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Abstrakt

Predlozena prace uvadi teoreticky model pro hodnoceni stability bimateridlovych V-vrubu
vznikajicich na povrchu kiehkych materidli. V dusledku zvysSenych napéti v okoli téchto
koncentratoru napéti je mozna iniciace mikrotrhliny a jeji dalsi siteni v zavislosti na charakteru
vnéjsiho naméahani. Dosahne-li hustota deformaéni energie hodnoty potiebné pro rust trhliny,
dochazi v pripadeé kiehkych materalu témér okamzité k nestabilnimu rustu trhliny a delaminaci
zbytkového prurezu. V opacném piipadé je nestabilité zamezeno; rozhrani pak pusobi jako
prekazka k siteni trhliny a v nékterych piipadech lze dokonce pozorovat i zastaveni trhliny na
tomto rozhrani.

Uvazujeme-li linedrné-elastické chovani vsech oblasti modelu, lze pro popis napétove-
deformacnich stavu pouzit linearné-elastickou lomovou mechaniku. Pole napéti v okoli obecné
orientovaného bimaterialového V-vrubu lze analyticky vyjadiit ve tvaru nekonecné tady, tzv.
Williamsova 1eSeni. Kazdy ¢len tohoto rozvoje je jednoznacné definovan svym vlastnim cislem
A, vlastni funkei f(A,0) a radidlnim ¢lenem tvaru r*7'. 'V blizkosti kofene V-vrubu tak
ziejmé vymizi ty ¢leny rozvoje, kterym pifslusi vlastni éislo A > 1. Naopak napétové éleny
odpovidajici A < 0 zpusobuji divergenci energie napjatosti, v dusledku ¢ehoz je nutné tyto
¢leny vyjmout z Williamsova rozvoje. Pole napéti v okoli obecného bimateridlového V-vrubu
je tak zfejmé mozné popsat koneénym poctem élentt Williamsova rozvoje, z nichz napétové
¢leny odpovidajici vlastnim cislum 0 < A < 1 jsou nazyvany jako singuldrni a pro A = 1
mluvime o nesinguldrnim clenu rozvoje napéti. Hodnoty ptislusnych koeficienti, az na ampli-
tudy napétovych élentl, které se pifmo vztahuji k tzv. lomové-mechanickym parametrim, je
mozné stanovit reSenim systému algebraickych rovnic.

Pro kvantifikaci zbyvajicich lomové-mechanickych parametru je zapotiebi znalosti celého
pole napéti, které je v obecném pripadé ziskdno numericky. Vypoctovy model byl sestaven
z konecného poctu tzv. hranicnich prvki, které jednoznacné urcuji tvar modelované soucasti.
Deformacni a silové okrajové podminky byly predepsany pouze na hranici a s pouzitim izopara-
metrickych tvarovych funkci transformovany do uzlu jednotlivych prvka. Hledané posuvy
a napéti v uzlech hranice Ize pak urc¢it s vyuzitim ptislusné hraniéni integralni rovnice.

Vypocet lomové-mechanickych parametri ze znalosti pole napéti je mozny bud pifmou
nebo integralni cestou, pricemz obé metody jsou v Diserta¢ni praci modifikovany pro ap-
likaci na bimaterialové V-vruby. Integralni model vypoctu je zalozen na platnosti Bettiho
recipro¢niho teorému definovaného mezi dvéma nezavislymi elastickymi stavy, z nichz jeden
odpovida dané tloze a druhym je analyticky vyjadritelné pomocné feseni splinujici stejné okra-
jové podminky jako feSend tloha.

Posuzovani stability obecného koncentratoru napéti je tieba provadét na zékladé vhodného
kriteria stability trhliny. Jednim z moznych a fyzikalné podlozenych ptistupu je znamé Si-
hovo kriterium hustoty deformaé¢ni energie. Toto kriterium bylo v predlozené praci modi-
fikovéno tak, aby zahrnovalo vsechny singuldrni a také nesinguldrni napétové cleny piftomné
ve Williamsové rozvoji. Bimaterialovy V-vrub je pak chapan jako stabilni v pripadé, kdy je
hodnota Sihova faktoru mensi nez jeho kriticka velikost, ktera je materidlovou charakteristikou.

Konkrétni vypocty byly provedeny na homogennich i bimateridlovych télesech porusenych
ostrou trhlinou i rizné orientovanymi V-vruby dosahujicimi bimateridlového rozhrani. Ukazano
je také kvantitativni srovnani integralniho ptistupu s hodnotami ziskanymi piimou extrapo-
lacni metodou. U bimateridlovych téles je navic vyjadien modifikovany Sihuv faktor a smér
siteni mikrostrukturdlni trhliny, iniciované v koteni V-vrubu, do cilového materialu.
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1 INTRODUCTION

Many successful wear resisting materials consist of a thin layer of ceramic on a thicker metallic
substrate. These layered structures are conveniently made using the laser beam with the
high energy density, which is capable of melting the metallic substrate and partly also the
ceramic powder resulting in solid bonding between the ceramic and the metal. However,
as the physical properties between ceramic and metallic materials are vastly different, e.g.
coefficient of thermal expansion and crystallographic structures, cracks usually develop at the
interface as well as inside the rapidly solidified layer. This process of thermal bonding was
previously used by De Hosson et al for the study of coating a duplex steel SAF 2205, stainless
steel 304 and Fe-22 wt% Cr. Similar analysis of interface made of a mixture of SiO, and Al
powder injected in the laser-melted surface of aluminium was published recently [4].

Mathematical description of the stress field and associated theories dealing with the stabil-
ity of cracks in layered structures are rather well investigated. Although this continuum-level
description cannot explain the processes and interactions in the micro-level, such results are
still very important for engineering practice. Because the associated mathematical apparatus
quantifying the stability of the crack-like flaws in homogeneous materials is widely accepted,
this so-called limit analytical solution becomes very popular among engineers and materials
scientists.

To make this theory applicable to a broader class of stress concentrators, let us start with
the simpler two-parameter linear-elastic fracture mechanics. The stress field around a sharp
crack can be analytically expressed by using the so-called Williams eigenfunction expansion
that is a solution to the biharmonic partial differential equation of elastostatics. Some of the
resulting stress terms included in the Williams series exhibit a strong singular dependence
on the radial distance as the internal point approaches the crack tip. Moreover, also the
stress term independent of the radial coordinate is always solution to the this differential
equation. The two-parameter description then states that a reasonably accurate continuum
description of the stress field around such a crack tip should involve all the singular stress
terms proportional to 77 (p is the stress singularity exponent) and also the nonsingular field
(p = 0). Once the amplitudes of the stress fields are quantified, the stress field around the
analyzed flaw is uniquely mapped. These unknown coefficients are commonly called as the
fracture-mechanical parameters. Particularly, the coefficients belonging to the singular stress
fields are referred to as the stress intensity factors (SIF), whereas the nonsingular stress term is
governed by the elastic T-stress. It is then assumed that the sudden brittle failure occurs when
the combined effect of the SIF and T-stress falls into the so-called fracture toughness locus [6].
This locus can be measured experimentally on a set of specimens and we can therefore regard
the fracture toughness locus as the material characteristic.

Since the mechanical parts are made of two or more layers of elastic materials, e.g. hard,
wear-resistant ceramic coating deposited on a more compliant substrate, it is necessary to
investigate the conditions under which these bimaterials failure. The interface between the
two layers is mostly modeled as bonded with the continuity of displacements and equilibrium
of tractions along the joint. Therefore, one should be careful with applying this method to
materials, where a significant slip between coating and substrate can be expected. Apparently,
in these cases the real behavior and also the nature of crack propagation is affected mainly by
the microstructural properties of the interface.

A further generalization can be made if a crack emanating from an arbitrarily open V-notch
is assumed. This can be practically observed in almost every area of engineering. The surface
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scratches or cracks give birth to an elevated stress field in a vicinity of their tips and, if the
strength of the stress field is high enough, the growth of the microscopic cracks initiated within
the plastic zone ahead of the V-notch tip is allowed. The crack growth can be very rapid and
the consequences of the brittle failure are often catastrophic. It is therefore paramount to
understand the processes associated with such a failure and introduce a sufficiently accurate
numerical procedure for the prediction of the onset of brittle failure.

2 PRESENT STATE OF THE RESEARCH

In the ceramic coating, the cracks are usually observed in thermally-affected zone just outside
the laser track [4] and often aligned perpendicularly to the interface. To maintain the structural
integrity of such bimaterials, it is necessary to predict how these cracks will interact with the
interface. i.e. whether they propagate into the substrate or will cause a delamination of the
interface itself.

