equations have been solved numerically
for an asymmetric loading configuration and the results obtained exhibit the
known properties of displacements and tractions when an imperfect interface

is present.
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Chapter 5

Weight functions and singular
integral equations for a
piezoelectric bimaterial

containing a perfect interface

This final chapter of original work sees the incorporation of piezoelectric
materials into the bimaterial structure. A static semi-infinite crack along a
perfect interface in a piezoelectric bimaterial is considered. When analysing
such a problem the fields for Modes I, IT and III are considered along with the
electrical effects (often referred to as Mode IV). The purpose of the work seen
here is to extend the weight function of Willis and Movchan (1995) to the
piezoelectric setting. Once this has been done we then proceed to formulate
singular integral equations relating physical and electrostatic loadings applied

on the crack faces to the interfacial fields.
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The problem of a static semi-infinite interfacial crack between dissimilar
anisotropic piezoelectric materials under symmetric loading conditions has
been studied in Suo et al. (1992) using an approach based on the Stroh for-
malism (Stroh, 1962) and Riemann-Hilbert formulation. As an alternative
to this method, singular integral formulations for two-dimensional interfa-
cial crack problems in piezoelectric bimaterials have been derived by means
of approaches based on Green’s function method (Gao and Wang, 2001).
Although Green’s functions for several crack problems in piezoelectric bima-
terials have been derived (Pan, 2003; Pan and Yuan, 2000), their utilisation
in evaluating physical displacements and stress fields on the crack faces re-
quires challenging numerical estimation of integrals for which convergence
should be asserted carefully. Moreover, both the complex variable formu-
lation proposed by Suo et al. (1992) and the approaches based on Green’s
function method work when the tractions applied on the discontinuity sur-
face are symmetric, but not in the case of asymmetric loading acting on the
crack faces. The aim of the work seen in this chapter is to enable the incorpo-
ration of asymmetric loading to the problem whilst also introducing singular
integral equations which avoid the use of Green’s functions and the resulting
challenging computations.

The remainder of the chapter is structured as follows: in Chapter 5.1 we
introduce the mathematical model used for the remainder of the chapter and
also recall the Riemann-Hilbert problem and the resulting eigenvalue prob-
lem which will be used extensively when deriving the weight functions for
piezoelectric bimaterials. We then proceed to introduce the general form of

the Willis and Movchan (1995) weight function for piezoelectric bimaterials
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and the extension of the Betti identity to the piezoelectric setting in Chapter
5.2. Chapter 5.3 sees the beginning of the new content and from this stage
onwards two specific examples of transversely isotropic piezoelectric bima-
terials will be used to see the effect of poling direction on the bimaterial.
Only the fields affected by the piezoelectric effect will be analysed in de-
tail as the non-affected fields will behave identically to how they would in an
anisotropic bimaterial. Chapter 5.3 sees the derivation of explicit expressions
for the symmetric and skew-symmetric parts of the weight function before we
proceed to formulate our singular integral equations in Chapter 5.4. Finally,
in Chapter 5.5 we show some examples of how the derived equations can
be used for a number of mechanical and electrical loading configurations on

the crack faces. We also show a comparison with results for the analogous

problem in COMSOL.

5.1 Problem formulation

In this section we introduce the mathematical model used for the remainder of
the chapter. We consider a semi-infinite crack lying along a perfect interface
between two dissimilar piezoelectric half-planes, referred to as materials 1
and II. The crack occupies the region {x; < 0,29 = 0}, as illustrated in
Figure 5.1. The perfect interface conditions in a piezoelectric bimaterial
are continuity of displacement, traction, electric potential and the electric
displacement. The loading along the crack faces, for 1 < 0, is known and

given by the functions

p]i(xl) = 0—2j<x170i)7 fOY .7 - 17 27 37 p4i(x1> = DQ(xboi)? (51)
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where o;; and D; represent tractions and electrical displacements respectively.

T2
ps
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! | ! Crr,wir, err
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Figure 5.1: A semi-infinite crack along an interface between two dissimilar
piezoelectric materials subject to the state of generalised plane strain and

short circuit (5 = 3 = 0)

As reported in Chapter 2 the eigenvalue which is used in the derivation
of extended traction and displacement fields in piezoelectric materials takes

the form (Suo et al., 1992):
[Q+ u(R+R") + *T]A =0, (5.2)

where the material matrices take the form:

Cin Cis Cis  enn Cis Ci2 Cia e
Cis Ces Cs6 €16 Ces Cos Clug €12
Q pr— 9 R — )
Ci5 Cs Css €15 Cs6 Cas Cus €14
€11 €1 €15 —Wi1 €21 €26 €25 —Wi2
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066 026 046 €26
Cop Cop Cu e
Ci Cau Cu e

€26 €22 €24 —W22
where C,w and e are components of the stiffness, permittivity and piezoelec-
tric tensors respectively.

Solving the eigenvalue problem (5.2) enables the evaluation of the ma-
terial matrix B, introduced in Chapter 2. We also remind ourselves of the
bimaterial matrices H and W which are used throughout the remainder of

the chapter:
H =B, + B7j,, W =B; - Bj,. (5.3)

It was found in Suo et al. (1992) that the solution to the bimaterial inter-
facial crack problem is governed by the following Riemann-Hilbert problem

along the negative x,- axis:
h'(z;) + (H) '"Hh (7;) =0, —oo0 <z <0. (5.4)

A solution was found in the form h(z) = w227 with the branch cut situ-
ated along the negative real axis. Inserting this solution into equation (5.4)

yielded the eigenvalue problem
H*w = ¢*“Hw. (5.5)
The four sets of eigenvectors and eigenvalues are:
(e, W), (—€,w"), (—ik,w3), (ik, Wy). (5.6)

From here Suo et al. (1992) then proceeded to find expressions for the

extended interfacial traction, t = (09;, Do), and displacement jump, [u] =
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([us], [¢])T along with an expression for the energy release rate at the crack

tip. Further details on this have previously been reported in Chapter 2.2.2.

5.2 Weight functions and Betti’s reciprocal
identity for piezoelectric bimaterials

In this section we show the extension of some of the results used previously
in the thesis to the piezoelectric setting. We begin by showing how the
weight function of Willis and Movchan (1995) is extended to a piezoelectric
bimaterial. We then show the work of Hadjesfandiari (2013) which extended
the Betti identity to incorporate the extended tractions and displacements

introduced by Suo et al. (1992).

5.2.1 Weight functions

The weight function for piezoelectric materials is given by the extended sin-
gular displacement field, U incorporating both displacement and electric po-
tential, corresponding to a homogeneous, traction-free problem similar to
Fig. 5.1 with the crack occupying the region x; > 0 and the perfect interface
lying along the region x; < 0. The symmetric and skew-symmetric parts of

the weight function across the plane xy = 0 are given by
[U](x1) = U(zy,0%) — U(z1,07), (5.7)

(U)(z1) = = [U(z1,0") + U(z1,07)] . (5.8)

N | —

To satisfy the perfect interface conditions it is clear that [U] = 0 for z; < 0.
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The extended traction field corresponding to the extended displacement
U, is denoted 3. The following Riemann-Hilbert problem is found along the

positive portion of the zi-axis
h'(zy) + (H) '"Hh (z) =0, 0<x; < co. (5.9)

A solution for h(z) is now sought in the form h = vz=37_ The branch cut
of h is situated along the positive part of the x;-axis. Inserting this solution

into (5.9) yields the following eigenvalue problem
H*v = ¢ ™Hyv. (5.10)

It is immediately clear by considering the solutions of equation (5.5) (given
in (5.6)) that v = w*, v5 = wy and v, = ws.