Analytical theory describing the stress and displacement field around an arbitrarily oriented
crack meeting an interface was introduced by Fenner [5] and Bogy [3]. They showed that the
Williams eigenfunction expansion has generally two singular stress terms corresponding to
two different eigenvalues A. Since the stress singularity exponent defined as p = 1 — X is now
variable and falls into 0 < p < 1, the corresponding amplitudes of the singular stress terms
are called as the generalized stress intensity factors (GSIF). Methods for the quantification of
such parameters can be distinguished as:

e extrapolation methods — stress or displacement field is determined numerically, mostly
using the Finite Element Method (FEM) or by the Boundary Element Method (BEM).
The known stress or displacement components are then substituted into their analytical
expressions and the corresponding SIF or GSIF is extrapolated into the crack tip as the
intercept of the regression line [12].

e contour integral methods — based on the path-independent integrals, where two
configurations satisfying the same boundary conditions are used. First state is the
actual stress state in the body with unknown SIF or GSIF, whereas the latter is the
auxiliary solution that has to be known analytically. The equilibrium between these two
configurations is attained in the sense of the Betti reciprocal theorem [13].

Similar methods are also applicable to the calculation of the elastic T-stress. However,
several differences should be recognized between the quantification of the amplitudes of the
singular stress fields and nonsingular fields. Firstly, the extrapolation of the T-stress is often
carried out on the basis of the singular stress terms. This apparently means that, to be able
to obtain the extrapolated value of the T-stress, one has to first determine the corresponding
SIF's or GSIFs. Secondly, despite its great applicability to cracks in homogeneous bodies and
also to interface cracks [15], the contour integral method was not yet fully developed for the
quantification of the T-stress for cracked bimaterials, where the crack or V-notch type flaw
terminates at the interface joining the two elastic layers.

3 MAIN AIMS OF THE WORK

Although, much work has been already done in attempt to predict the behavior of V-notches
under external loading, some parts of the theory are still not fully consistent. The main
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problem is associated with the quantification of the fracture-mechanical parameters that are
directly related to the stability of the notches. The first goal of this Dissertation is therefore
associated with the development of a sufficiently accurate numerical procedure that would
be capable of determining the fracture-mechanical parameters for any type of geometry and
orientation of the V-notch towards the bimaterial interface.

Another problem is the decision on the stability of the bimaterial cracks and V-notches.
Since the GSIFs calculated for a particular configuration are not appropriate for direct compar-
ison due to their dimensional dependence on the magnitude of the corresponding eigenvalues
(H [MPa.m'~%]), one has to make this assessment on indirect basis. One of the feasible and
physically consistent ways to attain this goal is to generalize the standard Sih’s strain energy
density criterion to account for both the GSIFs and the T-stress. The modified strain energy
density factor ¥ would then be an unambiguous quantity that could be directly compared
with its critical value ¢ to decide on the stability of the analyzed flaw.

The common feature of every continuum model of linear-elastic fracture mechanics is the
necessary knowledge of the stress and displacement field around the analyzed defect. This is
often achieved by using the Finite Element Method that calculates the stress tensor at every
node inside the model and on the boundary. However, since we are primarily interested in the
neighborhood of the crack or notch tip, a vast majority of information obtained from FEM
is redundant in our fracture-mechanical considerations. To obtain the stress field of a large,
geometrically complex model, the finite element mesh would need to be reasonably refined to
reflect the nature of wedges, corners, notches, cracks, etc. The number of algebraic equations
and the computational difficulty associated with the numerical solution of these huge systems
is obvious.

To make the decisions on the stability of flaws more compact, one can use for example the
Boundary Element Method that discretizes only the boundary of the model. In this method,
the unknown magnitudes of displacements and tractions at the boundary are determined
exactly. Furthermore, the internal stresses and displacements are calculated only at the points
of interest by using the appropriate integral representation. In comparison to the linear FEM,
the elastostatic Boundary Element Method is more mathematically complex, which is probably
the reason why it has not been as widely accepted as the FEM. Nevertheless, the advantage
of BEM over other methods for the solution of fracture-mechanical problems is undoubted.
The study and thorough understanding of the underlying theory of BEM and algorithms of
the calculation of internal stresses and displacements were therefore the other steps to the
successful application of this method.

4 ANALYTICAL EXPRESSION OF THE STRESS FIELD

4.1 Stress field around a V-notch tip

To present the analytical description of the stress and displacement field around a V-notch tip
arbitrarily oriented towards the bimaterial interface, let us assume that both layers are homo-
geneous, isotropic and with linear-elastic behavior. We are interested here in two-dimensional
problems with either plane strain or plane stress condition.

According to the Theory of elasticity [17] the equilibrium in a 2-D elastic body is governed
by the biharmonic partial differential equation
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where A is the Laplace operator and ®; is a particular stress function corresponding to domain
1 of the model. Let us assume that the model consists of three elastic domains, as shown in
Fig. 1, addressed by ¢ = 1,2, 3 with generally dissimilar elastic properties. The solution to this
differential equation is expressed in the form of the Williams eigenfunction expansion:

;=Y A L0, \) (2)
k=1

where Aj are the unknown coefficients, A\, are eigenvalues, Fj; are eigenfunctions, and r, § are
the usual polar coordinates. Although the expression (2) is not terminated, the only term
d; = ArMLE(0,)), where A € (0;1), is usually taken into account for the so-called limit
analytical solution (subscript index k£ = 1 is omitted when referring to this first term).

Figure 1: A notch terminating at interface between two dissimilar materials.

Differentiating the stress function ®; and substituting into (1), one can achieve the fourth-
order ordinary differential equation for the calculation of eigenfunction Fj:

FY 4204+ )E + (1= 2)?F =0 (3)

where prime denotes the derivative with respect to the angular coordinate 6. The characteristic
equation of (3) has two complex-conjugate roots. The overall solution can then be expressed
as a sum of two even cosine functions and two odd sine functions as

F;(0,\) = a;sin (A +1)0 + b; cos (A + 1)0 4 ¢;sin (A — 1)0 + d;cos (A — 1)8 | (4)

where a;,b;,¢;,d; are unknown constants. Now, in view of Eq. (2), we have thirteen unknown
parameters, twelve of them ay, b;, ¢;, d; for i = 1,2, 3 and the eigenvalue . It will subsequently
be shown that the numerical analysis of the entire model with prescribed boundary conditions
is needed to fully describe the stress state in the body.

The polar stress components of the stress field around a V-notch tip can be obtained by
differentiating the stress function ®;. For a specific domain 7 of the model, the stress field can
be written as

Oir = AP’ [E + (XN + 1) F}]
gip — A’l)\_l [/\(/\ + 1)E] (5)
Oirg = A1 [=AF]]



It is apparent that the stress field resembles a singular behavior with respect to radial distance
r for all eigenvalues 0 < A < 1 and nonsingular behavior for A = 1. Applying the Hooke’s law
on the set (5), the corresponding polar displacements can be expressed as

Al {—(A +1)F; + Lo F/+ (A + 1)2F}}
Ui = 2,uz i \ i i
7)\ / -y " 2

where ; = v; for plane strain, 7; = v;/(1 + ;) for plane stress, and v; is the Poisson’s ratio of
domain <.

Now we focus on the solution of the thirteen unknown parameters introduced above. Let
us denote v the half notch angle and ¢ = m — v the complement angle, as shown in Fig. 1.
Providing that the notch faces are traction-free, the following set of constraints along the
notch faces has to be satisfied:

0100(r, &) = 0170(1, &) = 0390(1, =§) = 03p0(r, =€) =0 (7)

where the first subscript denotes the material to which a particular component corresponds.
Consider that the interface between material 1 and 2 and also between 3 and 2 is perfectly
bonded or welded, in other words. The following set of displacement pairs is then required
along the interface:

ur(r, 01) = ug.(r,61)
u1g(r, 01) = ugg(r, 61)
ugy (1, 05) = ug.(r,03)
usg(r, 03) = ugy(r,03) (8)

For the same reason, we also have to consider the continuous variation of the shear and hoop
stress components across the interface. Additional four constraints are thus imposed on the
problem:

a100(7,01) = 0oge(r, 01)
o16(7,01) = 02r9(7, 91)
0399(7“, 93) = 0299(7”, 93)
03,0(7,03) = 02,9(7, 03) (9)

It is clear that the system of constraints [A(\)]1ax12{x} = {0}, where [A())] is the matrix
of the system, is underdetermined and cannot be solved directly. The nontrivial solution of
this system requires that

det [A(\)] = 0 (10)

from which the eigenvalues A can be obtained. However, it is necessary to note that the
analytical expression of the determinant is complex and therefore the only feasible way is to
solve the system numerically.

The remaining twelve unknown constants a;, b;, ¢;, d; for i = 1,2, 3 depend on particular
eigenvalue \. However, the solution should be performed carefully, because the only pro-
portions of eleven constants to the twelfth one can be obtained due to nonuniqueness of the
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solution. In the literature, one row of the mentioned system of the algebraic equations is
usually eliminated and the column corresponding to the chosen constant moves into the right-
hand side of the system with the opposite sign. This procedure can sometimes yield coefficients
that correspond to very small values of the associated amplitude of the stress field. Neglecting
these values that are related to fracture-mechanical parameters can erroneously predict the
onset of crack propagation. Conditions of uniqueness of the fracture-mechanical parameters
are discussed in the Dissertation.

1 . , ; ,

A (real parts)

A EJE=02
02 I A EJES5 ]

— 2y=0°

----- 2y=30°

0 P IR IR B
9 100 110 120 130 140 150 160 170 180

¢ [deg]

Figure 2: Variation of the real parts of eigenvalues \ with the angle ¢ for notch. Two distinct
configurations, namely crack (solid line) and 30° notch (dotted line) are shown in the figure.
Both materials have the same Poisson’s ratio v, = vy = 0.3. Plane stress condition used.

Once the coefficients a;, b;, ¢;, d; are determined, the only unknown constants are Ay intro-
duced in (2). As was mentioned above, these parameters cannot be quantified directly from
the analytical approach, because they depend on loading, geometry, and boundary conditions
usually applied far away from the notch faces. Instead, a modeling of the specimen with the
prescribed boundary conditions has to be used to quantify these parameters.

4.2 Fracture-mechanical parameters and their physical meaning

We already know that the limited number of coefficients Ay is needed to fully describe the
stress state of the cracked body. The amount of these coefficients equals to the number
of eigenvalues A\, taken for the description of the stress state. For example, a notch with
nonzero angle 2+ perpendicular to the interface has three essential eigenvalues, two of them
0 < (A1, A2) < 1 defining the singular stress terms and the last one corresponding to A3 = 1
with a regular stress distribution around the notch tip.

For eigenvalues in the region 0 < A\, < 1 we define the generalized stress intensity factor Hy,
such that A, = Hy/v/27. On the other hand, eigenvalue A3 = 1 refers to the nonsingular term
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of the Williams eigenfunction expansion (2). The coefficient A3 is expressed as the so-called
T-stress given by Az = T/4.

In homogeneous material, the T-stress is directly equal to the radial stress component
along the crack faces or equivalently to the difference o,, — ogg ahead of the crack tip, i.e. for
0 = 0. Physically, the T-stress is often regarded as a measure of the so-called constraint or
triaxiality of stresses ahead of the crack tip [10].

Under the proposed assumptions, the Williams’ solution (2) in the neighborhood of the
V-notch tip can be written in terms of the fracture-mechanical parameters as

max. 2

T
P, = Z M *k+lmk<e,xk)+zrmg(9,1) . (11)

Expressing the polar stress components related to the stress function ®;, one can obtain the
following set of equations defining the polar stress field around the notch tip in terms of the
chosen fracture-mechanical parameters:

max. 2
Tiab = Z /\k 1fwb (6 )‘k) + fzfl?(ea ]-)
max. 2 T
Ujq = Z /\kgm 0 Ak) _ng(s)<97 ]-) ) (12)

4

where a,b correspond to polar coordinates r,6. Note that the entire series (11) and (12)
contain either two or three terms depending on the number of eigenvalues in 0 < A\, < 1.

Both the generalized stress intensity factors Hj; and T-stress are to be quantified from the
numerical analysis of the whole body subjected to applied loading and prescribed boundary
conditions. It was discovered in the past that these parameters can serve as criteria of the
crack /notch stability based on the assumptions of the linear-elastic fracture mechanics. For a
crack in homogeneous body (7 = 0), the generalized stress intensity factor H merges with the
usual stress intensity factor K. In this case, the crack instability occurs when K reaches its
critical value K¢ known as the fracture toughness.

The more recent works, however, showed that also T-stress has a significant influence on
the crack stability and the two-parameter fracture mechanics based on both parameters K
and T was introduced. According to this theory, the crack instability occurs when the crack
state defined by these two factors falls into the so-called fracture toughness locus. In the two-
parameter fracture mechanics, the fracture toughness is therefore not a material characteristic,
but depends on the magnitude of T-stress as a measure of constraint ahead of the crack tip.

5 QUANTIFICATION OF THE FRACTURE-MECHANICAL
PARAMETERS

5.1 Extrapolation of the GSIF and T-stress

The process of direct calculation of the GSIFs immediately follows from the expression of the
stress field (5). The approximation can be done on the basis of any stress component; here we
choose gyg, for instance. Writing the analytical expression of the hoop stress components under
two different angles 6; and 6, and neglecting the effect of the T-stress, one can conveniently

11



write the two conditions for the calculation of the GSIFs in matrix form as

T’Al_1>\1<)\1 + 1>F2(1)<91, )\1) 7”>\2_1)\2<)\2 + 1>F2(2)<91, )\2) H1 _ 0209(91)\/ 27 (13)
PN A+ DED (02, 01) 12 (A + D EP (05, 00) | | Ho 200 (02) /2T

Numerically, we have a set of internal points aligned radially at angles 6; and ;. The points
lying in immediate neighborhood of the notch tip have to be excluded from our analysis,
because the stress field ahead of the notch tip contains both the elastic and plastic parts.
Similarly we should not also take into account the internal points far away from the notch tip
that are influenced by the finiteness of the sample. The sought generalized stress intensity
factors are then determined as the intercepts of the obtained regression lines, see Fig. 3.
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Figure 3: Extrapolation of the GSIF for a 30° notch, Ei/Ey = 2, v = vy = 0.3, ¢ = 105°,
plane strain condition. The unknown magnitudes of the GSIF are equal to intercepts of the
regression lines.

This method of quantification of the GSIF takes into account only the singular stress fields,
whereas the rest of the Williams expansion is neglected. In contrast, the numerically obtained
values of the stress components involve the whole Williams series without any conceivable
separation of one term from another. Since the two expressions are not fully compatible
due to different number of terms taken into account, also the GSIFs are determined only
approximately.

Similar method can also be used to determine the magnitude of the T-stress. Because of
the significant influence of plastic stresses at the notch tip, we have to again exclude a few of
the internal points lying very close to the notch tip. Due to the finiteness of our numerical
model, the points very far from the tip are excluded accordingly. The T-stress can then be
simply expressed by taking into account both the singular and nonsingular stress terms. One
of the possible and the simplest schemes for evaluation of the T-stress is to express the stress
difference o, — 0gy along angle § = 0° resulting in

4 = Hi o1 [k 2y (k) }
T = lim oy — oagy — S —p M1 [EW” L (1 Z 2R , 14
28 rﬂo{ 2 2 kz::f/%r [ 2 ( W2 } (14)
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where F2(3) is the eigenfunction corresponding to eigenvalue A3 = 1 calculated for domain 2
(see Fig.1). Similarly, FQ(k) is the eigenfunction for eigenvalue A\, valid for domain 2. Once the
generalized stress intensity factors are determined, one can use (14) to obtain the variation of
T with the radial distance. The approximated magnitude of the T-stress is then determined
by extrapolating the regression line to r = 0.

5.2 Integral approach to the calculation of the GSIF

The reciprocal work contour integral method follows from the validity of the Betti reciprocal
theorem. Since we have two independent configurations with the absence of body forces and
assuming that they both satisfy the same boundary conditions, it is stated that:

The work of forces of the first system done on displacements of the second system equals to
the work done by the forces of the second system on displacements of the first one.

Figure 4: Contour paths for the calculation of the GSIF's

Let us have a closed contour ¥ surrounding a V-notch tip defined by continuous segments
Lo, To,Tey, and e such that ¥ =T UTyUT ¢y U (—TI), as seen in Fig.4. The reciprocal
work theorem can then be written in integral form [14], [13] as

é(O’UU: - J;‘jui)nj ds =0 s (15)

where n; is positive unit outward normal of integration path X, o;; and w; are components of
the stress and displacement field, respectively, obtained from numerical analysis of the whole
body with applied boundary conditions. In contrast, o7; and u; are the stress and displace-
ment components pertaining to analytical solution of the auxiliary problem that satisfies the
same boundary conditions as the actual problem. For the time being, let us assume that
this auxiliary solution corresponds to a specific eigenvalue \j = —)\;. Hence, the stress and
displacement field for the two states can be expressed as

oij = 1;::1 Apr = fii () o = AN (=)

s (16)
w; = Y Aprgi(Ar) up = Afrgr (=)
=1
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Integrating (15) over a closed contour depicted in Fig.4, one can easily see that the in-
tegration along the traction-free notch faces vanish. Hence, the integral identity between a
near-tip field integration along I'. and far field integration along I'y is achieved:

/Fo(aijuf —oju)n;ds = 1&% N (oijui — oju)njds . (17)
Since the stress field of both states is known analytically, it is possible to rewrite the
near-tip field integration in the limit neighborhood of the notch tip as

r.h.s. = kgz:l AkA?Mkl ll_r)% 6>\k_>\l

Ty
My = [ oy O X = 15 (=)0 s 0 (18)
Here Aj is the unknown amplitude of the actual stress field, A; is the amplitude of the
auxiliary field and ¢ is the radial distance of contour I'.. One can directly see, from the
previous equation, that the interaction terms between the actual and auxiliary field vanish for
Ar > A;, where the corresponding component of the series vanishes in the limit neighborhood
of the notch tip. When the eigenvalue of the auxiliary field A\; is chosen to be a negative
counterpart of A, i.e. Ay = X;, the corresponding term is of the form AyAj; My,. The only
interaction can thus follow from the terms, where A\, < \;. Here, the right-hand side contains
a diverging component. This nonphysical behavior can be removed only when My, is strictly

orthogonal, i.e. when M ~ 0.
Since the amplitude of the auxiliary field can be chosen arbitrarily, one can artfully define

A} = 1/Myy.. The unknown parameter Ay can then be evaluated as

Ay :/ (oiju; — ag‘jui)nj ds (19)
1)

where all entries have been already explained above. This integration should be, in general
case, carried out numerically, so that the accuracy of computation monotonously increases
with increasing number of integration points. Furthermore, the notation (19) is symmetrical,
which simplifies the integration process for symmetrical bodies. Consequently, the sought
magnitude of the generalized stress intensity factor corresponding to a particular eigenvalue
M\ can be apparently obtained from the conventional relation Hj = A,v/27.

Unfortunately, this algorithm could not be used equally well to determine the magnitude
of the T-stress. This was so, because for every A = 1, the M, integral was equal to zero and
thus the corresponding magnitude of Aj was infinite. Since A} is also used in the right-hand
side of (19), this method is not useful for the quantification of the magnitude of T-stress.

5.3 On the calculation of T-stresses using the contour integrals

Although the J-integral is path-independent for cracks, where it measures the strain energy
of the singular stress field, it is not equally well applicable to V-notches, where it lacks its

LOrthogonality of My, has been proven numerically for a set of eigenvalues 0 < (A, ;) < 1. However, for
greater eigenvalues )\; the orthogonality is not attained strictly. This can cause serious problems in evaluating
of the amplitude of the corresponding actual field and thus the method requires an extensive mathematical
analysis.
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path-dependence. A generalization of the concept of contour integrals to V-notches led to the
formulation of the so-called M-integral [7]:

M = / (an - tiUiJ‘)Ij ds (20)
%

Superimposing two independent linear-elastic solutions, one of them called the actual field
(A) and the other being the auxiliary field (B), one can express the interaction M-integral
between these two states as follows:

M(A,B) — M(A+B) - MA . MB : (21)

where M(A*5) is the superimposed M-integral and M, M? denote the two M-integrals cor-
responding to actual and auxiliary field, respectively.

Substituting the expressions for the M-integral, rearranging, and realizing that the elastic
moduli of both actual field and auxiliary field are identical, one obtains the fundamental
formula for the quantification of the interaction M-integral:

MAB) — /Fo (af,’;gf}g —ogul — crgufj) njxjds (22)
Note that the parameters corresponding to the actual field (A) are determined numerically,
whereas the auxiliary solution has to be known analytically. This is clearly the major compli-
cation associated with such a method. So far, the auxiliary field has been derived only for a
crack in homogeneous material and interface crack [15]. The auxiliary solution is often taken
as the solution to a concentrated point force f = (fi, f2) applied at the crack tip.

To make the methodology valid for an arbitrarily oriented V-notch terminating at a bima-
terial interface, the two states (A) and (B) have to satisfy the same boundary conditions along
the notch faces and also along the interface between the two layers. Moreover, to maintain the
path-independence of the mutual M-integral, also the partial derivatives of the displacement
components must be continuous in both states A, B along the interface between domain a and

b, i.e.:
Ala _  Alb
2V Y

A ullr =Pl (23)

u 1] i,

Unfortunately, this cannot be generally achieved, as is proved in the Dissertation.
Consequently, an attempt to exceed this type of calculation to a general case of a V-notch

terminating at the interface between two elastic materials was not successful. To quantify

the magnitude of T-stress for further considerations about its importance, one has to use the

extrapolation technique briefly discussed in the previous chapter.

5.4 Assessment of the stability of bimaterial V-notches

One of the most logical and computationally feasible ways of the assessment of the stability of
cracks and notches is to make use of the Sih’s criterion of the strain energy density. According
to this criterion, the further crack propagation is assumed in a direction of minimum strain
energy density. Since we use the well-known expression for the energy density of a small
volumetric element and express the stress tensor using its components, we immediately obtain
the fundamental expression of the strain energy density

X dw 1 [k+1

? — W = @ T(O'rr + 099)2 - 2(0%0'90 - Uze) ) (24)
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where Y is the generalized strain energy density factor, p is shear modulus of the target
material (uncracked material towards which the crack is going to propagate), K = 3 — 4v for
plane strain and £ = (3 — v)/(1 + v) for plane stress is the elastic constant of the target
material and o;; are components of the stress tensor field.

Now let us take into account all the singular stress terms corresponding to 0 < A < 1 and
also the nonsingular term derived for A = 1. Substitution of the polar stress components (5)
into (24) then yields a more appropriate expression of the generalized strain energy density
factor X:

Y= AnH} +2A1H Hy + Ao HY + Ay H\T + Aps HoT + AzsT? (25)

where Hy, Hy are the generalized stress intensity factors corresponding to the particular eigen-
values A, Ay and T is the T-stress corresponding to eigenvalue A = 1. The remaining coeffi-
cients A;; can be easily derived and are written in expanded form in the Dissertation.
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Figure 5: Variation of the modified Sth’s strain energy density factor ¥ with different choices
of the radial distance ro at which it is evaluated. These results were obtained for a 30° notch
perpendicular to the interface, E1/Ey = 2, vy = vy = 0.3, yield stress oo = 350 MPa, plane
strain condition used.

From the condition that the crack propagation occurs in the direction of minimum strain
energy density, one can easily obtain the initial crack propagation direction 6, by minimizing
the generalized strain energy density factor:

82) <822>
9= ) —o . (Z2) S0 . (26)
( ae 0=0¢ 692 0=0¢

Note, that this minimization has to be carried out at a certain radial distance ry centered
at the notch tip. Choice of such a value is crucial in determining the factor . According
to Knésl [9] and Nahlik [12], this parameter can be conveniently chosen such that it reflects
some physical property like the radius of the plastic region, average grain size, etc. However,
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different choices of the radius ry can yield very different magnitudes of the Sih’s factor X, as
seen for a particular notch configuration in Fig. 5.

Now, define a critical value of the generalized strain energy density factor X as a value
corresponding to a state in which an unstable crack propagation, i.e. brittle failure, occurs.
Following the modification of the usual Sih’s strain energy density criterion, we can now state
that the propagation of a microcrack at the tip of the V-shaped notch towards the target layer
will not occur if the following stability criterion is satisfied:

YX(ro,0p) < X (stability) . (27)

It is rather trivial to prove that the dimension of ¥ is now independent of the geometrical
properties of notch and also of the ”strength” of its singularity. Consequently, the critical value
Y.c can be regarded as a material characteristic and Eq. (27) provides us with an unambiguous
condition for the assessment of stability of our general stress concentrators.

6 INTRODUCTION TO THE BOUNDARY ELEMENT METHOD

6.1 Governing equation of elastostatics

Boundary Element Method (BEM) as a computational tool for an exact description of real
behavior of the modeled bodies is based on the validity of the Betti reciprocal work theorem
between two independent states of equilibria. One of the main features of BEM is the necessary
knowledge of the fundamental solution of the given problem.

It is known from the theory of elasticity that the system at equilibrium has to satisfy the so-
called Cauchy relations. Assume the theory of small deformations that requires a sufficiently
small deflections, so that the higher order terms of the strain tensor can be neglected comparing
to the leading term. The Cauchy relations can then be written in terms of the displacement
derivatives as

Pt ke + (A + g + X, =0 (28)

where g is the shear modulus and A = Ev/[(1 4+ v)(1 — 2v)] is the Lame constant.

Equation (28) is the governing partial differential equation of the two dimensional linear-
elastic problems, which are of interest in this Dissertation. For the use in the Betti reciprocal
work theorem, we define two independent elastic configurations. One of the systems involved
in the method will be our numerical model with the boundary conditions that are now pre-
scribed only on the boundary. The second system corresponds to an infinite plane with the
fundamental solution obtained as a real space solution of the following partial differential
equation:

Uik i + A+ 1) Uji ji = —0id(z — y) (29)

where Uy (2,y) can be understood as the i-th component of the displacement at point z of an
infinite plane in response to a concentrated force on the body, acting in the k-th direction at
point y, i.e. Xj(z) = opd(z —y).