Along the negative part of the real axis X is given by
h'(z;) + (H)'Hh (2) = (z;), —oco < <0, (5.11)

Therefore the extended traction vector corresponding to the weight function

U is given by

E(ZL‘l) =
(_1.1)—3/2
221

[C(—xl)“W* + C*(—x1) "W + C3(—21) "w3 + 04(—351)“w4] ,

(5.12)
where C' = C] + iCy, C3 and C4 are constants defined in the same manner
as the stress and electric intensity factors for the physical problem.

For anisotropic materials it was shown in Morini et al. (2013b) that the
Fourier transforms of the symmetric and skew-symmetric parts of the weight

functions are related to X in the following manner
1

[O]"(6) = E(isign(é)lm(ﬂ) — Re(H))E(¢), (5.13)
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(0)(6) = %usign@lm(vv) — Re(W))S(¢), (5.14)

As the method used in Morini et al. (2013b) was for general matrices H
and W, it can be deduced that these results also hold for the extended weight

functions in piezoelectric bimaterials by following the same procedure.

5.2.2 The generalised Betti formula

We now consider the Betti identity in the context of a semi-infinite crack
in a piezoelectric bimaterial. The Betti formula is used to form a relation-
ship between the physical fields and the weight function introduced in the
previous part of the paper. Originally used to relate the displacement and
traction fields (Willis and Movchan, 1995; Piccolroaz et al., 2007) the ap-
proach was extended to the piezoelectric setting (with electric potential and
electric displacement) by Hadjesfandiari (2013) and is reported here.

Two sets of stresses, strains, electric fields and electrical displacements
acting on the same physical space are assumed and denoted by the super-
scripts (U and @), respectively. The energy based equations relating these

fields are (Hadjesfandiari, 2013):
PV0) _ R _ @0 _ po g (5.15)

Taking the integral of (5.15) over a volume, V| yields:

[ [euys+ oo, av - |
1%

v [<0§)u§1)),j +(DP W) ;] av,

(5.16)

where the following definitions of strain and electric fields have been used:

1
ey = 5(uiy +uga),  Ei= =0y (5.17)
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Making use of the Divergence Theorem and then rearranging gives
/ [UJ(»PTL]'U,(; ) n3¢ Ju(l) . D§2)nj¢(l) ds =0, (5.18)
S

where S is the boundary of the volume V.
Taking V' to be a hemisphere in the upper half-plane, with flat edge along

the xo—plane, in equation (5.18), leads to the following equation:

(2

[ [ 4 DG ol DT =0, (a9
ro=01

which can written in terms of the extended displacement and traction vectors

used for piezoelectric materials

/ (60 u® — £ u0] da,. (5.20)
To=071

Taking (5.21) u® and t™) as the physical fields, u® = RU and t® =
R gives:

/ [RU(z} — 21,0%) - t(z1,0") — RE(z] — 21,07) - u(z1,0%)] day =0,
ro=0T
(5.21)

where R is given by

-1 0 0 0

0O 1 0 0
R —

0O 0 —-1 0

O 0 0 -1

The equivalent equation for a semi-circular domain in the lower half-plane

gives

/ i [RU(z} — 21,07) - t(21,07) = RE(2} — 21,07) - u(zy,07)] dzy = 0.
o (5.22)
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Subtracting equation (5.22) from (5.21) yields the following relationship
R[U] *tH) — REC) « [u] = —R[U] * (p) — R(U) * [p], (5.23)

where * represents the convolution with respect to z; and & is used to
represent the restriction of a function to the positive or negative portion of
the z-axis respectively. It can be easily deduced that in equation (5.23) the
contribution to the generalised traction vector defined on the negative semi-
axis 71 < 0 is given by the loading functions t(-) = (63,7, 6%, 0%, D{HT =
(p1, 2, p3,p4)’ = p, and the symmetrical and skew-symmetrical part of the

load, respectively (p) and [p], are defined in the usual manner.

Applying the Fourier transform to (5.23) gives the following relationship
[O]"Rt* — (27)"R[a] = ~[U]"R(p) — (U)"R[p]. (5.24)

which will be used in Section 5.4 when our singular integral equations are
derived.

In the next sections, explicit expressions for the weight function matri-
ces (5.13) and (5.14) are derived and used together with the the generalised
Betti identity (5.24) for formulating the considered interface crack problem
in terms of singular integral equations. Since the bimaterial matrices H and
W involved in the weight functions (5.13) and (5.14) depend on the surface
admittance tensors of both piezoelectric half-planes , in order to derive ex-
plicit expressions for these matrices the solution of the Stroh’s eigenvalue
problem (5.2) is needed. In the general fully anisotropic case, this eigenvalue
problem must be solved numerically. Nevertheless, exact algebraic expres-
sions of Stroh’s eigenvalues and eigenvectors have been obtained for the class

of transversely isotropic piezoelectric materials in Suo et al. (1992) and Hwu
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(2008), with the latter making use of the extended Lekhnitskii formalism
given in Chapter 2.2.3. This class of materials has practical significance,

because many poled ceramics that are actually in use fall into this category.

5.3 Weight functions

For the remainder of the chapter piezoelectric materials occupying both lower
and upper half-planes in Figure 5.1 are assumed to be transversely isotropic.
In this section, using eigenvalue matrices and surface admittance tensors,
explicit weight functions are derived for the cases where poling directions of

both materials are parallel to the x5 and 3 axes respectively.

5.3.1 Poling direction parallel to the z,—axis

Poling direction directed along the zs—axis is assumed for both upper and
lower piezoelectric half-planes. Considering the geometry of the model shown
in Figure 5.1, it is easy to observe that in this case the poling direction is
perpendicular to the crack plane.

When considering transverse isotropic materials with poling direction par-

allel to the xo-axis the stiffness tensor, C, simplifies to

Ci Cip Cis 0 0 0

Ci Cy Cpp 0 0 0
o Cyy Cip Cyy 0 0 0 |

0 0 0 Cu 0 0

0 0 0 0 (Cu—Ci3)/2 0

0 0 0 0 0 Cu
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and the permittivity and piezoelectric tensors simplify to

wn 0 0 0 0 0 0 0 e
W = 0 W9 0 ) €= |ey €99 €9 0O 0 O
0 0 wni 0 0 0 eg 0 O

This is the same system as used in Hwu (2008). Using these conditions the

matrices from equation (5.2) reduce to

C’11 0 0 0 0 012 0 €21

Q _ 0 C44 0 €16 7 R — C44 0 0 0 7
0 0 (Cii—Cy)/2 0 0 0 0 0
0 €16 0 —W11 €16 0 0 0

Cy 0 0 0
0 022 0 €929
0 0 Cyu 0

0 €22 0 —W22

Under these conditions the Mode III component of the solution decouple
from Modes I and II and the piezoelectric effect (Ou and Wu, 2003; Hwu,
2008). This means that the antiplane tractions and displacement have no
dependency on the electric field and therefore behave in the same way as
they would in an elastic material with no piezoelectric effect.

The focus of this chapter is to study the piezoelectric effect in the bima-
terial so from this stage forwards only the in-plane and electric fields will
be considered when a poling direction parallel to the x,-axis is used. The

sought solutions are therefore u = (uy,us, ¢)7 and t = (091, 099, Do)”. The
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decoupled part of the eigenvalue problem (5.2) now has matrices

Cii O 0 0 Ci2 e
Q = 0 044 €16 s R = 044 0 0 s
0 e —wn ea1 O 0
Cyu O 0
T=10 Cu en |- (5.25)

0 €22 —W22

The surface admittance tensor B then takes the form:

Byi 1By 1By
B = —iB1a By DB |- (5-26)
—iByy DBy By

The expressions for the components of the matrix B, found by Hwu (2008)
for the two-dimensional state of generalised plane strain and open circuit,
are quoted in Appendix 3.

With an expression for B it is now possible to construct the bimaterial

matrices required. The bimaterial matrices H and W can be written as

Hy tHyy 1Hyy Wi iWip iy
H= —iHy Hy Hay | W = —iWis Wi Wy | (5-27)
—iHyy Hoy Hy —iWy Wa Wy

where
Hococ — [Boza]l + [Baa]lla Waa = [Baoe]l - [Baa]ll7 for a = 17 2a47
Hig = [Biglr — [Biglir, ,Wig = [Biglr + [Biglir, for =24,

H24 = [B24]I + [324]117 W24 = [324]1 - [324]11-

112



Having found the bimaterial matrix H it is now possible to find expres-
sions for the traction field, ¥ using the eigenvalue problem (5.5). From
(5.27)(1) it is only necessary to find three sets of eigenvalues and eigenvec-

tors. They have the form
(e, w), (—e, w"), (ik, wy).

As the Mode III components of the solutions have decoupled and behave
purely elastically it is expected that k = 0. Therefore it is expected that the
eigenvalues are given by two non-zero real valued numbers, with the same
magnitude but differing in sign, and 0. With these particular eigenvalues

and eigenvectors the expression for ¥ is given by

(—ay) 5/

22w

To find the eigenvalues from (5.5) the following equation must be solved

3(xq) = [C(—z1)" W* + C*(—z1) "W + Cywy] . (5.28)

|[H* — *™H]|| = 0, (5.29)

where ||.|| is used to denote the determinant of a matrix. Substituting

(5.27)(1y in (5.29) the following equation is derived

(1 —e*™)[(1 — e*™)2Hy (HyHyy — H3)
—(1+ *™)*(HiyHay + HiyHoy — 2H1oHi4Hoy )] = 0.
(5.30)

As expected solving the equation 1 — e*™ = 0 yields the eigenvalue 0. The

other eigenvalues are given by

1. (1-8

113



where

B
B = T A= Hy (HypHy—Hj,), B=2(HjyHyu+H; Hyy—2H3H,Hoy).

Using these eigenvalues it is possible to find expressions for the eigen-
vectors w and wy4. The expressions chosen here are made for notational

convenience. The expression for wy is

0
1
Wy = 5 H14 . (532)
_H12

There are three possible expressions for the eigenvector w. They are

_ZB(H224 - H22H44) _iB(HMHQQ - H12H24)

W =S| HuHiy— HiyHy |, OF B%Hy1Hoy — HigHiy )

DN | —

H14H22 - H24H12 H122 - 62H11H22

—i3(Hy4Hay — HiaHyy)
or % 3?Hy Hy — H?, : (5.33)
HioHyy — 37 Hyy Hag
For the purpose of the remaining results derived in this section the first
representation of w from equation (5.33) shall be used.
Using (5.28) it is possible, using the method described in Piccolroaz et al.
(2009), to construct three independent traction vectors using the following

three cases:
1. C1=1,05=C4y =0,
2. Cy=1,C1=0C,=0,
3. Cy=1,C, =0y =0.
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Using (5.33) the three traction vectors obtained are

oo i8(Hsy — HagHa)[(—21)" — (—21)7"]
El(xl) = % (HyyHyo — lT‘[14]‘-724)[(—$1)i€ + (—$1)_i€] , (5.34)
(Hi4Hoy — HoyHya)[(—x1)" + (—21) 7]

oo —B(H3, — HygHag)[(—21)" + (—a1) "]
¥ (1) = % i(HygHio — HigHog)[(—21)" — (—21) 7 |, (5:35)
i(Hy4Hay — 1L]241L]12)[(—351)i6 - (—!101)7“]

0
o )3/2
S ay) = ()" 2;)27 o, |- (5.36)
_H12

Here, a superscript 4 has been used instead of 3 in equation (5.36) so as
not to confuse this with the Mode III components which have already been
decoupled.

In order to calculate explicit expressions for [U]* and (U) it is necessary
to find the Fourier transforms of (5.34), (5.35) and (5.36)

T
(2

21(5) — m (H44H12 — H14H24)G+ , (537)
(HiaHyy — HoaH12)G*
—B(H3y — HyyHuy)G*

c2 V20 |

¥ = i(HyyHyo — HiaHoy)G™ | (5.38)

(1+4e?)/m
i(HyyHoo — HyyH19)G~

0

B i 1/2

z:‘*(é“)z% —Hy | (5.39)
Hyy

115



where

G* = (—% — ie) r (% + ie) (i€) 7" & (—% + ie> r (% — ie) (i€)".

With these expressions it is now possible to use a 3 x 3 matrix, whose columns
are the three linearly independent traction vectors found, along with equa-
tions (5.13) and (5.14) to find expressions for [U] and (U) (Piccolroaz et al.,
2009).

5.3.2 Poling direction parallel to the r;—axis

Observing Figure 5.1, it can be noted that in the case where both the upper
and lower piezoelectric half-planes are assumed to be poled along the x3—axis,
the poling axis coincides with the crack front. For a transversely isotropic

with said poling direction the stiffness tensor, C', simplifies to

Cy Cip Ciz 00
Ciy Cii Cis 00
Cis Cis Cs3 0 0
0 0 0 Cyu O
0 0 0 0 Cy
0 0 0 0 0 (Ch—Cp)/2

0
0
0
0
0

and the permittivity and piezoelectric tensors are

w11 0 0 0 0 0 0 €15 0
0 0 W33 €31 €31 €33 0 0 0
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Using these conditions the matrices from equation (5.2) reduce to

Chi 0 0 0 0 Ci2 0 0
q- 0 (Ci—=Cp)/2 0 0 R (Cy—C1)/2 0 00
0 0 C44 €15 0 0 00
0 0 €15 —W11 0 0 00
(Chi—Ci2)/2 0 0 0
T_ 0 Cii 0 0
0 0 Cyu es
0 0 es —wn

For this example the Mode I and Mode II components of the displacement
and stress fields decouple from the Mode III fields and piezoelectric effects
on the material (Ou and Wu, 2003; Hwu, 2008). This means that the in-
plane fields will behave similarly to those for purely elastic materials with no
piezoelectric behaviour. Noting once again that the focus of the work in this
chapter is to explore the piezoelectric behaviour of a material and therefore
only the out-of-plane and piezoelectric components are considered, that is:
u = (us, )’ and t = (093, Do)7.

In this case Q and T are reduced to 2 x 2 matrices and R vanishes:

C e
Q = T = “ o 5 R — 0 (540)

€15 —Wi11

The surface admittance tensor, B, then becomes

By B
B=[ " M. (5.41)
B34 B44
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Explicit expressions for the components of this matrix are given by (Hwu,

2008):

w11 B — —Cyy
= o bu=g———
€15 -+ (JJ11044 €15 + W11044

Bsy =

BS3 =
€15

5 .

€15 + W11044

Consequently, the bimaterial matrices H and W can be computed and have

the form

H— Hss Hsy 7 W — 03 H3s vH3y 7 (5.42)

Hzy Huy YHsy 04Hyy

where:
Haﬁ = [Baﬁ]l + [BaB]H, for o, B = 3,4,
[Baa][ - [Baa]ll
[Baa]f + [Baa]ll,

[B34]I - [334]11
Hsy '

In order to obtain the weight functions for the materials considered here

00 = for a = 3,4,

the Riemann-Hilbert problem (5.4) must again be considered. For this case
the bimaterial matrix H has no imaginary part, and then substituting ex-

pression (5.42)(1) into equation (5.4) we get
h*(x) +h™(2) =0, —oo < <O0. (5.43)