Applying the Fourier transform, the equation (29) can be converted into a system of
algebraic equations, from which we can directly express the Fourier images Uy, (k). Now, per-
forming the inverse Fourier transform one obtains the fundamental displacements as solutions
of (29) in the real space called the Kelvin solutions. The corresponding fundamental traction
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on the boundary of the model can be expressed from the relationship between traction and
stress components. Finally, the Kelvin solutions are as follows:

1
Ui(z,y) Sl — D) [—(3 = 40)du In7 + 77 4]
Ty(z,y) = =2 ni(z) — rpz) — (5. L2, )r n;(z) (30)
ik _7Q - 477'(1 — ﬂ)’l” RARZAC A il \L ik 1— 25 alk g \& )

where the points z, y introduced above are separated by r = |z — y|, further r; is the partial
derivative of r with ;espect to the i-th Cartesian component and Eijml is the elastic stiffness
tensor. Note that both the Kelvin solutions U;, and 7T;, are singular with respect to the
distance 7.

Applying the Betti reciprocal theorem onto these two systems, we can derive the basic
relation between the forces and displacements of both systems in the form of the well-known
Somigliana identity:

ui(y) = /S (@) Ui(2,y) = wil@) Tz, )] dS. (31)

where y is an internal point, u;(z) and ¢;(x) are boundary displacements and tractions and the
tensorial components Uy (z,y), Tir(z,y) were defined in Eq. (30). The integration has to be
carried out along the entire boundary S. Note that the equation (31) is valid only for internal
points. Moving the internal point y onto the boundary, the Somigliana identity transforms to
a constraint equation and the integral containing 7}, must be performed in the CPV-sense.

In the subsequent text, we will use a designation hypersingular when referring to a term
proportional to r~2, strongly singular for the terms proportional to r—! and weakly singular
for the singularities of the type Inr, as suggested by Mukherjee [11].

6.2 Calculation of internal displacements

The strongly singular representation of internal displacements (31) gives a reasonable compu-
tational accuracy in the case when the internal point lies sufficiently far from the boundary.
Consequently, the distance between the source point and field point is larger and the strong
singularity of the kernel T}, does not decay the accuracy of the regular Gaussian quadrature.
However, when the internal point lies close to the boundary, or more accurately in the so-called
boundary layer, the singularity of the kernel deteriorates the accuracy of calculation the more
the closer the internal point is to the boundary?. Apparently, the displacements at internal
points lying inside this boundary layer cannot be assumed to be correct [16] and therefore a
more appropriate scheme should be used.

One of the available methods that can be used to overcome the difficulty associated with
the evaluation of the integral (31) introduces the effect of the boundary point ¢ that is closest
to the internal point y at which we determine the displacements. The point ¢ generally lies
somewhere within a particular element and thus the displacement components u(¢) can be
approximated using the shape functions as usual.

2The thickness of the boundary layer depends on the strength of singularity, length of the element over
which the integration is being performed and the number of Gauss points.
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Figure 6: Selection of the nearest boundary point for the computation of displacements at
internal point y using the reqularized integral formula (33).

Let us now subtract and add back to (31) the displacement of the nearest boundary point
¢, so that the integral equation modifies to

up(y) = u; m+/ k(1. y) dS, — Usui(n)Tik(n y)d /Tk Y n} - (32)

Although this computational trick is rather straightforward, it should be noted that the last
integral transforms to —d;;, for the points sufficiently far from the boundary, i.e. essentially
behind the boundary layer. In this case, however, the integral representation (32) simplifies
back to the initial form (31). On the other hand, for the internal point y located within the
boundary layer, the equation (32) can be written more appropriately as

uk(y) +/‘ ngd%—ébmm—m@me&M%~ (33)

This expression remains nonsingular for any internal point y, even if this point lies on the
boundary and is called the reqularized integral representation of internal displacements.

To convince ourselves that the statement above is justified, let us assume the two points
1n,y, where 1 is a particular boundary node and y lies generally anywhere around 7 including
the case where the two points coincide. Require also that the boundary is sufficiently smooth
at any boundary point or more precisely it is a Lyapunov boundary at any 7 [1]. Then the so-
called Hélder condition must be satisfied in order to remove the singularity from the integral
(33). Mathematically this condition is written as

lu(n) —u(y)| < Alnp —y|*, (34)

where 0 < A < oo and 0 < a < 1 determine the smoothness of the boundary. The elements in
BEM are regarded as C'“ continuous, where « is usually zero. For these simpler elements the
continuity of shape functions is preserved, but the first derivatives are already discontinuous
at the junction of the two neighboring elements. Several attempts have been made to use the
more elaborate C! elements, but because of the tremendous mathematical difficulty of the
underlying mathematics, the vast majority of them were not widely adopted by engineers.

6.3 Integral representation of internal stresses

According to the Hooke’s law, the stress is proportional to the first derivative of displacements
via the fourth-order tensor of elastic constants. From the Somigliana identity (31) we already
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know that the displacements of any particular internal point y in the BEM are determined on
the basis of knowledge of the Kelvin solution Uy, Tix, (30) obtained by solving the fundamental
equation of elastostatics. Differentiating the displacement components (31) with respect to
a general coordinate x; and substituting them into the Hooke’s law via the expressions for
strains, one can see that the stress tensor at the particular internal point y can be expressed
as

ouly) = [ [t Duitn.y) = uim)Suiln. )] 4, (35)

This is the so-called hypersingular boundary integral representation of internal stresses, because
the integral kernel Syy; is hypersingular with respect to the distance between n and y. Particular
expressions for both Dy; and Sy; are given in [1] and reviewed also in this Dissertation.

If the distance between the internal point and the nearest boundary point is sufficient,
the accuracy of calculation is good and the hypersingular stress representation (35) can be
reasonably used. In contrast, if this distance is less than a half of the smallest boundary
element [2], the accuracy of the calculation again fails very quickly within this boundary
layer. In comparison to the nonregularized calculation of the internal displacements (31), the
hypersingular kernel Sy;; causes the accuracy to decay much faster and also the boundary layer
zone is wider in this case.

The hypersingularity present in the kernel Si; can be weakened by integrating the term
associated with Sg; in (35) by parts. The hypersingular kernel thus transforms to a strongly
singular tensorial operator Tii. Particular expression of this operator is again given in [1] and
also discussed in this Dissertation. The hypersingular integral representation of the internal
stresses (35) can be more conveniently written in the partly regularized strongly singular form

ouly) = [ [t Duitn.y) + Tusln yui(w)] dS, (36)

where T}y; is the introduced tensorial operator. This approach yields a much narrower bound-
ary layer, so that more accurate computation of stresses at internal points closer to the bound-
ary can be achieved.

6.4 Numerical treatment at corner points

In the case where the model contains internal corners, a special care must be devoted to the
treatment at the nodes associated with these corners. One of the most mechanically consistent
procedures was recently published by Beer [2].

Assume that the model consists of three elastic domains with isotropic behavior. Since
these domains are welded together, the internal interface is defined by three joints, namely
horizontal interface I-II and two vertical interfaces I-I11, II-III, where the numbers denote the
two domains in contact - see Fig. 7. By “welding” we will mean the continuity of displacements
and equilibrium of tractions along the interface. The following set of constraints is thus
required:

up, —up =0 , up — upt =0 , upy —ut =0
e+t =0,  t+t=0 ,  tl+t'=0, (37)

where uj is a displacement component along the z; axis on the boundary of domain «.
Apparently, for n interface nodes, we now have 2(n + 2) conditions, but only 2n tractions at
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these points are unknown. The system of equations is therefore overdetermined and cannot be
solved without additional treatment. An elegant way of overcoming this problem is to work
with equivalent nodal forces, as proposed by Beer [2]. These forces are computed using the
principle of virtual work step by step in all directions k.

"corner" element
e=1 of domain |

|
"corner" element

m e=2 of domain |

corner - j

k=2 t
k=1

Figure 7: An internal corner formed at a joint of three domains.

Once we apply a virtual displacement du, = 1 at a corner point, the work done by tractions
must be equal to that done by the equivalent nodal forces, i.e. the following identity is ensured:

where F}, is the equivalent nodal force, ¢, and du, are traction component and small displace-
ment in the direction zy, respectively. The integration is carried out over the two common
elements connected to the corner. The traction force for any point along a particular element
e and the virtual displacement can be further expressed as

¢ =S N, dup = Niu, = N -1, (39)
a=1

where N is the shape function of the corner in local (element) numbering and e counts
the two elements that contain the corner j as their edge node. The equivalent nodal force
corresponding to the virtual shift duy is then given by substituting Eq. (39) into (38):

2 n
F = 2_:1 /S Ne ;Natge s, . (40)

We further assume that the virtual forces are in equilibrium at each corner node. Consequently,
instead of writing the six equilibrium conditions for tractions (37) in 2-D, we require only the
equilibrium of the virtual forces given as

B+ F'+ =0, (41)

By using the concept of virtual forces, we decreased the number of additional equations
from six to two, i.e. we impose four less constraints for each corner node. Finally, for those n
interface nodes quoted above, we now have 2n equations for 2n unknown tractions, where two
traction conditions follow from each two coinciding nodes on the smooth part of the interface
and two equilibrium constraints (41) are prescribed at each corner point in 2-D.