For this special case it was shown in Suo et al. (1992) that the extended

traction along the interface and displacement jump across the crack are given

by
1 K3
t(z1) = (2mxq) "2 : for 1 > 0, (5.44)
Ky
2—a1)\? .. [ K
@wm:<(“v11 ’ for z; < 0. (5.45)
m K4
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Knowing the traction fields makes it possible to evaluate the weight func-

tion traction X for these particular materials. The expression for X is

et C
E(:Ul):% 03 . for a1 < 0. (5.46)
4

The Fourier transforms of the symmetric and skew-symmetric parts of the
weight function, [U] and (U), are once again given by equations (5.13) and
(5.14). However, due to H, and therefore W being purely real the expressions

simplify to

[T (¢) = —éHE‘(E)y (5.47)
(0)(€) = —%Wiw, (5.48)

where ¥ is the 2 x 2 matrix consisting of two independent tractions. The
linearly independent tractions are given by the case C3 = 1,C; = 0 and

C3 =0,C; =1 in equation (5.46). The results obtained are;

—7)"2 (1 (—z1)72 (0
3 (p,) = ()2 L () =L 5.49
The Fourier transforms of these vectors are given by
— 1 _\/§ — 1 0
¥(¢) = (i€)® , B = (i6)? (5.50)

0 -2

It is now possible to use these vectors, along with equations (5.47) and (5.48),
to construct the matricial expressions for the symmetric and skew-symmetric

parts of the weight function.
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5.4 Integral identities

In this section the weight function matrices are used together with the Betti
identity, (5.24), to formulate the considered crack problem in terms of sin-
gular integral equations. Integral identities relating the applied loading to
the resulting crack opening and traction ahead of the tip are derived for
transversely isotropic piezoelectric materials in both the cases where poling

direction is parallel to the x5 and x3 axes.

5.4.1 Poling direction parallel to the r;—axis

Considering the case where both upper and lower transversely isotropic piezo-
electric half-spaces possess poling direction parallel to the xo—axis (perpen-
dicular to the crack plane), the in-plane fields and piezoelectric effect decou-
ple from the antiplane displacement and traction. Consequently, the Betti

formula still has the form
[U]"Rt" — ="R[a]” = —[U]"R(p) — (U)"R[p], (5.51)

where [U] and (U) are given by expressions (5.13) and (5.14) together with

matrices (5.27), and the rotational matrix R becomes

-1 0 0
R=]10 1 0
0 0 -1

Multiplying both sides of (5.51) by R *[U]~" yields the following equation

t" — N[a]~ = —(p) - M[p], (5.52)
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where M and N are given by
M=R'[U](U)'R, N=R'U]T="R. (5.53)

Using (5.13) and (5.14) full expressions for M and N can be found:

1 i
M = 2D (M’ + isign()M") | (5.54)
N = l% (N’ + isign(&)N"), (5.55)

where explicit expressions for D, M, M” N’ and N” can be found in Ap-
pendix 4.
Taking the inverse Fourier transform of equation (5.52), the following

equations are found for z; < 0 and x; > 0 respectively:
FroN[a] 7] = (p)(21) + F, LM[pB]], 1 <0, (5.56)

69 (1) + FpLoM[p]) = FoLIN[a] ], @ > 0. (5.57)

The term involving t cancels for z; < 0 as it is only defined along the interface
and (p) does not appear for z; > 0 as it is only defined along the crack.

In order to derive explicit expressions for equations (5.56) and (5.57),
we need to compute the inverse Fourier transform of terms of the form
isign(€) £(€), 1€|f(€) and i€ f(¢). Using the Fourier convolution theorem
and the knowledge that the inverse Fourier transform of sign(¢) is given

by —i/(mx1) gives:

FVisign(€) F(€)] = iF ' [sign(€)] * F[f(€)],

=Z<m) ),
) 4

B iU (5.58)

m !10177
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The inverse Fourier transform of |¢|f(¢) is found:
FHUIENF(©)] = F~ ' [sign(€)] + FHEF(E)),
_ <_ %x) x iaa_xl’
- (W_xl) o (5.59)
Finally, the inverse Fourier transform of isign(¢)|€|f(€) is given by

F[isign(©)IEIF(©)] = F A9,
af

_81'1'

(5.60)

We now introduce the singular operator S and reintroduce the orthogonal

projectors Py seen in Chapter 4:

St = —— % (), (5.61)

T

) :i: 07
Py = v " (5.62)

0, otherwise.

Introducing the singular integral operator S® = P_SP_ and the compact
operator S} = P, SP_, equations (5.56) and (5.57) become

N<S)a[[;—ji_) = (p)(z1) + MW[p], =, <0, (5.63)
tH(z1) + MO[p] = N<c>8[[;—ji_), x> 0. (5.64)

The matrix operators M) M) N and N are given by
M) = % (M +M"S®), N = % (N'S®) —N") | (5.65)
o= Larso wo_lyso

An example of the use of these integral equations when a known load is

applied to the crack faces is given in Chapter 5.5.
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5.4.2 Poling direction parallel to the z3—axis

For the case where both upper and lower transversely isotropic piezoelectric
half-spaces possess poling direction parallel to the x5 axis, the weight func-
tions consist of the 2 x 2 matrices (5.47) and (5.48). The Betti identity (5.24)
then becomes a 2 x 2 matricial integral equation, where the rotational matrix

‘R is given by
R —
Therefore, equation (5.24) can be simplified further to give
[O]"t" — =" [a]~ = —[U]"(p) — (U)"[p]. (5.67)
Multiplying both sides of equation (5.67) by [U]~T gives
t" — [U]7"="[a]” = —(p) - [O] " (U)"[p] - (5.68)

Using (5.47) and (5.48) gives

t" —Z([u]” = —(p) — Y[p] ", (5.69)
where
O0sHssHyy — vH2, HyuH -9
v %H_IW - Hl — 341331144 — Y113y saH34(7y — 04) 7
(HssHy — Hy) H33Hsy(y — 63)  O04HssHyy — vH3,

(5.70)

_ 19 Hyy  —Hsy
Z(¢) = —|¢H™" = < (5.71)

T .. H.. _ H2
HsgHaa = Hii \ 1,y Hag
Taking inverse Fourier transforms and methods seen in Piccolroaz and
Mishuris (2013) and Morini et al. (2013a) gives the following singular integral

equations

(s)a[[u]](_) _

Q 81’1

—(p)(a1) = Y[p](z1), forz <0, (5.72)
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0 Iu]™
3x1 ’

where Q) = H™'S®) and Q¥ = H~1S©.

t(l‘l) =-0Q for T > O, (573)

The integral identities (5.63), (5.64), (5.72) and (5.73) relate the mechan-
ical and electrostatic loading applied on the crack faces to the corresponding
crack opening and tractions ahead of the tip. The crack opening associated
with an arbitrary non-symmetrical mechanical or electrostatic loading can
be derived by the inversion of the matricial operators N and Q) in equa-
tions (5.63) and (5.72). Using the obtained crack opening functions in (5.64)
and (5.73), explicit expressions for the tractions ahead of the crack tip are
yielded. Some simple illustrative examples of this procedure are reported in

next section.

5.5 Illustrative Examples

In this section we consider some examples of loadings for both poling direc-
tions and find solutions using the singular integral equations derived in the
previous section. Both mechanical and electrical configurations will be con-
sidered. Explicit expressions for crack opening and tractions ahead of the tip
corresponding to both symmetrical and skew-symmetrical mechanical and
electrostatic loading configurations are derived. The proposed illustrative
cases show that the obtained integral identities represent a very useful tool
for studying interfacial crack problems in piezoelectric bimaterials.

To begin with we consider a symmetric distribution of point loadings
when the poling direction is parallel to the xs-axis before considering both

symmetric and asymmetric loading configurations for the piezoelectric bima-
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terial poled in the direction of the x3-axis. For the decoupled Mode IIT and
IV example with symmetric loading we also present a comparison between
the results from our singular integral equations and those obtained using

finite element methods in COMSOL Multiphysics.

5.5.1 Poling direction parallel to the x,;-axis under sym-

metric mechanical loading

We consider a symmetric system of two perpendicular point loads of varying
magnitude on each crack faces acting in the opposite direction to their cor-
responding load on the opposite crack face at a distance a behind the crack.

Mathematically these forces are represented as

—Fi(xy + a)
P)(@1) = [ —Fd(z1+a) |, [P[=0. (5.74)
0

where § represents the Dirac delta distribution. Under such a loading the

singular integral equations used to find [u] and t reduce to

=)
N(s)a[[u]] = (p)(z1), forz; <O, (5.75)
8:61
(=)
tH(2y) = N@M, for 1 > 0. (5.76)

ory
To simplify the problem we consider the set of bimaterials for which the
matrix H from equation (5.27);) has no imaginary part, that is Hyy = Hyy =
0. An example of when this may occur is when the upper and lower materials

are the same. Under these conditions the matrix N” = 0 and therefore the
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integral equation for z; < 0 becomes

Ny 0 0 —F0(z1 + a)
o Oa]™)
51 0 Noo Ny 8()8—951: —F5(zy +a) | - (5.77)
0 Noy Ny 0

From the system (5.77) it is possible to obtain the following three equations

for the derivatives of the displacements and electric potential

(=)
Nng(s)% = —F1Dé(x1 + a), (5.78)
S( |: a[[gQ]]l + N2468[[—¢1]]:| = —FgDé(Il + CL), (579)
S [N 0[[152]]1 + N, %ﬂ‘iﬂ] ~0. (5.80)

It is clear from these equations that the x; directed part of the solution for
the example considered decouples from the component of the solution in the
2o direction and the electrical effects. As a result of this we first proceed
with solving for u; before proceeding to find expressions for us and ¢.

We begin by inverting the integral operator S in equation (5.78) using
the methods seen in Piccolroaz and Mishuris (2013) and Morini et al. (2013a),

which were based on the work of Muskhelishvili (1963) seen in Chapter 2:

1 Nnﬂ' 331 NH?T xr1 1+ a' )

Using the expressions for D and Np; reported in Appendix 4, this expression

Ous] ) _ _Hy [ a1 ’ (5.82)
axl s T1 X1 +a

which agrees with those results found in Piccolroaz and Mishuris (2013) and

simplifies to

Morini et al. (2013a) when a component of a displacement field decouples
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from all other components. Note here that the results differ from those in
Piccolroaz and Mishuris (2013) due to the anisotropy of the material and
they differ from that in Morini et al. (2013a) due to u; being decoupled here
whereas in their work it was uy that separated from the rest of the solution.
It is also important to note that, despite the similarity of the appearance
of these results with these papers, the piezoelectric nature of the bimaterial
still has an effect here contained in the material parameter Hy;.

Integrating (5.82) gives the following expressions for the displacement

jump along the crack

2F\H
[u](z1) = ==L arctanh \/ —ﬂ, for —a <z <0, (5.83)
m a

2F H
[u](z1) = = arctanh A /—g, for 1 < —a. (5.84)
™ I

We now proceed to invert the operator in equations (5.79) and (5.80) in

the same manner. The resulting equations are therefore

ol . o]0 RD (@ 1
Naz 0x; + N or, 1 +a’ (5.85)
Iua] ) o]
Ny = 4 Nua= = = 0. (5.86)

Solving these equations and simplifying gives the following expressions

Ous] ) FyH. 1
[wel™ Bl [ a , (5.87)
0y T T171+a

¢l  FHy [a 1 (5.89)
ory, 7 T+ a '

Integrating these expressions gives the following expressions for the jump in

displacement and potential over the crack

(=)
u 2F: H,
L] — 22 arctanh /-2 - , for —a<x <0, (5.89)

[[Cb]](_) T @\ —Hyy

127



(=)

U 2F H.

[u2] = 22 arctanh | [ —— - , for zy < —a. (5.90)
[¢] T T\ —Hyy

Using equation (5.76) the following expressions, for use in finding expres-

sions for the interfacial traction and electric displacement, are obtained

021 Ni 0 0 )

1 o Ou]™™
72| T 0 Ny Noy S )a—xl. (5.91)
D, 0 Nog Ny

The decoupled traction component can now be found:

Ny [ 1 0w] Fr [a 1
(+) _ n Hoogn =t /= . 5.92
o (1) Dr /_Oo xry—n On - T2+ a ( )

Once again the obtained result is identical to that obtained for a decoupled

field in anisotropic bimaterials (Morini et al., 2013a), with the only difference
here arising from the difference in direction of the decoupled field. Using the
same method, the expressions for the coupled portion of the traction and

electric displacement field are given as

F fa 1
oa(1) ) = ?2 1 +a Dy (1) = 0. (5.93)

It is seen that the mechanical part of the solution behaves identically to that
in an anisotropic bimaterial and there is no electrical displacement compo-

nent along the interface for any bimaterial with the given conditions.

5.5.2 Poling direction parallel to the z3-axis
Symmetric mechanical loading

The loading considered here consists of a point load acting in opposite direc-
tions on each of the crack faces at a distance a from the crack tip. Mathemat-

ically this system of forces is represented using the Dirac delta distribution.
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The expressions for the symmetric and skew-symmetric parts of the extended

loading are given by:

—Fo(xq +a
(o) (1) = (0 ) ) o (594)

Inserting these expressions into equation (5.72) gives the singular integral

equation
) i
@I o () 50 1), (5.95)

)
9z, Hys

Inverting the operator S®) in a similar way to that seen previously gives:

8[[u]](*) Hss / [ d(n+a)
oy ™\ Hy, xl

__F _a 1 Hss (5.96)
oo 121 +a Hay ’ '

Integrating this equation gives the result

u 2F / H.
[[ 3]] — — arctanh —ﬂ % , for —a<z; < 0, (597)
a

[¢] " H34
u 2F .
[ua] — 2 arctanh =2 [T , for x; < —a. (5.98)
1) 7 1 \Ha

Making use of equation (5.73) it is possible to obtain the expression for
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Figure 5.2: Displacement jump for symmetric mechanical loading. The green

dots represent values obtained from COMSOL Multiphysics.

the extended traction vector, t, along the interface:

R:N 1 6[[u]]

t(+)
o1 —1M 377

F Ja 1 ! Hs;

T\ x1x1+a H,

)

F 1 1
- /2 . (5.99)

TV T+ a 0

It is now possible to use (5.99) to obtain expressions for the stress intensity

factor, K3, and the electric intensity factor, Kjy:

K ts(x 2 (1
| = lim V2o o)) _p /2 . (5.100)
K4 210 DQ(ZL‘l) Ta O
Figures 5.2 and 5.3 show a comparison between the derived results and

the equivalent results using finite element computations in COMSOL Multi-

physics. The materials used above and below the crack were Barium Titanate
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Figure 5.3: Electric potential jump for symmetric mechanical loading. The

green dots represent values obtained from COMSOL Multiphysics.

and PZT respectively. The material parameters are quoted in Table 5.1, with
those for Barium titanate obtained from Geis et al. (2004) and those for PZT
taken from Liu and Hsia (2003).