21



7 EXAMPLES

To justify the use of the proposed algorithms, several practical applications will be shown
in this chapter. Although the stress and displacement field needed to quantify the fracture-
mechanical parameters and the overall behavior of the cracks emanating from a macroscopic
flaw of the V-notch type were mainly calculated using the Boundary Element Method, some
of the earlier results obtained by the Finite Elements from the commercial system ANSYS 5.7
are also included.

7.1 Simulation of the tension experiment

The single-edge notched tension (SENT) specimen will be used in this first analysis because
of its relatively simple geometry and capability to directly relate the experimental data with
the results from our analysis. A homogeneous specimen shown in Fig.8 was weakened by a
macroscopic V-notch perpendicular to the edge of the specimen. The notch depth was constant
a = 12 mm, the specimen width was W = 50 mm and full length L = 250 mm. Model was
subjected to external tension oy, = 100 MPa acting perpendicularly to the notch axis. The
edge opposite to the applied external loading was fixed in all directions to prevent the rotation
and /or translation of the model.

To apply the linear-elastic fracture mechanics, the material of the specimen was regarded
as brittle with the plane strain condition prescribed. Elastic properties of the model were
fixed by Young’s modulus £ = 2.10° MPa and Poisson’s ratio v = 0.3.

Although this example seems to be rather trivial, it was important for us from two rea-
sons. Firstly, the more general theory based on the reciprocal work contour integral method
introduced in this work can be compared with the previously published results by Klusdk and
Knésl [8] obtained using the direct extrapolation technique. Secondly, since this homogeneous
specimens are relatively easy to fabricate, the results of this numerical simulation can be sub-
sequently used to verify the computational procedure by carrying out a set of experimental
tests. However, this verification is not a goal of this work and will be left for the future.
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Figure 8: Model of a V-notch oriented perpendicularly to the edge of the specimen.

The SENT specimen was modeled without applying the symmetric boundary conditions
to be consistent with the more complex cases that will follow. Obviously, the symmetry is not
satisfied strictly in this case, because the two opposite edges behave differently due to distinct
character of the boundary conditions.

Conservation integral method outlined in this Thesis was used to calculate the GSIF for
various notch angles 2. The forty integration points were located alongside a circular arc of
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radius R = 5mm centered at the notch tip. Simpson’s method was used for the numerical
evaluation of the contour integrals.

Consider now a V-notch with angle 2y > 0° and analyze the stress field in more detail.
From the solution of the eigenvalue problem, we can clearly see that in this case we have
two different eigenvalues in the region 0 < A < 1 and thus also two, generally different,
values of the generalized stress intensity factors H. It can be easily proved that stress field
in mainly affected by stronger singularities. Since the power of the singularity is expressed
as p = 1 — A, the major contribution is done by the stress terms involving the larger stress
singularity exponent p or smaller eigenvalue \.

Separating the cosine and sine terms of (4), one can define the opening stress intensity
factor K corresponding to symmetric fields and in-plane shear stress intensity factor K,
corresponding to the antisymmetric fields. These two components can be calculated directly
from the displacements in the vicinity of the crack tip, for example using the ANSYS command
KCALC. However, it should be pointed out that the accuracy of such a calculation strongly
depends on the smoothness of the mesh and also on the size of the notch tip element whose
nodal displacements are used for the approximation of K; and K;;. The magnitudes of the
SIF's obtained from the finite element model of a crack embedded in a homogeneous domain
were, in our case:

¢ =90°: K; =2859 MPa.m'? | K;; =0 MPam'/?
¢ = 120° : K; =25.27 MPam'? | K; =810 MPa.m!/? |

where ¢ is the angle between the direction of loading and the crack.

Because the only generalized stress intensity factor pertaining to the smaller eigenvalue
was calculated in the earlier work [8], the rest of the eigenvalues following from the solution
of the eigenvalue problem are neglected at this point.
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Figure 9: Comparison of the magnitudes of the generalized stress intensity factor H calculated
using the direct method (13) in [8] and from the contour integral method.
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The constant dy appearing in the eigenfunction (4) was taken as unity for further relevant
comparison with the stress intensity factors obtained from the separation of the symmetric
and antisymmetric parts of the solution published in [8]. As can be seen in Fig.9, the SIFs
determined using ANSYS are in good agreement with the contour integral method. Similarly,
comparison of the direct and contour integral approach shows a rather promising agreement
of both methods.

As seen in Fig. 9, the relative comparison of the direct and integral method reasonably
correspond to each other with the maximum relative error of approximately 12 % for crack
(2y = 0°). In this case, the stress distribution in the vicinity of the notch tip is rather uniform
and also displacements at the internal points around the notch tip vary gradually without
steep gradients. It is therefore not surprising that both the direct method and contour integral
method yield very close results.

At this point, we cannot draw any conclusion about the stability of the notch, because the
dimension of the GSIF depends on the geometry of the notch. This is rather unfortunate in the
sense that for each notch opening, we would need to have a special critical value, somewhat like
generalized fracture toughness®. Clearly the only reasonable comparison between the actual
stress state given by the set of calculated GSIFs and the critical stress state is possible by
application of a suitable fracture-mechanical criterion.

7.2 A notch perpendicular to bimaterial interface

Let us assume that the crack had initiated at a surface scratch or microcrack left by the fabri-
cation or machining process. Under the external loading, the sharp tip of this flaw behaves as a
source of elevated stresses that lead in brittle materials to enhanced microcracking and further
formation of a dominant crack. In the layered materials with homogeneous microstructure of
both layers, the crack grows preferentially in the direction perpendicular to the maximum
applied stress. After approaching the interface the crack can either debond the two layers or
penetrate into the the target layer. Under certain circumstances, mainly when the target layer
is ductile, a significant blunting of the crack tip can result in the crack arrest, as was discussed
by De Hosson [4] on the basis of experimental observations.

Here we are particularly interested in the situation, where the microcrack emanating from
a larger bimaterial crack or notch penetrates the interface and propagates towards the target
layer. Full numerical model was again used to be consistent with further results obtained for
an inclined crack terminating at the interface. The geometry of the specimen was defined by
the widths of the two layers Wi = 12 mm, W5 = 38 mm and full length L = 250 mm. Various
Young’s moduli of both materials were used to model the distinctive levels of inhomogeneity
of the interface, Poisson’s ratio v = v, = 0.3 was constant for both materials. Plane strain
case was used as in the previous analysis.

The vector of coefficients {z} in eigenfunction (4) was always chosen such that the coeffi-
cients merged with the standard values for a crack in homogeneous material. This was achieved

3The term generalized fracture toughness is not widely accepted. The reason for this is hidden in the physical
character of the problem, where for any geometry of a V-notch embedded in a homogeneous linearly-elastic
material, we would need to measure the critical value of the GSIF. This is even more apparent if we remember
that for a general V-notch, two generalized stress intensity factors are present. Obviously, the experiments
that would be needed to investigate the variation of this hypothetical generalized fracture toughness would be
rather complex.
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by dividing the vector corresponding to the lesser of the two eigenvalues by ds. However, this
adjustment cannot be done for the remaining greater eigenvalue, where ds is close to zero.
Instead, in all these cases the coefficient vector {z} was normalized. Since the same vector
of coefficients is always used together with the generalized stress intensity factor calculated
from it, there is no inconvenience associated with the different approach to the choice of the
coefficient vector.
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Figure 10: Model of a bimaterial V-notch normal to the interface between two elastic layers.

The direct calculation of the generalized stress intensity factors (13) was carried out using
the extrapolation along two different angles ahead of the notch tip, namely #; = —5°, 5 = 5°,
where zero corresponds to the direction towards the ligament. The character of the external
loading in this case causes a domination of one of the generalized stress intensity factors over
the second one. The T-stresses for these nonhomogeneous interfaces were calculated purely us-
ing the direct extrapolation technique. Because the contour integral method is applicable only
for the integration paths not crossing the nonhomogeneous interface, the relevant comparison
with the direct method can be made only between the homogeneous cases.