Material Cyus(GPa) | e15(CM?) | wy1(C?/Nm?)
Barium Titanate 44 11.4 9.87 x 107?
PzZT 24.5 14.0 1.51 x 1078

Table 5.1: Material properties

Asymmetric mechanical loading

The second example considered has point loadings at a distance a acting
on the upper and lower crack faces. However, for this asymmetric example

it is said that they both act in the same direction. Mathematically this is
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presented as:

—2F6(xy +a
P)(z1) =0, [p](z1) = <0 ) : (5.101)

The resultant singular integral equation is given by

[u]=) 1
(s) -
S o, 5 W{p]. (5.102)

Using the same method as was used for the symmetric loading previously

considered it is shown that

U 2F 03 H.
lus]) _ 2 arctanh — 2 [ U, for —a<a1 <0, (5.103)
a

[¢] " 73
u 03 H
Lus] = 2 arctanh  [—2= | 7% ,  for xy < —a. (5.104)
[el) 7 1\ vHss

Making use of equation (5.73) it is possible to obtain the expression for
the extended traction vector, t, along the interface:

H! /O 1 Ofu
t(+)($1):_ - / pe— gnﬂdn,

F Ja 1 ! 03 H3s

T\ i1+ a ~Hyy

B F a 1 1 53H33H44 - 7H§4 (5 105)
7\ @121 +a HssHyy — H, (v — 63)H33 Hsy | |

It is now possible to use (5.105) to obtain expressions for the stress intensity

factor, K3, and the electric intensity factor, Kjy:

% bl 7 1 O3 H3zHyy — yH?
K)o Ds(a1) o Hsa = 850\ (5 — 03) Haa Ha
(5.106)
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Symmetric electrical loading

We consider a symmetric system of electrical point loads on the crack faces
at a distance a behind the crack tip. Mathematically the Dirac delta dis-
tribution is once again used in order to represent the charges on the crack

faces:

0
(p)(71) = ., [p] =o0. (5.107)
—Gé(z1 + a)

Making use of equation (5.72) and the method previously used for me-

chanical loading gives

Ilul =) G 1 H
™ G [ e . (5.108)
0, T 171 +a Hy

When integrated, this gives

u 2 / H
[[ 3]] — —G arctanh —ﬂ 34 , for —a< 2 < 0, (5109)
a

[¢] i Hay
u 2 H.
lus] = —G arctanh 4 i , for z; < —a. (5.110)
[e1) 7 1\ Ha

The resulting expressions for the extended traction vector is therefore

H' 1 9[u]™ G [a 1 0
£ () = — / =2 = C (an
(1) T J o1 —n On (- T1r1+a \q ( )

The stress intensity factors are then given by

K. 2 [0
| = tim VRt P () = Gy = . (5.112)

—0
K4 T wa 1
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Asymmetric electrical loading

Here we consider electrical loading acting in the same direction on the top
and bottom crack faces at a distance a behind the crack tip. This loading

can be written as

(p)(z1) =0, [p](z1) = ’ : (5.113)
—2Go(z1 + a)

The resulting fields obtained using equations (5.72) and (5.73) are:

o] G a 1 YH34

, 5.114
0, T r1 T+ a SuHu ( )

u 2G / H
Lus] — 27 arctanh 4/~ 22 T , for —a<x <0, (5.115)
a

[¢] g 044y
U H
ls] = Eaurctanh _a [ , for z; < —a. (5.116)
[el) 7 T \GaHas

1 —04)Hay H.
¢y = &L . (7= ) Hasblas ) (5.117)
m\ x (v1 4+ a)(HssHyy — H3y) SuHs3Hyy — vH2,

The stress intensity factor and electric intensity factor obtained are therefore

= — [ | ) Hau
s = hm 27Tx1t(+) (xl) — G — (7 4) 344144
K, 210 wa HysHyy — H3,y 5y gy Hay — 7 H2,

(5.118)

Now that solutions have been found for the individual examples of sym-
metric and asymmetric loading for both mechanical and electrical loading it
is possible to use these results if a combination of the loads was used. This
ability to combine the solutions is caused by the linearity of the problem

being considered.
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5.6 Conclusions

A general approach for the derivation of the symmetric and skew-symmetric
weight functions for plane interfacial cracks in anisotropic piezoelectric bi-
materials has been developed. Further to this, explicit weight function ma-
trices are obtained for an interfacial crack between two transversely isotropic
piezoelectric materials, considering both the case where the poling direction
of the two materials is perpendicular and coincident to the crack front. Since
many poled ceramics that are commonly used in industrial applications pos-
sess transversely isotropic symmetry, this class of piezoelectric materials has
a practical significance, and the derived weight functions can be used for
computing the stress intensity factors corresponding to any arbitrary non-
symmetric mechanical and electrostatic load acting on the crack faces.
Using symmetric and skew-symmetric weight functions we have derived
integral equations relating the applied load on the crack faces to the result-
ing interfacial tractions and crack opening. The proposed method avoids the
need of the use of Green’s functions and therefore the consequent numerical
procedures associated with such methods are not required (Gao and Wang,
2001). The integral identities have been derived under the plane strain and
short circuit conditions for the cases when the material poling direction is
either perpendicular or coincident to the crack front. Examples of the ap-
plication of the integral equations when point forces and charges are applied
to the crack faces have been given with expressions for both the extended
interfacial tractions, crack opening and jump in potential over the crack faces
given. For one of the examples given a comparison has been made between

the analytic results obtained from the integral equations and similar com-
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putations using finite element simulations in COMSOL Multiphysics. The
results for both the crack opening displacement and difference in potential
over the crack faces show good agreement between the analytical expressions

we have derived and the finite element results.
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Chapter 6

Conclusions

This thesis has considered a number of problems involving semi-infinite cracks
along an interface in both anisotropic and piezoelectric bimaterials. The
variety of conditions include material properties, crack propagation speed
and the extent of imperfection of the bonded portion of the interface.

The first original problem seen involved a dynamic crack along a perfect
interface in an anisotropic bimaterial. Making use of a steady-state formu-
lation along with weight functions and the Betti identity we derived general
integral expressions for the asymptotic coefficients of the in-plane traction
and displacements at the crack tip. The method developed can be applied
to a general asymmetric loading system applied to the crack faces. The ex-
amples considered show that the most energetically beneficial system is that
with a symmetric load with an increase in the extent of load asymmetry and
crack speed both leading to a rise in ERR. A sub-Rayleigh velocity at which
one component of the stress intensity factor changes sign was also found for
certain bimaterials. This velocity, which would result in a change in propa-

gation behaviour, corresponds to the disappearance of the oscillatory effects
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at the crack tip and therefore is not present for every bimaterial.

We then analysed a static crack with a thin layer of soft adhesive now
bonding the two materials. This bonding agent was replaced by suitable
imperfect interface transmission conditions: continuity of tractions but dis-
continuity of displacements. Singular integral equations relating the applied
loading to the crack faces with the unknown interfacial tractions and crack
displacement jump for both the in-plane and out-of-plane problems were
found. These were solved numerically for both cases and the results ob-
tained agree with the expected results from the literature, in particular the
now bounded traction at the crack tip. For the out-of-plane example the
results were also computed using finite element simulations in COMSOL and
good agreement was seen. However, in order to compute the same results in
COMSOL an unrealistically thick layer of adhesive was used in the model as
the small mesh in a typical layer was computationally inefficient. Therefore
the singular integral equations derived are both a viable and efficient way of
computing the desired results.

The final problem considered was a perfect interface in a piezoelectric
bimaterial. Making use of the extended Stroh formalism we found explicit
expressions for the general weight functions for piezoelectric materials. Ex-
plicit expressions for weight functions for transversely isotropic bimaterials
were also found. We also made use of these weight functions, along with the
reciprocal identity, to derive singular integral equations relating both physi-
cal and electrical loadings to the mechanical and electrical fields. All of the
results were derived for two different poling directions of the bimaterials. It

was seen that the poling direction has a great impact on the results, in par-
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ticular whether the electrical effects couple with the in-plane or out-of-plane
fields. For the example where the electric fields are coupled with the out-of-
plane displacements and tractions we once again performed simulations in
COMSOL for the same problem which had good agreement with the results

obtained from our integral formulations.

Future work

Although a number of problems have been seen in the thesis there are still a
number of ways in which the field of research can be furthered. The simplest
way to progress would be to consider different subclasses of anisotropic ma-
terials to those seen here. An example of this would be monoclinic materials
which result in more complicated Stroh matrices as they only have one plane
of symmetry.

It is also possible to extend the work on piezoelectric materials to involve
an imperfect interface. Once this has been done it would be possible to use
the transmission conditions of a thin metal layer along the interface to model
piezoelectric actuators. It would then be possible to use the near-tip fields
to see how the ends of electrodes are damaged as an actuator is used which
could be used to predict and prevent failure.

Another field of wide interest involving fracture is hydrofracturing. In
recent years hydrofracturing has become a more common technique of ex-
tracting natural oils and gases. The mathematical models involved in such
problems are highly non-linear and usually require the use of complicated

numerical algorithms to get efficient results.
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Appendices

A1l: Stroh matrices for orthotropic materials

In this appendix explicit expressions are given for the material matrices ob-
tained through use of the Stroh formalism for orthotropic materials. For the
static case (used in Chapter 4) expressions are given for both the in-plane
and out-of-plane components as both are required. The expressions given
for the dynamic material consider only the in-plane expressions as this is the

case studied in Chapter 3.

Static

The results reported here are found in Morini et al. (2013b). The matrices
H and W have the form

Hy —ifvHi1Hyy 0
H=|i3V/H1Hy Ho, (O (6.1)
0 0 Hss

01Hy iy Hi1Hao 0
W = | —iyVHi1Hy 09 H oo 0 . (6.2)
0 0 03H 33
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For orthotropic materials it is possible to obtain explicit expressions for the
these matrices in terms of the components of the material compliance tensors.

The out-of-plane components are given by

H33 = [\/ S44S55i|1+ |:\/ S44S55] 117 53 = [ S44S55] II; [ 344555} II‘ (63)

33

The in-plane components of H can be found in Morini et al. (2013b) and

are given as

Hiy = [2n04/51155) + [m/ M} (6.4)
H22:[2n/\_1/4 511522] [2 511522] , (6.5)

[S12 + /51152 I — [S12 + VS115% I (6.6)

= VHn H
where
511 2S12 + 866
A=—, n=+/(14+p)/2, = —
Sao ( P 24/51152

The in-plane components of W were also given in Morini et al. (2013b):

[277,)\1/4\/ 511522] I [2”)\1/4\/ 311522 T

5 = - (67)
[2”)\_1/4\/ 511522] I [2”)\_1/4\/ 511522] T
9 = I , (6.8)
22
- [512 + vV 511522}1 + [512 + v 511522}11 (6.9)
VvV Hi1Ha '
Dynamic
For orthotropic materials the matrices Q, R and T are given by
Q _ CH — p’UQ 0 7R _ 0 Clg ,T _ 066 0
0 Cee — pv° Ces 0 0 Oy
(6.10)
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Previously, expressions were found for the Stroh matrices for an orthotropic
bimaterial with a crack propagating at a constant speed, v, in Yang et al.

(1991), where the following parameters were defined

2 2
_Gs e =

R - 9 9 )
7T Cg Chy Cos

2 2 2
K11 a5 + Ki1keoq — (14 Ki2)

E=apag,/—, and s = )
R29 2041042\//1111422

It is seen that the eigenvalues, with positive imaginary part, of equation (3.6)

are given by

Ly = “/g(\/gi\/;> for s 2 1 (6.11)
\/E(j: %4—@'\/%), for —1<s<1.

Using the same normalisation as used in Yang et al. (1991) the matrices A

I

and L are given by

1 =\
A= , (6.12)
a1
—A 1 — pipAy?
L-Ce| ' fatz , (6.13)

-1
Ri12 — /‘622/11)\1 Raoallo — /f12)\2

where
KLaq +
(1 + Iilg)/Li ’

Yang et al. (1991) then found an expression for the Hermitian matrix B

)\7;:

B _ iAL-! 1 [ ro2asy/2(1+5) /€ (kg — K1205/€)
=1 = Y
OG6R —Z'(Iigg — Iilg()é%/f) K291/ 25(1 + 8)

where R is the generalized Rayleigh wave function given by

(6.14)

R = Kos(koa€ — 1+ a3) — k103 /.
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The Rayleigh wave speed of a material can be found by solving the equation,

R=0.

The bimaterial matrix H has the form

H— Hy,

iy Hi1Ha

From (6.14) it is seen that

2
1{22042
Hll = [

2(1+4s)/¢
CesR

Koarn/26(1 + s)

H22 -

CﬁGR

_Zﬁ \% H11H22
H22

(6.15)

_ﬁgga% 2(1+s)/¢
+ )
L Coolt T
n -/‘622\/ 26(1 + s)
L Cool? II7

2 2
Koo — KJ12062/£ K22 — 512052/6
VHyHy = |[F2 20822 DR |
OV Hi ke, { CosR LI { Cosl 1y

In order to compute the weight functions the eigenvalues and eigenvectors of

(3.8) are required. Using the representation (6.15) it is found that

€ =

1 1-3

Another key component for calculating the weight functions is the bima-

terial matrix W; using (6.14) it is seen that

51 Z’}/
W = /HyHy | V77 ,

—1y 02

where

Hi
(6.17)

Hyo
Hyy

[@2—/@12&%/5] + [H22—H12a§/§]
I 11

Cee R

Ces R

’y:

VH11H22 ’

r22034/2(14+8) /€ | | m22a34/2(1+s) /€
CesR s CesR I

51:

)
Hll
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|:n22\/ 25(1+s):| B |:n22\/2§(1+s):|
11

Ces R

0y =

A2: Fourier transforms of matrices A(¢), B(¢)

and C(¢)

This appendix describes the method used to derive the inverse Fourier trans-

forms for the in-plane problem seen in Chapter 4.

General procedure

The method outlined in Mishuris et al. (2013) is used in order to perform the
Fourier inversion of the matrices A(¢), B(£) and C(¢) and is reported here.

The denominator D defined in (4.63) is factorised in the following manner

D = dy([¢] + &)(I€] + &), (6.18)
where
dl + d% — 4d2d0
= 6.19
o o (6.19)
The typical term to invert is of the form
Fr+ F] Fy si F}
F(e) = 22T Rl€]  Frsign(€) + i€ (6.20)
D D
The function F' has the following property
F(=§) = F(9), (6.21)
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therefore, the Fourier inversion can be obtained as

FUFE) = 1Re [ Pl
— [ RelP@©costmg)as + [ mlp©)]sin(n)de,
(6.22)
where for £ > 0
Fp+ Fl¢ FY
Re[F(9)] = —F Z GE e (6.23)
Fr+Fle FY
(PO = —F= =D e AETAL (6.24)
and
Fg} = Fpy— Fh &1, Fy)=—Fri+ Fj 6. (6.25)

The following formulae can now be used

2

= _ FI(%j) 00003(5615)
/0 Rel (6] cos(mn€)ds = Y- /0 2ol

1 2
e, e
j=1

> 2 F(j > sin(x,€)
/0 Im[F(§)] sin(z1€)d Z v / cre d¢

2

_m > FSg (), (627)
j=1

where functions Sg,(x) and T¢, () are defined as in (4.33) and (4.34), respec-

tively.

Finally the Fourier inversion of the general term F'() as given as

FHFE)] =~ N 52 {ZF T, (x +ZF])S§J xl)} (6.28)

j=1
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Fourier inversion of A(¢).

For £ > 0, A(£) can be written as

A(6) = 55(An+ AR + 5o (Ar + Al
_ 22: ! A(j)+z'22: L A0 (6.29)
26— &) |6+ " HeErg [T |

where

01 + By 0 01H11K92  —00H2 K12
Agr = HnHs ( ; AE: )

0 0o + By —01H11 K12 02Hoo K1y
0 —Ha2(028 + )
A;=+/Hi1Ha 5
Hi1(018 +7) 0
—Ki2 —Ka
AJIE =V Hi1Ha )
K1 Ko
AL =Ar—ALG
[ Hu(Haz (01 + By) — 01K2281) 0o Hoo K12&1
01H11 K126 Hoo(Hy1 (02 + By) — 02K711&1)
AR =—Ap+ALS
_ —Hy1(H22(61 + By) — 01K2262) —02Hoo K126
—01H11 K128 —Hyo(Hy1 (02 + By) — 02 K11&2)
A=A - Alg
vK12&1 —Ho(B02 + v) + vK22&1
= Hi1Ha ;
Hy (B0 +7) —vKu& —vK1261
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AP = —Ar+Alg

VHi1Ha ( —vK12&2 Has(Bd2 +7) — ’YK2252>
== 114122 :

—Hy1 (801 +7) + vK11&2 K128

The Fourier inverse of the matrix A(¢) is given by

FHAQ)] = - pr N — 52 {ZA”T@ +ZAJ>Sg xl)}. (6.30)

7j=1
Fourier inversion of the matrix B(¢).