It should be also pointed out that we cannot generally assign any physical meaning to any
of the values H from the reasons that were explained at the end of the preceding chapter.
Since the plysical interpretation of the elastic T-stresses for general bimaterial V-notches has
not been given yet, we should regard the T-stress, for the time being, only as an amplitude
of the nonsingular stress field. This is a clear difference from the classical fracture-mechanical
theory of cracks in homogeneous bodies, where the T-stress is a measure of the triaxiality
of stresses ahead of the crack tip. Consequently, the only relevant comparison between the
actual state of the body and the critical state corresponding to the onset of unstable crack
propagation and delamination of the specimen can be made on the indirect basis.

Calculation of > at ro = 0.0l mm

To reveal the influence of parameter rq on the magnitude of the modified Sih’s strain energy
density factor 3, we first choose o = 0.01 mm without any physical justification of this choice.
The obtained values of the factor ¥ are summarized in Tab. 1. One can see that ¥ significantly
varies with the mismatch of elastic properties of the bonded layers. In the case when the V-
notch lies in softer material and further propagation into the stiffer substrate is assumed
(Ey/Ey < 1), the ¥ factor is small in comparison to the case when the defect propagates from
stiff material to the more compliant one (Ey/E; > 1).
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From the obtained table we can also conclude that the magnitudes of the modified Sih’s
strain energy density factor ¥ calculated using both singular and nonsingular stress terms, i.e.
accounting the GSIFs and T stress, only slightly differ from the values calculated purely from
the GSIFs. This means that the primary role in the assessment of the stability of bimaterial
V-notches play the singular stress fields, whereas the stress terms nonsingular with respect to
the radial distance can be regarded as unnecessary corrections in this particular case.

Sih’s modified strain energy density factor X calculated at 7o = 0.01 mm

27 = 0° 27 = 30° 27 = 60°
E\/E, X(H) ¥(H,T) Y(Hy, Hy) X(Hy, Hy,T) Y(Hy, Hy) X(Hy, Hy,T)
0.5 56.81 59.08 54.35 55.16 45.85 46.80
0.6 128.32 130.51 114.74 115.17 95.58 96.63
1.0 328.14 323.22 315.59 314.63 267.63 268.46
1.5 488.67 484.73 541.06 538.89 480.73 480.70
2.0 617.03 615.29 756.20 753.98 699.77 699.32

Table 1: Magnitudes of the generalized strain energy density factor ¥ for a notch perpendicular
to the interface (¢ = 90°) calculated purely from the GSIFs and also accounting for both GSIF
and T-stress. Dimensions: ¥ [N /m]

Moreover, one can observe that for certain configurations highlighted in Tab. 1, the I factor
for notch is higher than the corresponding value for a crack. Note that this discrepancy is
associated only with the configurations of a notch that propagates from a stiff coating into
a more compliant elastic material of substrate. In this case the plastic region ahead of the
notch tip is significantly larger in comparison to the homogeneous case. Namely, radius of the
plastic region ahead of the notch tip was approximately 0.42 — 0.46 mm for E;/FE; = 1.5 and
0.50—0.53 mm for F;/Ey = 2. For comparison, the radius of the plastic region in homogeneous
body was approx. 0.28 — 0.35 mm and between 0.03 — 0.09 when E;/Es = 0.5.

Since the plastic region is significantly larger for £; > F,, one of the reasonable justifica-
tions of this discrepancy could be a possible breakdown of the linear elasticity, which requires
the plastic zone to be negligible in comparison to the size of the model. If the linear elasticity
is used, in spite of this fact, the results imply that in the current model there is a certain
critical angle of notch for which the factor ¥ reaches a maximum value. From practical point
of view, this would apparently mean that for a notch perpendicular to the interface between
two elastic materials, where the coating is stiffer than substrate (E;/Es > 1), the critical
configuration is not associated strictly with the sharp crack, but depends on the mismatch of
the elastic properties of both layers.

Calculation of > and 6, at the plastic zone boundary

To learn more about the influence of ry on the corresponding magnitudes of > and the crack
propagation direction 0y, we carried out another analysis with a more convenient choice of rg.
Here we choose rq such that it will be equal to the radius of the plastic zone ahead of the notch
tip in the direction given by the notch axis. The yield stress was chosen as og = 350 MPa, for
which the corresponding radii ry are of measurable magnitude. Dependence ¥(rg) for different
yield stresses was already introduced for a particular configuration in Fig. 5.

The most important information included in Tab. 2 is again written in bold. Let us now
turn our attention to the first column containing the data obtained for a sharp crack (2y = 0°).
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One can observe that with increasing ratio E;/Es, i.e. the material of substrate becomes in-
creasingly more compliant in comparison to the material of coating, the factor ¥ monotonously
increases up to its maximum corresponding to F/Es = 1.5 and then it surprisingly falls below
this value. There is of course no physical reason for this decay.

Sih’s modified strain energy density factor ¥ calculated at the plastic zone boundary

2y = 0° 27 — 30° 27 — 60°
Ey/Ey  X(H) X(HT) S(Hy, Hy)  X(Hy, Hy, T) Y(Hy, Hy)  X(Hy, Ha,T)
90(H> 90(H,T) 90<H1,H2) 90(H17H2,T) (90(H1,H2) 90<H17H2,T)

ro = 0.026 ro = 0.048 ro = 0.090
0.5 75.03 73.40 69.20 71.30 72.41 76.07
+18.73 +16.66 +0.55 +0.49 -0.04 -0.04

ro = 0.127 ro = 0.154 ro = 0.209
0.6 163.02 154.39 147.46 149.79 142.46 148.49
+12.92 +10.61 +0.44 +0.37 -0.05 -0.05

ro = 0.286 ro = 0.304 ro = 0.354
1.0 328.14 304.06 318.74 314.46 292.00 297.96
0.00 +3.84 -0.02 -2.25 -0.01 -2.64

ro = 0.421 ro = 0.429 ro = 0.466
1.5 354.81 333.67 392.90 381.36 357.44 357.42
-14.23 -12.70 -0.79 -0.67 +0.18 +0.16

ro = 0.500 ro = 0.502 ro = 0.529
2.0 344.45 335.34 426.09 414.54 394.27 391.92
-21.67 -20.91 -1.47 -1.31 +0.45 +0.42

Table 2: Magnitudes of the generalized strain energy density factor ¥ for a notch perpendicular
to the interface (¢ = 90°) calculated purely from the GSIFs and also accounting for both GSIF
and T-stress. In italics are the angles of the crack propagation into the material of substrate.
Dimensions: ¥ [N/m], ro [mm]

Now, compare the values obtained using both singular and nonsingular fields, i.e. account-
ing for both the GSIFs and T-stress. We can clearly see that by increasing the ratio Ei/FEs,
the magnitudes of ¥ also monotonously increase. In other words, the more compliant the
material of substrate is in comparison to coating, the higher is the magnitude of >. The same
numerical trend holds also for V-notches with 2y > 0°. Apparently, in these cases it does not
matter if one uses only the GSIFs or both the GSIF and T-stress.

The conclusions drawn from the obtained data have one very important physical interpre-
tation. The larger is the generalized strain energy density factor ¥ the less energy is required
for the propagation to the target layer. Similarly, the smaller is ¥ the greater energy is needed
to keep the propagation process going. From this point of view the interface between two
elastic materials can be regarded as a barrier to further growth of the defect when the X
factor is small in comparison to its critical value X¢.

Furthermore, for the assessment of the stability of bimaterial V-notches with the notch
angle 2y > 0°, the only necessary stress terms are those that are singular with respect to the
radial distance. The nonsingular stress field represented by the T-stress can be regarded as a
correction that is, however, not necessary in determining the factor 3. This is not the case
for a sharp crack (27 = 0°) propagating from a stiff coating into a more compliant material
of substrate, where both the singular and nonsingular stress terms are necessary.

Since the dimension of both ¥ and ¥ does not change with geometry of the V-notch, its
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orientation and elastic mismatch at the interface, such comparison between ¥ and ¢ seems
to be very worthy in the decision on the stability of the crack emanating from the V-notch
tip. The critical value ¥ can be essentially fitted from the experimental data and thus we
can regard it as a material characteristic.

7.3 Inclined notch terminating at the interface

This analysis takes aim at the dependence of the fracture-mechanical parameters on the angle
between the notch axis and interface. The modeled configuration as well as the angles used
to describe the notch orientation are showed in Fig.11. The same geometrical properties as
in the previous analysis were used to compare the results obtained for a perpendicular and
generally inclined V-notch. The external loading was again applied in the direction parallel
to the interface and so the inclined notch was exposed to the general mixed-mode of loading.
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Figure 11: Model of an inclined notch terminating at the bimaterial interface.

From the data summarized in the Dissertation, one can clearly see that the orientation
of the notch axis significantly influences both generalized stress intensity factors. From this
perspective, some of the earlier studies that neglected the influence of the GSIF H, corre-
sponding to the higher of the two eigenvalues in 0 < A < 1 essentially mathematically altered
the physics of the problem. The error in the description of the real growth of a crack initiated
at the V-notch tip must have increased with increasing magnitude of Hj in those analyses.

Remember that from the knowledge of the GSIF's we cannot directly say whether or not the
stress field for a particular geometrical configuration attains the critical state and the crack
suddenly delaminates the uncracked layer. Instead, we again used the previously derived
modification of the Sih’s strain energy density criterion accounting for all the generalized
stress intensity factors and also the T-stress. Similarly as in the last example, we were again
interested in the quantification of the effect of the nonsingular stress term and deciding on the
importance of this stress term in the prediction of unstable crack propagation.

Calculation of > at ro = 0.0l mm

The strain energy density factors X calculated at the radial distance ro = 0.0l mm are sum-
marized in Tab. 3. One can clearly see that if the target layer is stiffer than coating, ¥ is small
and the substrate works as a barrier to further growth of the bimaterial defect. Conversely,
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if the substrate is more compliant than coating, the interface accelerates the growth of the
microcracks initiated at the V-notch tip.

Sih’s modified strain energy density factor ¥ calculated at rp = 0.01 mm

2y =0° 2y = 30° 2y = 60°
E\/Ey X(Hy,Hy) X(Hy,HyT) Y(Hy,Hy) X(Hy,Hy,T) Y(Hy,Hy) X(Hy,Hy,T)
0.5 53.97 52.32 51.01 51.37 44.09 44.30
0.6 114.20 111.32 108.04 108.07 91.14 91.40
1.0 306.59 304.82 299.41 299.26 251.70 251.93
1.5 533.88 532.33 519.99 519.00 4477.74 447.73
2.0 744.02 746.12 733.60 733.47 649.15 649.32

Table 3: Magnitudes of the generalized strain energy density factor ¥ for a notch inclined
towards the interface (¢ = 105°) calculated purely from the GSIFs and also accounting for
both GSIF and T-stress. Dimensions: ¥ [N/m]

Table 3 reveals an important feature of the model used in this analysis. Since the bimaterial
crack/notch is inclined towards the interface, maximum value of the modified Sih’s strain
energy density factor corresponds always to crack. It practically means that a crack inclined
towards the interface is more susceptible to brittle failure than the corresponding V-notch
having the same angle with interface.

Calculation of > and 6, at the plastic zone boundary

In order to show the change in values of the strain energy density factor X, we also calculated
the radii of the plastic region corresponding to yield stress og = 350 MPa. The magnitude of
Y determined at the plastic zone boundary is then regarded as the representative value of the
strain energy density factor that characterizes the stability of the cracked model.
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Figure 12: Variation of the factor X with the mismatch of the elastic modul.
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It is apparent that the results do not have so convincing trend as in the case of a notch
perpendicular to the interface. Comparing the data in each column, one can immediately see
that the factor monotonously increases with increasing ratio F; / Es, which is in agreement with
our expectations. Furthermore, the magnitudes of ¥ for E;/FE; > 1 decrease with opening
of the V-notch. V-notches with larger openings are therefore, according to this model, less
susceptible to brittle failure than sharper notches.

Sih’s modified strain energy density factor ¥ calculated at the plastic zone boundary

2y —0° 2y = 30° 27 = 60°
Ey/E,  X(H) X(H,T) Y(Hy, Hy)  X(Hy, Hy,T) Y(Hy, Hy)  X(Hy, Hy,T)
go(H) GQ(H,T) 90(H1,H2) 00(H1,H27T) 00(H1,H2) 90(H1,H2,T)

ro = 0.033 ro = 0.046 ro = 0.066
0.5 63.29 60.41 64.76 65.88 65.21 65.91
-15.62 -15.59 -11.93 -12.12 -7.54 -7.62

ro = 0.131 ro = 0.150 ro = 0.176
0.6 141.48 132.04 139.90 141.01 133.87 135.42
-17.09 -17.59 -14.59 -14.74 -9.92 -10.03

ro = 0.281 ro = 0.302 ro = 0.328
1.0  306.60 297.67 305.60 304.73 278.80 280.04
0.00  +1.43 -15.82 -13.96 _11.8 L1141

ro = 0.410 ro = 0.430 ro = 0.453
1.5 386.62 377.95 381.26 375.96 341.28 341.26
1445 1476 _15.20 -15.58 -13.01 -13.03

ro = 0.484 ro = 0.503 ro = 0.525
2.0 414.59 426.29 417.58 416.85 375.28 376.15
-12.57 -12.07 -13.89 -13.92 -13.530 -13.20

Table 4: Magnitudes of the generalized strain energy density factor X for a notch inclined
towards the interface (¢p = 105°) calculated purely from the GSIFs and also accounting for
both GSIF and T-stress. In italics are the angles of the crack propagation into the material of
substrate. Dimensions: ¥ [N/m], ro [mm)]

This statement is strictly valid only in the case, when both the singular and nonsingular
stress terms are used in the analysis. Neglecting the effect of T-stress, one can see that for
2y = 0° and F1/Es = 2, the factor ¥ is smaller than that for the corresponding notch with
angle 2v = 30°. Since this discrepancy is associated only with crack, we assume that the T-
stress should be included in the description of the stress field around such bimaterial cracks.
Variation of the factor ¥ with the ratio Ei/E, is plotted in Fig.12; the values of ¥ were
calculated using both GSIFs and T-stress at the plastic zone boundary.

When analyzing the crack propagation angles written in Tab. 4, remember that the angle
0y is measured from the direction of the notch axis. Since the notch is now inclined 15° from
the normal to the interface, crack propagation direction 6, = —15° essentially means that
the further propagation is assumed in the direction perpendicular to the interface. From the
experimental measurements, the crack propagating from a compliant coating into a stiffer
substrate feels a resistance that deflects the crack towards the direction of interface. On the
other hand, once the crack initiates in the stiffer material and propagates further into the more
compliant substrate, the crack is accelerated by the interface and propagates perpendicularly
to the maximum applied stress.
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8 CONCLUSION

The analytical description of the stress field around a generally oriented V-notch terminating
at interface between two elastic materials was investigated. Because the stress field is not
uniquely determined, but depends on the amplitude of the stress field corresponding to every
eigenvalue, it was crucial to introduce a sufficiently accurate numerical procedure for the
quantification of such parameters.

To achieve this goal, the interface was assumed to be perfectly bonded with continuous
displacements and equivalence of tractions along the interface. Providing that both materials
exhibit brittle behavior, the linear-elastic BEM was used to determine the stress and displace-
ment field around the V-notch tip. Subsequently the generalized stress intensity factors and
T-stresses were quantified using the contour integral method and direct extrapolation method.

To show the efficiency and accuracy of the integral method, three distinctive configura-
tions of a notch in homogeneous as well as inhomogeneous body were modeled. The results
obtained from the proposed methods were partly compared with our early work based on
the direct extrapolation method and partly compared with the improved direct extrapolation
technique derived in this Dissertation. The direct method strongly depends on the smooth-
ness of the stress distribution within the chosen region and so its application to homogeneous
bodies gives satisfactory results. In the case of steeper stress distribution ahead of the crack
tip, it is sometimes difficult to find a linear section along which the stresses could be interpo-
lated. The proposed integral method, on the other hand, yields a powerful mechanism for the
quantification of the GSIF related to a specific eigenvalue .

To quantify the T-stress, another method based on the application of the interaction M-
integral between two independent elastic states was introduced. The attempt to exceed this
methodology also for the quantification of the T-stress in cracked bimaterials was not success-
ful, because the analytical expression of the auxiliary field that would satisfy the conditions of
continuity of the displacement derivatives across the nonhomogeneous interface was not found.

Comparison of the actual stress state in the cracked bimaterial with the critical state was
done using the modified Sih’s strain energy density concept accounting for the effect of all
singular stress terms and also nonsingular stress field. The reason for considering the latter
was a belief that it can play an important role in the stability of the general bimaterial V-
notches. Validity of such a consideration was tested on several examples by comparing the
corresponding values of the modified Sih’s factor 3.

The methods for the calculation of the fracture-mechanical parameters were successfully
used for the assessment of the stability of bimaterial V-notches. It was proven that the
dominant role in the description of the stability of the bimaterial V-notches with nonzero
opening angle and arbitrarily oriented towards the interface, is played by the singular stress
terms. On the other hand, in the case of bimaterial cracks, the stability estimates are generally
more accurate if the effect of the T-stress is taken into account. By comparing the intrinsic
value of the modified strain energy density factor 3 with its critical value ¥¢, one can directly
conclude on the stability of the layered structures weakened by bimaterial cracks or V-notches.

Finally, the concepts and discussions involved in this work form a fundamental set of
knowledge required for a more sophisticated design of structural components made of brittle
materials, like PMMA, composite laminates, welded joints, etc. However, the experimen-
tal verification of the results presented in this Dissertation is necessary to fully justify the
underlying continuum approach.
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