For £ > 0 B(§) can be written as

B(6) = (By + BL&) + + (B, + Bl¢)

-1 T R
C day(& - &) {;f—l—ﬁjBR +Z;§+€jBI }7 (6.31)

where

0 -1
Br = 8y Hi1Ha ( ) ; BTR:Oa
1 0

B, — —Hoo 0 | BJ} _ —Ka Kia |
0 —Hy; Ko —Kn
-1
B%) =Bp — B = B/ Hi1Ha ( ) )
0

0 1
BE? =-Bgr+ BE& = v Hi1Ha ( ) ;

-1 0
—Hog + K99&1 — K126
Bﬁ” =B; - Bkl = ;
— K261 —Hy + K&

Hyy — K926 K126
BY = _B; + Bi¢, = ( .

K262 Hy — Ki1é2
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The Fourier inverse of the matrix B() is then
FBE)] = T AT 5 {ZB Te,(z1) + ZB S, (1 } (6.32)
2(&2 —

Fourier inversion of the matrix C(¢).

For £ > 0 C(&) can be written as

1
C6) = 5(Ca+ C) + (€ + CJo
- 22: LIS 22: Lo (6.33)
b —&) |Ze+s T ety [T
where
Cr— Hi1Hyo(1 — ?) 0 ) 7 CLz _ ( Hyi1 K99 H22K12) |
0 Hi1Ha(1 - %) —H;1 K12 HypKyy

Ko Ko
Cr=0, C!=p\/HiiHo ( ) ;

—K11 —Kia

Cl) =Cr—-Cha

B Hi1(Hao(1 — B?) — Ka&) Hao K1261 )
Hi1 K126 Hoo(Hy1(1 — B%) — Ki1&1) ’

c? = —Cr+Ché

_ —Hi1(Hao(1 — 5%) — K22&2) —Hy K126 )
—Hy1 K126 —Hoo(H11(1 — %) — K11&2) ’

—Kio —Kao
C(l) Cr — Cl&r = By/Hii Hosty ( ) ;

K1 Ko
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—Ki12 — Ko
C(IZ) =-Cr+ C;& = —B+/ H11 H22&2 ( ) :

Ki1  Kio

The Fourier inverse of the matrix C(§) is then

FCOl = ——Zm = 52 {ZC Tg; (@) +ZC")5£ (21 } (6.34)

A3: Extended Stroh matrices for poling direc-
tion parallel to the zy-axis

Full analytic expressions are given for the matrices obtained through use of
the extended Stroh matrices for a transversely isotropic material with poling
direction parallel to the zo-axis. In such a case the general form of the matrix

B =iAL'is
By iBia B

B=|—-iByy By By |- (635)
—iB1y Bz By
The expressions for these components were derived in Hwu (2008).

The following components of the compliance tensor: S, piezoelectric
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strain/voltage tensor: g, and dielectric non-permittivity: [, are introduced:

G Coa B (e21C11 — €92C12)?
U OuCn -0 C*[CuCn - CF°

2 2
€21€22 [011 - 012] wa2Clha

/ —
1z = O [CnCp—C%] T O
Gty — enlCh — Chl | wnlu
C*[C11Cayp — CZ] — C*
S w1
S 66— 6%6 + W110447
N e21C11 — 22012
921 = O )
N e22C11 — e21Cho
G2 = O )
N €16
16 = ets + w11Cus’
by = Cy
1=

2 )

€16 + W11044
5, C11Cy — Ct,
— —C* ,

where

C* = (51 + €35)Ch1 — 2e192C12 + wy[C11 Cay — CF).

Through using the Lekhnitskii formalism, extended to piezoelectric ma-
terials, Hwu (2008) found that the eigenvalues, u, are found through the
equation

lypsy —mi = 0, (6.36)

where Iy, po and mg are functions of 1 and are given by
ly = gllllf1 + (23/12 + 5’/66)/} + 5’/2% m3 = _(!;/21 + 53/16)#2 - é/ma

p2 = _(8/11,112 + B'm)- (6.37)

This sextic equation must be solved numerically but is easily shown to have
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roots of the form

fo = g +ifs, p3 = —0o+ 10, 4 = iPa. (6.38)

With the eigenvalues known, Hwu (2008) proceeded to find explicit ex-

pressions for the components of B. It was shown that

Biy = 28 Im{ydns + (dne — p3ma) /A,
Bay = 2Im{ [yapispiatia + (Yapts — Yap3)ns)/ piapia} /A,
By = =20y Im{ oz + propia(ne — ma) }/A,
Bay = 28y Im{ o i3mana + progeamy (2 — na) }/A,
Biy = S'19 + 2Re{[yapuana + (Yaftans — Yaprana))/ piapia} /N,
B = —¢'16 + 281, Re{panaii — nana(pa — 1) }/\,
where
A = 2Re{psns + (panz — pana)},

A N l
Ve = S'99 + 9 99Nk, Mk = 4<Mk) , for k=2/4.
ma (k)

A4: Explicit expressions for matrices M and

N

In this appendix explicit expressions for the matrices M and N are quoted.

They have the form

1

M = o (M + isign(§)M") (6.39)
N = l% (N’ + isign(&)N") (6.40)
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where

D = H124H22 + H122H44 + H224H11 — Hy1HoyoHyy — 2H 4 Hy9Hoy.

The matrices M’', M” N’ and N” have the form

My, 0 0 0 Mo My
M=| 0 My Myl|l, M=|M 0 0],
0 My My My O 0
Niy 0 0 0 Nis Ny
N=|[0 Ny Ny|, N=]|-Ny, 0 0 [,
0 Noy Ny —Niy 0 0

where

(6.41)

(6.42)

(6.43)

My = Wiy (H3, — HogHuyy) + Wig(HyoHyy — HigHoy) — Wig(HigHoy — HigHa),

Moy = Wig(HigHyy — HigHoy) — Wog(Hy1 Hyy — HiYy) — Way(HygHyg — Hy1 Hay),

Myy = Wig(HygHao — HigHoy) — Way(HigHig — Hy1Hoy) — Wy (Hyy Hog — H),

Moy = Wig(H1aHoy — HigHys) + Way(Hy1 Hyy — HEy) + Wag(Hi4Hig — Hy1Hoy),

Myy = Wig(HygHay — HygHag) + Wog(H1aHig — Hyy Hay) + Woy(Hyy Hao — Hi),

Mg = Wig(HogHyy — HY) — Wao(HyoHyy — HygHoy) + Way(HigHoy — HigHao),

My = Wig(H3, — HooHyy) + Way(HioHyy — HigHoy) — Wag(HioHoy — HigHoo),

Moy = Wiy (HygHyy — HygHoy) — Wig(Hyy Hyy — HEy) — Wig(HigHyo — Hy1Hoy),

Myy = Wiy (HigHaoy — HygHog) + Wig(HyaHig — Hyy Haoy) + Wig(Hyy Hao — HE),

Ny1 = HooHyy — H224, Nog = Hy1Hyy — H124>

N44 = H11H22 — H122, N24 = H11H24 - H14H12,

Nio = Hi9Hyy — Hi4Hoy, N1y = Hi9Hoy — H14Hoo.
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